




2022

Electroweak Interactions

and

Unified Theories



Sponsored by

• CNRS (Centre National de la Recherche Scientifique)
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2022 RENCONTRES DE MORIOND

The 56th Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.

The first meeting took place at Moriond in the French Alps in 1966. There, experimental as well as
theoretical physicists not only shared their scientific preoccupations, but also the household chores.
The participants in the first meeting were mainly french physicists interested in electromagnetic in-
teractions. In subsequent years, a session on high energy strong interactions was added.

The main purpose of these meetings is to discuss recent developments in contemporary physics and
also to promote effective collaboration between experimentalists and theorists in the field of elementary
particle physics. By bringing together a relatively small number of participants, the meeting helps
develop better human relations as well as more thorough and detailed discussion of the contributions.

Our wish to develop and to experiment with new channels of communication and dialogue, which was
the driving force behind the original Moriond meetings, led us to organize a parallel meeting of biol-
ogists on Cell Differentiation (1980) and to create the Moriond Astrophysics Meeting (1981). In the
same spirit, we started a new series on Condensed Matter physics in January 1994. Meetings between
biologists, astrophysicists, condensed matter physicists and high energy physicists are organized to
study how the progress in one field can lead to new developments in the others. We trust that these
conferences and lively discussions will lead to new analytical methods and new mathematical languages.

The 56th Rencontres de Moriond in 2022 comprised five physics sessions:

• January 23 - 30: “Cosmology”

• January 30 - February 6: “Gravitation”

• March 12 - 19: “Electroweak Interactions and Unified Theories”

• March 19 - 26: “QCD and High Energy Hadronic Interactions”

• March 19 - 26: “Very High Energy Phenomena in the Universe”
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W/Z physics with the ATLAS and CMS Experiments

B. Bilin on behalf of the ATLAS and CMS Collaborations
CERN, Geneva, Switzerland

In this document, an overview of the studies of physics processes involving W and Z bosons
with the ATLAS and CMS Experiments is presented. The presented results include measure-
ments of fiducial and normalized cross sections, branching fractions of W bosons, forward-
backward asymmetry of Drell–Yan lepton pairs, as well as the first observation of a Z boson
decaying into charm quarks. The obtained results provide stringent tests of the modeling of
these processes at the highest precision available for the calculations.

1 Motivation

Particle colliders are important tools to investigate the functioning of the physics of the“smallest”
building blocks of matter. The Large Hadron Collider (LHC), being the biggest of its kind ever
built, provides valuable data in scrutinizing the current state-of-the-art model of particle physics,
the Standard Model (SM), as well as in searching for new phenomena beyond the SM.

Processes involving the production of W or Z bosons are one of the best understood processes
at hadron colliders. The leptonic decays of W and Z bosons are among the cleanest final states,
providing almost background-free probes to study the production and decay mechanisms. The
measurements provide stringent test of our modeling based on perturbative (pQCD) and non-
perturbative QCD (npQCD). Several electroweak parameters, branching fractions to various
final states are also studied using available collision data. In this document, an overview of
precision measurements with ATLAS 1 and CMS 2 Experiments involving W and Z bosons is
presented.

2 Drell-Yan cross section measruements

The kinematics of the Drell–Yan lepton pairs can be measured with high precision at the LHC.
By studying the transverse momentum (pT) dependence of the measured cross section, several
pQCD and npQCD effects can be probed. The high pT part is mainly described by the matrix
element (ME) calculations whereas low pT part is governed by soft QCD radiation effects. In
the last decade several developments in theoretical predictions of the different regimes have been
made. For the ME part reaching higher orders in pQCD, as well as developments in techniques
describing the low pT region.

2.1 Drell–Yan cross section around the Z boson mass peak

ATLAS and CMS Collaborations measured the inclusive fiducial and differential production cross
section of Z bosons decaying into a pair of oppositely-charged leptons using collision datasets

© 2022 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article or parts
of it is allowed as specified in the CC-BY-4.0 license
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Figure 1 – Normalized differential cross sections with respect to pT(ll)
3 and y(ll) 4.

collected in 2016 by the individual experiments 3,4. The fiducial phase spaces of ATLAS (CMS)
measurements are defined by requiring two leptons with pT > 27 (25) GeV, |η| < 2.5 (2.4)
and 66 (76) < m(ll) < 116 (106). The differential cross sections are reported for pT and ϕ∗η
of the Z bosons. The ϕ∗η variable is defined as tan

(
π−Δϕ

2

)
sin(θ∗η), where Δϕ is the opening

angle between the leptons in the plane transverse to the beam axis, and the variable θ∗η is the
scattering angle of the dileptons with respect to the beam in the longitudinally boosted frame
where the leptons are back to back. Both measurements have presented the electron and muon
decay challel results, as well as combination of the two final states, which show a good agreement
between the channels and also with respect to the theory predictions.

The differential cross sections have been measured with respect to the rapidity (y) pT and
also the ϕ∗η variable. The pT (Z) distribution from ATLAS measurement and y(Z) from CMS are
shown in Figure 1. The measurements are compared with models including ME calculations up
to NNLO in QCD as well as resummation of log(m (ll)/pT (ll)) which gives the best description
of the pT spectrum. The y distribution is well described by all the theoretical models compared
to the result.

2.2 Extension to off-shell Drell–Yan

The CMS Collaboration carried out a differential measurement of Drell–Yan cross section in a
wide mass range extending the previous measurement including off-shell production of dilepton
pairs (dielectrons and dimuons)5 using the 2016 pp collision dataset. The measurement is carried
out in five dilepton invariant mass intervals in a range of 50 GeV to 1 TeV in a fiducial phase
space defined by requiring two leptons with pT > 25 (20) GeV, |η| < 2.4. By extending the
mass range out of Z boson mass peak, the dependence of the cross section and its theoretical
modeling on the hard scale is probed.

Figure 2 presents the differential cross section results in pT (ll) in three invariant mass
ranges: 50 < m(ll) < 76 GeV, 76 < m(ll) < 106 GeV and 170 < m(ll) < 350 GeV. For the
76 < m(ll) < 106 GeV bin, all predictions give a good description of the measurement. For the
low pT part, the inclusion of the improved resummation techniques gives a better description of
that region. It is observed that the ME + parton-shower approach cannot give a description of
the low pT part evolution to off-shell. This underlines the importance of including the special
treatment of the low pT phase-space.
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Figure 2 – Differential unfolded cross sections in pT(ll) in different invariant mass ranges: 50 < m(ll) < 76 GeV
(left), 76 < m(ll) < 106 GeV (top center), 170 < m(ll) < 350 GeV (right) 5.
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Figure 3 – Differential cross section as a function of m4l (left) and as a function of |Δφ(ll)| in the Z boson mass
region (60 < m(4l) < 100 GeV) (right) 6

3 Measurements of the four lepton final state

The ATLAS Collaboration has carried out a measurement of inclusive and differential cross
section in the four lepton final state (electrons or muons) using the full Run-II dataset6, probing
all the processes together (Z, H, off-shell and on-shell ZZ). The distributions are unfolded to
the phase space defined by requiring at least four leptons with electrons (muons) satisfying pT
> 7 (5) GeV and |η| < 2.47 (2.7), resulting in 4e, 2e2μ and 4μ final states. The (sub-)leading
leptons are required to have a minimum pT of 20 (10) GeV. Dilepton pairs are chosen among
same-flavor (e or μ) opposite sign pairs closest to the Z boson mass.

The Z boson decaying to four leptons have been observed with a branching fraction measured
as 4.41 ± 0.30 × 10−6. The production cross sections are measured for each process in four
different 4l invariant mass range, differentially with respect to several kinematic and angular
variables. Figure 3 shows the differential cross section as a function of m4l and |Δφ(ll)| around
the Z boson mass (60 < m4l < 100 GeV). A good agreement is observed with the SM predictions.
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4 Drell–Yan forward-backward asymmetry measurements

CMS has carried out a measurement of forward-backward asymmetry (AFB) for dilepton pairs
with an invariant mass higher than 170 GeV using the full Run-II pp collision dataset 7. AFB

in hadron colliders is defined as the asymetry as in Eq. 1, where the ”Forward” direction is
defined with respect to the incident quark. At the LHC, being a pp collider, the incident quark
direction is not known, the incoming quark direction can be approximated as the longitudinal
direction of the dilepton pairs, due to the fact that quarks, being the only valance components
of the protons, carry more momentum than the anti-quarks. This assumption holds better for
the forward dilepton pairs and it is diluted for more central events due to the presence of a
non-zero pT.

AFB =
σF − σB
σF + σB

. (1)

In this measurement, AFB is parametrised using the definition in Eq. 2 and defined as
3
8A4 = AFB. The AFB and A0 are extracted in seven invariant mass bins using a template
fitting technique and the measurements are performed by fitting each mass bin independently.
AFB in full mass range is measured as 0.599 ± 0.005 (stat) ± 0.007 (syst). An additional set of
fits is performed to extract the difference of AFB and A0 for ee and μμ channels. The obtained
AFB and ΔAFB distributions are shown in Figure 4. The ΔAFB results show a difference from
SM predicted zero at the level of 2.4 standard deviations.

dσ

d cos θ
∝ 3

8
[1 + cos2 θ +

A0

2

(
1− 3 cos2 θ

)
+A4 cos θ]. (2)

5 W boson branching fractions

One of the important tests of the SM is to measure the branching fractions (BFs) of Vector bosons
to its decay channels, that could hint for new physics if any deviation from the standard model
predictions is observed. ATLAS Collaboration measured ratio of BFs of W bosons decaying to τ
leptons over μ decay channels using the full Run-II dataset 8, deploying a novel technique using
di-leptonic top quark pairs decaying dileptonically, in the di-μ and eμ final state. The events are
chosen as one W decaying promptly to μ or e and the other one decaying to a τ lepton which
further decays to a μ.
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CMS Experiment also measured the BFs of W decaying to three lepton flavors, their ra-
tios as well as hadronic BFs, using 2016 pp collision dataset 9. W BFs are extracted using a
binned maximum likelihood estimate performed simultaneously in each event category. CMS
also extracted the strong coupling constant as well as the sum of the first two rows of Cabibbo–
Kobayashi–Maskawa matrix elements squared.

Figure 5 shows the obtained BF ratios of W bosons to τ over μ from ATLAS measurement
as well as BF measurements of W bosons to each lepton separately from CMS measurement.
Obtained leptonic BFs are found to be consistent with LFU for the weak interaction. Both
results show a good agreement with the SM predictions.

6 Observation of Z boson decaying to charm quarks

CMS has recently presented a search for a H boson decaying into charm quark pairs (cc̄) in
events with a Vector boson and a H boson using the full Run-II pp collision dataset10, deploying
novel c-jet identification techniques. As a validation of the search strategy, a search of a Z boson
decaying to cc̄ is carried out in ZZ and WZ events with the W or other Z decaying leptonically.

Figure 6 shows the combined mass distribution of the H candidates, where the Z boson
contribution is also seen. CMS observed the Z to cc̄ decays for the first time in a hadron collider
at 5.7 standard deviations.

7 Summary

This note presents an outlook of recent studies from the ATLAS and CMS Collaborations
involving Vector bosons with various production and decay channels, probing several physics
processes and scrutinizing the SM. They provide valuable tests of our understanding of the
QCD modelling, where none of of the predictions are able to provide a “perfect” description of
the data on the wide phase-space the measurements are probing. With the accumulated data
set the rare decay channels are being observed or closer limits are set.

Hence the presented results provide valuable input for further theoretical development in
improving our modeling based on the SM, and motivate the experiments to carry out high
precision measurements.
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Standard Model Higgs coupling measurements in ATLAS and CMS
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This proceedings report on recent Higgs coupling measurements, released between 2020 and
early 2022, by the ATLAS and CMS experiments at the Large Hadron Collider (LHC). Most
analyses are based on the dataset taken during the LHC Run-2 between 2015 and 2018, cor-
responding to an integrated luminosity of almost 140 fb−1 per experiment. Major improve-
ments in performance and analyses methodologies lead to increased sensitivities and precision
in the results obtained. Different coupling strengths are probed through a variety of analyses
measuring the main production (gluon fusion, vector boson fusion, W/Z and top associated
production) and observed decay processes (γγ, WW ∗, ZZ∗, bb̄ and ττ) as well as searches for
not-yet-observed decay channels including cc̄, μμ, ee and Zγ. All results are consistent with
the predictions of the Standard Model.

1 Introduction

The Standard Model of particle physics (SM) makes clear predictions about the properties of
the Higgs boson (H), e.g. the couplings of the Higgs boson to the other SM particles are directly
related to these particles’ masses. At the Large Hadron Collider (LHC), the CMS1 and ATLAS2

experiments study all main production processes and decay channels. The large Run-2 dataset
collected between 2015 and 2018 allows analyses to provide more granular information, going
from inclusive measurements of the signal strengths (defined as the ratio of the observed Higgs
boson rate in a particular decay channel to the SM expectation), cross-sections and coupling
strengths to more differential measurements, exploring also more extreme regions of the phase
space. Most of these differential measurements are based on the Simplified Template Cross
Section (STXS) framework 3 which defines specific kinematic regions per production process to
be measured.

Couplings are a powerful test of the nature of the Higgs boson, to understand whether or not
it is consistent with the SM expectations or subtly different. The Higgs boson production and
decay rate measurements interpretations are evolving from coupling strength via the use of the
κ framework4 to a full coupling structure based on Effective Field Theory (EFT) frameworks5,6.

aEmail: reina.camacho@cern.ch
b©Copyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. CC-BY-4.0 license.
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Figure 1 – Best-fit values and uncertainties for the H → γγ cross sections in each measurement region, normalized
to the SM predictions for the various parameters, from ATLAS 7 (left) and CMS 8 (right).

The κ framework is based on coupling modifiers κi applied to the SM values of Higgs boson
couplings and the SM expectation corresponds to κi = 1. Since the total width of the Higgs
boson is not directly accessible at the LHC, some assumptions are needed to avoid the degeneracy
between the κ scaling and the total width. The EFT frameworks describe the SM as a low-energy
manifestation of a more complete beyond SM theory by means of additional higher-dimensional
operators and coefficients which modify the tensor structure of Higgs boson couplings and the
SM expectation corresponds to Wilson coefficients of value 0.

2 Measurements in the main boson decay channels

The most sensitive bosonic decay modes are H → ZZ∗ → 4, H →WW ∗ → νν and H → γγ.
They also correspond to the early Higgs discovery channels. The H → γγ channel profits
from large statistics and a good resolution of the invariant di-photon mass. Figure 1 shows the
most recent STXS measurements in the ATLAS and CMS experiments in the main production
modes 7,8. The numbers are normalized to the SM predictions. There is nice agreement be-
tween the measurements and the theory, with uncertainty reaching 20% in the more precisely
measured regions of the phase space. In such regions, the STXS total uncertainty begins to
be equally affected by the statistical and systematic uncertainties. The biggest theory uncer-
tainties correspond to parton shower and underlying events for ATLAS and the renormalisation
scales for CMS. While the main experimental uncertainties are related to photon calibration
and identification for gluon fusion (ggF), jets and missing transverse energy for vector boson
fusion (VBF), top associated production (tt̄H and tH) and background modelling for ATLAS
and photon calibration for CMS in the case of the Z/W associated (V H) production mode.

The H → ZZ∗ → 4 channel has low event yield but it is a clean final state with a very
high ratio of signal over background. A Deep Neural Network is used by ATLAS 9 to define the
STXS categories in this analysis while a matrix element method is used by CMS 10 providing
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Figure 2 – Likelihood contours at 68% CL (dashed line) and 95% CL (solid line) in the κF − κV plane (left) in

the H → ZZ∗ → 4� channel from ATLAS 9. Observed limits at 95% CL on κb and κc when only the pHT shape is

used to constrain the parameters for the combined and individual decay channels results 11.

sensitivity to different production modes in various regions of phase space. The main systematic
uncertainties are associated to lepton identification, luminosity and signal modelling. The data
are found to be consistent with the SM hypothesis. Figure 2 shows the best fit values for
the universal coupling-strength modifiers κF for fermions and κV for vector bosons obtained by
ATLAS using the full Run-2 dataset. A recent combination of the Higgs boson fiducial transverse
momentum distributions measured with the H → ZZ∗ → 4 and H → γγ channels by ATLAS
allowed to indirectly probe the Yukawa coupling of the Higgs boson to the bottom and charm
quarks and observed limits at 95% confidence level (CL) on Yukawa couplings κb and κc are
shown also in Figure 2.

Finally, the H →WW ∗ channel is only accesible so far through the leptonic decays of both
W bosons. This channel is clean but has a complex set of background with large uncertainties,
i.e. top, WW and backgrounds with misidentified leptons. The latest measurements targeted
the ggF and VBF boson production modes as well as V H for the first time by CMS 12,13. The
results are compatible with the Standard Model predictions and the main uncertainties are
theory related for ggF and VBF, and statistics as well as fake rate rate uncertainties in the case
of V H. Figure 3 shows the observed likelihood contours in the κV − κF plane.

3 Couplings to fermions

3.1 Observed already

At the beginning of 2018, both ATLAS 14 and CMS 15 have reported the observation of the tt̄H
production, a process leading to the bb̄WW final state alongside to the H decay products, for
which different analyses are performed to target the different H boson decay modes, with even
richer topologies. From the different processes explored the best sensitivity is obtained with the
H → γγ decay channel, the first Higgs decay mode for which the tt̄H production mode was
observed in a single decay channel. A study of the CP properties of the interaction between the
Higgs boson and top quarks using H → γγ by ATLAS is presented in Ref. 16. Assuming a CP-
even coupling, the tt̄H process is observed with a significance of 5.2σ and Figure 3, center, shows
the results of the fit for κt cos(α) and κt sin(α)

c. A similar analysis was performed by CMS in

cThe SM corresponds to a CP-even coupling with α = 0 and κt = 1 while a CP-odd coupling is realized when
α = 90 degrees.
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Figure 3 – Likelihood contours in the κF − κV plane (left) in the H → WW ∗ → �ν�ν channel from CMS 13.
Two-dimensional likelihood contours for κt cos(α) and κt sin(α) with ggF and H → γγ constrained by the Higgs
boson coupling combination in ATLAS (center) 16. Two-dimensional confidence intervals at 68% CL in the plane
of the ratios of the couplings of the CP-even and CP-odd terms, to the SM expectation for the top-Higgs Yukawa
coupling for CMS H → γγ, H → ZZ∗ and multileptons channels analyses (right) 17.

early 2022 combining theH → γγ, H → ZZ∗ and multileptons channels (targettingH → ττ and
H → WW ∗) concluding that fractionary CP-odd contributions were not observed 16. Figure 3,
right, also shows the two-dimensional confidence intervals at 68% CL in the plane of the ratios
of the couplings of the CP-even and CP-odd terms, to the SM expectation for the top-Higgs
Yukawa coupling. The tH production process is not observed just yet.

Despite that H → bb̄ is the dominant Higgs boson decay mode, its observation was chal-
lenging at the LHC due to large background contamination and poor kinematic resolution. Its
observation was reported in 2018 by ATLAS 18 and CMS 18 in the V H associated leptonic pro-
duction mode and latest results included already differential STXS measurements reaching the
high transverse momentum region thanks to the use of H → bb̄ candidates reconstructed as a
single large-R jet20. The H → bb̄ decay is also investigated in other production modes: ggF21,22,
tt̄H 23,24 and VBF25,26. The measurements of the H → bb̄ decay are entering the precision phase.

The observation of H → ττ was also reported in 2018 leading to access to the coupling to the
heaviest lepton in the SM model. The latest results from ATLAS27 (CMS28) measured exclusive
STXS regions of the phase space for all four production modes (ggF and VBF production), and
showed a good sensitivity for ggF and VBF with high dijet invariant mass. All measurements
are in agreement with the Standard Model predictions and the main uncertainties in the analysis
are related to signal theory, jets and missing transverse energy. Figure 4 shows the observed
likelihood contours in the κV − κF plane measured by CMS in the H → ττ analysis.

3.2 On the search phase and rare decays

Similarly to H → bb̄, the search for H → cc̄ is very challenging due to large and diverse
backgrounds. Latest results from both experiments targeted the V H production mode and used
different categories based on the number of leptons, of jets and of c-tagged jets in the event
to control the backgrounds. ATLAS obtained an observed (expected) limit on V H,H → cc̄
of 26 (31) times the SM prediction at 95% CL 29 corresponding to an observed (expected)
constraint on the charm Yukawa coupling modifier |κc| < 8.5(12.4). The combination with the
V H,H → bb̄ analysis allowed to set a limit on |κc/κb| < 4.5 at the 95% CL smaller than the
ratio of the b− and c−quark masses, and therefore determines the Higgs-charm coupling to be
weaker than the Higgs-bottom coupling at the 95% CL as shown in Figure 4. CMS measured an
observed (expected) limit on V H,H → cc̄ of 14 (8) times the SM prediction at 95% CL 30 and
1.1 < |κc| < 5.5(|κc| < 3.4). The CMS analysis obtained the most stringent limit on κc to date
and a first observation at a hadron collider of the V Z,Z → cc̄ process. The main systematic
uncertainties in the analysis are related with the background modelling and c−tagging.

The latest results of the search for rare Higgs boson decay into μμ were released last year,
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Figure 4 – Likelihood contours in the κF −κV plane (left) measured by CMS in the H → ττ analysis28. Expected
and observed values of the combined V H,H → cc̄ and V H,H → bb̄ negative profile log-likelihood ratio as a
function of κc/κb, where κb is a free parameter for ATLAS (center) 29 (center). Expected and observed values of
the negative profile log-likelihood ratio as a function of κc from the V H,H → cc̄ analysis for CMS (right) 30.

when CMS reported the first evidence of this process. CMS 32 (ATLAS 31) measured a signal
strength of μ = 1.2 ± 0.4(1.2 ± 0.6) and an observed significance of 3.0(2.0)σ and expected of
2.5(1.7)σ. H → μμ offers a very clean topology but the overwhelming Drell-Yan background is a
challenge. Several other analyses searching for rare decays were released between 2020 and early
2022 targeting for example H → Zγ 33,34, H → ee, eμ 35 and decays to light-quark resonances
ZJ/ψ, J/ψJ/ψ,ΥΥ 36. As expected, these analyses are dominated by statistical uncertainties.

3.3 Searches for invisible Higgs decays

Higgs boson decays to invisible final states are predicted to be very rare by the SM, but could
be significant in theories beyond the SM, e.g. if the Higgs couples to dark matter. A recent
CMS analysis using Higgs boson VBF production, with subsequent decay of the Higgs boson
into invisible final states resulting in large missing transverse momentum in the detector, sets an
observed (expected) upper limit on the branching ratio of Higgs decaying to invisible final states
to be < 0.18(0.10) at 95% CL 38. On the other side, ATLAS performed a statistical combination
of
√
s = 7, 8 and 13 TeV results for searches of invisible decays of Higgs bosons produced via

VBF and tt̄H with 0 and 2-leptons in the final state leading to an observed (expected) upper
limit on the branching ratio of Higgs decaying to invisible final states of < 0.11(0.11) at 95%
CL 37. A recent ZH → νν analysis released by ATLAS, not yet included in the combination
mentioned above, reports an observed 95% CL upper limit of 19% on the branching ratio of
Higgs decaying to invisible final states 39.

4 Couplings combination

Studies of the Higgs boson couplings to probe physics Beyond the SM can be achieved by
combining information from all the investigated production and decay modes. The most recent
Higgs coupling combination performed by ATLAS 40 is based on the analyses of the Higgs boson
decay modes H → γγ,ZZ∗, WW ∗, ττ ,bb̄, μμ and Zγ in various production modes, ggF, VBF,
V H and tt̄H + tH, searches for decays into invisible final states, and on measurements of off-
shell Higgs boson production. The global signal strength is determined to be μ = 1.06 ± 0.06.
The most recent CMS Higgs coupling combination 41 uses the same decays channels (except
H → Zγ) with full Run-2 dataset and measured a μ = 1.02+0.07

−0.06. The STXS measurement
results were interpreted in terms of the κ modifiers, and are also used to set exclusion limits on
parameters in the Standard Model Effective Field Theory framework 5 in ATLAS and the Higgs
Effective Lagrangian (HEL) 6 in CMS. Globally, no significant deviations from SM predictions
are observed.
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Figure 5 – Likelihood contours at 68% CL (dashed line) and 95% CL (solid line) in the κF − κV plane (left) from
a combined fit of multiple Higgs channels, assuming no contributions from invisible or undetected Higgs boson
decays from ATLAS 40 (left). Reduced coupling-strength modifiers for fermions and for weak gauge bosons as a
function of their masses and the lower panel shows the ratios of the values to their SM predictions 40 (right).

Figure 5, left, shows the constraints on the κmodifiers to the Higgs couplings to fermions and
bosons from the ATLAS analyses. The combination allows to obtain more stringent constraints
than those from the individual decay modes. Figure 5, right, shows the evolution of the effective
coupling to the Higgs boson as as a function of the particle mass from the ATLAS analyses.
The measured coupling strengths nicely scale as function of the particle mass as predicted by
the SM. Figure 6 shows the measurements of all κ parameters achieved in both experiments.
ATLAS made two assumptions: i) there is no invisible or undetected Higgs decay mode; ii)
a BSM contribution to the Higgs decay width is allowed, but the parameters κZ and κW are
restricted to be less than one to break the degeneracy between coupling strengths and total
width. In the case of CMS, it is assumed that there are no additional Higgs boson decays
beyond those to SM particles. The accuracy on the κ parameters varies between 5% and 30%.
All κ are consistent with unity, except for κW where the preferred negative value comes from
the interference between diagrams contributing to tH production.

Measurements of (fiducial) cross-sections can be used to constrain the coefficients associated
to EFT operator, and hence put constraints on new physics at a given fixed scale. The analyses
aimed to constrain the CP-even d = 6 coefficients corresponding to operators that either directly
or indirectly impact Higgs boson couplings to SM particles and more details about the coefficient
and operators definitions are given in Refs.40,41. Figure 7, left, shows the observed measurements
of the parameters within the SMEFT linearised model in ATLAS. The ranges shown correspond
to 68% (solid) and 95% (dashed) CL intervals. In the same figure we can also see the plot for
the HEL parameter scans from the CMS combination. In both cases no significant deviation
from the SM predictions were observed and constraints on the EFT parameters improved by up
to 70% with respect to previous results.

5 Conclusion

All recent analyses studying the Higgs sector at the ATLAS and CMS experiments at the LHC
make use of the full dataset recorded during the LHC Run-2. With the large Run-2 dataset, the
measurements of the main production processes and decay channels are becoming more precise
and the size of the dataset as well as improvement in the analysis methodology is exploited by
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making more differential measurements and by studying more extreme regions of phase space.
Latest results show good agreement with the SM predictions given the current precision. It
is expected that next LHC runs as well as the High-Luminosity LHC (HL-LHC) phase will
dramatically expand our Higgs physics reach.
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Standard model Higgs boson inclusive and differential cross section measurements
at CMS and ATLAS
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Ten years after the announcement of the Higgs boson discovery by the ATLAS and CMS
collaborations at the CERN LHC, the paradigm has definitely changed from searching for a
new resonance to performing precision measurements of its properties. In fact, thanks to the
large amount of proton-proton collision data collected by the ATLAS and CMS experiments
in the LHC Run 2, we can now perform precise differential measurements of the Higgs boson
production cross section in several decay channels and for all the main production mechanisms.
This review summarizes the recent results of the two collaborations focusing on fiducial and
differential cross section measurements, as well as measurements in the Simplified Template
Cross Section framework.

1 Introduction

The announcement of the Higgs boson discovery 1,2,3 by the ATLAS 4 and CMS 5 collaborations
in 2012 marked one of the major achievements of the CERN LHC physics program. After
ten years of operation of the two experiments, the precision measurement of the new particle’s
properties has become one of the main priorities. The data sample collected by the experiments
during the LHC Run 1 allowed the measurement of its spin, parity, and couplings with the SM
particles, which are found to be consistent with the Standard Model (SM) predictions.

Thanks to the increase of integrated luminosity, the LHC Run 2 opened new frontiers to
study the details of Higgs boson physics and represented a change of paradigm, from seeking
the Higgs boson to performing precision measurements of its properties. In fact, most of the
inclusive Higgs boson cross section measurements reported so far already start to be limited by
the systematic component of the uncertainty, with sizable contributions from experimental and
theoretical sources.

In addition to inclusive cross section measurements, the potential of the available integrated
luminosity can be exploited to perform fiducial differential cross section measurements, which
are important to probe even further interesting and previously unreachable regions of the phase
space. The key aspects of these measurements are that the cross section is reported in bins
of the observable of interest (differential) and is extrapolated to a restricted portion of the
particle-level phase space (fiducial). The fiducial definition is designed to match as closely as
possible the experimental event selection to reduce the model dependence introduced in case the
extrapolation is done to the full phase space.

An example of an interesting observable is the Higgs boson transverse momentum (pHT),

Copyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license.
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which is known to be sensitive to possible deviations from the SM of the Higgs boson Yukawa
couplings with light quarks at small values, as well as to Beyond-the-Standard-Model (BSM)
effects in the tail of the distribution.

A complementary approach to fiducial and differential measurements is represented by the
Simplified Template Cross Section (STXS) framework 6. This approach consists in the measure-
ment of production cross sections in particle-level pre-defined bins of phase space, established
with the goal of minimizing the measurement dependence on the theoretical assumptions, max-
imizing the experimental sensitivity, and isolating possible BSM effects. No fiducial region is
involved in the STXS bin definitions, except for a loose requirement on the Higgs boson rapidity
(|yH| < 2.5), allowing to combine measurements of different channels at the expense of larger
extrapolation uncertainties. For the experimental STXS measurements, the cross sections are
usually reported using a coarser binning scheme with respect to the fine binning described in the
STXS framework. In particular, close-by bins are often merged in case the expected sensitivity
in each single bin is too low, or if single bins cannot be experimentally distinguished.

This document presents a summary of the recent SM Higgs boson cross section measurements
performed by the ATLAS and CMS Collaborations using the LHC Run 2 data sample.

2 Inclusive and STXS cross section measurements in H→WW

The measurements in the H → WW channel 7 are performed by CMS selecting final states
with either two, three, or four charged leptons, targeting the main Higgs boson production
mechanisms: gluon–gluon fusion (ggH), vector boson fusion (VBF), and associated production
with a W (WH) or a Z (ZH) boson. The relatively large H → WW branching fraction and
the good signal sensitivity of leptonic final states make this channel competitive with the other
Higgs boson decay modes. Dedicated requirements on charged leptons, jets and other kinematic
variables are defined to tag the events according to seven macro-categories targeting different
combinations of production mechanisms and decay modes: ggH–tagged events with 2 leptons
(either with different or same flavor) and 0, 1, or 2 jets; VBF–tagged events with 2 leptons and ≥
2 jets; VH2j–tagged events targeting the VH associated production with V decaying to hadrons;
WHSS–tagged events with 2 same-sign leptons, targeting the WH associated production with
W decaying to leptons; WH3l–tagged and ZH4l–tagged events targeting WH and ZH channels
with fully leptonic final states; ZH3l–tagged events targeting ZH production with Z decaying to
leptons. Additional event sub-categorizations are used to further improve the signal sensitivity
in each of the aforementioned macro-categories. The background contributions strongly depend
on the specific event category and the main contributing processes are: top quark production,
diboson processes, Z + jets and nonprompt lepton production.

The presence of neutrinos prevents the full reconstruction of the Higgs boson mass, so
other approaches are used in the fit procedure to discriminate between signal and background
contributions. As an example, for ggH–tagged events the invariant mass of the two charged
leptons (mll) and the transverse mass (mH

T) constructed from the dilepton transverse momentum
and the missing transverse momentum (�pmiss

T ) are used as discriminant variables. A multi-
classification deep neural network is instead used to extract the signal contribution for the
VBF-tagged categories.

Simultaneous maximum likelihood fits to all the event categories are then performed to
extract signal strengths per-production mechanism and cross sections in fourteen STXS bins, as
shown in Figure 1 (left) and Figure 1 (right), respectively.

The per-production mechanism signal strength uncertainties are characterized by a contri-
bution of the systematic component, which is dominant in the case of ggH, and similar to the
statistical components for VBF and WH. The ZH signal strength measurement is instead still
limited by the statistical uncertainties. The STXS cross section measurements show a precision
comparable to or better than other decay channels, especially at low jet multiplicity and low
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Figure 1 – Observed signal strengths per production mechanism (left) and observed production cross sections in
each STXS bin (right), measured in the H → WW decay channel 7.

pHT. A good precision is also obtained for mildly boosted ggH and for VH STXS bins.

3 STXS cross section measurements in H→ ττ

The H → ττ channel is also important for STXS cross section measurements, thanks to the
sensitivity to phase spaces complementary to other decay channels. The measurements reported
in this review are performed both by the ATLAS 8 and CMS 9 experiments, analyzing leptonic
and hadronic τ decays. The main background processes depend on the specific phase space
region, but mainly arise from Z→ ττ , jets misidentification, top quark production, and diboson
processes. In order to define event categories sensitive to each STXS bin, an extensive use of
multi-classification deep neural networks (CMS) or boosted decision trees (ATLAS) is exploited.
For the ATLAS measurement, the signal contribution is extracted by fitting the τ pair invariant
mass using a likelihood-based technique known as the Missing Mass Calculator 8. For the CMS
measurements, a combination of the τ pair invariant mass and other kinematic observables,
such as the τ lepton pT or mjj, is built to discriminate signal and background contributions,
depending on the target phase space. Figure 2 report the production cross sections measured in
the ATLAS and CMS analyses in several STXS bins. The results show that the H→ ττ channel
is especially sensitive to the VBF production mechanism for mjj > 350GeV, and to ggH when
the Higgs boson is mildly boosted, i.e. for 200 < pHT < 300GeV.
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Figure 2 – Observed production cross section in each STXS bin measured in the H → ττ decay channel by
ATLAS 8 (left) and CMS 9 (right).
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4 STXS combination

The full potential of the STXS measurements can be extracted performing combinations of
different Higgs boson decay channels. As already mentioned in Sec. 1, STXS measurements do
not involve any fiducial requirements (except for |yH| < 2.5), therefore allowing combinations
of different channels at the expense of introducing larger theoretical uncertainties due to the
extrapolation to the full phase space. Such combination is performed by ATLAS including the
H→ γγ, H→ ZZ, H→WW, H→ ττ and H→ bb̄ decays.
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Figure 3 – Observed cross section in each STXS bin measured in the ATLAS combination of H → γγ, H → ZZ,
H → WW, H → ττ and H → bb̄ decay channels 10. The cross sections times branching fraction in a given final
state are parameterized as functions of the H → ZZ branching fraction.

This combination allowed the simultaneous measurement of an unprecedented number of
STXS cross sections, as shown in Figure 3. The results show an impressive precision throughout
a vast range of different phase space regions and an overall good agreement with the SM ex-
pectations. These measurements are also interpreted to constrain the Higgs boson couplings to
fermions and vector bosons, as well as the operators in the SM Effective Field Theory (SMEFT)
formalism. Also in these interpretations, no significant deviations with respect to the SM pre-
dictions is observed.
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5 Fiducial differential measurements in VH→ bb̄

A recent ATLAS result reported the first fiducial differential cross section measurement of VH
associated production with H→ bb̄ and zero charged leptons in the final state, mainly targeting
the ZH production mechanism with Z → νν̄. This analysis is based on, and is complementary
to, a previous measurement targeting the leptonic decays of the associated vector boson.

Background processes in this channel arise mainly from Z+jets and ZZ production (especially
at high pmiss

T ) and top quark production (relevant at low pmiss
T ). The differential cross sections

are measured at particle-level by unfolding with a response matrix embedded in the maximum
likelihood signal extraction. The measurement is made in two particle-level bins of pmiss

T : 150 <
pmiss
T < 250GeV and pmiss

T ≥ 250GeV. The signal is extracted through a fit of the invariant
mass of the b quark pair, defining a detector-level category with zero charged leptons, further
split in jet categories to enhance the analysis sensitivity.

The response matrix connecting the particle-level and the reconstructed-level pmiss
T is re-

ported in Figure 4 (left), and shows in particular the sizeable contribution of out-of-fiducial
signal events. The number of signal events passing the detector-level requirements is dominated
by the gg → ZH and qq → ZH production mechanisms with Z → νν̄. The qq → WH process
also contributes to the signal yield when the W boson decays to τ leptons, which in turn de-
cay to hadrons. The latter process constitutes the principal signal contribution in the case of
out-of-fiducial events.

The measured fiducial cross sections are shown in Figure 4 (right) and are in good agreement
with the SM expectation. The systematic uncertainties have a large impact on the precision
of this measurement, especially for the low pmiss

T bin in which the statistical uncertainty is
subdominant.
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Figure 4 – (Left) Unfolding response matrix showing fiducial (T1,2) and out-of-fiducial (OT1,2 and OOff) signal
contributions in the detector-level event categories. (Right) Observed fiducial differential cross section in the
VH → bb̄ analysis 11, measured in two bins of pmiss

T .

6 Fiducial differential measurements in H→ γγ

Thanks to the high precision in the reconstruction of the diphoton invariant mass, the H→ γγ
decay channel has a very clean signature and represents one of the most powerful channels for
the precision measurement of a large variety of differential observables. The main background
contributions in this channel arise from diphoton, γ + jets and dijet production. A recent
CMS public result 12 exploited the peculiar characteristics of this channel to report the fiducial
differential production cross sections measured as functions of twenty different observables that
describe the properties of the Higgs boson, and the kinematic properties of the jets, leptons and
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pmiss
T that are produced along with the diphoton pairs. In addition, the inclusive fiducial cross

section and two double-differential distributions are also reported.

The Run 2 data sample allowed measurements with an unprecedented level of precision and
granularity, such as the observed distributions reported in Figure 5, showing pHT (left) and τ jC
(right), which is an observable sensitive to theoretical resummation effects and can be useful to
define rapidity-dependent jet vetoes. The results, which in this channels are still limited by the
size of the statistical uncertainty, show an overall agreement with the SM expectations.

The double-differential distributions of pHT in bins of Njet, and pHT in bins of τ jC, are also
important measurements to study the correlations between these observables and are shown in
the public document 12.
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Figure 5 – Observed fiducial differential cross sections in the H → γγ channel 12, measured as functions of pHT
(left) and τ j

C (right).

7 Combination of differential measurements

The combination of fiducial differential measurements in different Higgs boson decay channels
is not straightforward, mainly because the fiducial phase space contains particles and kinematic
requirements that are specific of each decay channel. A viable solution is to extrapolate the
differential cross sections to the full phase space, at the expense of the larger theoretical uncer-
tainties that account for the model dependence of the measurement. Despite the larger theoret-
ical uncertainties, one can still get an overall reduced uncertainty by performing combinations
of different channels, as done in the ATLAS H→ γγ and H→ ZZ combination 13.

The measured differential cross section as function of pHT after the extrapolation to the full
phase space is reported in Figure 6, which shows separately the H → γγ and H → ZZ distri-
butions as well as their combination. This result shows a good sensitivity in the very high tail
of the pHT distribution, which is the most sensitive region to BSM effects, and is consistent with
several SM theoretical predictions as shown in the figure. Notably, the shape of the measured
pHT distribution has been also exploited to set constraints on the Higgs boson Yukawa couplings
to b and c quarks, obtaining results consistent with the SM.
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Figure 6 – Observed differential cross section for H → γγ and H → ZZ channels, as well as their combination 13,
measured as function of pHT.

8 Summary

The data recorded by the ATLAS and CMS experiments during the LHC Run 2 were exploited to
provide measurements of the Higgs boson production cross sections with an unprecedented level
of precision. Fiducial differential cross section measurements were performed in several decay
channels as functions of observables related to the properties of the Higgs boson production and
of particles produced in association with it. Combinations of differential cross sections were also
performed, after the extrapolation of the single channel measurements to the full phase space.
The STXS measurement also represents an important and complementary approach to study the
properties of the Higgs boson production. The recent STXS measurements in single Higgs boson
decay channels, as well as the combination of several channels, were discussed in this summary
review. Measurements reported in this review are amongst the most precise Higgs boson results
ever performed, and so far do not show significant deviations from the SM expectations.
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Searches of top FCNC interactions with the ATLAS detector
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According to the Standard Model, flavour-changing neutral currents (FCNC) are forbidden
at tree level and are strongly suppressed at higher orders. Several SM extensions predict
enhanced FCNC interactions with top quarks. A model independent way to describe the
effects of new physics can be adopted through the Effective Field Theory framework. This
talk reviews the current searches on FCNC in the top quark sector using data recorded with
the ATLAS detector at the Large Hadron Collider.

1 Introduction

The properties of the top-quark are being deeply studied at the Large Hadron Collider (LHC).
On the one hand, it can be a probe for physics at the electro-weak symmetry-breaking scale
and beyond. The top quark is the heaviest known fundamental particle. As such it has the
largest coupling to the Higgs boson and it may play a special role in electroweak symmetry
breaking. The top-quark has also a very short lifetime, which makes it the only quark that decays
before hadronising. The spin information passes to decay products and can be measured from
them. According to the Standard Model of Particle Physics (SM), the top quark decays mainly
to bW and all other couplings can be considered rare, although many SM extensions (BSM)
predict new particles that couple to top quarks. On the other hand, the LHC is a top quark
factory, which means that top-quark production is an important background for many SM and
BSM analyses that must be very well understood. Flavour changing neutral currents (FCNC)
interactions, where the top quark decays into a neutral boson and an up or charm quark are
forbidden at tree level and highly suppressed at higher levels by the GIM mechanism, with
corresponding branching ratios (BR) ranging 1 from 10−12 down to 10−17. There are however
extensions to the SM that predict enhanced BRs that can be as high as 10−4. Examples of
such models 2, shown in Table 1, are Quark Singlets (QS) 3, Flavour Violation (FV 2HDM) and
Flavour Conservation (FC 2HDM) Two-Higgs Doublets 4, Minimal Supersymmetric Standard
Model (MSSM) 5, Supersymmetry with R-parity violation (/R SUSY) 6, Extra Dimensions (RS) 7

or Extended Mirror Fermions (EMF) 8. Besides looking into those specific predictions, a model
independent approach by using an effective Lagrangian can be taken instead:

L = LSM +
1

Λ2

∑
i

ciOi + . . . , (1)

where Λ is the new physics energy scale usually set to 1 TeV, Oi are the dimension 6 operators
involving SM fields. There are 59 operators after taking into account constraints from lepton and
baryon conservation, but only 15 are relevant for top quark physics. There is an agreement in the
top quark community for common standards for Effective Field Theory (EFT) interpretation 9.

Copyright 2022 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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Table 1: The typical maximum allowed top-quark FCNC top-quark decay BR values as predicted by several
models are shown. References are given in the text.

SM QS FV 2HDM FC 2HDM MSSM /R SUSY RS EMF

t→ uZ 10−17 10−4 – – 10−7 10−6 – 10−8

t→ uγ 10−16 10−9 – – 10−8 10−9 – 10−8

t→ ug 10−14 10−7 – – 10−7 10−6 – –
t→ uH 10−17 10−5 10−6 – 10−5 10−9 – –

t→ cZ 10−14 10−4 10−6 10−10 10−7 10−6 10−5 10−6

t→ cγ 10−14 10−9 10−7 10−9 10−8 10−9 10−9 10−7

t→ cg 10−12 10−7 10−4 10−8 10−7 10−6 10−10 –
t→ cH 10−15 10−5 10−3 10−5 10−5 10−9 10−4 –

FCNC vertices can be probed in both production and decay modes. A top quark may be
produced through a FCNC vertex and decay via SM. There is a different sensitivity for up
and charm quarks due to different parton distribution functions (PDF). Regarding the decay
mode, if top quark pairs are produced through SM vertices one of the top-quarks may decay
via FCNC and the other one via SM. In this case, the sensitivity for the up and charm quarks
is similar and the events are characterised by having more reconstructed particles, with respect
to the production mode, that can be used to constrain the events. The ATLAS collaboration10

searched for these top-quark FCNC decays, analysing the full 13 TeV pp data set taken during
Run 2, with a total integrated luminosity of L = 139 fb−1. The latest analyses for each decay
channel are covered below.

2 Search for t→ qZ

For the search for t→ qZ decays, two signal regions (SR) were defined 11. SR1 targets SM top-
quark pair production, where one of the top-quarks has the t→ qZ FCNC decay and the other
top-quark follows the t→ bW SM decay. Considering only the leptonic boson decays, the final
state of signal events is characterised by three leptons (e, μ), two jets (one b-tag) and Emiss

T .
SR2 targets FCNC single top production, with the top-quark decaying through the t → bW
SM mode. The final state, is characterised by three leptons (e, μ), one or two jets (one b-tag)
and Emiss

T . Four control regions (CR) that target the main backgrounds (tt̄, tt̄Z and diboson
production) are also defined. The kinematics of the events is reconstructed by minimising a χ2

computed from the reconstructed invariant masses of the decay products of the FCNC top quark,
the SM top quark and the W boson candidates, where the former is only taken into account for
SR1 Additional cuts on the reconstructed masses (dependent on SR) are applied. For instance,
the absolute difference between the reconstructed mass of the top-quark with FCNC decay and
its know value, should be less than 2σtFCNC . After this pre-selection, gradient boosted decision
trees (GBDT) are used to improve the analysis and simultaneous binned profile likelihood fits to
distributions in SRs and CRs are performed to normalise the main backgrounds and constrain
the main sources of systematic uncertainties. Figure 1 shows the post-fit GBDT outputs for
CR1, CR2, SR1 and SR2 obtained for the tZu left-handed vertex. No evidence for signal was
found and the 95% confidence level (CL) limits on the t → qZ BR with left-handed couplings
are shown in Table 2. Similar results for right-handed couplings were obtained.

3 Search for t→ qH

For the tqH vertex, both decay and production modes were searched for 12. Only the Higgs
boson decays to τ leptons, with at least one of them decaying hadronicaly, were considered. No
more than one isolated lepton (e, μ; including τ decays) and at least one jet (one b-tag) were
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Figure 1 – The post-fit GBDT outputs for CR1, CR2, SR1 and SR2 obtained for the tZu left-handed vertex are
shown 11.

Table 2: The obtained 95% CL limits on the t → qZ BRs with left-handed couplings are shown 11.

observed −1σ expected +1σ

BR(t→ uZ) 6.2× 10−5 3.5× 10−5 4.9× 10−5 7.0× 10−5

BR(t→ cZ) 13× 10−5 8× 10−5 11× 10−5 16× 10−5

also required. Seven SRs and six CRs, that target the tt̄ background, were defined. Boosted
decision trees (BDT) were then used to improve the results of the analysis and binned likelihood
fits to the BDT outputs were performed to normalise the main backgrounds and constrain the
main sources of systematic uncertainties. Figure 2 shows the post-fit BDT output of the most
sensitive channels. No significant excess with respect to the expected background is observed in
the data and the 95% CL limits on the t→ qH BRs shown in Table 3 were derived.

4 Search for t→ qg

The SM tt̄ production with the FCNC t → qg decay is difficult to distinguish from multijet
production. Instead, this vertex was searched for with the direct single top production via
FCNC (strong sector) 13. The final state is characterised by the presence of one lepton (e
or μ), only one jet (that must be b-tagged) and Emiss

T . The kinematics of the neutrino is
determined by constraining the reconstructed W boson mass. Figure 3 shows the Emiss

T and the
reconstructed W boson transverse mass. A SR and three additional validations regions (VR)

1

10

210

310

E
v
e

n
ts

ATLAS Preliminary
-1=13 TeV,139 fbs

-+FCNC tuH H

hadhadl
t

Post-Fit

data tuH

Fake Other MC

tt Uncertainty

tuH(0.1%)x2

tH(0.1%)x2ug

WbHu(0.1%)x2tt

1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1

BDT Discriminant

0.6

0.8

1

1.2

1.4

D
a
ta

/P
re

d

1

10

210

310

E
v
e

n
ts

ATLAS Preliminary
-1=13 TeV,139 fbs

-+FCNC tcH H

hadhadl
t

Post-Fit

data tcH

Fake Other MC

tt Uncertainty

tcH(0.1%)x2

tH(0.1%)x2cg

WbHc(0.1%)x2tt

1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1

BDT Discriminant

0.6

0.8

1

1.2

1.4

D
a
ta

/P
re

d

Figure 2 – The post-fit BDT output of the most sensitive channels of the t → qH search are shown 12.
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Table 3: The obtained 95% CL limits on the t → qH BRs are shown 12.

observed −1σ expected +1σ

BR(t→ uH) 7.2× 10−4 2.6× 10−4 3.6× 10−4 5.3× 10−4

BR(t→ cH) 9.9× 10−4 3.6× 10−4 5.0× 10−4 7.2× 10−4

Figure 3 – The Emiss
T and the reconstructed W boson transverse mass distributions obtained in the tqg vertex

search are shown 13.

targeting W+ jets, tt̄ and tq production were defined. Two different Neural Networks (NN) were
used to improve the analysis, D1 and D2, trained only with tcg and tug events, respectively.
The search for the tcg vertex was performed using D1, while for the the tug vertex D1 was used
in events with a negatively charged lepton and D2 was used in events with a positively charged
lepton. A maximum-likelihood fit to the NNs output was then performed to normalise the main
backgrounds and constrain the main sources of systematic uncertainty. Figure 4 shows the post-
fit NN outputs. No evidence for signal was found and 95% CL limits on the t→ qg BR were set
as shown in Table 4. The dominant sources of systematic uncertainty for the tug channel are the
W+jets MC statistical uncertainty, the W + c-jets and tq backgrounds modelling and jet energy
resolution (JER), while for the tcg channel they are the signal and tq parton shower (PS), Emiss

T ,
tq modelling and W+jets MC statistical uncertainty.

Figure 4 – The post-fit NN outputs of the tqg vertex search are shown 13.
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Table 4: The obtained 95% CL limits on the t → qg BRs are shown 13.

observed expected

BR(t→ ug) 6.1× 10−5 4.9× 10−5

BR(t→ cg) 3.7× 10−4 2.0× 10−4

5 4 3 2 1 0 1 2 3 4 5

NN discriminant

0.8

0.9

1

1.1

D
a

ta
 /

 B
k
g

.

10

210

3
10

410

5
10

6
10

E
v
e
n
ts

 /
 0

.5

ATLAS Preliminary
-1

= 13 TeV, 139 fbs

SR

Post-Fit

Data limit)LH (10tu

+jetsW fakese

+jetsZ fakesh

tt other prompt 

Uncertainty

50 100 150 200 250 300

[GeV]
T

photon p

0.8

0.9

1

1.1

D
a

ta
 /

 B
k
g

. 1

10

210

3
10

410

5
10

6
10

E
v
e
n
ts

 /
 2

0
 G

e
V

ATLAS Preliminary
-1

= 13 TeV, 139 fbs

ttCR 

Post-Fit

Data +jetsW

fakese +jetsZ

fakesh tt

other prompt Uncertainty

50 100 150 200 250 300

[GeV]
T

photon p

0.7

0.85

1

1.15

D
a

ta
 /

 B
k
g

. 1

10

210

3
10

410

5
10

6
10

E
v
e
n
ts

 /
 2

0
 G

e
V

ATLAS Preliminary
-1= 13 TeV, 139 fbs

+jetsWCR 

Post-Fit

Data +jetsW

fakese +jetsZ

fakesh tt

other prompt Uncertainty

Figure 5 – The post-fit NN output trained with the tuγ signal in the SR and the transverse momentum of the
photon in both CRs are shown 14.

5 Search for t→ qγ

The search for the t→ qγ decay was performed in both decay and production modes 14. Events
were required to have exactly one lepton (e, μ), one photon, at least one jet (1 b-tag) and Emiss

T >
30 GeV. Two CRs were defined to control the tt̄γ and Wγ+jets backgrounds. Additionally, NNs
with three output nodes (decay mode, production mode or background) were used to improve
the results of the analysis and a binned profile likelihood fit to the one dimensional combination
of NNs output was done. Figure 5 shows the post-fit NN output trained with the tuγ signal in
the SR and the transverse momentum of the photon in both CRs. No evidence for signal was
found and the 95% CL limits on the t→ qγ BRs shown in Table 5 were obtained.

6 Futurology

The ATLAS sensitivity for the search of FCNC top-quark decays with the data of the future
High Luminosity phase of the LHC, with a centre-of-mass energy of 14 TeV and 3 ab−1 of total
integrated luminosity, was studied in the past years. Different systematic uncertainties scenarios
were considered (conservative vs. improvements). The t → qZ sensitivity study 15 follows the
strategy of the previous analysis of 36 fb−1 of pp data 16. Using only the trileptonic final state
of the decay channel, reconstructing the kinematics from χ2 and performing a simultaneous fit
to the SR and two CRs, the expected 95% CL upper limits on BR(t → qZ) are at the level
of 4 to 5×10−5, depending on the systematic uncertainties scenarios and assuming no evidence
for a signal will be found. The tqH study 17 follows the strategy of the 8 TeV analysis 18, by

Table 5: The 95% CL limits on the t → qγ BRs are shown 14.

observed −1σ expected +1σ

BR(t→ uγ) 0.85× 10−5 0.63× 10−5 0.88× 10−5 1.25× 10−5

BR(t→ cγ) 4.16× 10−5 2.45× 10−5 3.40× 10−5 4.75× 10−5
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selecting H → bb̄ events with two or three b-tagged jets, by reconstructing the event kinematics
with a probabilistic method and by fitting the signal and background distributions in six SRs
using a profile likelihood method. Assuming no signal will be found, the expected 95% CL
upper limits on BR(t → qH) are at the level of 2 to 3×10−4 depending on the systematic
uncertainties scenarios. These results show an improvement of five to ten times with relation to
the corresponding reference analyses. The actual results might be better if different topologies
are combined (e.g. decay and production modes) as done in the current 13 TeV data analyses
shown here.

7 Conclusion

The ATLAS collaboration searched for rare FCNC top-quark couplings using LHC pp data and
covering the Z, H, g and γ neutral bosons. Different approaches are being explored for each
channel. No evidence for new physics was found and 95% CL limits on the BR were established
at the level of some of the BSM predictions. The results were also interpreted in the EFT
framework and the corresponding limits on Wilson coefficients were presented in 19. Sensitivity
studies for the HL-LHC phase predict results which are 5 to 10 times better than the current
ones.
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BSM H searches and rare H decay searches

Stephane Cooperstein, on behalf of the ATLAS and CMS Collaborations
Department of Physics, University of California San Diego

Searches for rare Higgs boson decays and extensions of the Higgs sector beyond the standard
model are key to probing the dynamics of electroweak symmetry breaking. With the large
LHC Run-2 dataset, considerable progress has been made by ATLAS and CMS in probing the
largely unexplored Higgs boson interactions with the lighter fermions, as well as in searching
for signs of new physics in the Higgs sector with mass scales ranging from 100 MeV to several
TeV. The results presented here are either brand new for this conference, or were released in
the weeks just before.

1 Introduction

The extremely large datasets collected by ATLAS and CMS at the LHC are beginning to open
new frontiers in our exploration of the Higgs sector. With a vast collection of candidate Higgs
boson events, we have been able to probe extremely small Higgs boson couplings and to search
for signs of new physics with unprecedented reach 1,2,3,4,5. We are just getting started in experi-
mentally probing the dynamics of mass generation for the first and second generation fermions,
with the first evidence for a second generation Yukawa interaction recently achieved via a mea-
surement of the Higgs boson decay to muons 6,7. a

The results reported here were all either released for this talk, or just before the start of this
conference. This is a testament to the huge effort devoted in the past years to exploring these
new frontiers in the Higgs sector. Enormous progress has been made in expanding the physics
reach of the data we have collected. The new search for the Higgs boson decay to charm quarks
in particular has demonstrated the feasibility of measuring the charm Yukawa interaction at
the LHC, a key test of electroweak symmetry breaking that until now had been thought to be
impossible. In addition, several new searches for additional particles within the Higgs sector
have found localized excesses over the background that, while not statistically conclusive, will
be important channels to probe with the upcoming Run-3 data. Although this report highlights
brand new results from CMS, both ATLAS and CMS have made extensive developments within
this field in the past years.

aCopyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license
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Figure 1 – Left: the reconstructed H → cc̄ candidate mass for the combination of merged-jet channels in the CMS
H → cc̄ search 8. Right: negative profile log-likelihood ratio as a function of the ratio of H-c to H-b coupling
strength in the kappa framework, from the ATLAS H → cc̄ search 9.

2 Higgs boson decay to charm quarks

Explaining the flavor hiearchy of the Yukawa interactions is a key puzzle of the standard model,
and experimentally probing the mass generation mechanism for the lighter fermions is a key test
of the Yukawa sector. By measuring Higgs boson couplings with the lighter fermions, we test
this hiearchy at lower scales where new dynamics can be present that would have a negligible
overall effect in the Higgs boson interactions with the heaviest particles.

The search for Higgs boson decay to a charm quark-antiquark pair is extremely challenging
at the LHC because of the very large multijet background and the difficulty in isolating jets
originating from charm quark fragmentation. The new searches for H→ cc̄, in the most sensitive
VH production channel, demonstrate a huge effort to make the most of the Run-2 data, and pave
the way for the eventual measurement of this process. Recent large improvements in charm-jet
tagging in particular have made possible a measurement in this channel with Run-2 data with
precision comparable to what had been recently projected for the end of the HL-LHC 8. These
developments include the first application of graph networks to jet tagging at the LHC, as well as
multiple applications of multivariate regressions to discern the resonant signal with substantially
better resolution. For a detailed description of the new H → cc̄ search from ATLAS, refer to
the dedicated contribution on this topic in these proceedings. The new CMS H → cc̄ search is
a combination of two analyses targeting different H → cc̄ candidate topologies - a merged-jet
analysis in which the H → cc̄ candidate is reconstructed within a single large-radius jet, and
a resolved-jet analysis in which the H candidate is reconstructed by combining two distinct
charm-tagged jets.

Figure 1 (left) shows a distribution of the reconstructed H → cc̄ candidate mass from the
CMS search. A resonant contribution from diboson events including a Z boson decay to cc̄
(VZ,Z→ cc̄) is clearly visible (shaded grey). The overall statistical significance of the observed
VZ,Z → cc̄ signal is 5.7σ. This first observation of a Z → cc̄ decay at a hadron collider is a
key validation of the charm-jet tagging algorithms, demonstrating with LHC data the reliability
of the large improvements in this analysis. An upper limit of 14 (8) times the standard model
expectation for BR(H → cc̄) is observed (expected in absence of signal). In addition, a new
projection has been made for this search with 3000fb−1 of HL-LHC data, incorporating the im-
provements developed for this new Run-2 analysis. The projected precision for the measurement
of the Higgs-charm coupling is about 100%. The new ATLAS H → cc̄ search also performs a
combination with the VH,H → bb̄ measurement channels. This provides the first exclusion of
a Higgs-charm quark coupling larger than the Higgs-bottom quark coupling, as shown in Fig. 1
(right). This is a huge step forward in our path towards potentially measuring H → cc̄ at the
LHC, and further improving this search will be an important priority in the years to come.
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Figure 2 – Distribution of the electron-positron invariant mass in the H → e+e− event categories with the highest
expected signal purity, for the inclusive H production channel (left) and the VBF-enriched channel (right) 10.

3 Higgs boson decay to an electron-positron pair

The search for Higgs boson decay to an electron-positron pair is the most sensitive probe of
first generation Yukawa interactions at the LHC. Measuring Higgs boson interactions with first
generation fermions is extremely difficult because of the very small coupling strengths, with the
expected branching fraction for H → e+e− at the level of 5 · 10−9. Any observed signal in the
H → e+e− search at the LHC would therefore be a clear indication of new physics in the mass
generation mechanism for the electron.

This new analysis searches for a resonance in the reconstructed invariant spectrum of electron-
positron pairs in two channels, one targeting the inclusive Higgs boson production and one en-
riched in Higgs bosons produced via the vector boson fusion (VBF) mode 10. Events are further
categorized based on the output of a multivariate classifier trained to discern the H → e+e−

signal in each channel from the Drell-Yan and tt̄ backgrounds.
Figure 2 shows the electron-positron mass distribution in the category with the highest

expected signal purity in the inclusive H production channel (left) and the VBF-enriched channel
(right). No significant excess in data is observed over the expected background, and an upper
limit on BR(H→ e+e−) is set at 95% C.L. of 3 · 10−4, the most stringent limit to date.

4 Search for Higgs boson decays into two merged-photon pairs

Additional (pseudo)scalar particles with Higgs-like couplings are predicted by many well-motivated
extensions of the standard model Higgs sector, including the (N)MSSM and Two Higgs Doublet
models. If the mass of the scalar, denoted a, is less than half the Higgs boson mass, searches
via the decay of the SM-like Higgs boson (H → aa) are accessible. The dominant a decay
modes vary significantly depending on ma, yielding a rich topology of experimental final states
to consider. Both ATLAS and CMS have pursued a large and diverse H → aa search program
beyond the scope of this summary. Figure 3 (left) shows a summary of exclusion limits in for
the Two Higgs Doublet plus Singlet (2HDM+S) Type-I model from recent H→ aa searches by
ATLAS 12. This report highlights a new CMS search in a previously unexplored topology, where
0.1 GeV < ma < 1.2 GeV and each scalar decays to a pair of photons 11. Figure 3 (middle)
shows the leading order diagram for this process.

Because of the low scalar mass, the scalar is highly Lorentz-boosted and the pair of photons
from the scalar decay tend to be highly collimated. The photons subsequently induce overlap-
ping electromagnetic showers in the CMS calorimeter, which are not efficiently reconstructed
using traditional resolved photon reconstruction algorithms. A dedicated end-to-end machine
learning-based merged-photon reconstruction algorithm was developed, taking minimally pro-
cessed detector-level information as input and therefore bypassing the traditional photon recon-
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C.L. upper limits on the branching fraction of the SM-like H to two pairs of merged photons, as a function of
scalar candidate mass 11.

struction techniques to estimate the scalar particle mass 13. This new reconstruction approach
has made possible the first search in this topology.

A data sample is selected by requiring two reconstructed merged-photon pairs, then a maxi-
mum likelihood fit is performed to a 2D template in the mass of each of the two merged-photon
candidates, as estimated by the multivariate regression. No significant excess is observed in
the data over the expected background, and upper limits are set on BR(H → aa → 4γ) as a
function of ma (Fig. 3 right). Although this analysis was developed to search for a promptly
decaying signature, it is also sensitive to scenarios in which the scalar decays to photons with
displacements from the interaction point of up to 10 mm, with the sensitivity degrading with
increasing displacement.

5 Search for additional Higgs bosons in the ττ final state

Searches in the ττ final state are a key probe of additional particles in the H sector. Although the
decay to bb̄ is generally predicted to be dominant, this final state has extremely large multijet
backgrounds. Other experimentally accessible channels such as μμ tend to be limited by small
predicted couplings. We report a new search in the ττ final state for additional Higgs bosons
with mass ranging from 60 GeV to 3.5 TeV 14.

This result combines searches in different tau decay final states: eμ, μτh, eτh, and τhτh,
where τh denotes hadronic tau decays. The “low mass” channel searches for ττ resonances with
mass less than 250 GeV and reconstructs the resonance candidate mass with likelihood-based
techinques also used in H→ ττ measurements. The “high mass” channel instead considers reso-
nances with mass greater than 250 GeV and searches for an enhancement over the backgrounds
in the transerve mass distribution.

Events are further categorized based on the kinematic properties of the event, as well as the
presence of additional b-tagged jets. Two localized excesses are observed in the data. The first
excess is concentrated near 100 GeV and has a significance of 3.1σ (2.7σ considering the look-
elsewhere effect within the low mass channel), while the second excess is most visible in the “no
b-tag” categories of the high mass channel, with mass roughly 1.2 TeV, and has a significance
of 2.8σ (2.4σ). Figure 4 shows the distribution of the fitted mass observable in a representative
category from the low mass (left) and high mass (middle) channels. Note that a similar search
by ATLAS did not observe an excess near 1.2 TeV, whereas the search region for resonances
with mass less than 200 GeV was not considered 15.

An additional nonresonant signal interpretation, new for this analysis, is also considered.
A t-channel exchange of a vector leptoquark, the dominant production channel for leptoquarks
at high mass, would lead to a nonresonant enhancement in the total cross section at high mττ .
Various leptoquark models can explain the tensions observed in the lepton flavor universality
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tests in B meson decays performed by LHCb. The green shaded region in Fig. 4 right shows the
region preferred by the B anomalies, compared to the expected and observed limits obtained
from the nonresonant interpretation of this search. The model parameter space probed by this
search overlaps significantly with the region preferred by the B anomalies. There is a slight
excess in the data over the backgrounds, such that the observed limit is slightly weaker than
expected in the absence of signal.

6 Search for additional Higgs bosons in the WW final state

The WW final state provides a complementary probe of additional particles within the Higgs
sector. This new search looks for resonances with mass ranging from 115 GeV to 5 TeV,
considering the final state where both W bosons decay to a neutrino and either an electron or a
muon 16. Because of the significant energy fraction carried by the neutrinos, the reconstructed
mass of the dilepton pair differs significantly from the signal resonance mass. A deep neural
network was developed to estimate the resonance mass from the visible decay products as well
as the missing transverse energy in the event, substantially improving the reconstruction of the
expected mass resonance for signal candidates. Figure 5 (left) shows the distribution of the
resonance mass estimated by the neural network in a VBF-enriched selected region in the eμ
channel, while Figure 5 (middle) shows the observed upper limit on the production rate times
branching fraction as a function of the resonance mass.

The largest localized excess in data over the backgrounds is observed near 650 GeV, with
a local (global) significance of 3.8σ (2.6σ), and concentrated in the categories targeting VBF
production. Because of the large fraction of missing energy from the neutrinos, the resolution
on the mass is still quite broad despite the improvement from the neural network. The excess is
therefore compatible with a resonant signal with mass ranging from roughly 600 GeV to 1 TeV.

7 Search for charged Higgs in the ττW final state

This new result searches for a charged Higgs boson decaying to a W boson and a SM-like Higgs
boson, which then decays to a pair of taus 17. This is the first search in this channel at the
LHC, and targets charged Higgs boson production in association with a top quark. A neural
network-based algorithm is used to identify fully hadronic top quark decays, and the search
combines the eτh, μτh, eτhτh, and μτhτh channels. Figure 5 (right) shows the expected and
observed 95% C.L. upper limits on the production cross section times branching fraction of the
signal as a function of the charged Higgs boson mass. No significant excess is observed in the
data over the expected backgrounds.
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16. Right: upper limits on charged Higgs boson production rate times branching
fraction, as a function of charged Higgs boson mass 17.

8 Summary

With the enormous datasets delivered by the LHC, we are entering a new era in the charac-
terization of the Higgs boson. In addition to the ongoing efforts to measure the Higgs boson
properties with high precision via its interactions with the heavier particles, we are beginning
to probe very small Higgs boson couplings including Yukawa interactions with second genera-
tion fermions. Enormous progress has been made by ATLAS and CMS in probing the second
generation Yukawa interactions with Run-2 data, paving the way for future precision measure-
ments of the H-μ interaction and even demonstrating the possibility of measuring the Higgs
interaction with the charm quark at the LHC, which had been considered impossible. We are
also significantly expanding the scope of our searches for additional particles within the Higgs
sector, including several new results with localized excesses observed that will be important to
monitor in the coming years. The wealth of new results shown in this report demonstrate the
interest in and importance of these developments in our exploration of this new frontier in the
Higgs sector.
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Observation of τ lepton pair production in ultraperipheral nucleus-nucleus
collisions with the CMS experiment and the first limits on (g − 2)τ at the LHC

Arash Jofrehei on behalf of the CMS Collaboration

Physics Institute, University of Zurich,
Zurich, Switzerland

The first observation of τ lepton pair production in ultraperipheral nucleus-nucleus collisions,
a pure quantum electrodynamics (QED) process, is presented. The measurement is based
on a data sample collected by the CMS experiment at a per nucleon center-of-mass energy
of 5.02 TeV, and corresponding to an integrated luminosity of 404 μb−1. The γγ → τ+τ−

production is observed with a statistical significance of at least five standard deviations for
τ+τ− events with a muon and three charged hadrons in the final state. The cross section
is measured in a fiducial phase space region, and is found to be σ(γγ → τ+τ−) = 4.8 ±
0.6 (stat)±0.5 (syst) μb, in agreement with leading-order QED predictions. The measurement,
based on a small fraction of the expected integrated luminosity of the LHC nuclear program,
establishes the potential for a substantially more precise determination of the anomalous
magnetic moment of the τ lepton, which is currently poorly constrained.

Ultraperipheral collisions (UPC) of nuclei where the impact parameter is greater than the
sum of their radius provide an extremely clean environment to study various photon-induced
processes 1. Lead-lead (PbPb) UPC receive an enhancement of Z4 (where Z = 82) in the
cross section of two-photon production processes relative to proton-proton collisions. Recent
theoretical studies 2,3 proposed that the production cross section and kinematics of τ lepton
pairs produced in PbPb UPC can be exploited in a novel way. Specifically, the electromagnetic
couplings of the τ lepton, e.g., its anomalous magnetic moment aτ = (g − 2)τ/2, can be probed
for the first time at LHC, hence allowing fundamental tests of quantum electrodynamics (QED)
and probing beyond the standard model physics 4.

Here, we present the first observation of a pair of τ leptons in PbPb collisions, PbPb (γγ)→
Pb(∗)Pb(∗) τ+τ− (hereafter referred to as γγ → τ+τ−). The analysis is based on a data sample
collected by the CMS experiment 5 in 2015 at a per nucleon center-of-mass energy

√
sNN =

5.02TeV, and corresponding to an integrated luminosity of 404μb−1. As shown schematically
in Fig. 1, the τ leptons are reconstructed using the final state of one muon and three charged
hadrons (“prongs”) assumed to be pions (π) over a fiducial phase space, defined by the transverse
momentum (pT) and pseudorapidity (η) of each particle, in order to maximize the signal purity
and the detector acceptance and efficiency.

Events are selected in real time by requiring a single muon with no transverse momentum
(pT) threshold requirement, at least one pixel track 6, and a minimum amount of event activity
above the noise threshold in the forward hadron (HF) calorimeter. To ensure that events are
UPC and further suppress other backgrounds, the energy deposit in the leading tower of HF is
required to be below 4GeV.

In the signal phase space region, one muon and exactly three charged tracks are required.
The muon pseudorapidity (η) is required to be |η| < 2.4, and its pT > 3.5GeV for |η| < 1.2 and
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Figure 1 – Leading-order QED diagram (and charge conjugate) for the photoproduction of a pair of τ leptons
γγ → τ+τ− in PbPb UPC. The presence of γττ vertices gives sensitivity to the anomalous electromagnetic
couplings of the τ lepton. A possible deviation of the anomalous magnetic moment δaτ is illustrated in each
vertex. The τ leptons are reconstructed in the final state involving one muon (μ) and three charged particles
assumed as pions (π), while neutrinos (ν) escape undetected. A potential electromagnetic excitation of the
outgoing Pb ions is denoted by (∗). 7

Table 1: The definition of the fiducial phase space region for the σ(γγ → τ+τ−) measurement 7.

For the μ pT > 3.5GeV for |η| < 1.2
pT > 2.5GeV for 1.2 < |η| < 2.4

For the pions pleadingT > 0.5GeV & pT > 0.3GeV for the (sub-)subleading

|η| < 2.5

For the τ3prong pvisT > 2GeV and 0.2 < mvis
τ < 1.5GeV

pT > 2.5GeV for |η| ≥ 1.2. The three tracks identified as charged hadrons (pions) and forming
the “τ3prong” lepton candidate 8 are required to be within the tracker acceptance (|η| < 2.5), and
to have a common vertex to be within 2.5mm of the primary vertex in the z direction. The pT
must be greater than 0.5 and 0.3GeV for the leading- and subleading-pT pions, respectively. The
selected tracks are also required to be labeled as “high-purity” 9 tracks. The τ3prong candidate
is then required to be of opposite charge relative to the selected τμ candidate, and to have
pvisT >2GeV, where pvisT is the vector sum −→pT of the three pions. Additionally, the invariant
mass of the τ3prong candidate is required to be between 0.2 and 1.5GeV. The event selection is
summarized in Table 1.

The signal is modeled with a dedicated γγ → τ+τ− Monte Carlo (MC) sample 2 gener-
ated with MADGRAPH5 aMC@NLO(v2.6.5) 10, where PYTHIA8 (v2.1.2) 11 is used for the
hadronization and decay, and GEANT4 12 is used to model the detector effects, including res-
olution, tracking, and trigger efficiencies which are also corrected for by comparing with data.
The signal distributions are normalized to match the QED prediction of Ref. 2. The background
is estimated in a data-driven approach using control regions of the phase space with higher num-
ber of charged hadron tracks per event or higher energy deposit in HF. Comparing the observed
data with the signal simulation and data-driven background we observe good agreement.
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Figure 2 – Left: Transverse momentum of the muon originating from the τμ candidate. Middle: Invariant mass
of the three pions forming the τ3prong candidate. Right: ττ invariant mass. In all plots, the signal component
(magenta histogram) is stacked on top of the background component (green histogram), considering their initial
normalization as described in the text. The total is displayed by a blue line and the shaded area shows the
statistical uncertainty. The data are represented with black points and the uncertainty is statistical only. The
lower panels show the ratios of data to the signal plus background prediction, and the shaded bands represent
the statistical uncertainty. 7

The signal is extracted using a binned maximum likelihood fit of signal and background
components. The fit is performed on the binned distribution of the difference in azimuthal
opening angle between the τμ and τ3prong candidates, Δφ(τμ, τ3prong). The signal distribution is
derived from simulation, while that of the background is obtained from a data-driven method 7.
The prefit number of signal events is scaled to match the QED prediction of Ref. 2. Systematic
uncertainties may affect both the normalization and the shape of the Δφ(τμ, τ3prong) distribu-
tions. These uncertainties, in addition to the bin-by-bin variations of the signal and background
templates, are represented by nuisance parameters in the fit. The negative of the log likelihood
is minimized by varying the nuisance parameters according to their uncertainties and by scaling
the signal by a multiplicative factor μ.

The systematic uncertainty on the measured cross section coming from a 10% 13 variation of
the HF energy scale is found to be 0.9%, entirely dominated by the uncertainty in the background
shape. As the background shape depends on the high nch parameter as well, an additional
uncertainty of 0.2% on the cross section measurement is evaluated by setting this parameter to
5, 6, 7, and 8 and evaluate the maximum variation with respect to the baseline. The uncertainty
in the τ lepton branching fraction measurements accounts for 0.6% 14. The uncertainty in the
muon reconstruction SFs, including the trigger response, identification and tracking efficiency,
has an impact of 6.7%. The uncertainty in the pion tracking SF results in an uncertainty of 3.6%.
The uncertainty in the integrated luminosity amounts to 5.0%15 and affects the normalization
of the signal process that is based on simulation. Finally, uncertainties are included from the
finite MC sample size that changes the efficiency by 1.1%, when calculated from the weighted
binomial uncertainty, and by 3%, when allowing for bin-by-bin statistical variations of the MC
distribution shape. Summing these uncertainties in quadrature, while taking into account their
correlation, a total systematic uncertainty of 9.7% is found.

The best fit value of the signal strength is given by the minimization of the negative log
likelihood, and corresponds to μ = 0.99+0.16

−0.14 with N ττ
sig = 77 ± 12 signal events in the integral

of the postfit signal component. The fit result is shown in Fig. 3, where the signal template is
represented by the magenta histogram, the background by the green histogram, and the data
by the black points. The contributions are stacked with their total uncertainty represented
by the blue hatched area. The fiducial cross section is found to be σ(γγ → τ+τ−) = 4.8 ±
0.6 (stat)± 0.5 (syst) μb. The result, summarized in Fig. 4, is compared to leading-order QED
predictions 2,3. The significance we obtain from the fit is greater than 5 standard deviations.

We use variations of the total σ(γγ → τ+τ−) to place model-dependent2, first limits on aτ at
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Figure 3 – Difference in azimuthal opening angle between the τμ and τ3prong candidates. The data are represented
by the points with the vertical bars showing the statistical uncertainties. The signal (background) contribution
is given by the magenta (green) histogram, after the application of the fit procedure. The total is displayed by a
blue line and the shaded area shows the total uncertainty. The lower panel shows the ratio of data to the signal
plus background prediction, and the shaded band represents the total uncertainty. 7
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Figure 4 – The fiducial cross section, σ(γγ → τ+τ−), measured at
√
sNN = 5.02TeV7. The theoretical predictions

are computed with leading-order accuracy in QED and represented by the light 2 and dark 3 gray bands.
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the LHC. These limits are (−8.8 < aτ < 5.6)×10−2 at 68% confidence level and can be compared
with the current best measurement from the DELPHI Collaboration16 of aτ = (−1.8±1.7)×10−2.
A comparison of this measurement to the current world’s best and a projection to the expected
integrated luminosity for Runs 3 and 4 of the LHC is shown in Fig. 5

0.1− 0 0.1
τa

DELPHI )eττ→γγe(→ee,

68% CL, Eur. Phys. J. C 35 (2004) 159

CMS (*))Pb3prongτμτ→γγ((*)Pb→, PbPbPreliminary
-1, 0.4 nb68% CL

CMSPhase 2 Projection Preliminary
-1 CL, 13 nb68%,(*))Pb3prongτμτ→γγ((*)Pb→PbPb

Based on rate-only-analysis, assuming 4% uncertainty

Figure 5 – Comparison of the constraints on aτ at 68% confidence level from this analysis 7 and the DELPHI
experiment at LEP 16. The projection to the integrated PbPb luminosity expected from Runs 3 and 4 of the LHC
nuclear program is included as well. For the latter, we foresee a <4 (<2)% systematic (statistical) uncertainty
with the improvements originating from lepton and tracking reconstruction, and the knowledge of the luminosity.

In summary, the first observation of τ lepton pair production in ultraperipheral nucleus-
nucleus collisions is reported. Events with the final state of one muon and three charged particles
identified as pions are reconstructed from a lead-lead data sample collected by the CMS exper-
iment at

√
sNN = 5.02TeV in 2015, and corresponding to an integrated luminosity of 404μb−1.

The statistical significance of the signal relative to the background-only expectation is above
five standard deviations. The cross section for the γγ → τ+τ− process, within a fiducial phase
space region, is 4.8 ± 0.6 (stat) ± 0.5 (syst) μb, in agreement with predictions from quantum
electrodynamics at leading-order accuracy. This measurement introduces a novel experimental
strategy using heavy ion collisions already recorded by the LHC, which is expected, with the
incorporation of additional data, to surpass the precision on the τ magnetic moment attained
previously at lepton-lepton colliders. Using the measured cross section and its corresponding
uncertainties, we estimate a first limit of (−8.8 < aτ < 5.6)× 10−2 with 68% confidence level at
the LHC.
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First observation of the K± → π0π0μ±ν decay

A.M. Korotkova a

on behalf of NA48/2 collaboration

The NA48/2 experiment at CERN reports the first observation of the K± → π0π0μ±ν (K00
μ4)

decay based on a sample of 2437 candidates with 15% background contamination collected
in 2003–2004. The corresponding branching ratio, in the restricted kinematical space of the
squared dilepton mass Sl > 0.03 GeV2/c4, is measured to be BR(K00

μ4, Sl > 0.03) = (0.65 ±
0.03)×10−6. The extrapolation to the full kinematical space, using a specific model, is found to
be BR(K00

μ4) = (3.4± 0.2)× 10−6, in agreement with Chiral Perturbation Theory predictions.

1 Theoretical framework

Semileptonic four-body K± decays are of particular interest because of the small number of
hadrons in the final state and the well-understood Standard Model electroweak amplitude re-
sponsible for the leptonic part. The development over more than 30 years of chiral perturbation
theory (ChPT) allows prediction of form factors and decay rates with a precision level compet-
itive with now accurate experimental results, at least in the electron modes. The muon modes
are either very poorly known (in the π+π− mode) or still unobserved (in the π0π0 mode). This
study reports the first observation of the K± → π0π0μ±ν (K00

μ4) decay mode.

The differential rate of the K00
μ4 decay may be parameterized in terms of the five Cabibbo-

Maksymowicz variables 1 (Fig. 1): Sπ – the invariant mass squared of the dipion system; Sl

– the invariant mass squared of the dilepton system; θπ – the angle of a pion direction in the
dipion rest frame with respect to the dipion line of flight in the kaon rest frame; θl – the angle
of the charged lepton direction in the dilepton rest frame with respect to the dilepton line of
flight in the kaon rest frame; and φ – the angle between the dipion and dilepton planes in the
kaon rest frame.

In the case of two neutral pions in the final state, the θπ and φ variables have no unambiguous

afor the NA48/2 collaboration: G. Anzivino, R. Arcidiacono, W. Baldini, S. Balev, J.R. Batley, M. Behler,
S. Bifani, C. Biino, A. Bizzeti, B. Bloch-Devaux, G. Bocquet, N. Cabibbo, M. Calvetti, N. Cartiglia, A. Cec-
cucci, P. Cenci, C. Cerri, C. Cheshkov, J.B. Chèze, M. Clemencic, G. Collazuol, F. Costantini, A. Cotta Ra-
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Figure 1 – Cabibbo-Maksymowicz variables for the K00
l4 decay.

definition and can be integrated over, leading to the expression

dΓ3 =
G2

F |Vus|2(1− zl)
2σπX

211π5M5
K

(I1 + I2(2(cos θl)
2 − 1) + I6 cos θl)dSπdSld cos θl.(1)

where GF is the Fermi coupling constant, Vus is the Cabibbo-Kobayashi-Maskawa matrix ele-

ment, zl =
m2

l
Sl

, σπ =
√
1− 4M2

π
sπ

, X = 1
2

√
λ(M2

K , Sπ, Sl), λ(x, y, z) = x2+y2+z2−2(xy+xz+yz)

and I1, I2, I6 carry the dependence on (Sπ, Sl , θl) of combinations of the hadronic form factors
F and R.

The F form factor has been measured precisely by NA48/2 in the K00
e4 decay mode 2 and

may be used in the K00
μ4 decay assuming lepton flavour universality. The dependence of F with

(Sπ, Sl) is :

F (K00
e4 ) = (1 + aq2 + bq4 + c · Sl/4m

2
π+), q

2 ≥ 0

F (K00
e4 ) = (1 + d

√
|q2/(1 + q2)|+ c · Sl/4m

2
π+), q

2 ≤ 0,
(2)

where q2 = Sπ/4m
2
π+ − 1, a = 0.149 ± 0.033 ± 0.014, b = −0.070 ± 0.039 ± 0.013, c = 0.113 ±

0.022 ± 0.007, d = −0.256 ± 0.049 ± 0.016. The first error quoted is statistical and the second
error is systematic. The F absolute normalization has been also measured as F = f · F (Ke4),
where f = 6.079± 0.012stat± 0.027syst± 0.046ext. The only currently available evaluation of the
R form factor is a ChPT-based theoretical calculation 3.

2 Beams and detectors

The NA48/2 experiment at the CERN SPS was designed to search for direct CP violation in K±

decays to three pions 4. During the 2003–2004 data taking period, the 400 GeV proton beam
from the SPS was hitting a beryllium target to produce simultaneous K+ and K− beams. A
Front-End Achromat separated positively and negatively charged beams vertically (Fig. 2). The
defining collimator selected particles with a central momentum of 60 GeV/c and a momentum
band of ±3.8% (RMS). A second achromat, instrumented with the three stations of the KAon
Beam Spectrometer (KABES) 5, compensated the beam deflections and brought them back on
the original axes to the decay region. The KABES resolutions were ∼800 μm, better than 1%
and ∼600 ps for space point, momentum and time, respectively. The two resulting beams, each
≈ 1 cm wide in the transverse plane, were superimposed in the decay volume enclosed in a 114
m long vacuum tank.

Charged products from the K± decays were measured by a magnetic spectrometer consisting
of four drift chambers (DCH) and a dipole magnet located between the second and the third
chambers. The spectrometer was located in a tank filled with helium at atmospheric pressure
and separated from the decay volume by a thin Kevlar composite window. The magnet provided
a transverse momentum kick Δp = 120 MeV/c to charged particles in the horizontal plane. The
spatial resolution of each DCH was σx = σy = 90 μm and the achieved momentum resolution
was σp/p = (1.02 ⊕ 0.044 · p)% (p in GeV/c). The spectrometer was followed by a hodoscope
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Figure 2 – Schematic side view of the NA48/2 setup

(HOD) consisting of two planes of plastic scintillators segmented into horizontal and vertical
strips and arranged in four quadrants.

A Liquid Krypton calorimeter (LKr) located behind the HOD was used to reconstruct π0 →
γγ decays. It was an almost homogeneous ionization chamber with an active volume of about
10 m3 of liquid krypton, segmented transversely into 13248 projective cells, 2×2 cm2 each. The
calorimeter energy resolution was σE/E = (3.2/

√
E ⊕ 9/E ⊕ 0.42)% (E in GeV).

The LKr was followed by a hadronic calorimeter with a total iron thickness of 1.2 m. A Muon
Veto system (MUV), consisting of three layers made of 80 cm iron followed by scintillators, was
used to identify muons. A detailed description of the NA48 detector and its performance has
been published in 6.

3 Events reconstruction and selection

The signal branching ratio BR(K00
μ4) is measured relative to the abundant normalization channel

K± → π0π0π± (K00
3π) decay, similar in terms of number of detected charged and neutral particles

and collected concurrently through the same trigger logic:

(3) BR(K00
μ4) =

NS

NN
· AN

AS
·Ktrig ·BR(K00

3π)

where NN and NS are the number of selected events in the normalization and signal samples,
respectively; the corresponding acceptances AN and AS are computed using a Monte Carlo
simulation (MC); and Ktrig, is a trigger correction to account for possible differences in the
trigger efficiencies.

A common selection is considered, followed by exclusive criteria to distinguish normalization
and signal candidates. The common selection includes a charged selection and a neutral selection.

The charged selection requires: a DCH track with momentum PDCH in the range (5,
35) GeV/c and the distance between the track and the beam axis at DCH1 larger than 12 cm;
at least one KABES track with momentum PKABES in the range (54, 67) GeV/c, within 10 ns
of the DCH track time and carrying the same charge as the DCH track; The charged vertex
position is obtained from a two-track vertex fit with longitudinal position Zc.

The neutral selection requires: four photon candidates with LKr energy, ELKr, larger than
3 GeV/c, in-time within 5 ns, away from any inactive cell by more than 2 cm and by more than
10 cm from any other photon candidate, away by more than 15 cm from the extrapolated position
at the LKr front face of a DCH track with an associated HOD time within 10 ns of the photon
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candidate; a combination of four photon candidates consistent with the decay of two neutral
pions, that is with distances from the LKr front face, Z1, Z2, obtained under the assumption
that each pair of photons is produced by a π0 → γγ decay, within 500 cm. The neutral vertex
position is defined as the average of the two π0 vertex positions: Zn = ZLKr − (Z1 + Z2)/2,
where ZLKr is the position of LKr. Zn is required to be in a 106 m long decay region upstream
of DCH1.

Only combinations with |Zn − Zc| < 600 cm are considered further. When several combi-
nations are possible, the one with the smallest discriminant is selected. The discriminant takes
into account the resolution of Z1, Z2 and Zn, Zc according to

χ2
nc =

(
Z1 − Z2

σ12(Zn)

)2

+

(
Zn − Zc

σnc(Zav)

)2

,(4)

where σ12, σnc are the Gaussian widths of the (Z1−Z2) and (Zn−Zc) distributions, parameterized
as a function of Zn = (Z1 + Z2)/2 and Zav = (Zn + Zc)/2, respectively.

The exclusive condition to select K00
3π normalization candidates is the requirement to be

inside an ellipse centred on the nominal kaon mass and a Pt value of 5 MeV/c, with semi-axes
10 MeV/c2 and 20 MeV/c, respectively, thus requiring fully reconstructed K00

3π three-body decay.
The selection of K00

μ4 signal candidates requires to be outside the K00
3π ellipse and additional

conditions to identify a muon in the final state and suppress the contribution of K00
3π with a

decay in flight π± → μ±ν which mimics the signal kinematics. Muon identification requires the
deflected DCH track, extrapolated to the MUV plane, to be within the instrumented area of the
transverse plane and spatially associated to a MUV signal. The condition PDCH > 10 GeV/c
ensures full muon identification efficiency.

The missing mass squared M2
miss is used to discriminate signal and background candidates

and is evaluated using the 4-momenta of all measured particles of the decay:

(5) M2
miss = (EK − Eπ0

1
− Eπ0

1
− Eμ)

2 − (�PK − �Pπ0
1
− �Pπ0

1
− �PDCH)2,

where EK =
√
P 2
KABES +m2

K+ and Eμ =
√
P 2
DCH +m2

μ are the kaon and muon energy, re-

spectively. In a similar way one can define M2
miss(π

±) as a squared missing mass reconstructed
with the charged pion mass mπ+ instead of mμ.

Values of M2
miss(π

±) close to zero correspond to a K00
3π decay kinematic. Due to the correla-

tion between the reconstructed M2
miss(π

±) and M2
miss values, a M2

miss-dependent cut is applied
(Fig. 3):

(6) M2
miss(π

±) < 0.5M2
miss − 0.0008 GeV2/c4.

Residual background is additionally suppressed by requiring cos(θμ) < 0.6 (Fig. 4).
A tight cut on the reconstructed dilepton mass Sl = M2(μν) > 0.03 GeV2/c4 excludes the

region dominated by large background from K± → π0π0π±(π± → μν) at the price of a loss of
signal acceptance (Fig. 5).

Applying all signal requirements to the data sample selects 3718 K00
μ4 signal candidates,

of which NS = 2437 satisfy the signal region definition |M2
miss| < 0.002 GeV2/c4. The nor-

malization channel conditions select NN = 72.99× 106 K00
3π reconstructed data events. The

normalization sample is considered as background-free.

4 Background evaluation and signal extraction

The background to the signal sample originates from K00
3π decays with a pion either decaying

to μν or emitting a muon by interaction in the LKr detector material. The MC simulation
takes into account the first case provided the pion decay occurs before the LKr calorimeter.
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Figure 3 – Distributions of simulated K00
3π background (left) and K00

μ4 signal candidates (right) in the plane (M2
miss,

M2
miss(π

±)). The candidates above the cut (red line) are excluded.
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Figure 4 – The cos(θμ) cut shown in the plane (M2
miss, cos(θμ)) for simulated background (left) and signal

candidates (right). The candidates above the cut (red line) are excluded.
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Figure 5 – The Sl cut shown together with the simulated background and signal candidate distributions. The
candidates on the left of the cut (red line) are excluded
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Figure 6 – Left: data M2
miss spectrum for the signal selection shown together with the model background com-

ponents (unsimulated background is shown with an arbitrary normalization). Right: MC simulated M2
miss dis-

tribution for the signal mode.

This contribution can be seen in the M2
miss spectrum of Fig. 6, in particular outside the signal

region. For other cases, interaction or late pion decay, the pion track is correctly measured in
the DCH spectrometer and can be used to build dedicated samples from the data and predict
the M2

miss shape of these contributions. A sample of pions interacting in the LKr is built by
applying the K00

μ4 signal selection, excluding the requirement of an associated MUV signal and
requiring a substantial energy deposit in the LKr. Another sample including late pion decays
is obtained by weighting each event by the decay probability, which is modelled as 10/PDCH

(P in GeV/c). The unweighted π±(LKr) sample corresponds to a model of accidental MUV
response, that may be realistic for decays of secondary pion producing low-energy muons. The
weighted sample represents a model of surviving pions prior to their first interaction and of
energetic secondary pions produced in an interaction. The contribution of these data samples
to the M2

miss spectrum are labeled ’late pion decay’ in Fig. 6.

The K00
μ4 signal is observed as a peak in the M2

miss distribution (Fig. 6). The background

contribution in the signal region is obtained from a fit of the M2
miss distribution in the range

[-0.003,0.006] GeV2/c4 using a histogram bin width of 4×10−4 GeV2/c4 and excluding the signal
region [-0.002,0.002] GeV2/c4.

The relative normalization of the background contributions are the free parameters of the
fit which takes also into account the simulated signal tails outside the signal region. The result
of the fit excluding the signal region is shown in Fig. 7. The number of background events in
the signal region is estimated to be 354± 33stat.

5 Acceptances

A detailed GEANT3-based 7 simulation is used to compute the acceptance for signal and nor-
malization channels. It includes full detector geometry and material description, detector local
inefficiencies and misalignment, accurate simulation of the kaon beam line and time variations
of the above throughout the running period. The muon identification efficiency is emulated
according to the measured efficiency using a K00

3π data sample selected by tight criteria ensuring
a π± → μ±ν decay.

The signal channel K00
μ4 is generated using the ChPT-based MC generator of reference 3

including the 1-loop calculation of the form factor R and the precisely measured F in the K00
e4

mode (Equ. 2).

The signal region definition |M2
miss| < 0.002 GeV2/c4 contains 98.2% of the selected MC

events in the full M2
miss range (Fig. 6-right). The restricted phase space acceptance Ar

S is
evaluated relative to generated events satisfying also the condition Strue

l > 0.03 GeV2/c4.

The normalization channel K00
3π is generated according to the best understanding of the
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Figure 7 – Distribution of the missing mass squared for the selected data events together with the background fit
ignoring the signal region.

decay amplitude 8 and implemented as an empirical parameterization of the data 9.

The resulting acceptances are obtained asAS = (0.651± 0.001)% andAr
S = (3.453± 0.007)%

in the restricted phase space, respectively. The normalization acceptance is evaluated as AN =
(4.477± 0.002)%. The statistical errors are related to the size of the generated samples and
have a negligible impact on the branching ratio measurement precision.

6 Systematic uncertainties and results

The last ingredient needed by Equ.(3) is the trigger correction Ktrig. Because of the similar
topologies of the signal and normalization decay modes, most inefficiencies, measured using con-
trol triggers or MC emulations, cancel at first order and lead to Ktrig = 0.999± 0.002. Inserting
the PDG value 10 of the normalization channel branching ratio BR(K00

3π) = (1.760± 0.023)%,
the signal branching ratio measurements can be obtained in the restricted phase space region
and in the full phase space, as shown in Table 1.

Systematic studies include the impact of the trigger efficiency measurements, background
evaluation, accidental activity in the considered time widows, MUV inefficiency modelling and
form factor dependence of the signal acceptance.

The systematic uncertainty related to the background evaluation is estimated by consider-
ing alternative fit settings like using or not the weighted/unweighted model of the late decay
background, restricting the control region to M2

miss > 0.004, adding extra smearing to the signal
distribution and others. The largest deviation from the reference value is quoted as a system-
atic uncertainty, leading to 354 ± 33stat ± 62syst background events in the signal region and
propagated to the branching ratio measurements.

The accidental-related contributions to the systematic uncertainty are estimated by doubling
the time window witdth used when requiring time coincidence of KABES and DCH tracks,
consistency of HOD track time and LKr photon times and of the four LKr photon candidates.
The contribution is conservatively calculated as a linear sum of the unsigned shifts induced by
each extension of the considered time window.

The systematic uncertainty related to the MUV inefficiency modelling in the simulation is
conservatively quoted as 100% of the effect on the signal acceptance calculation.

The signal acceptance depends on the form factor description used in the simulation (Section
1). The related uncertainty is estimated by re-weighting the simulated events according to the
corresponding variations of the differential rate. Several modifications were investigated includ-
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Table 1: BR(K00
μ4) measurements and contributions of the various uncertainties.

Full phase space Sl > 0.03 GeV2/c4

BR(K00
μ4) central value [10−6] 3.45 0.651

δBR[10−6] δBR/BR δBR[10−6] δBR/BR

Data stat. error 0.10 2.85% 0.019 2.85%
MC stat. error 0.01 0.21% 0.001 0.21%
Trigger 0.01 0.18% 0.001 0.18%
Background 0.10 2.96% 0.019 2.96%
Accidentals 0.01 0.32% 0.002 0.32%
MUV inefficiency 0.06 1.65% 0.011 1.65%
Form factors modelling 0.05 1.37% 0.001 0.14%

BR(K00
3π) error (external) 0.05 1.31% 0.009 1.31%

Total error 0.17 4.83% 0.030 4.64%

ing replacing R(1-loop) by the R prediction at tree-level 3; modifying the relative contribution
of F and R by 20% at the reference point (Sπ = 4m2

π+ , Sμ = m2
μ); varying each parameter

of F (Ke4) by one sigma of its uncertainty. Conservatively, all observed variation were added
quadratically.

A summary of the statistical, systematic and external errors is given in Table 1. The
branching ratio measurement is dominated by the small statistics of the signal sample and the
uncertainty on the background evaluation. As expected, the branching ratio in the restricted
phase space Strue

l > 0.03 is less sensitive to the form factor modelling than the extrapolated
branching ratio.

The Sπ and Sl distributions of the selected events are shown in Fig. 8 together with the
background estimation and the signal simulation. The limited phase space accessible does not
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Figure 8 – Comparison of data Sl and Sπ distributions with the signal simulation and background model for
Sl > 0.03 GeV2/c4.

allow a form factor measurement while the observed agreement between data and simulation
confirms a reasonable quality of the model used for the signal acceptance calculation.

A comparison of the preliminary NA48/2 measurement result with the available theoretical
predictions is shown in Fig. 9. The first three points correspond to the tree level approxima-
tion, the 1-loop calculation and the ‘beyond 1-loop’ evaluation of the form factors F and R
from Reference 3, respectively. The ‘beyond 1-loop’ calculation is based on the F form factor
measurement 11 obtained by the S118 experiment at the CERN PS in the 70’s using a sample
of 30 000 K+−

e4 decays.

The fourth theory point in Fig. 9 is our own evaluation of the branching ratio using the
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F (Ke4) measurement of NA48/2 2 and the 1-loop R form factor 3.
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Figure 9 – Comparison of the preliminary NA48/2 measurement with theoretical predictions.

7 Conclusion

The NA48/2 experiment at CERN reports the first observation of the K± → π0π0μ±ν decay as
a sample of 2437 signal candidates with 15% background contamination.

Preliminary measurements of the branching ratio are obtained in the restricted phase space
Sl > 0.03 GeV2/c4 as BR(K00

μ4, Sl > 0.03) = (0.65 ± 0.019stat ± 0.024syst ± 0.01ext) × 10−6 =

(0.65 ± 0.03) × 10−6, and extrapolated to the full phase space as BR(K00
μ4) = (3.4 ± 0.10stat ±

0.13syst± 0.05ext)× 10−6 = (3.4± 0.2)× 10−6. The results are consistent with a contribution of
the R form factor, as computed at 1-loop ChPT.
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New calculations of neutron and kaon decays

Chien-Yeah Seng
Helmholtz-Institut für Strahlen- und Kernphysik and Bethe Center for Theoretical Physics,

Universität Bonn, 53115 Bonn, Germany

We describe two recent developments of the radiative correction theory in semileptonic beta
decays. For neutron, a novel dispersive analysis of the γW -box diagram making use of neutrino
scattering data leads to an improved precision and a shifted central value of Vud; for kaon, an
appropriate combination of meson form factors, lattice QCD inputs and chiral perturbation
theory gives a much-improved determination of the radiative corrections in semileptonic kaon
decays. These new calculations help to unveil/sharpen a series of anomalies in the measure-
ments of Vud and Vus that may point towards the existence of new physics.

1 Introduction

Leptonic and semileptonic beta decay processes are primary avenues to extract the first-row
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements: Vud is best measured from superallowed
0+ → 0+ nuclear decays, Vus is best measured from semileptonic kaon decays (K�3), while the
ratio Vus/Vud is best measured from the K → μν (Kμ2) and π → μν (πμ2) leptonic decays. The
left panel in Fig.1 summarizes the values of Vud and Vus extracted from these processes until early
2018 1. These measurements allow us to check some of the Standard Model (SM) predictions,
for example the first-row CKM unitarity, which reduces to a simple Cabibbo unitarity |Vud|2 +
|Vus|2 = 1 upon neglecting the very small |Vub|2. Notice, however, that a good control of
all the SM theory inputs to these decay processes is required for high-precision extractions
of the CKM parameters; and a class of the most important SM corrections is the electroweak
radiative corrections (RC) which involves both virtual loop corrections and real (bremsstrahlung)
corrections. The non-perturbative strong interaction of the decayed particles contributes to a
large hadronic uncertainty in the RC of these decay processes.

Recent years have seen a significant development in the understanding of these RC based on
a resurrected, classical theory framework known as “Sirlin’s representation” which was originally
formulated by Alberto Sirlin in late 1970s 2 to study the electroweak RC in superallowed beta
decays; the recent development extends the method to RC in generic semileptonic beta decays 3.
Within this framework, the full O(GFα) RC is divided into three parts (see Fig.2):

• The “weak” RC which probes only physics at the ultraviolet (UV) scale (q ∼MW , where
q is the loop momentum) and are calculable to satisfactory precision using perturbative
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Figure 1 – Summary of Vud and Vus determined from superallowed beta decays, K�3 and Kμ2/πμ2 in early 2018
(left) and now (right). The black line represents the SM prediction of the first-row CKM unitarity.

Quantum Chromodynamics (pQCD).

• The bremsstrahlung correction involves the emission of a real photon. It probes only the
low-energy electromagnetic (EM) interactions that are well-constrained by experimental
data.

• The long-distance virtual EM correction involves photon loop diagrams. This is the part
that contains the large hadronic or nuclear uncertainties.

Current algebra allows one to further subdivide the non-trivial virtual EMRC into two classes:
The first class depends on physics at Q2 = −q2 � 1 GeV2 which again can be fixed by a
small amount of inputs; the second class, which comes from the so-called γW -box diagram
(the last diagram in Fig.2), is sensitive to physics at all scales including Q2 ∼ 1 GeV2, i.e.
the hadronic scale, where QCD becomes non-perturbative. It thus carries a large hadronic
uncertainty and requires special treatments using extra computational techniques; once this
piece is under control, a precision level of the order 10−4 for the RC to the interested decay
process can be achieved.

Figure 2 – Feynman diagrams representing the weak RC (the first three diagrams), bremsstrahlung (the fourth
and fifth diagrams) and the long-distance virtual electromagnetic RC (the last three diagrams) in a generic
semileptonic beta decay. Here, γ = γ< + γ> denotes the splitting of the full photon propagator into “massive”
and “massless” pieces, see Ref. 2.

2 RC in free neutron decay

Sirlin’s representation is particularly advantageous in near-degenerate decays, i.e. the initial
and final strongly-interacting particles are almost degenerate; examples are semileptonic decays
of pion, free neutron and nuclear systems. In this limit, many terms in Sirlin’s representation
either vanish or are saturated by the exactly-calculable “convection term contribution” (which
gives rise to the so-called “outer corrections”), where the photon couples only to the hadrons’
electric charge. Meanwhile, the forward limit (pf → pi) can be taken for the remaining terms
which significantly simplifies the integral structure.

An important example of such kind is the free neutron beta decay which plays a central role
in the Vud extraction (either by itself or as an integrated component of nuclear beta decays).
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Figure 3 – First pair: The single-nucleon γW -box diagram. Second pair: The leading Regge-exchange picture for
the nW → pγ and pW → pW processes respectively.

Sirlin’s representation states that the primary source of theory uncertainty in this decay is the
RC originates from the “single-nucleon forward axial γW -box diagram” depicted by the first
pair of diagrams in Fig.3, where the W-boson couples to the non-conserved axial current at
the nucleon side. The incalculable hadron physics probed by the loop integral at Q ∼ 1 GeV
constitutes a large theory uncertainty in Vud.

In year 2018, a novel dispersion relation (DR) treatment 4,5 was introduced to relate the
integrand of the box diagram to experimental observables. For the correction to the free neutron
vector coupling gV relevant to the Vud extraction, DR gives:

�V
γW =

α

πgV

∫ ∞

0

dQ2

Q2

M2
W

M2
W +Q2

∫ 1

0
dx

1 + 2r

(1 + r)2
F

(0)
3 (x,Q2) , (1)

where r =
√

1 + 4m2
Nx2/Q2, and F

(0)
3 (x,Q2) is the parity-odd structure function originates from

the interference between the axial charged weak current and the isoscalar (hence the superscript
(0)) component of the EM current. It is not directly measurable, but making use of a Regge-
exchange picture (the second pair of diagrams in Fig.3), the contribution from the non-elastic
intermediate states to �V

γW can be largely fixed by the structure function F νp+ν̄p
3 measured

from neutrino/antineutrino-nucleus scattering. Making use of currently-available data, the new
analysis reduced the uncertainty in the previous state-of-the-art determination of �V

γW
6 by a

factor 2, but also observed a significant increase of its central value which shifted the value of |Vud|
from 0.97420(21) in early 2018 to 0.97370(14) in late 2018. This new discovery unveiled, for the
first time in the past few years, the tension in the first-row CKM unitarity. This observation was
later confirmed in several independent studies 7,8,9,10. Nevertheless, later studies also discovered
new sources of theory uncertainties from nuclear structure effects 5,11 which lead to the current
value of |Vud| = 0.97373(31) from superallowed decays 12.

The precision of the DR analysis is limited by the available experimental data, and first-
principles calculations of the single-nucleon box diagram are needed to overcome this natural
limitation. A first prototype was made in Ref. 13 where a simpler box diagram of charged pions
was computed to percent-level accuracy by combining pQCD results at large-Q2 and lattice
calculations of four-point correlation functions at small-Q2. First results for the single-nucleon
box diagram using similar techniques or alternative approaches 14 may be expected within the
next few years.

3 RC in kaon semileptonic decays

With its success in neutron, Sirlin’s representation was later applied to study the RC in K�3

decays, i.e. K → π+ν(γ), which are crucial in the extraction of Vus
15,16,17,18,19,20. It is more

complicated than the free neutron RC due to several reasons: (1) Unlike neutron, many terms
in Sirlin’s representation either do not vanish, or are not saturated by the convection terms
contribution; and (2) the forward limit cannot be simply taken because the kaon and pion mo-
menta are very different. Previous state-of-the-art computation of this RC was based on Chiral
Perturbation Theory (ChPT) 21, which was done by computing the virtual and real emission
diagrams in Fig.4 using an effective Lagrangian. Two major sources of theory uncertainties
within this framework are: (1) Uncertainties due to neglected higher-order terms (O(e2p2n),
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where n ≥ 2) in chiral power counting, and (2) uncertainties due to poorly-known low energy
constants (LECs). They both contribute to a theory error of the order 10−3.

Figure 4 – Feynman diagrams of the K�3 RC computed with ChPT.

To make full use of Sirlin’s representation, two important observations are in order. First,
the tree-level decay amplitude is completely fixed by two Kπ charged weak form factors f±:

〈π(p′)|(JW
μ )†|K(p)〉 = V ∗us[f+(t)(p+ p′)μ + f−(t)(p− p′)μ] , (2)

(where t = (p− p′)2) and the contribution of f−(t) to the decay rate is suppressed by m2
�/M

2
K .

Second, the virtual corrections can always be expressed as corrections to the form factors, i.e.,

f±(t)→ f±(t) + δf±(y, z) , (3)

(where y = 2p · p�/M2
K and z = 2p · p′/M2

K) and the contribution of δf− to the decay rate is
suppressed by the same kinematic factor. This leads us to the following simple strategy: On
the one hand, one may calculate δf+ with fully non-perturbative methods based on Sirlin’s
representation; on the other hand, for δf− which is only relevant to Kμ3, one may split it into
infrared (IR)-singular and IR-regular pieces, the former is calculated non-perturbatively and the
latter perturbatively. Based on this strategy, a re-analysis was performed first to the RC in Ke3

decays 18,19 and later in Kμ3
20, which we briefly describe as follows. We start from δf+ which

are computed non-perturbatively:

1. The first non-trivial contribution to δf+ comes from following loop integral:

IλA = −e2
∫

d4q′

(2π)4
1

[(p� − q′)2 −m2
� ][q

′2 −M2
γ ]

{
2p� · q′q′λ
q′2 −M2

γ

Tμ
μ + 2p�μT

μλ

−(p− p′)μT λμ + iΓλ − iεμναλq′α(Tμν)V

}
, (4)

where Tμν and Γλ are tensors involving time-ordered product of the EM and charged-weak
current, and the subscript V denotes the vector charged weak current contribution. It
turns out that this integral is insensitive to UV physics and is practically saturated by the
“pole term” contribution to Tμν and Γλ which requires only the knowledge of the K/π
EM and charged weak form factors. Substituting the full form factors into the integral is
equivalent to re-summing the most important O(e2p2n) corrections in ChPT.

2. Next is the axial current contribution to the (non-forward) γW -box diagram, which is
contained in the following integral:

IλB = ie2
∫

d4q′

(2π)4
M2

W

M2
W − q′2

εμναλq′α(Tμν)A
[(p� − q′)2 −m2

� ]q
′2 . (5)

It may be pinned down by computing an unphysical, forwardK → π axial γW -box diagram
in the degenerate limit, MK = Mπ. The full box diagram splits into two pieces:

�γW (K,π,Mπ) = �>
γW +�<

γW (K,π,Mπ) , (6)

where the “>” component is calculated from pQCD, while the “<” component is calculated
directly with lattice QCD 17,22. With that one may write:

(δf+)B = �>
γW f+(t) + {�<

γW (K,π,Mπ) +O(M2
K/Λ2

χ)}f+(t) . (7)

The theory uncertainty due to non-forward corrections is only associated to �<
γW , and

could be estimated using the standard chiral power counting argument.
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3. Next we have the so-called “three-point function” contribution to δf+ which we will not
rigorously define here; what we need to know is that it splits into two pieces:

δf+,3 = (δf+)III + (δf+,3)
fin , (8)

where the first term is IR-divergent but exactly calculable, while the second term is IR-
finite and may adopt a fixed-order (O(e2p2)) ChPT approximation. Moreover, it turns
out that the latter is usually not included in the definition of long-distance EM corrections
according to the standard ChPT treatment, but is rather reabsorbed into tree-level form
factors and isospin-breaking corrections.

This completes the study of δf+. For δf−, we again split it into different components:

δf− = (δf−)I+II+III + (δf−)finconv + (δf−)rem , (9)

where I+II+III and “conv(fin)” are IR-divergent, numerically large but exactly calculable in
Sirlin’s representation; the remaining (“rem”) component is incalculable within this framework
but its contribution to the decay rate is numerically small. Since the O(e2p2) expression of
the full δf− is available in the literature 23, one could also deduce the O(e2p2) approximation
for (δf−)rem, which is sufficient for our precision goal. Finally we have the bremsstrahlung
contribution which is again separated into two parts:

Mbrems = MA +MB , (10)

where MA contains the full IR-divergent structure due to the convection term contribution and
is exactly calculable, while MB is IR-finite and may adopt a fixed-order ChPT approximation.

With the strategies above, Refs. 18,19,20 updated the theory predictions of long-distance
EMRC to all channels in K�3 decays, see Table 1. The main sources of theory uncertainty in
the new determination are: (1) Contributions from inelastic (inel) states to IλA, (2) Lattice (lat)
uncertainty in �<

γW , (3) Uncertainty due to non-forward (NF) effects in the γW -box diagram,

(4) Higher-order (O(e2p4)) ChPT corrections and, (5) The poorly-determined LECs in δf−. The
new results agree with the pure ChPT results within error bars, but have a much higher theory
precision at the level of 10−4 in contrast to 10−3 from ChPT.

Table 1: Comparison between the long-distance EMRC determined by Sirlin’s representation and pure ChPT.

δK�
EM ChPT

K0e 11.6(2)inel(1)lat(1)NF(2)e2p4 9.9(1.9)e2p4(1.1)LEC
K+e 2.1(2)inel(1)lat(4)NF(1)e2p4 1.0(1.9)e2p4(1.6)LEC
K0μ 15.4(2)inel(1)lat(1)NF(2)LEC(2)e2p4 14.0(1.9)e2p4(1.1)LEC
K+μ 0.5(2)inel(1)lat(4)NF(2)LEC(2)e2p4 0.2(1.9)e2p4(1.6)LEC

4 Conclusion

We have discussed several recent improvements in the study of the RCs in neutron and semilep-
tonic kaon decays. Sirlin’s representation provides a useful framework to separate pieces with
large theory uncertainties from other parts that are precisely calculable; extra computational
techniques are then applied to reduce the theory errors in the former. For neutron, the forward
axial γW -box diagram was studied with DR techniques which make use of neutrino scattering
data to pin down the contributions from inelastic intermediate states. For K�3, the full RC is
split into terms that are unsuppressed/suppressed in the decay rate and are studied separately.
The unsuppressed terms are calculated non-perturbatively using elastic form factors and lattice
QCD inputs, while the suppressed terms are computed to fixed order in ChPT.
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The new treatments have significantly reduced the RC uncertainties in the respective pro-
cesses. Combining with other improvements, the new status of Vud and Vus is given by the right
plot in Fig.1. Unlike that in year 2018, we now observe a number of discrepancies between dif-
ferent extractions of these parameters, as well as systematic deviations from the SM prediction
of first-row unitarity. These anomalies are generically at the level of 3σ, and future progress
from both the theory and experiment are required to understand whether they represent signals
of physics beyond the SM, or rather some unexpectedly large SM corrections.
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Top quark production cross sections and rare processes at ATLAS and CMS
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Hamburg 22607, Germany

Inclusive and differential measurements of cross sections as well as searches for rare processes
in the top quark sector provide an important test of the standard model (SM) and a powerful
probe of physics beyond the SM (BSM). Recent results on inclusive and differential mea-
surements of tt̄, tZq, and tt̄ + X processes are reported, together with searches for flavour
changing neutral currents (FCNCs) and charged lepton flavour violation (CLFV) in top quark
processes, and for production of four top quarks. All results are obtained in proton-proton
collision data, recorded by the ATLAS and CMS experiments at the CERN LHC from 2015
to 2018 at

√
s = 13 TeV.

1 Introduction

The standard model (SM) of particle physics is confirmed by a wide range of experimental
results. Nonetheless, this theoretical framework still fails to explain some observed phenomena
such as the existence of dark matter and dark energy, and the neutrino masses. The quest for
new physics is therefore essential to deepen our understanding of the still unresolved questions,
and it is carried out in many different directions.
With a mass of about 173 GeV, the top quark is the heaviest of the quarks, and processes
involving top quark production offer a handle on the Yukawa coupling or electroweak couplings
with the photon and gauge bosons. Therefore, it is essential to deepen our understanding of
known processes such as tt̄ production by means of inclusive and differential measurements;
moreover, the search for processes that are forbidden by the SM at tree level, such as flavour
changing neutral currents (FCNCs) and charged lepton flavour violation (CLFV), represents
a powerful probe to test effective couplings that may arise from more massive undiscovered
particles, under the hypothesis that the SM corresponds to a low-energy approximation of a
more fundamental theory; finally, rare processes such as tt̄ production in association with a
Z/H/γ bosons, single top quark production, and production of four top quarks are a powerful
test of the SM and can also provide access to effective couplings. The latest results on these

Copyright [2022] CERN for the benefit of the [ATLAS and CMS Collaborations]. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license
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searches, performed by the ATLAS 1 and CMS 2 Collaborations, are presented here. Many
searches make use of machine learning for signal vs. background discrimination, and in particular
of boosted decision trees (BDTs). Moreover, often searches are interpreted in the context of the
SM effective field theory (SMEFT), where constraints on the Wilson coefficients are set.

2 Multi-differential tt̄ cross section measurements

Single-, double-, and tripe-differential measurements of the tt̄ production cross section are mea-
sured as a function of the top quark and tt̄ kinematics, as well as of decay products and additional
jets, in a dileptonic final state. These cross sections are measured both at the parton and particle
levels, and compared to the SM predictions of Monte Carlo (MC) event generators with next-
to-leading-order (NLO) accuracy in quantum chromodynamics (QCD) interfaced with Parton
Shower (PS). These measurements are sensitive to SM parameters such as the top quark mass
mt and αs. Moreover, they provide useful information on the theoretical predictions used to
describe this system, i.e. how well the theory is able to describe the data and which corners
need improvement. Figure 1 (top) shows a double-differential measurement in bins of pT and y
of the top quark. The largest deviations of the measured values from theory are found in the
multi-differential distributions. Moreover, beyond NLO calculations seem to provide a better
description of the experimental data 3.

Differential cross sections are also measured at particle level in a region of the phase space
where the top quark is boosted, as this is more sensitive to models beyond the SM (BSM).
In the single-lepton final state, events with a boosted hadronically decaying top quark with
pT > 355 GeV are selected, and a 2D differential measurement is displayed in Figure 1 (bottom).
In general, 2D measurements show a higher disagreement between measured data and theory
predictions. Moreover, the difference between NLO models is often larger than the precision
of the measurements, calling for more precise generators (e.g. NNLO + PS) 4. Measurements
are also performed in the all-hadronic final state, where the two top quarks are required to
have pT > 500, 350 GeV. In this case, the measurements are performed also at parton level 5.
Both boosted searches set competitive limits on SMEFT coefficients that enter in tt̄ production.
For the all-hadronic search, the resulting constraints are shown in Figure 2. In particular, the
four-fermion operators are very well constrained, which is potentially useful for global fits.

3 tZq and tt̄+Z/H/γ

The production of single top in association with a Z boson (tZq) is an important probe for
many interactions in the SM. Measurements are performed in a final state with three leptons,
two of which coming from the Z boson decay. The inclusive cross section is measured to be
87.9+7.5

−7.3(stat)
+7.3
−6.0(syst) fb for a dilepton invariant mass greater than 30 GeV, and is the most

precise to date. The ratio between the cross sections of tZq and t̄Zq is also measured, together
with the spin asymmetry, which is sensitive to the top quark polarisation. Differential mea-
surements are performed for the first time for this process. The differential distributions are
compared to both 4- and 5-flavour schemes (Figure 3 (left)) 6, and are provided both at parton
and particle level. All measurements are in agreement with the SM predictions.

Measurements of tt̄ production in association with one photon are essential to probe anoma-
lous tt̄γ electroweak interactions. The most recent results are the inclusive and differential
measurements of this process in the dileptonic final state, which are all in agreement with the
SM 7. In particular, the inclusive cross section is measured to be 173.5± 2.5(stat)± 6.3(syst) fb
in a fiducial phase space. Moreover, limits on the SMEFT coefficients ctZ and cItZ are set, and
are combined with the previous measurement in the single-lepton final state 8. This is shown in
Figure 3 (middle).

Finally, a search for new physics is carried out in tt̄ production in association with a Z or a H
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Figure 1 – Differential cross section measurement of tt̄ production as a function of pT and y of the top quark
(top) 3, and as a function of pT of the leading additional jet and of the jet multiplicity in a boosted top region
(bottom) 4.

Figure 2 – Constraints on SMEFT coefficients from the boosted top measurement in the all-hadronic channel 5.

boson in a boosted region of the phase space (i.e. pT(Z/H) > 200 GeV), which is most sensitive
to BSM effects, in the context of EFT. Events are selected where the Z/H bosons decay to bb̄
and in the single-lepton final state. Limits on several SMEFT coefficients affecting this process
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are set by reweighting the LO signal simulation and using an NLO k-factor. Results are shown
in Figure 3 (right) - the tension between the measured ctφ and the SM value is explained by the
fact that the yield of tt̄H is measured to be smaller than expected 9.
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Figure 3 – Differential cross section measurement of tZq production as a function of pT of the Z boson (left) 6;
2D limits on SMEFT ctZ and cItZ coefficients (middle) 7; limits on SMEFT coefficients from the measurement on
tt̄Z/H (left) 9.

4 Four-top production

Production of four top quarks is a rare process with a cross section predicted to be about 12 fb.
This process is sensitive to many BSM models, such as SUSY and 2HDM, and gives direct
access to four-fermion operators in the context of SMEFT. The latest result probes the one- and
two-lepton final states, and the inclusive cross section is measured to be 26± 8(stat)+15

−13(syst) fb
from a maximum likelihood fit on a BDT discriminant, shown in Figure 4 for one category of
the search 10. The combination with a previous measurement in the multi-lepton channel 11

yields a cross section of 24+7
−6 fb, in agreement with the SM value within 2 σ, with an observed

(expected) significance of 4.7 (2.6) σ.
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5 FCNC and CLFV

Processes involving flavour-changing neutral currents are forbidden at tree-level in the SM.
Therefore, they represent a powerful probe to BSM physics. The signal is modelled in an EFT
scenario with a coefficient kHut or kHct depending on the flavour of the quark involved in the
FCNC process, which is better seen in Figure 5 (top left) 12. This coefficient is proportional to
the square root of the branching ratio BR(t→ Hq) of such process and, consequently, limits on
it can be easily translated to limits on the branching ratio. Results are achieved in two different
decay channels of the Higgs boson:

• H → γγ: this final state yields a very clean signature. BDTs are used to maximise the
separation between signal and background, and the limits are measured to be: BR(t →
Hu) < 0.019 (0.031)% observed (expected) and BR(t → Hc) < 0.073 (0.051)% observed
(expected) 12.

• H → bb̄: because of the high contamination from QCD processes, deep neural networks
(DNNs) and BDTs are used for event reconstruction and signal vs. background discrimina-
tion, respectively. The limits are measured to be: BR(t→ Hu) < 0.079 (0.11)% observed
(expected) and BR(t→ Hc) < 0.094 (0.086)% observed (expected) 13.

Processes involving charged lepton flavour violation are also suppressed in the SM, and for the
same reason as FCNCs are a useful probe for BSM physics. In particular, the LHC allows
for probing CLFV at high energy and in processes involving top quarks. A search for CLFV
is carried out in top quark production and decay. Example of how this process may occur is
show in Figure 5 (bottom left). An EFT approach is used to parametrise CLFV in production
and decay modes through three coefficients (cvector, cscalar, and ctensor), which can lead to four-
fermion interactions. Also in this case, limits on these coefficients can be easily translated to
limits on the branching ratio and on the cross section, which depends quadratically on them.
The search makes use of a BDT to discriminate between signal and background, and Figure 5
(right) shows the resulting 95% CL upper limits 14.

t
H

u (c)

t̅

γ

γ

g

g
t

Hu (c) γ

γ

g

Figure 5 – Sketch of FCNC (top left) 12 and CLFV (bottom left) 14 in processes involving top quarks; expected
and observed 95% CL upper limits on signal cross sections (production and decay modes), the CLFV Wilson
coefficients, and top quark CLFV branching fractions (right) 14.

6 Conclusions

Inclusive and differential measurements of cross sections in processes involving top quarks, as well
as searches for rare or SM-forbidden processes, can shed light on underlying BSM phenomena, if
any. The ATLAS and CMS Collaborations at the CERN Large Hadron Collider have delivered
excellent results in this regard, using the data collected from 2015 to 2018. The increased
statistics of the upcoming Run 3 represents a fertile ground for even more precise measurements,
and might lead to observation of some rare processes.

63



References

1. ATLAS Collaboration, JINST 3 S08003 (2008).
2. CMS Collaboration, JINST 3 S08004 (2008).
3. CMS Collaboration, “Measurement of differential cross sections for the production of top

quark pairs and of additional jets in pp collisions at
√
s = 13 TeV”, CMS-PAS-TOP-20-

006, CDS:2804974 (2022).
4. ATLAS Collaboration, “Measurements of differential cross-sections in top-quark pair

events with a high transverse momentum top quark and limits on beyond the Standard
Model contributions to top-quark pair production with the ATLAS detector at

√
s = 13

TeV”, arXiv:2202.12134 (2022).
5. ATLAS Collaboration, “Differential tt̄ cross-section measurements using boosted top

quarks in the all-hadronic final state with 139 fb−1 of ATLAS data,”, ATLAS-CONF-
2021-050, CDS:2782534 (2021).

6. CMS Collaboration, “Inclusive and differential cross section measurements of single top
quark production in association with a Z boson in proton-proton collisions at

√
s = 13

TeV,” 10.1007/JHEP02(2022)107 (2022).
7. CMS Collaboration, “Measurement of the inclusive and differential tt̄γ cross sections in

the dilepton channel and effective field theory interpretation in proton-proton collisions at√
s =13 TeV”, arXiv:2201.07301 (2022).

8. CMS Collaboration, “Measurement of the inclusive and differential ttγ cross sections in
the single-lepton channel and EFT interpretation at

√
s = 13 TeV”, JHEP12(2021)180

(2021).
9. CMS Collaboration, “Search for new physics using top quark pairs produced in associ-

ated with a boosted Z or Higgs boson in effective field theory”, CMS-PAS-TOP-21-003,
CDS:2802060 (2022).

10. ATLAS Collaboration, “Measurement of the tttt production cross section in pp collisions
at
√
s = 13 TeV with the ATLAS detector”, JHEP11(2021)118 (2021).

11. ATLAS Collaboration, “Evidence for tt̄tt̄ production in the multilepton final state in pro-
ton–proton collisions at

√
s = 13 TeV with the ATLAS detector”, Eur. Phys. J. C 80,

1085 (2020).
12. CMS Collaboration, “Search for flavor-changing neutral current interactions of the top

quark and Higgs boson in final states with two photons in proton-proton collisions at√
s =13 TeV”, arXiv:2111.02219 (2021).

13. CMS Collaboration, “Search for flavor-changing neutral current interactions of the top
quark and the Higgs boson decaying to a bottom quark-antiquark pair at

√
s =13 TeV”,

JHEP02(2022)169 (2022).
14. CMS Collaboration, “Search for charged-lepton flavor violation in top quark production

and decay in pp collisions at
√
s = 13 TeV”, arXiv:2201.07859 (2022).

64



Top quark properties (including mass) at ATLAS and CMS

T. Moskalets, on behalf of the ATLAS and CMS collaborations

Albert-Ludwigs-Universität Freiburg,
Hermann-Herder-Str. 3, 79104 Freiburg, Germany

I present a review of the latest top quark properties measurements performed using proton-
proton (pp) collision data collected with the ATLAS and CMS detectors at the Large Hadron
Collider (LHC) at a centre-of-mass energy

√
s = 13 TeV.

1 Introduction

The top quark has a special place in the Standard Model (SM). It is the heaviest elementary
particle (mt ≈ 172.5 GeV) and the only quark, whose mass and polarisation can be measured
directly, since it decays before hadronisation.

The data collected during the Run 2 (2015–2018) at the LHC by the ATLAS1 and CMS2 ex-
periments provide an excellent opportunity to test the self-consistency of the SM and to constrain
the theories beyond the Standard Model (BSM) by measuring various top-quark properties. In
what follows, recent results of these measurements are presented.

2 Top quark mass

A new direct measurement of the top quark mass from single-top events is performed by CMS 3

using 35.9 fb−1 of pp collision data. The analysis selects events with one lepton targeting t-
channel single-top production. The top quark mass is extracted using a maximum-likelihood
(LH) fit to the logarithm of the top quark mass distribution, as shown in Figure 1. The top
quark mass was measured to be mt = 172.13+0.76

−0.77 GeV, reaching a sub-GeV precision for the
first time with this final state. The masses of the top quark and antiquark are determined
separately using the charge information of the final-state lepton. The quark-antiquark mass
ratio and the difference are measured to be Rmt = mt̄/mt = 0.9952+0.0079

−0.0104 and Δmt = mt −
mt̄ = 0.83+1.79

−1.35 GeV, respectively, and are consistent with CPT invariance. The sources of the

Copyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license.
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Figure 1 – Data-to-simulation comparison of the fit variable ζ = ln(mt/1 GeV) after an optimised BDT selection3.

dominant uncertainties of this measurement are the jet energy scale, colour reconnection and
the final state radiation in the signal events.

All direct top quark mass measurements rely on Monte-Carlo (MC) simulations with different
values of the MC top-quark mass parameter, which is not a well-defined quantity in QFT. A new
analysis by ATLAS4 relates the MC top quark mass parameter to the MSR top mass5. The scale-
dependent MSR mass scheme defines a low-scale short-distance mass derived from the modified
minimal subtraction (MS) scheme 6. The MSR top mass at a scale R = 1 GeV is numerically
close to the top-quark pole mass, however, it does not suffer from the pole mass renormalon
ambiguity. The analysis selects top-quark pairs (tt̄), in which one of the top quarks has a
large transverse momentum and decays into hadrons, forming a large-radius jet. The relation
between the two masses is obtained using a template fit of the simulated mass distribution of
large-radius jets to the particle-level calculation at next-to-leading-log (NLL) precision 7. The
MC top mass parameter is found to be compatible with the MSR mass at 1 GeV: mMC

t =
mMSR

t (1 GeV) + 80+350
−410 MeV, where the dominant uncertainty (+230/−310 MeV) comes from

the missing higher-order corrections in the NLL calculation.

3 Top quark polarisation

The top-quark polarisation was recently measured by ATLAS 8 using a data sample correspond-
ing to an integrated luminosity of 139 fb−1. In this analysis, t-channel single-top events with
leptonic top quark decays are selected and the lepton angular distributions are measured. The
direction cosines of the lepton momentum in the top-quark rest frame are used to define the
octant variable, which divides the lepton phase space into eight octants. A profile-LH fit of
the octant variable to LO Protos predictions 9 is performed to extract the components of the
top quark and antiquark polarisation vectors. The y components of the polarisation vectors are
found to be consistent with zero, which is expected from CP symmetry in top quark production.
The best-fit measurements of the x and z polarisation vector components are shown in Figure 2.
The results show a very high degree of polarisation along the direction of the spectator quark,
in agreement with NNLO QCD predictions 10.

The normalised angular differential distributions, measured in this analysis and corrected
for detector effects (unfolded) to particle level, are sensitive to new physics phenomena affecting
the tWb vertex. In the framework of the Standard Model effective field theory (SMEFT) 11, the
dipole operator OtW affects the top quark polarisation: the real (CtW ) and imaginary (CitW )
parts of the Wilson coefficient (WC) affect the x and y components of the polarisation vector,
respectively. Bounds on the WC are set using a LH fit of the measured angular distributions to
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theoretical predictions: CtW = 0.3 ± 0.6 (1.1), CitW = −0.3 ± 0.2 (0.5) at 68% CL (95% CL).
The bounds are consistent with the SM prediction and are improved compared to the previous
ATLAS result 12.

Another approach to assess the top-quark polarisation is to measure the top quark spin
asymmetry, which is sensitive to the polarisation. This was done by CMS 13 using single-
top events, in which the top quark is produced in association with a Z boson, with leptonic
top quark and Z decays. In this analysis, based on 138 fb−1 of pp collision data, differential
distributions of various kinematic and angular observables are extracted at parton and parti-
cle levels using a LH-based unfolding. In particular, the top quark polarisation angle θ∗pol is
measured, unfolded to parton level and parametrised as a function of the spin asymmetry A�:

dσ
d cos(θ∗

pol
) = σtZq

(
1
2 +A� cos(θ

∗
pol)

)
, where σtZq is the inclusive cross section of the Z-associated

single-top production. The spin asymmetry is included in the likelihood fit as a free parame-
ter and found to be A� = 0.54 ± 0.116 (stat) ± 0.06 (syst). The result is compatible with the
SM prediction, obtained from theMadGraph5 aMC@NLO calculation at NLO. The dominant
systematic uncertainties of this measurement are related to the background modelling, b-tagging
efficiency and lepton identification.

4 Top quark charge asymmetry

The charge asymmetry in tt̄ production is a valuable observable sensitive to new physics. At
the LHC, it is usually measured as a rapidity asymmetry in tt̄ production 14. Alternatively, the
energy asymmetry can be measured, which is sensitive to the charge asymmetry in a different
region of the phase space 15.

ATLAS has measured the energy asymmetry in tt̄ production in association with a high
transverse momentum jet using 139 fb−1 of pp collision data 15. The energy asymmetry as

a function of the jet scattering angle is defined as AE(θj) ≡ σopt(θj |ΔE>0)−σopt(θj |ΔE<0)
σopt(θj |ΔE>0)+σopt(θj |ΔE<0) using

the optimised cross section σopt(θj) = σ(θj |ytt̄j > 0) + σopt(π − θj |ytt̄j < 0), where σopt(θj) is
the differential cross section and ytt̄j is the rapidity of the tt̄j system. A combination of the
forward and backward events in this measurement allows optimising the statistical uncertainty.
The analysis selects tt̄j events in the semileptonic tt̄ decay channel, in which the hadronically
decaying top quark has large transverse momentum (is boosted). The large-radius jet produced
by the boosted top quark can be easily distinguished from the additional jet, which is selected to
have high transverse momentum in order to achieve a higher energy asymmetry. The distribution
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14.

of the jet scattering angle is measured and corrected for detector effects to a particle-level fiducial
phase space using fully Bayesian unfolding. Then, the unfolded distribution is used to calculate
the energy asymmetry, which is found to agree with the SM prediction at NLO QCD, as shown
in Figure 3.

The energy asymmetry is highly sensitive to the chirality of the top quark and hence to BSM
effects described by four-quark operators involving quarks with different chiralities. Because
of the additional jet, the tt̄j observables probe a different SMEFT parameter space than the
rapidity asymmetry. A set of dimension-six SMEFT operators of different chiral structures and
colour structures, which affect the tt̄j production at tree level, is considered in the analysis.
Bounds on the corresponding WC are obtained from fits of the measured energy asymmetry.

5 b quark fragmentation in tt̄

The b quark fragmentation process is an intermediate step in the simulation of the tt̄ events,
which describes the transition of the b quark produced in the top quark decay into detectable
particles. It cannot be calculated from theory, therefore a b fragmentation function, tuned to
reproduce the data, is used to model the fragmentation process. The Pythia 8 generator uses the
Lund–Bowler fragmentation function, which depends, in particular, on the parameter rq, which
determines the shape of the function and is specific to the quark type. By default, Pythia 8
uses the Monash tune with the b quark shape parameter value rb = 0.855, as determined from
e+e− data 16.

The first measurement of the b quark shape parameter at the LHC was done recently by
CMS17 using a data sample corresponding to an integrated luminosity of 35.9 fb−1. The analysis
uses single-lepton and dilepton tt̄ events in which the b-tagged jets contain reconstructable J/ψ
or D0 mesons. The reconstruction of the charged tracks from the charmed meson decays allows
enhancing the signal acceptance compared to the reconstruction of the exclusive B meson decays.
The transverse momentum of the charmed meson divided by the sum of the transverse momenta
of all the charged particle tracks (forming the enclosing b-tagged jet) is used as a proxy variable
for the momentum fraction of the b quark carried by the B hadron. A template fit of the
proxy variables is performed to extract the b quark shape parameter, which is found to be
rb = 0.858 ± 0.037 (stat) ± 0.031 (syst). The extracted value agrees with the result from LEP,
which implies no environmental dependence of the shape of the fragmentation function. The
dominant uncertainties of the measurement come from the template fit procedure and the limited
number of simulated events.
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6 CP violation in tt̄

In the SM, the CP -violating effects in tt̄ production are predicted to be negligibly small. The
observation of any sizeable CP violation would hint at BSM contribution, for instance, through
the chromo-electric dipole moment of the top quark.

A new CMS analysis18, based on 137 fb−1 of data, searches for CP violation in tt̄ production
and decays. The tt̄ events in the lepton+jets final state are used to measure four CP -odd
observables Oi constructed from the lepton and jet momenta. A non-zero asymmetry A′CP (Oi) =
Nevents(Oi>0)−Nevents(Oi<0)
Nevents(Oi>0)+Nevents(Oi<0) would hint at the presence of CP violation. The asymmetry values are
extracted after estimating the signal and background yields using a template fit. The results
are consistent with zero and show no evidence of CP violation within two standard deviations:

A′CP (O3) = −0.048± 0.094 (stat.)+0.041
−0.065 (syst.)

A′CP (O6) = −0.131± 0.094 (stat.)+0.049
−0.068 (syst.)

A′CP (O12) = +0.090± 0.094 (stat.)+0.034
−0.053 (syst.)

A′CP (O14) = −0.171± 0.094 (stat.)+0.085
−0.023 (syst.) (1)

The uncertainties of these results are reduced by a factor of 3 compared to the 8 TeV results 19.

7 Anomalous top quark interactions

Numerous BSM extensions predict sizeable modifications of the top quark couplings, in par-
ticular to the Z boson. The CMS search for new top quark interactions 20 uses 138 fb−1 of
data and selects events with single top-quark or top-pair production associated with a Z boson
in multilepton final states. To study the tt̄Z coupling, several CP -conserving EFT operators
are considered, which interfere with the SM tt̄Z production. These operators induce the top
electroweak dipole moment and modify the Z boson interaction with left- and right-handed top
quarks. The analysis uses machine learning techniques based on binary and multiclass classifiers
to separate the top quark production processes and to extract the signal. These techniques,
already employed in the previous analysis 21, allow enhancing the sensitivity to BSM effects.
To extract the limits for the WCs, several LH fits are performed, in which either one or two
coefficients are scanned while the others are fixed, or all five coefficients are scanned. All the
measurement results are consistent with the SM expectation at 95% confidence level (CL).

Two CMS cross section measurements of tt̄ production in association with a photon in
the lepton+jets 22 and dilepton 23 final states were also interpreted in the SMEFT framework.
One of the measured distributions, the transverse momentum of the photon, is sensitive to
modifications of the top-quark couplings to the photon and the Z boson, due to EFT operators
inducing top electroweak dipole moments. The constraints on the corresponding WCs, ctZ and
cItZ, are extracted using a binned LH fit. The individual and combined results, shown in Figure 4,
are improved compared to other individual and global fit results, also shown in the figure.

8 Summary

A review of recent ATLAS and CMS analyses of various top quark properties is presented.
These measurements, performed using LHC Run-2 data, provide sensitive probes of the SM
and are used to constrain BSM operators. Some of the measurements are completely new,
others significantly improve the precision in existing measurements using innovative methods
and tools. Many analyses are interpreted in the framework of the SMEFT, setting limits on the
top quark anomalous interactions. All measurements are found to be in agreement with the SM
predictions.
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Figure 4 – Observed 95% CL intervals for the CMS tt̄γ lepton+jets 22 (light blue), dilepton 23 (orange solid) and
combined (orange dashed) results. A selection of other results is also shown for comparison.
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Observation of single top-quark + photon production with the ATLAS detector

M. Alhroob a

University of Oklahoma,
Norman, Oklahoma, USA

These proceedings present the first observation of single top-quark production associated with
a photon using the full Run2 proton-proton dataset collected by the ATLAS experiment 1 at
the LHC.

1 Introduction

Single top-quark production with an associated vector boson is a rare process predicted by
the Standard Model (SM) and fundamental for probing the top-quark electroweak couplings.
These processes play a role in constraining non-resonant contributions of Physics Beyond the
SM parametrised in the effective field theory framework. The ATLAS and CMS collaborations
have observed single top-quark production processes with both a W boson (tW) 2,3 and a Z
boson (tZq) 4,5. The latest CMS measured tZq cross-section is 87.9 fb with 12% uncertainty 6.
The CMS collaboration reported evidence for the associated single top-quark production with a
photon (tqγ) with a 4.3 σ significance using a partial Run2 dataset of 35.9 fb−1 of proton-proton
collisions collected at 13 TeV with a measured tqγ cross-section of 115 fb ± 30% 6.

In these proceedings, we report the observation of the tqγ production process made by the
ATLAS collaboration using the full Run2 13 TeV proton-proton dataset of 139 fb−1 collected
by the ATLAS detector at the LHC.

2 Signal definition and fiducial cross-sections

In the search for the tqγ production process7, the ATLAS collaboration considered only semilep-
tonic top-quark decays. The photon can be radiated from the either the top quark or other hard
scattered particle in the interaction, such as an initial state quark. The photon can be also
radiated by the charged particles from the top-quark decay. Figure 1 represents an example
of one of the Feynman diagrams where a photon is radiated from the top quark, with subse-
quent semileptonic top-quark decay. The signal signature consists of a photon, an electron or
muon, missing transverse momentum from the neutrino, a b-tagged jet, and a forward jet due
to t-channel production.

The tqγ production cross-section is measured in fiducial phase space at the parton level,
excluding photons radiated from the top-quark decay products. A particle-level fiducial cross-
section is also measured, including photons radiated from the top-quark decay products, covering
the signal phase space. The parton-level fiducial cross-section is defined by requiring at least
an isolated photon with pT ≥ 20 GeV, |η| ≤2.5 and ΔR > 0.4 from final state hard-scattering

aOn behalf of the ATLAS Collaboration.
Copyright 2022 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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Figure 1: Feynman diagram at leading order in QCD for tqγ production with semi-leptonic top-quark decay 7.

charged partons. Also, a charged lepton is required with |η| ≤2.5. The parton-level fiducial cross-
section is multiplied by the branching fraction of the top-quark decaying semileptonically, σtqγ×
B(t → νb), is 406+25

−32 fb where the uncertainty is due to varying the PDF and renormalisation
and factorisation scales.

Similarly, the fiducial cross-section is calculated at the particle level, including photons
radiated from the top-quark decay products. The photon production from final-state particles is
estimated using the traditional SM t-channel process with photon production simulated through
the parton shower. The fiducial volume is defined by requiring at least one isolated photon
with pT ≥ 20 GeV and |η| < 2.37, one electron or muon with pT ≥ 25 GeV and |η| < 2.5,
at least one b-jet with pT ≥ 25 GeV and |η| < 2.5, at least one neutrino, excluding those
coming from the hadronic decay. Jets within ΔR = 0.4 from a photon or a lepton are removed.
Events are removed if a photon is within ΔR = 0.4 from a lepton or a jet. The calculated
fiducial particle-level cross-section multiplied by the branching fraction of the top-quark decaying
semileptonically, σtqγ × B(t → νb) + σ(t→�νbγ)q, is 207+26

−11 fb with 20% contribution estimated
from events with photons radiated from top-quark decay products. The uncertainty is due to
varying the PDF and renormalisation and factorisation scales.

3 Event selection

Events are selected using a single lepton (e or μ) trigger and are required to have exactly one
reconstructed well-isolated lepton with pT > 27 GeV and |η| < 2.47 for electrons and |η| < 2.5
for muons. At least one well-isolated photon with pT > 20 GeV and |η| < 2.37 is required.
Electrons and photons are rejected if they are within 1.37 < |η| < 1.52. Due to the presence
of a neutrino, a minimum missing transverse momentum, Emiss

T , is required to be greater than
30 GeV. To reduce the contribution of the Zγ background due to electrons faking photons,
|meγ − 90| >10 GeV criteria is required. Also, events are required to have at least one jet with
pT >25 GeV within |η| < 4.5, in which exactly one jet is b-tagged with 70% efficiency. Events
with additional loose b-jets (tagged with 85% efficiency) are rejected. Two signal regions (SRs)
are defined based on the number of forward jets (fj) (4.5 > |η| >2.5): with ≥ 1 fj SR, which has
the most number of signal events, and with = 0 fj SR. The dominant background processes are
tt̄γ and Wγ which are measured using two dedicated control regions (CRs). Table 1 shows the
SRs and CRs designed to extract the signal and control the dominant background processes.

The contribution of processes with electrons faking photons, mainly dilepton tt̄ and Z+jets,
is estimated by comparing data and MC using the tag-and-probe method N(Z → e(e →
γ))/N(Z → e+e−). An enriched region with e → γ fakes is selected by inverting meγ or
me+e− ( e.g |meγ − 90| < 20 GeV), Emiss

T cuts and by requiring no b-tagged jet. This estimate
is validated in a region with similar requirements but with ≥ 1 b-tagged jet requirement. The
contribution of processes with hadrons faking photons, mainly lepton+jets tt̄, is estimated using
the ABCD method. Where the ABCD regions’ definitions are based on photon identification
and isolation criteria. The correction factors are pγT and ηγ dependant.
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Table 1: A summary of the signal and control regions. In red, the selection that leads to the orthogonality with
other regions.

≥ 1 fj SR 0 fj SR tt̄γ CR Wγ CR

Leptons (pT ≥ 27 GeV) = 1 = 1 = 1 = 1

Emiss
T ≥ 30 GeV ≥ 30 GeV ≥ 30 GeV ≥ 30 GeV

Photons (pT ≥ 20 GeV) ≥ 1 ≥ 1 ≥ 1 ≥ 1

|meγ − 91.2| ≥ 10 GeV ≥ 10 GeV ≥ 10 GeV ≥ 10 GeV

forward jets (2.5 < |η| < 4.5 ) ≥ 1 = 0 ≥ 0 ≥ 0

b-jets (70% WP) = 1 = 1 =1 = 0

Additional b-jets (85% WP) = 0 = 0 ≥ 1 ≥ 1

4 Signal and background separation

A deep, fully connected feedforward neural network (NN) is trained for each SR to enhance
the signal and background separation. Each NN consists of three hidden layers with 128/8/32
and 128/16/16 hidden nodes for the ≥ 1 fj and 0 fj SRs, respectively. A Rectified Linear Unit
(ReLU) activation function is used for the hidden nodes, while for the output node, a sigmoid
function is used. For the ≥ 1 fj SR, 15 well-modelled input variables are selected, while 12
well-modelled input variables are employed for the 0 fj SR, respectively. Figure 2a presents
the post-fit NN distribution of the ≥ 1 fj SR, where a clear separation between the signal and
background processes is shown. Figure 2b presents the post-fit NN distribution of the 0 fj SR.
The two NNs are also used to construct the NN distribution for the tt̄γ CR as shown in 2c,
where the NN choice is based on the number of forward jets in the event.
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Figure 2: Post-fit distributions of the NN output in the ≥ 1 fj SR (a), 0 fj SR (b), tt̄γ CR (d) and the total event
yield in Wγ CR 7.

5 Results

The tqγ cross-section is extracted using a binned maximum-likelihood fit that is performed on the
four signal and control regions presented in Figure 2. Three NN distributions are used in the two
SRs and tt̄γ CR, while in the Wγ CR, a single bin is used. The fit containes three free-floating
parameters: one for the signal, one for the tt̄γ background and the last for Wγ background.
Other backgrounds and systematic uncertainties are constrained using Gaussian priors. The
significance of the observed signal is 9.1 σ compared to the predicted significance of 6.7 σ.
The measured parton-level fiducial cross-section multiplied by the branching fraction of the
semileptonic decay of the top quark is σtqγ ×B(t→ νb) = 580± 19 (stat.)± 63 (syst.) fb. While
the measured particle-level fiducial cross-section multiplied by the branching fraction of the
semileptonic decay of the top quark is σtqγ×B(t→ νb)+σ(t→�νbγ)q = 287±8 (stat.)±31 (syst.) fb.
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The dominant systematic uncertainties affecting the parton-level cross-section are tt̄γ mod-
elling with 5.6%, jets and Emiss

T with 4%, background MC statistics with 3.5%, tqγ MC statistics
with 3.4% and tt̄ modelling with 3.4%. Similarly, the dominant systematic uncertainties for the
particle-level cross-section are tt̄γ modelling with 5.7%, jets and Emiss

T with 3.9%, background
MC statistics with 3.5%, tqγ MC statistics with 3.1% and tt̄ modelling with 3.1%.

6 Conclusion

The ATLAS collaboration at the LHC has observed the tqγ process with a significance of 9.1
σ using the full Run2 dataset of 139 fb−1 collected at 13 TeV, compared to the predicted
significance of 6.7 σ 7. The measured fiducial cross-section at parton-level multiplied by the
branching fraction of the semileptonic decay of the top quark is 580 fb ± 11%. In comparison,
the measured particle-level fiducial cross-section multiplied by the branching fraction of the
semileptonic decay of the top quark is 287 fb ± 11%. These measured cross-sections are within
2.5 σ and 1.9 σ from the SM predictions for the parton-level and particle-level fiducial cross-
sections, respectively.

References

1. ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider,
JINST 3, S08003 (2008).

2. ATLAS Collaboration, Measurement of the production cross-section of a single top quark
in association with a W boson at 8 TeV with the ATLAS experiment, JHEP 01, 064 (2016).

3. CMS Collaboration, Observation of the associated production of a single top quark and a
W boson in pp collisions at

√
s =8 TeV, Phys. Rev. Lett. 112, 231802 (2014).

4. CMS Collaboration, Observation of Single Top Quark Production in Association with a Z
Boson in Proton-Proton Collisions at

√
s =13 TeV, Phys. Rev. Lett. 122, 132003 (2019)

5. ATLAS Collaboration, Observation of the associated production of a top quark and a Z
boson in pp collisions at

√
s = 13 TeV with the ATLAS detector, JHEP 07, 124 (2020)

6. CMS Collaboration, Inclusive and differential cross section measurements of single top
quark production in association with a Z boson in proton-proton collisions at

√
s = 13

TeV, JHEP 02, 107 (2022)
7. ATLAS Collaboration, Observation of single-top-quark production in as-

sociation with a photon at the ATLAS detector, ATLAS-CONF-2022-013,
[https://cds.cern.ch/record/2805217]

74



2.
Beyond the Standard Model

75



76



More doublets and singlets a

T. Robens
Ruder Boskovic Institute, Bijenicka cesta 54, 10000 Zagreb, Croatia

I give an overview on models that extend the Standard Model scalar sector by additional
gauge singlets or multiplets. I discuss current constraints on such models, as well as possible
signatures and discovery prospects at current and future colliders.

1 Introduction

After the discovery of a particle that complies with the properties of the Standard Model (SM)
Higgs boson, particle physics has entered an exciting era. One important question is to inves-
tigate whether the scalar sector realized in nature corresponds indeed to the SM, or whether it
is enhanced by additional scalars, which can be singlets, doublets, or any other multiplets un-
der the electroweak gauge group. Such extensions then typically come with additional particle
content, i.e. additional neutral or charged scalars which can also differ by their CP properties.
Naturally, such models then need to obey current constraints from both theory and experiment,
as e.g. stabilization conditions for the vacuum, positivity, perturbativity, and constraints from
direct searches, signal strength, or electroweak precision observables. In turn, in the allowed
regions novel signatures can appear that could be of interest for current and future collider
searches.

In the following, I discuss several such extensions. For various of these, I present work done
by myself and collaborators; for these, we made use of private codes as well as publicly available
tools such as HiggsBounds 1, HiggsSignals 2, 2HDMC 3, micrOMEGAs 4,5, and ScannerS 6,7,8,9.
Predictions for production cross sections shown here have been obtained using Madgraph5 10.

2 Real singlet extension

We first turn to a simple example, where the SM scalar sector has been enhanced by a real
singlet field obeying a Z2 symmetry11,12,13,14,15,16. The Z2 symmetry is softly broken by a vacuum
expectation value (vev) of the singlet field, inducing mixing between the gauge-eigenstates which
introduces a mixing angle α. The model has in total 5 free parameters. Two of these are fixed
by the measurement of the 125GeV resonance mass and electroweak precision observables. We
then have

sinα, m2, tanβ ≡
v

vs
(1)

as free parameters of the model, where v (vs) are the doublet and singlet vevs, respectively. We
concentrate on the case where m2 ≥ 125GeV, where SM decoupling corresponds to sinα → 0.

The model is subject to a number of theoretical and experimental constraints. Exemplary
limits are shown in figure 1, which correspond to an update to results presented in 17, including

aRBI-ThPhys-2022-16

77



a comparison of the currently maximal available rate of H → h125h125 with the combination
limits from ATLAS 18 as well as novel results for bb̄bb̄ 19 and bb̄γγ 20 final states. The most
constraining direct search bounds are in general dominated by searches for diboson final states
21,22,23,24. In some regions, the Run 1 Higgs combination 25 is also important. Especially 23,24

currently correspond to the best probes of the models parameter space b.
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Figure 1 – Current constraints on the Higgs singlet extension with a Z2 symmetry. Constraints have been updated
to reflect results prior to Moriond 2022. Left: Various constraints on the mixing angle as a function of the second
scalar mass, for fixed tanβ = 0.1. Right: Current constraints for H → h125h125 searches. Comparison with
ATLAS Run I combination as well as novel results (see text for details).

3 Two Higgs Doublet Models

Two Higgs doublet models (2HDMs) constitute another example of new physics models intro-
ducing additional scalar states. A general discussion of such models is e.g. given in 26 and will
not be repeated here. In these models, the SM scalar sector is augmented by a second scalar
doublet which also acquires a vev; electroweak symmetry breaking then involves both fields.
Several structures of couplings in the Yukawa sector are possible and distinguish the different
models. The particle content in the scalar sector containa, besides the SM candidate, two ad-
ditional neutral scalars which differ in CP properties as well as a charged scalar, denoted by
h, H, A, H±, where one of the two CP-even neutral scalars h, H needs to be identified with
the 125 GeV resonance discovered at the LHC. Besides the masses of the scalar particles, the
scalar sector is also characterized by different mixing angles, which are typically parametrized
in terms of cos (β − α) and tanβ.

Exemplarily, in figure 2 we show constraints on two different types of 2HDMs from various
searches, taken from 27, for the degenerate case where all heavy scalar masses are set equal. In
that work, the authors considered various searches at the 8 TeV and early 13 TeV LHC runs.
We refer to the original work for a complete list of all channels.

Another important result is that in 2HDMs, the parameter space for the mixing angle cos (β − α)
is stronlgy constrained from signal strength measurements, where the exact allowed region again
depends on the Yukawa structure of the model. In figure 3, we display the results as obtained by
the ATLAS collaboration in a fit combination using full Run 2 data 28. The actual constraints
differ for each model, but the absolute value of the mixing angle does not exceed 0.25.

4 Two real scalar extension at hadron colliders

We now turn to the two-real-singlet extension (TRSM) 29, a model that extends the SM scalar
sector by two real scalars that are singlets under the SM gauge group. This model allows for

bWe include searches currently available via HiggsBounds.
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Figure 2 – Constraints on various types of 2HDM models, from various search channels at the LHC, status 2020.
See text for reference.

Figure 3 – Signal strength fit constraints and allowed regions for cos (β − α) for various types of 2HDMs; prelim-
inary ATLAS combination results. See text for reference.

interesting new final states, as e.g. scalar-to-scalar decays. Single scalar production following by
asymmetric scalar decays or symmetric decays, where all scalar masses differ from the SM-like
scalar mass at 125 GeV, have not yet been fully explored. Simple counting reveals that for such
scenarios at least three physical scalar states need to be present in the model, out of which one
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takes the role of the state already discovered by the LHC experiments.
The potential in the scalar sector is given by

V (Φ, S, X) = μ2
ΦΦ

†Φ+ λΦ(Φ
†Φ)2 + μ2

SS
2 + λSS

4 + μ2
XX2 + λXX2

+ λΦSΦ
†ΦS2 + λΦXΦ†ΦX2 + λSXS2X2 .

(2)

where Φ denotes the doublet also present in the SM potential and X, S are the two additional
real scalars. The model obeys an additional Z2 ⊗ Z2

′ symmetry Z2
S : S → −S ,Z2

X : X → −X,
while all other fields transform evenly under the respective Z2 symmetry. All three scalars acquire
a vev and mix. This leads to three physical states with all possible scalar-scalar interactions.

In the following, we will use the convention that

M1 ≤ M2 ≤ M3 (3)

and denote the corresponding physical mass eigenstates by hi. Gauge and mass eigenstates
are related via a mixing matrix. Interactions with SM particles are then inherited from the
scalar excitation of the doublet via rescaling factors κi, such that ghiAB

i = κi g
hiAB,SM
i for any

hiAB coupling, where A, B denote SM particles. Orthogonality of the mixing matrix implies∑
i κ

2
i = 1.
The model allows for interesting scalar-to-scalar decays

pp→ ha (+X)→ hbhb (+X), (4)

pp→ h3 (+X)→ h1h2 (+X), (5)

where a, b ∈ {1, 2, 3}. In 29, six benchmark planes (BPs) were suggested for the decay chains
above: three involving asymmetric decays (5) and three symmetric decays (4), where in the
latter case we concentrated on scenarios where Ma,b �= 125GeV. Depending on the specific
benchmark point, production rates can reach O (60 pb) for the above production modes. The
benchmark scenario which considers h3 → h2 h2, where M2 > 250GeV, can furthermore lead
to interesting h125h125h125 and h125h125h125h125 final states. Largest rates for these processes,
including further decays to SM final states, are in the O (fb) range.

Figure 4 shows predicted production rates for several of these benchmark planes: BPs 1/3
for the asymmetric decay, where h125 ≡ h3/h1, as well as two symmetric scenarios BPs 4/ 5
where a non-SM like scalar decays into light scalars with M1 ≤ 125GeV. Depending on the
benchmark point, dominant final states typically contain multiple b-jets bb̄bb̄

(
bb̄
)
. While some

of these are already under investigation by the LHC experiments, I encourage the collaborations
to explore all possible channels and collider signatures. These can lead to sizeable rates at the
13 TeV LHC, while still complying with all current theoretical and experimental bounds.

5 Inert Doublet Model

We now turn to a new physics model that contains a dark matter candidate. The Inert Doublet
Model is a two Higgs doublet model with an exact discrete Z2 symmetry 30,31,32. The model
contains four additional scalar states H, A, H±, and has in total 7 free parameters prior to
electroweak symmetry breaking: v, mh, mH , mA, mH±︸ ︷︷ ︸

second doublet

, λ2, λ345 ≡ λ3 + λ4 + λ5. Here, the

λis denote standard couplings appearing in the 2HDM potential. Two parameters (mh and v)
are fixed by current measurements. We have provided a detailed investigation of the models
parameter space in33,15,34,35,36. One important observation is the existance of a relatively strong
degeneracy between the additional masses of the second doublet, as well as a minimal mass scale
for the dark matter candidate H resulting from a combination of relic density and signal strength
measurement constraints (see 33,35 for a detailed discussion). These features are displayed in
figure 5.
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Figure 4 – Benchmark planes for the TRSM, for asymmetric (top) and symmetric (bottom) final states, as defined
in the text. Top left: BP1, where h3 ≡ h125; displayed is the branching ratio h125 → h1 h2 in the two-dimensional
mass plane. Top right: BP3; Bottom left: BP5; Bottom right: BP6. For the last three, production cross sections
at a 13 TeV pp collider are shown. Exclusion bounds on these planes from various constraints are also given.
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In 35, we have performed a sensitivity comparison for selected benchmark points 34,37,35,
relying on a simple counting criteria: a benchmark point is considered reachable if at least 1000
signal events are produced using nominal luminosity of the respective collider. The corresponding
results in terms of mass scales of the pair-produced particles are displayed in table 1, with
accompagnying plots in figure 6, taken from 35. We here have used Madgraph5 10 with a UFO
input file from 38 for cross-section predictions. In contrast, results for CLIC have been obtained
using a detailed study of signal and background 37,39.
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Table 1: Sensitivity of different collider options, using the sensitivity criterium of 1000 generated events in the
specific channel. x− y denotes minimal/ maximal mass scales that are reachable.

collider all others AA AA +VBF

HE-LHC 2 TeV 400-1400 GeV 800-1400 GeV
FCC-hh 2 TeV 600-2000 GeV 1600-2000 GeV

CLIC, 3 TeV 2 TeV - 300-600 GeV
μμ, 10 TeV 2 TeV - 400-1400 GeV
μμ, 30 TeV 2 TeV - 1800-2000 GeV
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Figure 6 – Predictions for production cross sections for various processes and collider options. Top left: Predictions
for various pair-production cross sections for a pp collider at 13 TeV, as a function of the mass sum of the produced
particles. Top right: Same for various center-of-mass energies. Bottom left: VBF-type production of AA and
H+ H− at various center-of-mass energies for pp colliders. Bottom right: Same for μ+μ− colliders. The lines
correspond to the cross-sections required to produce at least 1000 events using the respective design luminosity.

6 Conclusions

I have presented results for various models that extend the scalar sector of the SM by additional
gauge singlets or doublets. These models are subject to additional theoretical and experimental
constraints limiting the parameter space. On the other hand, all of these allow for additional
signatures that have not fully been explored yet at current colliders, and therefore provide
encouragement for the experimental collaborations to investigate these at future hadron or
lepton machines. Despite the discovery of a particle that complies with the properties of a SM
Higgs, the structure of the electroweak potential is not completely understood yet. The models
discussed here will allow to further investigate the electroweak structure realized in nature.
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4. Geneviève Bélanger, Fawzi Boudjema, Andreas Goudelis, Alexander Pukhov, and Bryan
Zaldivar. micrOMEGAs5.0 : Freeze-in. Comput. Phys. Commun., 231:173–186, 2018,
1801.03509.

5. Genevieve Belanger, Ali Mjallal, and Alexander Pukhov. Recasting direct detection limits
within micrOMEGAs and implication for non-standard Dark Matter scenarios. Eur. Phys.
J. C, 81(3):239, 2021, 2003.08621.

6. Rita Coimbra, Marco O. P. Sampaio, and Rui Santos. ScannerS: Constraining the phase
diagram of a complex scalar singlet at the LHC. Eur. Phys. J., C73:2428, 2013, 1301.2599.

7. P. M. Ferreira, Renato Guedes, Marco O. P. Sampaio, and Rui Santos. Wrong sign and
symmetric limits and non-decoupling in 2HDMs. JHEP, 12:067, 2014, 1409.6723.
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Supersymmetry Searches and Combinations

Benjamin Hooberman, on behalf of the ATLAS and CMS Collaborations

University of Illinois at Urbana-Champaign, Department of Physics,
1110 W. Green St., Urbana, IL, 61801

The standard model (SM) of particle physics has been extremely successful at explaining a
wide variety of phenomena but it cannot be the final theory of nature. Supersymmetry (SUSY)
is an extension to the SM that can resolve many of its shortcomings. In particular, SUSY
can explain the origin of dark matter, resolve the SM gauge hierarchy problem, and lead to
the unification of gauge couplings. This note presents a variety of recent SUSY searches and
combinations by the ATLAS and CMS experiments at the Large Hadron Collider, which place
stringent constraints on SUSY models.

1 Overview

The standard model (SM) of particle physics describes the fundamental building blocks of mat-
ter and the forces that mediate their interactions. It has been extremely successful in predicting
the outcomes of hundreds of experimental measurements performed at colliders over the last
several decades. Despite these successes, the SM cannot be the final theory of nature because it
is unable to explain the origin of dark matter, the mass of the higgs boson, or the baryon asym-
metry. Supersymmetry (SUSY) is an extension to the SM that can resolve these shortcoming.
SUSY is a symmetry between fermions and bosons that introduces a supersymmetric partner
(superpartner) for each degree of freedom in the SM, as shown in Figure 1. Gluinos (g̃) are the
superpartners of gluons, squarks (q̃) and sleptons (̃) are the superpartners of the quarks and
leptons, respectively. Four charginos (χ̃±1,2) and four neutralinos (χ̃0

1,2,3,4) are admixtures of the
superpartners of the SM photon, W and Z bosons, and higgs bosons. In R-parity conserving
(RPC) SUSY, superpartners are produced in pairs and the lightest SUSY particle (LSP) is a
stable dark matter candidate. In many SUSY models, the LSP is the lightest neutralino (χ̃0

1).
If produced in collision events, this particle would carry away unseen energy and lead to large
missing transverse energy (Emiss

T ).

The ATLAS1 and CMS2 collaborations at the Large Hadron Collider (LHC) have performed
a wide variety of searches for SUSY particles over the last decade, but no compelling evidence
has yet been observed. Several recent searches have employed novel techniques including the
combination of multiple channels to enhance the sensitivity to SUSY particles. Most of these

85



Figure 1 – The (left) standard model and (right) supersymmetric particles. Standard model particles are even
under R-parity while supersymmetric particles are odd.
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searches target RPC SUSY with large Emiss
T from escaping dark matter candidates, while one of

the searches targets R-parity violating (RPV) SUSY in signatures without large Emiss
T .

2 Strong SUSY Searches

Strong SUSY refers to the production of strongly-interacting squarks and/or gluinos. These
particles, which have large production cross sections and may thus be produced at large rates,
tend to produce striking events with energetic jets and possible leptons and, in RPC models,
large Emiss

T .

2.1 2+ jets + Emiss
T Search

The ATLAS collaboration has performed a search for strong SUSY in events with two charged
leptons (electrons or muons), hadronic jets, and large Emiss

T (2+jets+Emiss
T )3. The requirement

of two leptons suppresses large SM backgrounds from W bosons produced in association with
jets from initial state radiation (W+jets) and from Quantum Chromo-dynamic (QCD) multi-jet
events, providing a clean environment to search for SUSY. Furthermore, the requirement of two
leptons allows for the usage of the dilepton invariant mass (m��) as a search variable, which
could provide unambiguous evidence for new physics. As shown in Figure 2 (left), SUSY models
may produce striking features in the m�� distribution including a peak at the Z boson mass or
a kinematic endpoint or “edge,” which would be a smoking gun for new physics.
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Four signal regions are defined by requirements on the hadronic energy and the significance
of the Emiss

T to deviate from 0. The data is found to be well-described by the expected SM
backgrounds in all four signal regions, an example of which is shown in Figure 2 (left). Results
are used to excluded regions of the parameter space for two models with gluino-pair production,
one with light sleptons and one without, and for a model of squark-pair production. The excluded
region for the gluino model without light sleptons is shown in Figure 2 (right).

2.2 Summary of Strong SUSY Searches

ATLAS and CMS have performed a wide variety of additional searches for gluinos and squarks.
A summary of these constraints is provided in Refs. 4,5. Gluinos with masses as large as 2.3 TeV
are probed by these searches. For squarks, masses as large as 1.75 GeV are probed assuming
eight degenerate squark species (ũL,R, d̃L,R, s̃L,R, c̃L,R). For a single squark species, the mass
limits degrade to 1.3 TeV.

3 3rd generation SUSY Searches

SUSY may provide a “natural” (not fine-tuned) solution to the SM gauge hierarchy problem if
it introduces light stops (SUSY partners of the top quark) with a TeV-scale mass. This makes
searches for stops of particular interest. The experimental signatures are similar to those in
strong SUSY except that enhanced b-jet content is expected.

3.1 Stop Combination

CMS has previously performed searches for stops in events with zero leptons, one lepton, and
two leptons, which revealed good agreement between the data and expected SM backgrounds.
These searches excluded significant portions of the stop-pair model parameter space, but were
not sensitive to the “stop corridor” region where the stop is close in mass to the top quark and
the signal events are difficult to distinguish from the SM backgrounds. A new search in the two
lepton final state has been performed 6 that utilizes a parametric Deep Neural Network (DNN)
to probe this challenging region, as shown in Figure 3. The DNN is trained with kinematic
quantities including the transverse momenta (pT) and pseudo-rapidities (η) of the leptons, the
invariant mass m��, and the hadronic energy HT. The data is found to be well-described by the
expected SM backgrounds. The results are used to exclude the stop corridor region for the first
time.
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3.2 Summary of 3rd generation SUSY Searches

ATLAS and CMS have performed a variety of searches for stops. A summary of stop constraints
from the ATLAS and CMS experiments are provided in Refs. 4,5. Stops as massive as 1325 GeV
are probed by these searches, corresponding to a fine-tuning of order 1%.

4 Electroweak SUSY Searches

SUSY may have eluded detection in searches for strong and 3rd generation signatures if the
squarks and gluinos are too heavy to be produced at the LHC. In this case, searches for the
weakly-interacting charginos, neutralinos, and sleptons may offer the best path to discoverying
SUSY. In addition, the natural SUSY solution to the hierarchy problems requires the presence
of “higgsinos,” the superpartners of the higgs boson, with masses less than a few hundred GeV,
making searches for these particles particularly interesting.

4.1 GMSB Higgsino NLSP Search

The phenomenology of higgsino production depends on the SUSY particle mass spectrum. This
search targets higgsinos in Gauge-mediated SUSY Breaking (GMSB) scenarios, in which the
lightest SUSY particle is a nearly massless gravitino. Pairs of higgsinos are produced and each
decays to a higgs boson and a gravitino, followed by the higgs decay to a pair of b-quarks. The
signature thus consists of 4 b-jets and Emiss

T . CMS has performed a search for this signature
in two categories 7. The first category targets events where all the b-jets can be individually
resolved, while the second category targets events where the higgs bosons have large Lorentz
boost, causing their b-jets to overlap and form large radius jet. As shown in Figure 4, the
data agrees with the expected SM background in both categories. The results are combined
to exclude higgsinos with masses in the range 175-1025 GeV, with the resolved and boosted
categories providing better sensitivity to low mass and high mass higgsinos, respectively.

4.2 Higgsino LSP Searches

The higgsino is the lightest SUSY particle in many SUSY scenarios. In this case, the only visible
objects in the events are produced in the transitions between the higgsino states. Since the mass
difference between these states is typically not more than a few GeV, the visible objects are very
“soft” (low pT). ATLAS 8 and CMS 9 have performed searches for higgsinos in events with
exactly two or exactly three soft leptons and large Emiss

T . These seaches also exploit the dilepton
invariant mass top search for features that could indicate the presence of new physics. In most
of the signal regions, the data is found to agree well with the expected background. However,

88



100 120 140 160 180 200 220 240 260 280 300
) [GeV]

 2
 0χ∼m(

0

10

20

30

40

50

60
) [

G
eV

]
 1 0 χ~ ,

 20 χ~ (
mΔ

ATLAS
-1=13 TeV, 139 fbs

All limits at 95% CL
)expσ 1±Expected Limit (

)theoryσ 1±Observed Limit (
Obs. Limit off-shell
Obs. Limit compressed
LEP excluded

))/2
 1

 0χ∼) + m(
 2

 0χ∼)=(m(
 1
±χ∼ higgsino m(

 1

 0χ∼
 1

 0χ∼WZ→
 1
±χ∼

 2

 0χ∼

100 120 140 160 180 200 220 240 260 280 300
 [GeV]0

2
χ∼=m±

1
χ∼m

10

20

30

40

50

60

) [
G

eV
]

0 1χ∼ ,0 2χ∼
 m

(
Δ

1−10

1

10

95
%

 C
L 

up
pe

r l
im

it 
on

 th
e 

cr
os

s 
se

ct
io

n 
[p

b]

 (13 TeV)-1137 fb−129CMS
 (Wino/Bino)

1
0χ∼

1
0χ∼ WZ→0

2
χ∼±

1
χ∼→pp

 < 0, NLO-NLL exclusion0

1
χ∼m~×0

2
χ∼m~

experimentσ 1 ±Expected theoryσ 1 ±Observed

Figure 5 – Excluded regions of the parameter space of mass difference between the two neutral higgsinos vs.
higgsino mass for the (left) ATLAS 8 and (right) CMS 9 experiments.

6−10
5−10
4−10
3−10
2−10
1−10
1

10
210
310
410
510

Tr
ac

kl
et

s 
/ 1

 G
eV

Fake tracklet

Muon
Electron
Hadron

) = ±

1
χ∼(τ),±

1
χ∼m(

600 GeV, 0.2 ns

Total Background
Data

-1 = 13 TeV, 136 fbs
Electroweak production

 SRmiss
TEHigh

100 1000 10000
 [GeV]

T
pTracklet

0
0.5

1
1.5

2

D
at

a 
/ B

G

ATLAS

200 400 600 800 1000
) [GeV]±

1
χ∼m(

0.01

0.02
0.03
0.04

0.1

0.2
0.3

1

2
3

10

) [
ns

]
± 1χ∼ (τ

 )theoryσ1±Observed 95% CL limit (
 )expσ1±Expected 95% CL limit (

Theoretical line for pure higgsino
, EW prod. Obs.)-1ATLAS (13 TeV, 36.1 fb

ATLAS
-1 = 13 TeV, 136 fbs

 production (higgsino)

±

1
χ∼±

1
χ∼,0

2
χ∼±

1
χ∼,0

1
χ∼±

1
χ∼

Figure 6 – Left: the tracklet transverse momentum distribution for (points) data, (grey line) expected background,
and (colored lines) signal processes. Right: the excluded region of the chargino lifetime vs. chargino mass
parameter space. Images from Ref. 10

both experiments observe modest data excesses in similar regions of parameter space, leading
to weaker than expected limits near the region with mχ̃0

2
∼ 160 GeV and mχ̃0

2
−mχ̃0

1
∼ 20 GeV

as shown in Figure 5.

4.3 Disappearing Track Search

If the mass difference between the higgsinos is of order a few hundred MeV, the charged higgsino
may acquire a long lifetime and travel distances of millimeters before decaying to the lightest
neutral higgsino and a pair of fermions that are too soft to be detected, thus producing a
“disappearing track”. ATLAS has performed a search for this signature using “tracklets” that
pass through the pixel detector, which consists of four concentric layers of silicon sensors with
an outermost radius of 120 mm 10. Signal events are expected to produce high transverse
momentum tracklets, while backgrounds from instrumental effects are concentrated at lower
transverse momentum. As shown in Figure 6, the observed tracklet transverse momentum
distribution agrees well with the expected SM backgrounds. These results are used to exclude
pure higgsinos with masses as large as 210 GeV.

5 R-parity Violating SUSY Searches

SUSY may have eluded detection in RPC scenarios if R-parity is violated (RPV). In this scenario,
the lightest SUSY particle is unstable and decays to SM particles, producing events with large
object multiplicities that are not necessarily accompanied by large Emiss

T .
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5.1 ATLAS RPV SUSY Search

ATLAS has performed a search for RPV SUSY in events with either exactly one or two same-
charge leptons and with exactly zero or at least three b-jets 11. This search probes a wide variety
of SUSY particles, including gluinos, stops, winos and higgsinos. In particular, a neural network
(NN) is used to achieve the first LHC sensitivity to weakly-interacting SUSY particles decaying
promptly to hadrons. As shown in Figure 7, the data agrees well with the expected background.
The results are used to exclude higgsinos with masses in the range 200–325 GeV.

6 Summary

A wide variety of searches for supersymmetry have been performed by the ATLAS and CMS
experiments at the Large Hadron Collider 4,5. To date, no compelling evidence for supersym-
metry has been observed. As a result, weak-scale supersymmetry is in tension with the most
recent collider data. Future searches with more integrated luminosity and novel techniques will
enhance the discovery reach and probe uncharted territory in the hunt for supersymmetry.

Copyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction
of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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I briefly outline the most prominent features of a novel SU(5) unification model proposal. The
particle content of the model comprises 5H , 24H , 35H , 5F i, 10F i, 15F , 15F , and 24V , where
subscripts H, F , and V denote whether a given representation contains scalars, fermions, or
gauge bosons, respectively, while i = 1, 2, 3. The model employs all possible interaction terms,
as allowed by the Lorentz group, the SU(5) gauge symmetry, and the aforementioned particle
content, to generate the Standard Model fermion masses through three different mechanisms.
It also connects the neutrino mass generation mechanism to the experimentally observed mass
disparity between the down-type quarks and charged leptons. The minimal structure of the
model requires 24H and 5H not only to break SU(5) and SU(3)×SU(2)×U(1) gauge groups,
respectively, but to accomplish one additional task each. The model furthermore predicts that
neutrinos are strictly Majorana fields, that one neutrino is purely a massless particle, and that
neutrino masses are of normal ordering. The experimental bound on the p → π0e+ lifetime
limit, in conjunction with the prediction of the model for the gauge mediated proton decays,
implies that there are four new scalar multiplets at or below a 120TeV mass scale if these
multiplets are mass degenerate. If these multiplets are not mass degenerate, the quoted limit
then applies, for all practical purposes, to the geometric mean of their masses. The scalars in
question transform as (1, 3, 0), (8, 1, 0), (3, 3,−2/3), and (6, 2, 1/6) under the Standard Model
gauge group SU(3)× SU(2)× U(1) with calculable couplings to the Standard Model fields.

1 A novel SU(5) model proposal

I present, in what follows, a minimal realistic SU(5) model 1 and a phenomenological study 2 of
the viability of its parameter space. The model under consideration is a simple extension of the
original Georgi-Glashow proposal 3.

The particle content of the Georgi-Glashow model comprises 5H , 24H , 5F i, 10F i, and 24V ,
where subscripts H, F , and V denote whether a given representation contains scalars, fermions,
or gauge bosons, respectively, while i(= 1, 2, 3) represents a generation index. (Note that the
SU(5) representations are simply identified through their dimensionality. I will use the same
approach when denoting the Standard Model gauge group SU(3) × SU(2) × U(1) multiplets.)
The novel proposal in question 1 extends the Georgi-Glashow particle content with one 35-
dimensional scalar representation, i.e., 35H , and one set of vector-like fermions in 15-dimensional
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representation comprising 15F and 15F . The particle content of the model is presented in Table 1,
where I also specify the decomposition of the SU(5) representations into the Standard Model
multiplets and introduce associated nomenclature.

Table 1: The particle content of the novel proposal at both the SU(5) and the Standard Model levels. Subscripts
H and F denote scalar and fermion representations, respectively, while i(= 1, 2, 3) is a generation index.

SU(5) SU(3)× SU(2)× U(1) SU(5) SU(3)× SU(2)× U(1)

Λ1

(
1, 2, 12

)
Li

(
1, 2,−1

2

)
5H ≡ Λ

Λ3

(
3, 1,−1

3

) 5F i ≡ Fi
dci

(
3, 1, 13

)
φ0 (1, 1, 0) Qi

(
3, 2, 16

)
φ1 (1, 3, 0) 10F i ≡ Ti uci

(
3, 1,−2

3

)
24H ≡ φ φ3

(
3, 2,−5

6

)
eci (1, 1, 1)

φ3

(
3, 2, 56

)
Σ1(1, 3, 1)

φ8 (8, 1, 0) 15F ≡ Σ Σ3

(
3, 2, 16

)
Φ1

(
1, 4,−3

2

)
Σ6

(
6, 1,−2

3

)
Φ3

(
3, 3,−2

3

)
Σ1 (1, 3,−1)

35H ≡ Φ
Φ6

(
6, 2, 16

)
15F ≡ Σ Σ3

(
3, 2,−1

6

)
Φ10

(
10, 1, 1

)
Σ6

(
6, 1, 23

)
The fermionic interactions of the model are governed by the following lagrangian

L ⊃ {Y u
ijT

αβ
i T γδ

j Λρεαβγδρ + Y d
ijT

αβ
i FαjΛ

∗
β + Y a

i Σ
αβFαiΛ

∗
β + Y b

i ΣβγFαiΦ
∗αβγ

+Y c
i T

αβ
i Σβγφ

γ
α + h.c.}+MΣΣαβΣ

αβ + yΣαβΣ
βγφα

γ , (1)

where the Yukawa matrix elements are Y u
ij ≡ Y u

ji , Y
d
ij = Y d∗

ij ≡ δijY
d
i , Y

a
i , Y

b
i , Y

c
i , and y with

i, j = 1, 2, 3. The model has nineteen real Yukawa couplings and fourteen phases, all in all. There
is accordingly no other SU(5) model in the literature that successfully incorporates neutrino
mass generation mechanism that has fewer parameters than the one under consideration.

The role of the scalar field φ0 (1, 1, 0) ∈ 24H in the Georgi-Glashow proposal is solely to
break SU(5) down to SU(3) × SU(2) × U(1) whereas the scalar multplet Λ1(1, 2, 1/2) ∈ 5H
breaks SU(3)×SU(2)×U(1) down to SU(3)×U(1)em and, in the process, generates masses of
the charged fermions. In this proposal, on the other hand, both φ0(1, 1, 0) and Λ1(1, 2, 1/2) have
additional tasks to accomplish beside the ones in the Georgi-Glashow model. Namely, φ0(1, 1, 0)
is instrumental in generating the experimentally observed mismatch between the down-type
quark masses and the charged lepton masses whereas Λ1(1, 2, 1/2) is essential in producing
neutrino masses via a one-loop level mechanism. The fact that both φ0(1, 1, 0) and Λ1(1, 2, 1/2)
have additional roles to play, when compared to the original Georgi-Glashow model, attests to
the simplicity of this novel proposal 1.

The model predicts that the neutrino masses are purely of the Majorana nature. The
leading order contribution is generated at the one-loop level via the d = 5 operator. The
relevant Feynman diagrams, both at the SU(5) 1 and the Standard Model 4,5 levels, are shown
in Fig. 1. Clearly, Λ1(1, 2, 1/2) and its vacuum expectation value 〈5H〉 ≡ 〈Λ1(1, 2, 1/2)〉 =
(0 0 0 0 v5)

T are indispensable to the neutrino mass generation. (The relevant contraction
that yields the quartic scalar coupling vertex in Fig. 1 is λ′ΛαΛβΛγΦαβγ .)

A presence of the vector-like fermions in 15F and 15F induces experimentally observed
mismatch between the masses of the charged leptons and the down-type quarks. The mismatch
itself is due to a physical mixing between the vector-like fermions and fermions in 10F i. (The
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Figure 1 – The Feynman diagrams of the leading order contribution towards the Majorana neutrino masses at
the SU(5) (left panel) and the Standard Model (right panel) levels.

effect of this type of mixing on the charged fermion masses has already been studied within the
context of a supersymmetric SU(5) framework 6.) Namely, since the quark doublets Qi ∈ 10F i

and a multiplet Σ3 ∈ 15F transform in the same way under the Standard Model gauge group,
as can be seen from Table 1, these states interact at the SU(5) symmetry breaking level, where
the relevant mixing originates from the first term in the second line of Eq. 1 and explicitly reads

L ⊃ 1

4

√
10

3
v24Y

c
i QiΣ3. (2)

Here, v24 is defined via the vacuum expectation value of 24H as 〈24H〉 ≡ 〈φ0(1, 1, 0)〉 =
v24/

√
15 diag(1, 1, 1,−3/2,−3/2). One can see that it is the vacuum expectation value of 24H

that plays an instrumental role in generating the observed mismatch between the masses of the
charged leptons and the down-type quarks.

The mass matrices for the up-type quarks, down-type quarks, charged leptons, and neutrinos,
in this model, are

(MU )ij = 4 v5 (Y
u
ij + Y u

ji), (3)

(MD)ij = v5
(
δijY

d
i + δ′ Y c

i Y
a
j

)
, (4)

(ME)ij = v5 δijY
d
i , (5)

(MN )ij ≈ λ′v25
8π2

MΣ1

M2
Σ1
−M2

Φ1

ln

(
M2

Σ1

M2
Φ1

)
(Y a

i Y
b
j + Y b

i Y
a
j ) = m0(Y

a
i Y

b
j + Y b

i Y
a
j ), (6)

where δ′ ≡ (
√
10/3v24)/(4MΣ3). The mismatch between the down-type quark and charged

lepton masses clearly originates from a single rank-one matrix with elements proportional to
Y c
i Y

a
j products. This, again, attests to the simplicity of this SU(5) proposal. It should also be

noted that MD and MN share Y a column matrix. The generation of the mismatch between the
down-type quark and charged lepton masses is thus inextricably connected to the generation
of the neutrino masses. This link is behind one of the predictions of the model that neutrino
masses are strictly of the normal ordering nature. It is furthermore clear from Eq. 6 that
MN is constructed in the most minimal way imaginable out of two rank-one matrices with
elements Y a

i Y
b
j and Y b

i Y
a
j . This guarantees that one neutrino is massless which is one of the

main predictions of the model. Note also that the model simultaneously generates viable masses
for the Standard Model fermions through the usual vacuum expectation value mechanism, the
one-loop level mechanism, and the mixing between chiral fields and vector-like states 7.

A parameter m0 of Eq. 6 sets the neutrino mass scale through its dependence on a priori
unknown parameters MΦ1 , MΣ1 , and λ′. There is thus a constrain on the available parameter
space of the model in the MΦ1-MΣ1 plane that originates solely from a need to generate suffi-
ciently large m0 parameter. I will, in order to enlarge m0 as much as possible, use |λ′| = 1 in
the numerical analysis. (Strictly speaking, Y a and/or Y b can always be redefined as to make λ′

real and positive.)
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This completes a brief introduction of the model.

2 Parameter space analysis

A one-loop level gauge coupling unification analysis that aims at finding the largest possible value
of the gauge coupling unification scale MGUT reveals 1,2 that four scalar multiplets need to be
light. These are φ1(1, 3, 0) ∈ 24H , φ8(8, 1, 0) ∈ 24H , Φ3(3, 3,−2/3) ∈ 35H , and Φ6(6, 2, 1/6) ∈
35H . On the other hand, the multiplets in 15F and 15F want to be mass degenerate. If a
lower limit on the mass(es) of the new physics state(s) is introduced through a mass variable
M = min(MJ), where J = Φ1,Φ3,Φ6,Φ10,Σ1,Σ3,Σ6, φ1, φ8,Λ3, the corresponding parameter
space of the model that maximises MGUT is as shown in the left panels of Fig. 2 for M = 1TeV,
M = 10TeV, and M = 100TeV. The viable parameter space is bounded from the left by
the proton decay curve and from the right by the outermost dashed curve. The outermost
dashed curve delineates the region after which it is not possible to address phenomenologically
viable neutrino mass scale with perturbative couplings. (Proton decay induced by Λ3 exchange
stipulates that MΛ3 ≥ 3 × 1011GeV in order to have agreement with the current experimental
limits on p → K+ν̄ 8. This is one of the self-consistency constraints that needs to be imposed
within the gauge coupling unification analysis.)

Contours of constant m0 of Eq. 6 are shown as green solid curves and demonstrate that the
neutrino mass scale can vary within three orders of magnitude in the most conservative scenario
when M = 1TeV. This is another nice feature of the model. The m0 contours are in units

of
√
Δm2

31/2, where Δm2
31 = (2.515 ± 0.028) × 10−3 eV2 9 is the relevant neutrino mass square

difference.

The contours of constant MGUT are given in units of 1015GeV and appear as vertical solid
lines while the contours of the gauge coupling αGUT, at MGUT scale, are given as dot-dashed
lines that run horizontally in the left panels of Fig. 2. (Note that the gauge coupling unification
study, the associated numerical fit of fermion masses, and the proton decay analysis have all
been performed whenever MGUT has exceeded 6×1015GeV to expedite the process, as indicated
in the left panels of Fig. 2 with vertically shaded strips.)

The proton decay bound in Fig. 2 is generated by the experimental limit on the partial
lifetime for the p→ π0e+ process that is currently at τ expp→π0e+ > 2.4×1034 years, as given by the

Super-Kamiokande Collaboration 10. An improvement of the current p → π0e+ lifetime limit
by a factor of 2, 15, and 96 would completely rule out the M = 100TeV, M = 10TeV, and
M = 1TeV scenarios, respectively. The last viable point to be eliminated by the aforementioned
improvement, in all three left panels of Fig. 2, is (MΦ1 ,MΣ1) = (1013.2GeV, 1013.6GeV). This
is to be expected since αGUT grows with a decrease in the Σ1 mass for a fixed value of MΦ1 ,
whereas MGUT remains constant.

Note that the numerical fit of fermion masses explicitly yields all unitary transformations
and Yukawa couplings except for the phases associated with the up-type quark sector. The
couplings and, accordingly, interactions of scalar multiplets φ1(1, 3, 0), φ8(8, 1, 0), Φ3(3, 3,−2/3),
and Φ6(6, 2, 1/6) are thus fully calculable. An analysis of the decay modes and associated
lifetimes of these scalars as well as a full-fledged study of the proton decay signatures via the
gauge boson and scalar leptoquark mediations is left for future publications.

3 Conclusion

I present a phenomenological study of the viable parameter space of the most minimal realistic
SU(5) model to date. The structure of the model is built entirely out of the fields residing in
the first five lowest lying representations in terms of dimensionality that transform non-trivially
under the SU(5) gauge group. These representations are 5H , 24H , 35H , 5F i, 10F i, 15F , 15F ,
and 24V , where subscripts H, F , and V denote whether a given representation contains scalars,
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fermions, or gauge bosons, respectively, while i = 1, 2, 3. The Yukawa couplings are Y u
ij = Y u

ji ,

Y d
ij = Y d∗

ij = δijY
d
i , Y a

i , Y b
i , Y c

i , and y, where i, j = 1, 2, 3. The model has nineteen real
parameters and fourteen phases, all in all, to address experimental observables of the Standard
Model fermions and accomplishes that via simultaneous use of three different mass generation
mechanisms. It inextricably links the origin of the neutrino mass to the experimentally observed
difference between the down-type quark and charged lepton masses. The main predictions of
the model are that (a) the neutrinos are Majorana particles, (b) one neutrino is massless, (c) the
neutrinos have normal mass ordering, and (d) there are four new scalar multiplets at or below
a 120TeV mass scale if they are mass degenerate. An improvement of the current p → π0e+

lifetime limit by a factor of 2, 15, and 96 would require these four scalar multiplets to reside at
or below the 100TeV, 10TeV, and 1TeV mass scales, respectively, under the assumption of the
multiplet mass degeneracy. If these multiplets are not mass degenerate, the quoted limits then
apply, for all practical purposes, to the geometric mean of their masses. The scalar multiplets in
question transform as (1, 3, 0), (8, 1, 0), (3, 3,−2/3), and (6, 2, 1/6) under the Standard Model
gauge group.
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Figure 2 – Experimentally viable parameter space of the model (left panels) and the gauge coupling unification
for the unification points A, A′, and A′′ (right panels) when M ≥ 1, 10, 100TeV, as indicated. The contours of
constant MGUT are given in units of 1015 GeV and appear as vertical solid lines while the contours of the gauge
coupling αGUT, at MGUT scale, are given as dot-dashed lines that run horizontally. Contours of constant m0 are
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Since the search for the nature of dark matter has been started, strong constraints have been
put on potential dark sector - standard model interactions. Feebly interacting thermal relics can
however easily evade these constraints. We recently introduced inelastic Dirac Dark Matter, a
dark sector model containing such a feebly interacting dark matter candidate. We have shown
that this model can still be very well probed by means of searching for displaced signature in
collider and fixed-target experiments. We point out that inelastic Dirac Dark Matter offers a
new search target for existing and future experiments as Belle II, ICARUS, LDMX and SeaQuest
and the importance of these displaced signatures searches to probe long-lived particles.

1 Introduction

Direct detection has put a lot of pressure on thermal WIMP Dark Matter (DM). Current searches
for DM-nucleon or DM-electron interactions are extremely sensitive and null results from these
experiments hence constrain the Dark Sector (DS) - Standard Model (SM) interactions heavily.
An elegant solution to explain these null results is a DS containing a feebly interacting relic.
It has been shown in the past that such models can explain the observed DM relic density
and be in agreement with other cosmological probes such as big bang nucleosynthesis and the
cosmic microwave background. In many of these models, the feeble DM-SM interactions are
mediated by another DS particle, often referred to as the mediator. Due to the feeble nature of
the coupling governing the DS interactions, the mediator can have a macroscopic decay length.
Such long-lived particles (LLPs) are also present in the SM, and hence, it is also natural to
consider their existence in DS models.
Due to the feeble nature of the DM-SM interactions, it is very hard to test these models. In
most cases, the most promising way of testing the model is to probe the long-lived mediator.
If the mediator is charged, it is possible to directly observe this particle when it is produced in
collider or fixed-target experiments. Charged mediators typically arise in DS models where the
DM particle directly couples to a SM particle trough a 3-point interaction with the mediator.
Here, the mediator must be heavier than roughly 100GeV, since extensive searches at LEP have
not revealed such charged particles. In this mass range, searches for LLPs at the Large Hadron
Collider (LHC) are very good at probing these models 1. On the other hand, neutral mediators,
for example arising in portal DM models, can be lighter than that. One well studied example
is called inelastic Dark Matter (iDM) 2, where the DS consists of two pseudo-Dirac states χ1
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and χ2, interacting with quarks and leptons via an abelian dark force by exchanging a dark
photon A′. This interaction drives the dark matter freeze-out in the early universe and the relic
abundance is set through the co-annihilation process χ1χ2 → A′(∗) → ff into SM fermions f . In
order to reproduce the DM abundance today, the dark fermion masses have to lie in the MeV-
GeV mass range with a relative mass splitting of the order of 10% or less. The phenomenology
of the model has already been studied extensively in the literature, and the model has become
a target model for many particle physics searches.
Here, we consider a novel model in the MeV-GeV range, dubbed inelastic Dirac Dark Matter
(i2DM) 3, where the pseudo-Dirac states in the iDM model are promoted to Dirac states, one
being charged and the other one uncharged under a dark U(1)D. The symmetry is spontaneously
broken by a Higgs-like mechanism, which causes the two dark fermions to mix. As a result, the
dark matter candidate χ1 interacts only feebly through the small mixing, while the coupling of
the dark partner χ2 through the dark gauge force is unsuppressed. The details of this model
will be discussed in Sec. 2. As in iDM, it is typically required to have a small relative mass
splitting between the dark fermions, in order to reproduce the observed relic density, Ωh2 = 0.12.
Therefore, not only DM annihilation, but also co-annihilation and coscattering processes will
play an import role in setting the DM relic abundance, which we will discuss in Sec. 3. The small
mass splitting, together with a small mixing angle, will result in a long lifetime of the χ2 decay
into χ1 and a pair of electrons. Searches for such long-lived particles have already been performed
at collider and fixed-target/beam-dump experiments. The sensitivity of these searches will be
discussed in Sec. 4, as well as the potential constraining power of future experiments.

2 Inelastic Dirac Dark Matter

We introduce a dark sector consisting of two Dirac fermions, both being neutral under the SM
gauge symmetry, and a dark U(1)D gauge boson we will refer to as the dark photon A′. The
heaviest fermion will be charged under the U(1)D, while the lightest will be neutral. The dark
symmetry is spontaneously broken by the vacuum expectation value of a heavy dark scalar,
inducing a mixing term between the two dark fermions and giving the dark gauge boson a mass.
The dark gauge boson kinetically mixes with the hypercharge field, thus acting as a mediator
between the dark fermions and the SM fermions.
Due to the induced mixing between the dark fermions χ1 and χ2, also the lightest one will be able
to couple to the dark photon and hence, also with the SM fermions. The relevant interactions
of the dark sector with visible matter are described by the Lagrangian

L ⊃ eεA′μ
∑
f

Qf f̄γ
μf − gD

(
A′μ + ε

sW
cW

Zμ

)(
sin2 θJμ

1 − sin θ cos θJμ
12 + cos2 θJμ

2

)
, (1)

where f denotes the SM fermions with electric charge Qf in units of the electromagnetic coupling
e; gD is the coupling constant of the U(1)D symmetry; sW , cW are the sine and cosine of the
weak mixing angle; θ is the mixing angle between the dark fermions; and ε parametrizes the
kinetic mixing a. The dark fermion currents are

Jμ
1 = χ̄1γ

μχ1, Jμ
2 = χ̄2γ

μχ2, Jμ
12 = χ̄1γ

μχ2 + h.c. (2)

The mass mixing between the dark fermions determines the relative coupling strength of χ1

and χ2 to the dark photon. Throughout our analysis, we assume that the dark scalar that is
responsible for the mixing is much heavier than the other dark particles and does not affect the
observables we consider.
A priori, a dark sector as described above could be realized at any mass scale. Throughout this
work we focus on dark fermions in the MeV-GeV range, which could be resonantly produced at

aIn Eq. 1, we only show the leading terms in ε. For higher order terms, see 3.
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colliders and fixed-target experiments, see Sec. 4.
The phenomenology of i2DM is described by six independent parameters {m1,Δ,mA′ , αD, ε, θ},
with αD = g2D/(4π). The relative mass splitting between the dark fermions is defined as Δ =
(m2−m1)/m1. Throughout this work we focus on the mass hierarchy mA′ > 2m2, so that decay
of the dark photon into dark fermions is kinematically allowed. Within this considered mass
hierarchy region, the annihilations of the dark fermions into SM particles through an off-shell
dark photon define the freeze-out dynamics of the DM candidate χ1. As a consequence, for
mA′ � m1,2, the scattering rates and decays of dark fermions scale as y = ε2 αD (m1/mA′)

4.
Hence, we will often parameterize the DS-SM interactions by y.

3 Dark matter production in the early universe

Dark matter relics in the MeV-GeV range must be feebly coupled to the thermal bath in order
to account for the observed DM abundance, Ωh2 = 0.12. Moreover, viable scenarios of inelastic
dark matter typically require a compressed spectrum of DS particles. Hence, for i2DM, we will
always assume ε, θ,Δ� 1. When the spectrum is compressed, the conversion processes such as
χ1f → χ2f are efficient in large regions of parameter space so that the dark partner can also
play a role in setting the DM relic abundance through co-annihilation processes χiχj → ff 4.
From Eq. 1, it is clear that there exists a hierarchy between these processes, depending on the
exact value of the mixing angle θ. Hence, it becomes clear that the relic abundance can be set
by various mechanisms. We identify three different phases of freeze-out, distinguished by the
processes that set the dark matter relic abundance:

1. co-annihilation phase: Ωχh
2 set by χ1χ2 ↔ ff̄ and χ2χ2 ↔ ff ,

2. partner annihilation phase: Ωχh
2 set by χ2χ2 ↔ ff ,

3. conversion phase: Ωχh
2 set by χ1f ↔ χ2f and/or χ2 ↔ χ1ff .

These three freeze-out phases can be identified in Fig. 1, in the tan θ vs. y plane. For a fixed
DM mass of m1 = 150MeV, we show contours where the observed DM relic abundance can be
reproduced for different values of the mass splitting Δ. For the largest values of tan θ and Δ
shown in Fig. 1, we see that the relic abundance curves bend from a diagonal into a vertical
line. The diagonal line can be identified with the co-annihilation phase, while for smaller values
of tan θ, we enter the partner annihilation phase. In this phase, we clearly see that the relic
abundance is independent of tan θ, since the partner annihilation cross section scales with cos4 θ,
which roughly equals to unity for small values of tan θ.
For even smaller values of the mixing angle, the relic density contours start to deviate again from
a vertical line. At this point, conversion processes are not efficient enough around the chemical
freeze-out time χ2. Hence, the evolution of the χ1 abundance is not tightly tied anymore to the
one of χ2, so that its abundance will not be set anymore by χ2 annihilation, but rather by the
conversion processes themselves. Since these processes depend again on tan θ, the vertical line
in Fig. 1 starts to bend again in the lower regions of the plot.
A very important remark that has to be made is that throughout all of the discussion above,
it has been assumed that both dark fermions are kept in kinetic equilibrium via (co-)scattering
processes throughout the whole DM abundance evolution. While this is true for χ2, since χ2

scattering of SM fermions does not depend on tan θ, it is not always the case for χ1. In particular
in the conversion phase, the conversion processes are not always efficient in keeping χ1 in kinetic
equilibrium up till freeze-out. However, this does not affect qualitatively the results in Fig. 1,
see 3.
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Figure 1 – Dark matter relic abundance for i2DM as a function of the dark interaction strength, y, and the dark
fermion mixing, tan θ. The dark matter mass is fixed to m1 = 150MeV. The observed abundance Ωh2 = 0.12 is
obtained along the colored contours for different dark fermion mass splittings Δ = 0.01 . . . 0.3.

4 Long-lived particle searches

Due to the small mixing angle and small kinetic mixing parameter considered in this work,
direct and indirect detection experiments will fall short in probing i2DM. However, even with a
relatively small kinetic mixing parameter assumed here, the dark photon can still be copiously
produced in collider and fixed-target experiments. The decay of the dark photon to dark fermions
is kinematically allowed, making it the main decay channel since the decay to SM fermions is
suppressed by ε2. The dark photon will mainly decay to two χ2 particles since this decay is not
suppressed by the small mixing angle θ, unlike the decay into χ1. Probing this decay can by
done in a few ways at collider and fixed-target experiments, which we will discuss below.

4.1 Searching for missing energy at collider experiments

At e+e− colliders, a clean environment is provided to probe MeV-GeV scale particles. Through
the kinetic mixing with the hypercharge boson, an on-shell dark photon can be created in a e+e−

collision, and decay promptly into a pair of χ2 particles. For the parameter space considered
here, the lifetime of χ2 ranges from 104−1016s, way too long to probe this decay in experiments
like BaBar and Belle II, whose detectors only range up to a few meter away from the interaction
point. However, these detectors enclose the e+e− collision very well, so that searches for missing
energy can be performed. At BaBar, a search for a single photon and missing energy has been
performed, which is referred to as a mono-photon search 5. Since in i2DM, a photon can be
produced (through initial state radiation) alongside the dark photon in e+e− collisions, the
search constrains the kinetic mixing parameter: ε � 10−3 for mA′ � 5GeV. It has been shown
that Belle II can perform a similar search and improve on these bounds by roughly an order of
magnitude 6.

4.2 Searches at fixed-target experiments

When a high energetic beam collides on a target or beam-dump, dark photons can be created
via dark bremsstrahlung or meson decays. Long-lived χ2 particles originating from these dark
photons can subsequently be probed through three different signatures: a displaced electron pair
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that is produced through the χ2 decay; scattering of χ2 on material in the detector; or missing
energy when χ2 escapes the detector. Searches for these signatures have been performed at
various fixed-target experiments, and have been reinterpreted for iDM. We have reinterpreted
these searches, performed at the neutrino experiments LSND and CHARM, for i2DM, using
the techniques discussed in 3. At CHARM, only a search for a displaced electron pair has been
performed 7, while LSND can probe both the decay and scattering signature 8. The results of
these searches are shown in Fig. 2 (grey and red/brown colored areas for respectively CHARM
and LSND), where we have fixed the kinetic mixing parameter to the maximal allowed value by
the BaBar mono-photon search.
As can be seen in Fig. 2, there is still an unexplored region in parameter space where the correct
relic density is reproduced, depicted by the solid green contour. Future fixed-target experiments
will be excellent probes to study these regions and fully probe i2DM. To exemplify this point,
we show the expected exclusion limits of some promising experimental proposals including:
SBN: The Short-Baseline Neutrino (SBN) program at Fermilab 9 is a planned facility to probe
neutrinos and light dark sectors. This program consists of three detectors, which can be reached
by particles originating form two different targets from two different beams. In Fig. 2, we show
the expected exclusion limits from the ICARUS detector (yellow dashed line) running in ”off-
axis” mode (see 10) looking for both decay and scattering signatures.
SeaQuest: Originally developed to study the sea quark content of the proton with a 120 GeV
proton beam and various targets, the Fermilab experiment SeaQuest has a good potential to
probe dark sectors 11,12. An electromagnetic calorimeter has already been proposed for this
experiment, in order to improve its sensitivity to MeV-GeV scale LLPs decaying to electrons.
Compared to Charm and Icarus, SeaQuest can potentially improve on the sensitivity to i2DM
for DM masses above 100MeV, as can be seen in Fig. 2 (red dashed line).
LDMX: The proposed Light Dark Matter eXperiment (LDMX) 13,14 is an electron beam-dump
experiment designed primarily for probing light dark matter models. Its search strategy relies
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on dark sector particles being produced in the beam dump escaping the detector, which extends
up to about 1m downstream from the target. In Fig. 2, we show our interpretation for i2DM
for the most conservative design option (gray dashed line). LDMX is especially well suited to
probe i2DM scenarios with very small mass splitting (Δ ∼ 0.01), which are difficult to detect in
experiments that only probe the decay products of the dark partner.

5 Conclusion

We have introduced a novel model for a MeV-GeV scale DS, dubbed ¡emphinelastic Dirac Dark
Matter (i2DM). Compared to the widely studied model of inelastic Dark Matter (iDM) with
Majorana fermions, i2DM has a different thermal history which we have discussed briefly. In
order to reproduce the observed relic abundance, we typically need small values of the mass
splitting Δ, the kinetic mixing parameter ε and the mixing angle θ. In this region of parameter
space, direct and indirect detection searches will not be able to test i2DM. On the other hand,
collider and fixed-target experiments do a very good job in constraining this region. Existing
limits from BaBar, LSND and CHARM already put stringent constraints on the i2DM parame-
ters. We further showed that proposed searches/experiments from Belle II, SBN, SeaQuest and
LDMX will be able to fully probe the parameter space of i2DM. Hence, fixed-target experiments
have been proved to be a very powerful probe for MeV-GeV scale DS models.
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Searches for 3rd generation-philic new phenomena with the ATLAS detector
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The ATLAS detector at the LHC has so far collected 139 fb−1 of data at a centre-of-mass
energy

√
s = 13 TeV, which can be used to search for 3rd generation-philic new phenomena.

Three of the latest searches, which explore previously uncovered kinematic regions and use
novel analysis techniques, are presented here. No deviation from the Standard Model predic-
tion was found and new limits are set on a number of representative benchmark models.

1 Introduction

The highly energetic proton-proton collisions provided by the Large Hadron Collider (LHC),
which are measured by the ATLAS experiment 1, provide us with an excellent opportunity to
search for new particles that decay predominantly to the heaviest fundamental particle discovered
so far: the top quark. These new particles could, for example, be heavy Z ′ and W ′ bosons which
are predicted by Composite Higgs scenarios, that address the Higgs fine-tuning problem.

The new 3rd generation-philic particles could also be additional neutral heavy Higgs bosons
H/A predicted by Two-Higgs-Doublet-Models (2HDMs). These are predominantly produced in
gluon fusion via a triangular loop and the leading decay mode at highH/Amasses and low values
of tanβ is tt̄ (in type-II 2HDMs). However, searching for H/A→ tt̄, is rather complicated due to
strong interference effects between the signal and dominant background process from Standard
Model (SM) tt̄ production. Another option is therefore to look at associated production instead.
This consideration motivates the first search that will be presented, which is the tt̄H/A → tt̄tt̄
search in the 2LSS+3L channel. The other two searches presented here are targeting Z ′ and W ′

bosons in the tt̄Z ′ → tt̄tt̄ search in the 1L channel and the W ′ → tb̄ search in the 0l channel.

Copyright 2022 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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Table 1: Definition of variables for control (CR) and signal (SR) regions for the tt̄H/A → tt̄tt̄ search. 3

Region Channel Nj Nb Fitted variable

CR HF e eee || eeμ = 1 Yield
CR HF μ eμμ || μμμ = 1 Yield
CR Conv e±e± || e±μ± 4 ≤ Nj < 6 ≥ 1 mPV

ee

CR tt̄W e±μ± || μ±μ± ≥ 4 ≥ 2
∑

plT
CR lowBDT 2LSS+3L ≥ 6 ≥ 2 SM BDT
BSM SR 2LSS+3L ≥ 6 ≥ 2 BSM pBDT

Figure 1 – Tree-level Feynman diagram for the associated production of a heavy Higgs boson H/A with subsequent
decay to tt̄.

2 Search for top-quark associated production of a heavy Higgs boson

The four-top-quark production cross section in the multilepton final state has been measured
by ATLAS to be 24+7

−6 fb 2, which corresponds to an observed significance with respect to the
background-only hypothesis of 4.3 standard deviations. This is 1.7 standard deviations from the
SM expectation of 12.0± 2.4 fb.

As an extension to this measurement, a search for top-quark associated production of neutral
Higgs bosons H/A that decay to tt̄, which yields a four-top-quark final state, tt̄H/A → tt̄tt̄,
in the same-sign two lepton (2LSS) and three lepton (3L) channels has been performed. 3 A
Feynman diagram of the tree-level process is shown in Figure 1. In this search, four-top-like
events are extracted by using a boosted decision tree (SM BDT). In order to further distinguish
the Beyond-Standard-Model-like (BSM-like) events from the SM four-top-like events another
parametrised-BDT (BSM pBDT) is applied to the events in the signal region.

The events in the signal region fulfil the following requirements: Two same-sign (or three)
leptons (electron/muon), , with pT > 28 GeV, ≥ 6 small-R jets, ≥ 2 b-tagged jets using the
DL1r b-tagging algorithm 4, HT =

∑
p�T + pjT > 500 GeV, and SM BDT ≥ 0.55. The variable

of interest in the signal region is the BSM pBDT and since the BDT is parametrised, it means
that we have a different distribution for each of the signal masses.

There are two types of backgrounds in this search: irreducible and reducible. The irre-
ducible background is mainly composed of SM four-top-quark events, but also ttX+jets where
X = W,Z, γ∗, H. The reducible background comes from jets mis-identified as leptons (fake
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leptons) or non-promt leptons and charge misidentification. In order to precisely estimate the
backgrounds a template fit method is applied. It relies on several control regions which target
specific backgrounds. The control regions as well as the signal region is outlined in Table 1.
Here CR HF e/μ is targeting events where one lepton is coming from a heavy-flavour meson
decay, whereas CR Conv is targeting the material photon conversion and virtual photons γ∗

leading to e+e−. CR tt̄W is meant to control the tt̄W+jets background, which is known to be
underestimated in simulation. Finally, CR lowBDT is not targeting a specific background, but
is meant as a control region close to the signal region. The control and signal regions are fitted
simultaneously. The post-fit background and data distributions are shown in Figure 2 for the
control and signal regions with the assumption that mH = 400 GeV.

Since no significant excess above the Standard Model prediction is seen, limits are set on the
2HDM. Figure 3 shows the upper limits on the tt̄H/A cross-section times branching fraction of
H/A→ tt̄ at 95% CL as a function of mH/A. Two theory lines with different values of the ratio
of the vacuum expectation values of the two Higgs doublets, tanβ, are shown in orange and
blue, respectively. Using these lines (and similar for other tanβ values), the cross section limit
can be translated to a limit on tanβ. The resulting exclusion contours are shown in Figure 4.

3 Search for top-quark associated production of a heavy Z’ boson

Another search that is targeting the four-top-quark final state is the tt̄Z ′ → tt̄tt̄ search 5 which
is the first to use the one lepton (1L) channel. The process is depicted in the Feynman diagram
in Figure 5. Unlike the traditional Z ′ → tt̄ searches, which assume Z ′ production from light
quarks, this search is sensitive to truly top-philic resonances, that do not couple to light quarks
at all. It is optimized for resonance masses above 1 TeV, whereas the tt̄H/A → tt̄tt̄ search
presented in the previous section is sensitive at lower masses.

The events of interest are selected by requiring exactly 1 lepton with pT > 28 GeV, ≥ 2
reclustered jets with pT > 300 GeV and m > 100 GeV, ≥ 2 additional small-R jets outside the
reclustered jets, and ≥ 2 b-tagged jets using the DL1r algorithm. The reclustered jets are created
by clustering the small-R jets into large-R jets using the anti-kT algorithm with R = 1.0. They
are used to capture the decay products of the top quarks that originate from the proposed Z ′

boson and the variable of interest is therefore the invariant mass of the two leading reclustered
jets, mJJ .

It is clear from Figure 6, which shows the number of additional small-R jets and b-tagged jets,
that these variables are good discriminants for background and signal events. The higher the
number, the more signal-like the event is. The source, validation and signal regions are therefore
defined according to these two variables as seen in Figure 7, which also shows the functional
form fit to the data in the source region. This fit is used to estimate the total background in
the validation and signal regions by extrapolating it using the ratio of Monte Carlo events in
the validation/signal region to the events in the source region.

The post-fit background and signal distributions in the most sensitive signal region is shown
Figure 8. No significant excess is observed and limits are therefore set on the Z ′ signal. The
observed (expected) upper limits on the cross section times branching fraction range from 65
(54) fb at 1.0 TeV to 12 (11) fb at 3.0 TeV.

4 Search for vector boson resonances decaying to a top quark and a bottom quark

It is also possible to search for a new charged 3rd generation-philic boson, which would then
decay to tb̄. This is done in the W ′ → tb̄ search 6. The result presented here targets the 0L
channel, which is the channel with the largest tb̄ branching ratio. The process is sketched in
the Feynman diagram in Figure 9. Compared to previous iterations of this search it relies on
improved b- and top-tagging algorithms. Top-tagging aims to identify highly energetic, merged
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Figure 5 – Tree-level Feynman diagram of the associated production of a heavy Z’ boson with subsequent decay
to tt̄.
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Figure 7 – Illustration of source (blue), signal (red), and validation (grey) regions (left), and the fit to data in the
source region (right) in the tt̄Z′ → tt̄tt̄ search. 5

Figure 8 – Data and post-fit background distributions of the invariant mass of the two leading reclustered jets in
the (≥ 4a,≥ 4b) signal region in the tt̄Z′ → tt̄tt̄ search. 5
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Figure 9 – Feynman diagram of production of a heavy W’ boson with the top quark decaying hadronically.
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search. 6

hadronic top-quark decays. Furthermore, the search uses a data-driven multijet background
estimate.

The events of interest are chosen by requiring exactly 0 electrons and muons, 1 top-tagged
large-R jet using the DNN top-tagging algorithm 7, and ≥ 1 b-tagged small-R jet using the DL1r
b-tagging algorithm. The variable of interest is the invariant mass of the top-tagged large-R jet
and the b-tagged small-R jet, mtb.

The events are assigned to different regions depending on the b- and top-tagging scores as
well as whether ΔR(j, J) > 1.0 (0-b-tag-in) or ΔR(j, J) < 1.0 (1-b-tag-in) where ΔR(j, J) is
the distance between the b-tagged small-R jet and the top-tagged large-R jet. This splitting is
illustrated in Figure 10, which shows the validation, template, control and signal regions. The
template and control regions are used to estimate the multijet background in the validation and
signal regions.

The post-fit and data distributions in the most sensitive signal region (SR1) are seen in
Figure 11. No significant excess above the Standard Model prediction is seen, so limits can be
set on the W ′ signal. The upper limit on the cross section times branching fraction at 95% CL
is seen in Figure 12. It excludes a W ′ boson with right-handed couplings with mass below 4.4
TeV.

5 Summary

The three searches presented here show how the ATLAS experiment has used the full Run 2
dataset from the LHC to look for 3rd generation-philic BSM phenomena in various ways. No
significant derivations from the SM was observed, but using novel analysis techniques it was
possible to explore new phase space and kinematic regions for the first time. The tt̄H/A→ tt̄tt̄
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search is the first full Run 2 search to probe the high-mass/low tanβ region of type-II 2HDMs
and the tt̄Z ′ → tt̄tt̄ search is the first to target truly top-philic resonances. Furthermore, the
W ′ → tb̄ search is setting the most stringent limits on tb̄ resonances to date.
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Recent ATLAS results on searches for electroweak produced supersymmetric
particles

Francesco Giuseppe Gravili, on behalf of the ATLAS Collaboration

University of Salento, Department of Mathematics and Physics “Ennio De Giorgi”,
& INFN Unit of Lecce, 73100 Lecce, Italy

A review of the latest searches for electroweak produced supersymmetric particles is presented,
performed on proton-proton collision data collected by the ATLAS detector during the full
LHC Run 2. The dataset corresponds to a total integrated luminosity of 139 fb−1. A first effort
in measuring WW production cross-section, using unfolding techniques in a SUSY-inspired
phase space, is reported. No evidence for supersymmetry is found and exclusion limits are set
on the masses of the electroweak particles involved in the considered processes.

1 Introduction

The Standard Model (SM) of fundamental interactions is the underlying theory for elementary
particles and their interactions. Despite the many experimental results precisely confirming the
predictions of this theory, there are still some open questions within the model. SUperSYmmetry
(SUSY) is a Beyond Standard Model (BSM) physics theory, predicting the existence of fermionic
(bosonic) supersymmetric partners (also known as sparticles) for the bosons (fermions) in the
SM, differing by 1/2 unit in spin. A new quantum number is introduced to distinguish between
SM and BSM particles, R-parity, R = (−1)3(B−L)+2s with B, L being the barionic and lepton
numbers, while s is the spin of the particle. In R-parity-conserving scenarios, sparticles must
be produced in pairs and the lightest supersymmetric particle (LSP) in the SUSY decay chains
is stable and weakly interacting, potentially providing a Dark Matter (DM) candidate. The
superpartners of the SM Higgs (higgsinos) and electroweak (EWK) gauge bosons (collectively
referred to as electroweakinos) mix to form chargino (χ̃±i , i = 1, 2) and neutralino (χ̃0

j , j =
1, . . . , 4) mass eigenstates. Direct electroweakinos production would dominate SUSY production
at the Large Hadron Collider (LHC) if low-mass electroweakinos were lighter than squarks and
gluinos.
The latest searches for electroweak produced supersymmetric particles are highlighted, exploiting
the full LHC Run 2 proton-proton collision dataset collected with the ATLAS 1 experiment at√
s = 13 TeV and corresponding to an integrated luminosity of 139 fb−1.
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Figure 1 – Observed 95% C.L. exclusion limits for various BR(χ̃0
2 → Zχ̃0

1) hypotheses (left). Expected and
observed 95% C.L. exclusion limits for the (H̃, G̃) model (center). Expected and observed 95% C.L. exclusion
limits for the (H̃, ã) model, assuming various BR(χ̃0

1 → Zã) hypotheses (right).

2 SUSY Electroweak searches

2.1 Search for charginos and neutralinos in fully hadronic final states

A BSM search of electroweakinos in fully hadronic final states (qqqq and qqbb) and missing trans-
verse momentum 2 is presented. The considered final states take advantage of large branching
ratio (BR) and the efficient background rejection provided by the identification of high-pT bosons
using large-radius (large-R) jets and jet substructure information.
Three physics scenarios are considered:

• a baseline Minimal Supersymmetric Standard Model (MSSM), considering the pair pro-
duction of heavy electroweakinos χ̃heavy (wino- W̃ or higgsino-like H̃) each of them decay-
ing into on-shell W, Z or SM Higgs boson h and a lighter one χ̃light (bino- B̃, wino- or
higgsino-like);

• a scenario with gravitino LSP and light higgsinos (H̃, G̃), inspired by General Gauge
Mediation models and naturalness;

• a scenario with axino LSP, under the assumption of SM extension with QCD axion and
light higgsinos (H̃, ã).

Events with no leptons are selected: two orthogonal Signal Regions (SRs) are defined based
on the large-R jets multiplicity, in order to target the qqqq and qqbb final states, identified
by boson tagging requirements. Then, multiple additional SRs are defined in each of the two
categories, targeting the different physics processes. The main SM background process is Z(→
νν)+ jets, followed by W (→ ν)+ jets, dibosons VV and tribosons VVV. In SRs with two b-
tagged jets, contributions from tt̄, Wt and tt̄+X processes are taken into account. Backgrounds
are normalized to data in dedicated Control Regions (CRs), performing a profile log-likelihood
fit or taken from Monte Carlo (MC) directly, in case of minor contributions. The quality of
the fit procedure is assessed in dedicated Validation Regions (VRs), defined to be orthogonal
to SRs and CRs and kinematically close to them. The observed data match the expected
background estimations within experimental uncertainties. Then, exclusion limits are set in the
three considered scenarios: some results are shown in Fig. 1.

2.2 Search for new phenomena in events with two leptons and jets

A BSM search for SUSY-inspired new phenomena in events with two same flavor (SF) leptons
(e+e− or μ+μ−), jets and missing transverse momentum is presented3. Two main EWK searches
are considered, targeting the pair productions of charginos and neutralinos: the production of
chargino-neutralino pairs, decaying into W and Z bosons along with two neutralinos (C1N2
model); the pair production of higgsino next-to-lightest SUSY particles decaying into ZZ or Zh
pair and G̃ LSP, inspired by gauge-mediated SUSY breaking (GMSB). Moreover, the excess
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Figure 2 – Observed and expected yields in Control, Validation and Signal regions of the RJR search, together
with the corresponding significance: in red are highlighted the two SRs where excesses were observed.
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observed in 36 fb−1 of data 4 using the Recursive Jigsaw Reconstruction (RJR) technique 5, is
followed up, in order to benefit of the increased statistics, keeping the same analysis strategy.
No excess is found when considering the full Run 2 dataset, as shown in Fig. 2.
The main electroweak search uses 13 orthogonal SRs to cover different phase space regions of the
considered models. SR events are required to have exactly two Opposite-Sign (OS) SF (SFOS)
leptons with pT > 25 GeV and at least two jets having pT > 30 GeV. Most of the regions
requires the jet system invariant mass to be around the W, Z or Higgs boson mass, while the
lepton invariant mass being centered on the Z boson mass. High Emiss

T significance 6 cuts are
chosen to select events with boosted kinematics. Three main background sources are identified
and suitable CRs/VRs are defined accordingly: dibosons, tt̄, Z/γ∗+ jets (splitted in on- and
off-shell). No excess is found in none of the SRs and exclusion limits are set in the two considered
scenarios, as shown in Fig. 3.

2.3 Search for charginos and sleptons with mass splittings near the W boson mass

A search for the electroweak production of charged sleptons (mass degenerate selectrons and
smuons) and chargino pairs decaying into final states with two leptons and missing transverse
momentum is reported7. This search targets the mass parameter space not excluded by previous
searches 8. Two different analysis strategies are developed.

• Direct slepton pair production: a SF opposite-charged lepton pair is required, Emiss
T from
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Figure 4 – Expected and observed 95% C.L. exclusion limits for the direct slepton pair production (left) and
direct chargino pair production with W boson decay models (right).

neutralino LSP and low hadronic activity coming from an Initial State Radiation (ISR)
jet. A multi-bin fit is performed in the stransverse mass 9,10 m100

T2 variable (i.e. assuming
m(χ̃0

1) = 100 GeV), using events classified by the multiplicity of non-b-tagged jets. A
data-drive technique is used to estimate the dominant backgrounds, considering that the
signature of the signal final state has SFOS leptons, while the main background processes
decay into SF and DF (different flavor) OS leptons with equal probability (Flavor Sym-
metric Backgrounds, FSB). The DF channel is used to predict the FSB contribution in
SRs, taking into account the different trigger, reconstruction, isolation and identification
efficiencies for electrons and muons (Efficiency Correction method). Minor backgrounds
are taken from MC directly. The method is validated in two VRs, with the same m100

T2

selections as the corresponding SRs.

• Direct chargino pair production with W boson leptonic decay: two OS leptons are con-
sidered in the event, both DF and SF, and no hadronic activity. To get sensitivity to
the targeted phase space, a machine learning technique, based on the Gradient Boosted
Decision Tree (BDT) algorithm 11, is used to discriminate events in 4 different categories:
signal, VV, top-quark (tt̄ and single-top) and all other backgrounds, mainly Z/γ∗+ jets.
Two sets of orthogonal SRs are defined, according to flavor topology, and a shape-fit is
performed on the signal BDT score, to maximise model-dependent search sensitivity. The
other BDT classifiers are used to define CRs and VRs for the two irreducible background
sources, VV and top-quark, while reversing the BDT-signal cut or including events with
1 b-tagged jet to ensure orthogonality.

No significant deviation from the SM expectations are observed in any of the SRs defined by
the two analyses. Exclusion limits at 95% CL are set on the masses of the slepton/chargino and
the LSP, as shown in Fig. 4. Exclusion limits are also set for selectron and smuons separately,
without changing the selection used for the general result, and in case of m(μ̃) −m(χ̃0

1) plane,
portions of the region excluded by this search are expected to be compatible with the (g − 2)μ
anomaly for small tanβ values 12.

3 WW Unfolding measurement

Measurements of W+W− production cross-section may provide important tests for EWK SM
physics, while the WW production being an important background process in BSM physics
searches. More specifically, it represents a significant irreducible background source in many
SUSY searches, estimated normalizing MC to data through a semi-data-driven procedure in
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dedicated CRs. The resulting normalization factor is expected to be around unity, within exper-
imental uncertainties, and possible differences may be an evidence of mismodelling of the phase
space targeted by the search, making the comparison difficult with precision SM measurements.
When producing “unfolded” particle-level measurements in BSM-inspired phase space, the idea
is to make a link between these two research areas, thus establishing the aforementioned com-
parison. Moreover, by targeting more extreme event topologies, additional constraints on BSM
physics can be provided as well as possible improvements in the modelling of SM backgrounds
for future searches. The present search 13 is complementary with respect to other ATLAS 13
TeV measurements of WW production in events with 0-jet 14 or ≥ 1-jet 15.
The underlying SUSY search is the direct electroweak production of charginos and sleptons in
final states with two OS leptons and missing transverse momentum 8, focused on Δm(χ̃±1 , χ̃

0
1) �

100 GeV. The considered decay channel is WW → e±νμ∓ν, with no hadronic activity. With
respect to the original CR-WW defined in the analysis, the mT2 and Emiss

T cuts are redefined to
be in the range [60, 80] GeV to provide a broader phase space for measuring angular correlations
of the WW production system, while reducing, at the same time, top-quark contamination. The
Emiss

T significance requirements is removed. The fiducial cross-section is obtained from the dif-
ference of the observed and the predicted events, taking into account the integrated luminosity,
the limited acceptances and detector inefficiencies.
The differential cross-section is calculated using the Iterative Bayesian Unfolding technique,
which corrects the detector-level distributions of data for migrations between bins introduced
by the event reconstruction, and applies fiducial and reconstruction efficiency corrections. The
measured fiducial cross-section is found to be σWW→e±νμ∓ν = 19.2 ± 2.6 (total) fb, with the
largest systematic contribution coming from experimental jet uncertainty (12%). To be able to
compare this value with the normalisation factor found in the analysis 8, μWW = 1.25 ± 0.11,
the measured cross-section value has to be divided by the nominal theory prediction (uncer-
tainties not considered), and the ratio has to be multiplied by a factor of 1.13 to account for
the Next-Leading-Order (NLO) cross-section calculation. The result is found to be consistent
with the normalisation factor, within the uncertainties. Particle-level differential cross-section
for the angular variable |Δφeμ| is shown in Fig. 5, as an example. The region |Δφeμ| < 1.5 is
underestimated by both theory predictions, consistent with observations in the previous ATLAS
13 TeV WW 0-jet measurement.
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4 Summary

The latest ATLAS searches for electroweak produced supersymmetric particles are described.
The searches used proton-proton collision data at

√
s = 13 TeV, corresponding to an integrated

luminosity of 139 fb−1. Observed data are found to be in agreement with SM background expec-
tations and results are interpreted in terms of exclusion limits on the masses of the electroweak
particles considered or on the branching ratios associated with the decays. Sensitity is greatly
improved with respect to the previous published results in all the considered SUSY scenarios.
A new approach of measuring WW production cross-section in a SUSY-inspired phase space is
developed, trying to interconnect SUSY and SM research areas.
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The geometric SMEFT
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Effective field theories, like the Standard Model Effective Field Theory (SMEFT), are defined
by field re-definitions. Usually in order to perform calculations such field re-definitions are
used to define a fixed operator basis - that is not itself field redefinition invariant. The
geometric SMEFT (geoSMEFT) identifies and calculates with field space geometric structures,
also reflective of the field redefinition invariance of the theory. Such structures appear in
observables in the amplitude perturbations, and have an expansion in terms of local operators.
Using the geoSMEFT several consistent and complete O(1/Λ4) results in the SMEFT are now
known. We define the geoSMEFT and demonstrate its use in some examples.

1 Introduction

At this time, there is no statistically significant evidence in terrestrial particle physics experi-
ments pointing to an explicit new state to add to Standard Model (SM). Simultaneously, several
interesting hints of deviations from the SM expectation in the global pattern of experimental
results exist. This argues that a mass gap is present between any putative scale of new physics
∼ Λ and the electroweak scale v � 246GeV; possibly leading to deviations in the predicted SM
pattern for experimental results. Such a mass gap, if limited to v/Λ < 1/4π can also be con-
sistent with expectations of UV physics motivated by naturalness concerns for the Higgs mass
(mh). Broad classes of new physics scenarios consistent with this assumption can be studied
efficiently using Effective Field Theory (EFT) methods to analyse data sets gathered at energies√
s ∼ v << Λ.
It is of interest to examine current, and possible future deviations in measurements, in a

consistent theoretical EFT framework, that also incorporates lower energy experimental data
gathered on the Z, W± and h particle phase space poles. This theoretical framework has come to
be known as the linear Standard Model Effective Field Theory (SMEFT). Here “linear SMEFT”
refers to the assumption that the particle spectrum contains a SU(2) scalar doublet H. Devel-
oping predictions for particle physics experiments in the linear SMEFT to O(1/Λ2) is essentially
a solved problem1,2, and fully automated when using the SMEFTsim package3,4. However, the
SMEFT is an expansion in O(1/Λ2n). When interpreting the data at O(1/Λ2) in the SMEFT,
the sub-leading terms in the expansion O(1/Λ4) exist and cannot be ignored if the relative
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suppression between these corrections is not numerically negligible. (Which is likely to be the
case if deviations from the SM are found.) The effects of these sub-leading terms should be
considered, not naively ignored. In addition, loop corrections in the SMEFT also exist, which
also need consideration, and at times also need to be incorporated into global SMEFT fits.

The development of the one loop SMEFT calculations has advanced steadily for years. In
recent years a dimension eight operator basis has also been defined5. However, despite initial
studies and partial results6, systematically advancing the predictions of the SMEFT to dimension
eight was a daunting prospect. Such theoretical calculations are of value to have an informed
understanding of neglected dimension eight terms in SMEFT studies at O(1/Λ2) to avoid over
interpreting the results of global SMEFT fits. This point has long been made for the SMEFT
in the literature7,8,9,10 when considering the SMEFT as a model independent EFT bottom up.
To define such error estimates (and avoid intrinsically sterile debates that can seemingly never
be truncated) here we focus on how to develop theoretical calculations consistently to O(1/Λ4)
rapidly, completely and efficiently.

The key to making the advance to O(1/Λ4) systematic was to reconsider a basic feature in
the SMEFT. Field redefinition are used to define an operator basis in an effective field theory.
But the resulting operator basis is not field redefinition invariant. This is well known and not an
intrinsic problem at any mass dimension. An interesting question is: “Is there a way to calculate
that is more field redefinition invariant?” It is well known that operator bases are unphysical,
in that they combine up in a contribution to a specific observable in a manner that a consistent
global pattern of deviations are present – irrespective of the operator basis chosen. This implies
that combinations of operators can be considered more “physical”, than an individual operator.
The immediate follow up question then becomes - are particular combinations of operators more
useful to consider? And if so - what defines such combinations of operators systematically?

A useful set of intermediate quantities that the operators combine into in the SMEFT are
now known. The key point is that abstract interaction field spaces are present in the EFT and
define tensors - metrics and connections on such spaces. These tensors are useful as they then
project onto amplitudes perturbations in the SMEFT. When considering low n-point interactions
critical for phenomenology, the number of geometric quantities that so project is limited and
tractable to identify. Defining and exploiting these geometric quantities leads to the geometric
formulation of the SMEFT (geoSMEFT).

1.1 geoSMEFT

The geoSMEFT11 is constructed in the following fashion, building on many key steps in the pre-
vious literature12,13,14,15,2,16,17. For the sake of constructing CP even two, three point functions,
a set of field space metrics and connections are defined as follows. The scalar potential is

V (φ) = −LSMEFT|L(α,β···→0) , (1)

The field space metric for the scalar field bilinear, dependent on the SM field coordinates, is
defined via

hIJ(φ) =
gμν

d

δ2LSMEFT

δ(Dμφ)I δ(Dνφ)J

∣∣∣∣
L(α,β··· )→0

. (2)

The notation L(α, β · · · ) corresponds to non-trivial Lorentz-index-carrying Lagrangian terms
and spin connections, i.e. {WA

μν , (D
μΦ)K , ψ̄σμψ, ψ̄ψ · · · }. Here d = 4 is the number of space

time dimensions and gμν is the usual Minkowskian space time metric. Not that this definition
reduces the connection hIJ to a function of SU(2)L×U(1)Y generators, scalar fields coordinates
φi and v̄T . The CP even gauge field scalar manifolds, for the SU(2)L ×U(1)Y fields interacting
with the scalar fields, give

gAB(φ) =
−2 gμν gσρ

d2
δ2LSMEFT

δWA
μσ δW

B
νρ

∣∣∣∣
L(α,β··· )→0,CP-even

, (3)
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and (here A,B run over 1 · · · 8)

kAB(φ) =
−2 gμν gσρ

d2
δ2LSMEFT

δGA
μσ δG

B
νρ

∣∣∣∣
L(α,β··· )→0,CP-even

. (4)

We also have

kAIJ(φ) =
gμρgνσ

2d2
δ3LSMEFT

δ(Dμφ)Iδ(Dνφ)JWA
ρσ

∣∣∣∣
L(α,β··· )→0

(5)

and

fABC(φ) =
gνρgσαgβμ

3!d3
δ3LSMEFT

δWA
μνδW

B
ρσW

C
αβ

∣∣∣∣∣
L(α,β··· )→0,CP-even

,

kABC (φ) =
gνρgσαgβμ

3!d3
δ3LSMEFT

δGA
μνδG

B
ρσG

C
αβ

∣∣∣∣∣
L(α,β··· )→0,CP-even

. (6)

We also define the fermionic connections

Y ψ1
pr (φI) =

δLSMEFT

δ(ψ̄I
2,pψ1,r)

∣∣∣∣∣
L(α,β··· )→0

, Lψ,pr
J,A =

δ2LSMEFT

δ(Dμφ)Jδ(ψ̄pγμτAψr)

∣∣∣∣
L(α,β··· )→0

, (7)

and

dψ1,pr
A (φI) =

δ2LSMEFT

δ(ψ̄I
2,pσμνψ1,r)δWA

μν

∣∣∣∣∣
L(α,β··· )→0

. (8)

The explicit form of these field space metrics and connects are given in the core geoSMEFT
paper11 to all orders in v̄T /Λ. The remarkable compactness of the all orders form of these objects
in a key expansion parameter for precision SMEFT phenomenology, is due to the fact that they
are functions of arbitrary numbers of Higgs field emissions, and generators. The completeness
relations of the SU(2)×U(1) algebras reduce the complexity of these objects to a compact form
whose complexity usually saturates around mass dimension eight when considering operator
expansions of the metrics and tensors. This can also be see in Table 1.

1.2 Mass eigenstate transformations at all orders in v̄T /Λ

The utility of understanding the SMEFT through these the field space geometric quantities
present due to field redefinition invariance (fundamentally) is multi-fold. For example, one can
immediately confirm that the transformation at all orders in v̄T /Λ between weak and mass
eigenstates can be compactly expressed as

αA = UA
C βC , WA,μ = UA

CAC,μ, φJ = VJ
K ΦK , (9)

where in the SM limit αA = {g2 g2, g2, g1} and WA = {W1,W2,W3, B} and

βC =

{
g2 (1− i)√

2
,
g2 (1 + i)√

2
,
√
g21 + g22(c

2
θ̄ − s2θ̄),

2 g1 g2√
g21 + g22

}
, (10)

AC =
(
W+,W−,Z,A

)
. (11)

Here φJ = {φ1, φ2, φ3, φ4}, ΦK = {Φ−,Φ+, χ, h} for the scalar fields with normalisation

H(φI) =
1√
2

[
φ2 + iφ1

φ4 − iφ3

]
, H̃(φI) =

1√
2

[
φ4 + iφ3

−φ2 + iφ1

]
. (12)
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Table 1: Counting of operators contributing to two- and three-point functions from Hilbert series 18,19.
Nf corresponds to the number of fermion generations.

Mass Dimension

Field space connection 6 8 10 12 14

hIJ(φ)(Dμφ)
I(Dμφ)J 2 2 2 2 2

gAB(φ)W
A
μνW

B,μν 3 4 4 4 4

kIJA(φ)(D
μφ)I(Dνφ)JWA

μν 0 3 4 4 4

fABC(φ)W
A
μνW

B,νρWC
ρμ 1 2 2 2 2

Y u
pr(φ)Q̄u+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y d
pr(φ)Q̄d+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y e
pr(φ)L̄e+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

depr(φ)L̄σμνeW
μν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

dupr(φ)Q̄σμνuW
μν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

ddpr(φ)Q̄σμνdW
μν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

LψR
pr,A(φ)(D

μφ)J(ψ̄p,RγμτAψr,R) N2
f N2

f N2
f N2

f N2
f

LψL
pr,A(φ)(D

μφ)J(ψ̄p,LγμτAψr,L) 2N2
f 4N2

f 4N2
f 4N2

f 4N2
f

Note φ4 is expanded around the vacuum expectation value with the replacement φ4 → φ4 + v̄T
and

UBC =

⎡⎢⎢⎢⎣
1√
2

1√
2

0 0
i√
2

−i√
2

0 0

0 0 cθ sθ
0 0 −sθ cθ

⎤⎥⎥⎥⎦ , VJK =

⎡⎢⎢⎢⎣
−i√
2

i√
2

0 0
1√
2

1√
2

0 0

0 0 −1 0
0 0 0 1

⎤⎥⎥⎥⎦ .

We are using a short-hand notation for the transformation matrices that lead to the canonically
normalized mass eigenstate fields

UA
C =

√
gABUBC , VI

K =
√
h
IJ
VJK .

Here
√
gAB and

√
h
IJ

are square-root metrics, which are understood to be matrix square roots of
the expectation value – 〈〉 – of the field space connections for the bilinear terms in the SMEFT.

Also note
√
h
IJ√

hJK ≡ δIK and
√
gAB√g

BC
≡ δAC . The rotation angles cθ, sθ are functions of

αA and 〈gAB〉 and are defined geometrically in the core geoSMEFT paper11.

1.3 The hAA amplitude perturbation

One can also express amplitude perturbations at all orders in the v̄T /Λ expansion of the theory.
For example, the effective coupling of h-γ-γ, including the tower of v̄2T /Λ

2 corrections, is given
by

〈h|A(p1)A(p2)〉 = −〈hAμνAμν〉
√
h
44

4

[
〈δg33(φ)

δφ4
〉e

2

g22
+ 2〈δg34(φ)

δφ4
〉 e2

g1g2
+ 〈δg44(φ)

δφ4
〉e

2

g21

]
,

where ē = g2
(
sθ̄
√
g33 + cθ̄

√
g34

)
= g1

(
cθ̄
√
g44 + sθ̄

√
g34

)
.

1.4 W,Z couplings to ψ̄ψ

The mass eigenstate coupling of the Z and W to ψ̄ψ are obtained by summing over more than
one field space connection. For couplings to fermion fields of the same chirality, the sum is over
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Lψ,pr
J,A and the modified ψ̄i /Dψ, that includes the tower of SMEFT corrections in UA

C . A compact
expression for the mass eigenstate connection is

−AA,μ(ψ̄pγμτ̄Aψr)δpr +AC,μ(ψ̄pγμσAψr)〈Lψ,pr
I,A 〉(−γ

I
C,4)v̄T , (13)

where the fermions are in the weak eigenstate basis. Rotating the fermions to the mass eigenstate
basis is straightforward, where the VCKM and UPMNS matrices are introduced as usual. Expand-
ing out to make the couplings explicit, the Lagrangian effective couplings for {Z,A,W±} are

〈Z|ψ̄pψr〉 =
ḡZ
2

ψ̄p /εZ
[
(2s2θZQψ − σ3)δpr + σ3v̄T 〈Lψ,pr

3,3 〉+ v̄T 〈Lψ,pr
3,4 〉

]
ψr, (14)

〈A|ψ̄pψr〉 = −ē ψ̄p /εAQψ δpr ψr, (15)

〈W±|ψ̄pψr〉 = − ḡ2√
2
ψ̄p(/εW±)T

±
[
δpr − v̄T 〈Lψ,pr

1,1 〉 ± iv̄T 〈Lψ,pr
1,2 〉

]
ψr. (16)

The last expressions simplify due to SU(2)L gauge invariance. Similarly the SMEFT has the
right-handed W± couplings to (weak eigenstate) quark fields.

〈Wμ
+|ūpdr〉 = v̄T 〈Lud,pr

1 〉 ḡ2√
2
ūp /εW+dr, 〈Wμ

−|d̄rup〉 = v̄T 〈Lud,pr
1 〉 ḡ2√

2
d̄r /εW−up.

Using these expressions, EWPD was analysed for the first time to dimension eight20. Dirac
masses, mixings, and CP-violation parameter21 were directly derived. The geoSMEFT has also
been used to calculate consistent expressions22,23 for σ(G G → h) and Γ(h → G G) to O(1/Λ4)
while simultaneously developing the corresponding amplitude results to O(1/16π2Λ2) using the
background field method16 and it was noted that these two sub-leading terms in the SMEFT
are not independent. It is interesting that the loop and operator mass dimension series expan-
sions are cross correlated in order to maintain gauge invariance in the SMEFT, i.e. satisfy the
corresponding Ward identity relations between n-point functions17.

Conclusions

The geoSMEFT is useful as it is a consequence of the field redefinition invariance defining the
SMEFT. In particular, all order results in the v̄T /Λ expansion of the theory are immediately and
straightforward to obtained using the geoSMEFT. In the literature, these theoretical techniques
have already pushed calculations in the SMEFT to unprecedented theoretical precision, and
many interesting formal questions have been investigated using field space geometry in recent
months24,25,26. Using field space geometries to ones advantage is a key to efficient sub-leading
order calculation in the SMEFT, and other field theories defined by field re-definitions.
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Global fit on coloured scalars including the last W-boson mass measurement
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We consider a simple extension of the electroweak theory, incorporating one SU(2)L doublet of
colour-octet scalars with Yukawa couplings satisfying the principle of minimal flavour violation.
Using the HEPfit package, we perform a global fit to the available data, including all relevant
theoretical constraints, and extract the current bounds on the model parameters. We also
calculate the contributions of the additional coloured scalars to the electric dipole moment of
the neutron and set limits on its parameter space using the current experimental information.
Finally, we study the effect that the last measurement of the W -boson mass has in our fit and
show how the colour-octet scalar extension struggles to accommodate the new measurement.

1 Introduction

Besides the enormous success that the Standard Model (SM) has achieved, anticipating a wide
range of phenomena and predicting experimental outcomes, there are some phenomena that
need further understanding. For the moment there is (apparently) only one fundamental scalar
particle, the Higgs boson, but there is no evidence of it being the only one. During the past
years many extensions of the scalar sector of the SM have been proposed and in this work we
will focus on one of them that extends the scalar sector with a SU(2)L doublet which is an octet
of SU(3)C . This model was first proposed by Manohar and Wise (MW) 1, from whom receives
its name, and its initial motivation was that this scalar representation is one of the few that can
be compatible with the principle of minimal flavour violation (MFV). This type of scalars, with
masses of few TeVs, also emerge naturally in many SU(4), SU(5) and SO(10) grand unification
theories (GUTs), see e.g. Refs. 2,3,4.

We will first perform a global fit 5 of the CP-conserving MW model, using the HEPfit

package 6. After that we discuss the CP-violating case and predict 7 the contribution of the
coloured scalars to the neutron electric dipole moment (EDM). Finally, and given the large
relevance of the new measurement of the W -boson mass by the CDF collaboration 8, we show
how the model struggles to accommodate this measurement, studying its effect in the oblique
parameters 9,10.b

2 The colour-octet scalar model

The scalar sector of the SM is extended with one electroweak doublet of colour-octet scalar
fields with hypercharge Y = 1

2 . Since it has colour charge, the new scalar multiplet does not
mix with the SM Higgs doublet. As colour must be conserved, the coloured particles cannot

aSpeaker and corresponding author: victor.miralles@roma1.infn.it
bAt the time of giving the talk the measurement of CDF was still not public.
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acquire a vacuum expectation value (VEV). Therefore, only the SM Higgs boson will acquire a
VEV which will minimise the most general potential that can be built with this scalar sector:

VMW = m2
ΦΦ

†Φ+ 1
2λ

(
Φ†Φ

)2
+ 2m2

STr
(
S†iSi

)
+ μ1Tr

(
S†iSi S

†jSj

)
+ μ2Tr

(
S†iSjS

†jSi

)
+ μ3Tr

(
S†iSi

)
Tr
(
S†jSj

)
+ μ4Tr

(
S†iSj

)
Tr
(
S†jSi

)
+ μ5Tr

(
Si Sj

)
Tr
(
S†iS†j

)
+ μ6Tr

(
Si SjS

†jS†i
)
+ ν1Φ

†iΦiTr
(
S†jSj

)
+ ν2Φ

†iΦjTr
(
S†jSi

)
+
[
ν3Φ

†iΦ†jTr
(
Si Sj

)
+ ν4Φ

†iTr
(
S†jSjSi

)
+ ν5Φ

†iTr
(
S†jSi Sj

)
+ h.c.

]
,

(1)
where Φ = (φ+, φ0)T is the usual SM doublet, the traces are taken in colour space, and i and j
denote SU(2)L indices. The additional (8, 2)1/2 scalar fields SA = (SA,+, SA,0)T are contained

in the multiplet S = SATA with TA the generators of the SU(3)C group.

The VEV will also generate an splitting on the masses of the physical particles

m2
S± = m2

S + ν1
v2

4
, m2

R,I = m2
S + (ν1 + ν2 ± 2 ν3)

v2

4
. (2)

Finally, and since we are assuming MFV, the Yukawa matrices that generate the interaction
of the coloured scalars with the quarks will be proportional to the SM Yukawas:

LY ⊃ −
3∑

i,j=1

[
ηDY

d
ij Q̄LiSdRj + ηUY

u
ij Q̄LiS̃uRj + h.c.

]
. (3)

3 CP-conserving case: Global fit

In this section we will show the constraints that we have found on the parameter space of
this model, including both theoretical assumptions and experimental data. This analysis has
been performed in the CP-conserving limit, in order to reduce the total number of parameters.
Therefore, all the parameters of the potential will be considered as real, as well as the Yukawa
proportionality coupling constants, ηU and ηD. However, having complex Yukawa couplings can
have a strong impact on the EDM of the neutron, as we will see in Sec. 4. The experimental
information used in the current section will be the same as in Ref. 5 and we leave the discussion
of the new measurement of the W-boson mass by CDF for Sec. 5. In order to perform the fits we
have used the HEPfit package, which has been proven to be extremely useful for fitting many
new physics models, as well as the SM 11,12 and even effective field theories 13,14,15. Using this
tool, we will do a bayesian fit for which we have used the following uniformly distributed priors

Parameters m2
S νn μn ηU ηD

Priors (0.42, 1.52) TeV2 (-10, 10) (-10, 10) (-5, 5) (-20, 20)

3.1 Theoretical assumptions and experimental observables

The theoretical assumptions that we have considered are renormalisation group (RG) stability,
perturbative unitarity and perturbative behaviour of the quantum corrections. In order to
guarantee RG stability we have imposed the absence of Landau poles and that the potential
should be bounded from below up to a desired scale, μst, set to 3 or 5 TeV. Perturbative
unitarity means that the probability of the two-to-two scattering should be smaller than one.
For imposing these conditions we have made use of the expressions given in Ref. 16 at leading
order (LO). These expressions are calculated in the large s approximation so we imposed them
for scales higher than μu = 1.5 TeV, above the maximum value of the mass region covered
here. The next-to-LO (NLO) and NLO+ expressions were calculated previously 17 following the
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procedure of Ref. 18. Note that the NLO+ expressions contain some terms at next-to-NLO, for
more details we refer to Ref. 18.

With respect to the experimental constraints we have made used of direct searches19,20, Higgs
signal strengths (HSS) 21, meson mixing 22, the Bs → μ+μ− decay 22, the oblique parameters (S,
T, U) 23 and Rb

24.

3.2 Results

Figure 1 – Left: Theoretical constraints on the mass splittings, as functions of the scalar masses. The different
coloured regions correspond to imposing RG stability up to an UV mass scale of 3 or 5 TeV, and imposing
perturbative unitarity conditions above 2.5 TeV or 1.5 TeV. Right: Theoretical constraints versus global fit
constraints on the mass splittings.

Using the theoretical considerations we are able to constrain all the parameters of the scalar
potential (except for mS). Some of these constraints can be translated into constraints on
physical observables like the mass splittings, using Eq. 2. In the left part of Fig. 1 we can see
the result from these fits, which are compared with the result of the global fit in the right part
of the same figure. So far, the mass splittings are constrained to be smaller than 30 GeV for
masses above 1 TeV within a 95% probability.

The parameters of the potential that generate the mass splittings, ν1, ν2 and ν3, can also
be constrained using the HSS and the oblique parameters. While the HSS alone are not able to
completely restrict the parameter space (see Fig. 2 left), the oblique parameters provide limits
competitive with the theoretical ones (see Fig. 2 right). Furthermore, the HSS can have an
important effect when combined with the oblique parameters, as we will discuss in Sec. 5.

Figure 2 – Left: Constraints obtained using HSS, compared to the theoretical ones. Right: Constraints obtained
using the oblique parameters, compared to the theoretical ones.
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Figure 3 – Experimental constraints on the mS-ηU plane (three first plots) and on the mS-ηD plane. From left
to right, first panel: allowed regions at 95% probability obtained from Rb (blue), Br(Bs → μ+μ−) (yellow) and
ΔMBs (magenta). Second panel: combined flavour constraints, compared with the limits from direct searches
including only the channels that produce top quarks, at 95% probability. Third and forth panels: Global fit
constraints.

The flavour observables and Rb will set constraints on the mS − ηU plane. Among them
the flavour observables are the ones that have more impact (first panel of Fig. 3). From direct
searches we can constrain the mass of these particles to be higher than 1 TeV and only the
channels where top quarks are produced in the final state are relevant (second panel of Fig. 3).
The down-type Yukawa, ηD, could not be constrained within the range considered.

4 CP-violating case: Contribution to neutron EDM

If we consider the most general case and allow for having complex phases this model will bring
strong contributions to hadronic EDMs. This section is based on Ref. 7 where we computed
the contribution of the Yukawa sector of colour-octet scalars to the EDM of the neutron. The
CP-violating effective Lagrangian needed to account for the contributions of this model to the
neutron EDM is given by:

LCPV = − i

2

u,d∑
q

(
dq(q̄σ

μνγ5q)Fμν + d̃qgs(q̄σ
μνγ5T

aq)Ga
μν

)
+

Cw

6
gsf

abcεμνλσGa
μρG

bρ
ν Gc

λσ (4)

Therefore, we needed to compute the contribution of the colour-octet scalars to the EDM (dq)
and chromo-EDM (CEDM) (d̃q) of the light quarks and to the Weinberg operator (Cw). Al-
though there is already a 1-loop contribution to the (C)EDM of light quarks, the leading contri-
bution will be given by the well known 2-loop Barr-Zee diagrams, since the 1-loop contribution
is strongly suppressed by the masses of the light quarks. The first contribution to the Weinberg
operator also appears at 2-loops.

- - - - - -

Figure 4 – Constraints on the parameter space of the MW model from the limits on the neutron EDM (blue)
compared to those from B(B → Xsγ) (red). The coloured areas represent the allowed regions of parameter space.
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Once the contribution to the neutron EDM has been computed, we can compare its effect
with the one of other flavour observables. Indeed, the most constraining observable for the
complex phases is coming from the rare inclusive B-decays, B(B → Xsγ), calculated in Ref. 22.
As can be seen in Fig. 4 the neutron EDM turns out to be extremely relevant, bringing very
stringent constraints and with a great complementarity with the flavour observables.

5 Impact on the recent CDF measurement of the W-boson mass

Given the huge attention that the new measure-
ment of the mass of the W -boson by CDF8 is re-
ceiving, we show in Fig. 5 the favoured regions of
a fit using the new values of the oblique parame-
ters, extracted in Ref.12 using this measurement.
There are already some works that study this
new measurement in the context of colour-octet
scalars 25,26. Here we also show the results of
combining the oblique parameters with the HSS
and those from theoretical assumptions, which
have not been discussed before. So far, adding
the HSS we are able to eliminate all the blind
directions. When, in addition, we include the
theoretical assumptions (imposed up to 3 TeV)
the favoured regions move to the centre indi-
cating the existence of a strong tension between
these two fits. Indeed, the region favoured by
the fit that only includes the oblique parame-
ters is incompatible with the region allowed by
the theoretical constraints.

Figure 5 – Constraints on the mass splitting using
the oblique parameters of the PDG (blue), the ones
including the CDF measurement (orange), adding to
these ones the HSS (red), adding also the theoretical
assumptions up to 3 TeV (green) and those including
only the theoretical assumptions (purple). mS± is
set to 1 TeV.

6 Conclusion

We have presented the most stringent limits that can be set in the parameter space of the
MW model. A global fit of the CP-conserving case is performed, as well as an analysis of the
impact of the EDM of the neutron on the imaginary phases. Indeed, the EDM turns out to be
very restrictive, and competitive with other flavour observables. Finally, the impact of the new
measurement of the W -boson mass has been also analysed. This new measurement pushes the
masses of the colour-octet particles to be non degenerate. However, the theoretical constraints
are not compatible with the region preferred by the fit including only the oblique parameters,
disfavouring this model as an explanation for the new W -boson mass measurement.
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511 KeV line constraints on feebly interacting particles
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We consider the case of heavy sterile neutrinos and dark photons with masses O(10-100)
MeV, mixed with ordinary neutrinos and photons, respectively, and produced in core-collapse
supernovae. Both these particles may decay into positrons which subsequently annihilate with
electrons in the Galactic medium, contributing to the photon flux in the 511 keV line. Using
the SPI (SPectrometer on INTEGRAL) observation of this line, we constrain the parameter
space of these particles, improving the existent bounds by several orders of magnitudes.

1 Introduction

Core-collapse supernovae (SNe) are powerful cosmic sources of feebly interacting particles (FIPs).
For typical core temperatures T � O(30) MeV, particles with masses up to O(100) MeV can be
emitted without being Boltzmann suppressed.

These particles might decay into positrons and, in the case of Galactic SNe, the annihilation
of the created positrons with the electrons present in the Galaxy would contribute to the 511
keV line. Using the SPI (SPectrometer on INTEGRAL) 1 observation of this line allows one to
exclude a wide range of the parameter space of those FIPs.

The 511 keV photon bound was considered in the seminal paper 2 for the case of decaying
heavy neutrinos νH , using the early measurements of the 511 keV gamma-ray flux while for dark
photons the 511 keV bound was recently studied in Ref. 3. The goal of our work is to extend
the 511 keV photon constraints methodology applied on ALPs in Ref. 4 to sterile neutrinos and
dark photons. Moreover, we also consider a broader range of SN models (as in Ref. 5 for the
case of ALPs coupled to photons). The results presented here are based on our work Ref. 6.

2 511 keV line constraint methodology

We are interested in the region of the parameter space where FIPs X are copiously produced in
the SN core but they are sufficiently weakly couples that can escape without interacting with
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the stellar medium and decay outside the SN envelope.
If the particle X is allowed to decay into electron-positron pairs outside the SN envelope, it

contributes to the 511 keV photon line and its measure by the SPI 1 can be used to constrain
the FIPs parameter space 2,3,4. The mechanism is schematically represented in Fig. 1 of Ref. 6.
Firstly, theX particle decay into electron-positron pairs outside the stellar matter, with a generic
process:

X → nie
+ + Yi , (1)

where ni is the number of positrons produced in the i-th process and Yi other species produced in
the decays. Then, through elastic Bhabha scatterings with the electrons in the Galaxy, positrons
are slowed and subsequently annihilate into photons, almost at rest, through the positronium
formation 7. We are interested in the fraction of para-positronium states (25% of the total)
because they decay into two photons with opposite momentum and total energy almost exactly
equal to 2me.

a

Naming the Galactic population fraction of SNe II and SNe Ib/c, εII = 0.67 and εI = 1− εII
respectively, and their envelope radii 8, rII = 1014 cm and rI = 2 × 1012 cm, the number of
positrons, Npos, produced in FIP decays relevant for our purpose is

Npos = npos,X

∫
dE

dN0
X

dE

(
εIIe

−rII/lX + εI e
−rI/lX

)[
1− exp

(
− rG

lX

)]
, (2)

where dN0
X/dE is the FIP production rate, lX is the total FIP decay length and npos,X is the

average number of positrons produced from the possible FIP decay channels. Finally, rG in
Eq. (2) is a typical escape radius from the Galaxy for which we conservatively assume it to be
1 kpc.

Considering the whole signal of the 511 keV line generated by a single progenitor mass,
we choose as benchmark a SN simulation obtained from a star of 18 M�, close to the average
successful SN explosion progenitor mass 16 M�. In Ref.6 we discuss the uncertainties over these
approximations. The simulation is from Ref. 9, based on the general relativistic neutrino radi-
ation hydrodynamics model AGILE-BOLTZTRAN, featuring three-flavor Boltzmann neutrino
transport and including a complete set of weak interactions.

Furthermore, the photon line signal at 511 keV is 4

dφ511
γ

dΩ
= 2kpsNposΓcc

∫
ds s2

ncc[r(s, b, l), z(s, b)]

4πs2
, (3)

with dΩ = dl db cos b, where l and b are the longitude and latitude respectively in the Galactic
coordinate system (s, b, l), with s the distance from the SN to the Sun. Moreover, the factor
kps = 1/4 takes into account the para-positronium fraction and we fix Γcc = 2.30 SNe/century
as the Galactic SN rate 8. Finally, ncc is the SN volume distribution 10 in the Galactocentric
coordinate system (r, z, l), where r is the galactocentric radius and z is the height above the
Galactic plane. To take into account the effect of the distance travelled by positrons before being
stopped, we smear the SN distribution over the positron propagation scale λ in the Galaxy
which we fix at λ = 1 kpc (cfr. Ref. 6 for details of this choice). Once obtained the shape
of the photon signal, the most constraining bin from the SPI observations is the one with
longitude l ∈ [28.25◦; 31.25◦] and latitude b ∈ [−10.75◦; 10.25◦], as discussed in Ref. 4. Finally,
the constraint requirement:

Npos � 1.4× 1052 . (4)

3 Sterile neutrinos

In our work, we consider heavy sterile Majorana neutrinos with masses 10 MeV � ms � 200
MeV, mixed with only one active neutrino να (α = μ, τ) with a mixing parameter |Uαs|2. We will

aAnnihilation through the orthopositronium state leads to three photons formation with a continuous photon
energy distribution and therefore does not contribute to the 511 keV photon line.
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Figure 1 – Left panel, the number of positrons injected in the Galaxy by decays of νs with ms = 80 MeV (black
line) and ms = 130 MeV (blue line). We represent the production from SNe Ib/c (dashed lines), SNe II (dotted
lines) and their sum (continuous lines). Right panel, the number of positrons injected in the Galaxy by decays
of DPs with mA′ = 15 MeV (black line) and mA′ = 40 MeV (blue line), We show the production from SNe Ib/c
(dashed lines), SNe II (dotted lines) and their sum (continuous lines). In both figures, the horizontal red line
represents the bound on the number of positrons Npos = 1.4× 1052. Figures taken from Ref. 6

neglect the case of mixing with νe because it requires also a treatment of the deleptonization of
the SN core. Therefore, for simplicity, in the following we will consider only the mixing between
νs and νμ,τ , which are equivalent for the the mass range under examination.

In a core-collapse SN n, p, e±, and νe are degenerate. Thus, in the case of νs-νμ,τ mixing,
the blocking factor renders pair annihilation and inelastic scattering of non-degenerate neutrinos
species νμ,τ the dominant process for νs production. We obtain the sterile neutrino distribution
fs and energy spectrum dN0

s /dEs solving the Boltzmann equation, following 11.

After being produced, sterile neutrinos may decay through the channels listed in Table I of
Ref. 6. The total decay rate Γtot and its dependence on ms can be directly obtained by summing
over the channels in that table. We notice that the decay channel into electron-positron pairs
has a branching ratio of ∼ 10% for masses ms < 135 MeV, while its contribution becomes
suppressed for higher ms when decays into π0 become dominant.

Plugging the obtained dN0
s /dEs into Eq. (2) and determining the average number of positrons

produced, we obtain the injected positron flux from a SN and can constrain the sterile neutrino
parameter space with Eq. (4).

In the left panel of Fig. 1, we show the total number of positrons (solid lines), as well as
the individual contributions from SNe Ib/c (dashed) and SNe II (dotted lines), produced inside
the Galaxy as a function of the mixing parameter |Uτs|2 for two νs masses, ms = 80 MeV
(black lines) and ms = 130 MeV (blue lines), respectively. The horizontal red line represents
Npos = 1.4× 1052, corresponding to the number of positrons limit.

3.1 511 keV line bound

Following the strategy described in Sec. 2 we can constrain the sterile neutrino parameter space.
The red region in the left panel of Fig. 2 shows the 511 keV line bound in the (|Uτs|2,ms) plane,
evaluated using the 18 M� SN model and λ = 1 kpc. For small mass, ms � 50 MeV, values of
the mixing |Uτs|2 � 10−10 are excluded. However, we remark that astrophysical uncertainties
may sizeably affect the bound, as discussed in Appendix C of Ref. 6. For comparison we show
the other bounds in the same region of parameter space and, for the discussion, we remand at
Ref. 6.

We point out that for ms � 100 MeV the 511 keV signal allows us to strengthen the SN
1987A energy-loss bound and the one from energy deposition by several orders of magnitude
but the bounds end at ms ∼ 135 MeV, due to branching ratio suppression.
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Figure 2 – In both figures, the bound from the 511 keV gamma-ray line is the red area. Left panel, bounds
in the (ms, |Uτs|2) plane. The SN 1987A energy-loss bound is the green (hatched) area in the free-streaming 11

(trapping12) regime. The bound from SN explosion energy13 is represented by the green dashed line. Bounds from
BBN and CMB are shown as the blue area14,15. We also show the limits from laboratory experiments CHARM and
T2K (grey bands) 16. Right panel, bounds in the (mA′ , ε) plane. We show bounds from SN 1987A 17,3,13 in green
(the bound of Ref. 13 is shown as a dashed line), cosmology 18,19,20 in blue and laboratory experiments 21,22,23,24

in grey, taken from Ref. 25. Figures taken from Ref. 6

4 Dark photons

The dark photon (DP) is a U(1)′ gauge boson kinetically mixed with the SM photon 26,27,28. Its
production in the SN core has been studied in Ref. 3, which we follow to obtain the DP energy
spectrum.

After being produced in the SN core, the only decay channel of DPs with mass below ∼ 200
MeV is into e+e−. Therefore, we can use npos,A′ = 1 in Eq. (2) and its decay length and width
is given by

le =
γv

ΓA′→e+ e−
, ΓA′→e+ e− =

1

3
αε2mA′

√
1− 4m2

e

m2
A′

(
1 +

2m2
e

m2
A′

)
, (5)

where ε is the mixing parameter between DP and standard model photon fields.
In the right panel of Fig. 1 we show the number of produced positrons as a function of the

mixing ε for two DP masses mA′ = 15 MeV (black lines) and mA′ = 40 MeV (blue lines), using
the same style of the left panel of Fig. 1 for the sterile neutrinos.

4.1 511 keV line bound

To obtain a bound on the DP parameter space we can now follow the same steps discussed in
the previous Section for sterile neutrinos. The bound from the 511 keV line is the red region
shown in the right panel of Fig. 2, in the (mA′ , ε) plane. In the same figure, we compare it with
other existing bounds on the DP parameter space. We find an improvement in the lower bound
with respect to the constraint in Ref. 3, since we exclude ε � 6.6 × 10−13 for mA′ = 5 MeV,
strengthening the lower bound in Ref. 3 by more than a factor of 2, due to the more stringent
limit on the positron injection per SN. Also in this case, the bound is affected by astrophysical
uncertainties, as discussed in Appendix C of Ref. 6.

5 Discussion and Conclusions

In this work we have investigated the possibility of Galactic SNe to constrain MeV-ish FIPs de-
caying into electron-positron pairs, focusing on sterile neutrinos and DPs. For suitable masses
and mixings, these particles escape from the SN and decay into positrons that eventually anni-
hilate with electrons. Using observations of the resulting 511 keV photons by the spectrometer
SPI (SPectrometer on INTEGRAL)1, we obtain stringent constraints for the mixing parameters.
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Our main improvements, compared to earlier studies2,3, lie in a more careful consideration of the
signal spatial morphology (cf. Ref. 4), taking into account positron propagation 4, as well as in-
cluding information from recent SN simulations with different progenitor masses (see Refs. 29,9).
In the case of sterile neutrinos mixed with νμ,τ , for the considered mass range the 511 keV signal
allows to constrain the sterile neutrinos parameter space down to |Uτs|2 � 10−10. In the case of
DPs, one excludes mixing down to ε ∼ 10−13 for mA′ ∼ 15 MeV. These low values of the mixing
parameters are in a region not accessible by current and planned laboratory experiments 25.
However, every astrophysical or cosmological argument has its systematic uncertainties and,
therefore, to constrain FIPs it is important to use as many different approaches as possible.

While in our work we focused only on two specific cases of FIPs, the same strategy can be
applied to every MeV-ish particle produced in a SN core and decaying into electron-positron
pairs, leading to a strong constraint and reaching a region of the parameter space probed only
by cosmological arguments.
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ReCaS (Azione I - Interventi di rafforzamento strutturale, PONa3 00052, Avviso 254/Ric) and
PRISMA (Asse II - Sostegno all’innovazione, PON04a2A)

References

1. Thomas Siegert, Roland M. Crocker, Roland Diehl, Martin G. H. Krause, Fiona H. Pan-
ther, Moritz M. M. Pleintinger, and Christoph Weinberger. Constraints on positron
annihilation kinematics in the inner Galaxy. Astron. Astrophys., 627:A126, 2019.

2. Arnon Dar, Jeremy Goodman, and Shmuel Nussinov. CAN SUPERNOVAE EXCLUDE
NEUTRINOS MORE MASSIVE THAN 30-eV? Phys. Rev. Lett., 58:2146, 1987. [Erra-
tum: Phys.Rev.Lett. 59, 1871 (1987)].

3. William DeRocco, Peter W. Graham, Daniel Kasen, Gustavo Marques-Tavares, and Sur-
jeet Rajendran. Observable signatures of dark photons from supernovae. JHEP, 02:171,
2019.

4. Francesca Calore, Pierluca Carenza, Maurizio Giannotti, Joerg Jaeckel, Giuseppe Lucente,
and Alessandro Mirizzi. Supernova bounds on axionlike particles coupled with nucleons
and electrons. Phys. Rev. D, 104(4):043016, 2021.

5. Francesca Calore, Pierluca Carenza, Christopher Eckner, Tobias Fischer, Maurizio Gian-
notti, Joerg Jaeckel, Kei Kotake, Takami Kuroda, Alessandro Mirizzi, and Francesco Sivo.
3D template-based Fermi-LAT constraints on the diffuse supernova axion-like particle
background. Phys. Rev. D, 105(6):063028, 2022.

6. Francesca Calore, Pierluca Carenza, Maurizio Giannotti, Joerg Jaeckel, Giuseppe Lucente,
Leonardo Mastrototaro, and Alessandro Mirizzi. 511 keV line constraints on feebly inter-
acting particles from supernovae. Phys. Rev. D, 105(6):063026, 2022.

7. N. Guessoum, Pierre Jean, and W. Gillard. The Lives and deaths of positrons in the
interstellar medium. Astron. Astrophys., 436:171, 2005.

8. Weidong Li, Ryan Chornock, Jesse Leaman, Alexei V. Filippenko, Dovi Poznanski, Xi-
aofeng Wang, Mohan Ganeshalingam, and Filippo Mannucci. Nearby Supernova Rates
from the Lick Observatory Supernova Search. III. The Rate-Size Relation, and the Rates
as a Function of Galaxy Hubble Type and Colour. Mon. Not. Roy. Astron. Soc.,

135



412:1473, 2011.
9. Tobias Fischer, Gang Guo, Alan A. Dzhioev, Gabriel Mart́ınez-Pinedo, Meng-Ru Wu,

Andreas Lohs, and Yong-Zhong Qian. Neutrino signal from proto-neutron star evolution:
Effects of opacities from charged-current–neutrino interactions and inverse neutron decay.
Phys. Rev. C, 101(2):025804, 2020.

10. Alessandro Mirizzi, G. G. Raffelt, and P. D. Serpico. Earth matter effects in supernova
neutrinos: Optimal detector locations. JCAP, 0605:012, 2006.

11. Leonardo Mastrototaro, Alessandro Mirizzi, Pasquale Dario Serpico, and Arman Esmaili.
Heavy sterile neutrino emission in core-collapse supernovae: Constraints and signatures.
JCAP, 01:010, 2020.

12. A. D. Dolgov, S. H. Hansen, G. Raffelt, and D. V. Semikoz. Heavy sterile neutrinos:
Bounds from big bang nucleosynthesis and SN1987A. Nucl. Phys. B, 590:562–574, 2000.

13. Allan Sung, Huitzu Tu, and Meng-Ru Wu. New constraint from supernova explosions on
light particles beyond the Standard Model. Phys. Rev. D, 99(12):121305, 2019.

14. Leonardo Mastrototaro, Pasquale Dario Serpico, Alessandro Mirizzi, and Ninetta Saviano.
Massive sterile neutrinos in the early Universe: From thermal decoupling to cosmological
constraints. Phys. Rev. D, 104(1):016026, 2021.

15. Nashwan Sabti, Andrii Magalich, and Anastasiia Filimonova. An Extended Analysis of
Heavy Neutral Leptons during Big Bang Nucleosynthesis. JCAP, 11:056, 2020.

16. Patrick D. Bolton, Frank F. Deppisch, and P. S. Bhupal Dev. Neutrinoless double beta
decay versus other probes of heavy sterile neutrinos. JHEP, 03:170, 2020.

17. Jae Hyeok Chang, Rouven Essig, and Samuel D. McDermott. Revisiting Supernova 1987A
Constraints on Dark Photons. JHEP, 01:107, 2017.

18. Anthony Fradette, Maxim Pospelov, Josef Pradler, and Adam Ritz. Cosmological Con-
straints on Very Dark Photons. Phys. Rev. D, 90(3):035022, 2014.

19. Javier Redondo and Marieke Postma. Massive hidden photons as lukewarm dark matter.
JCAP, 02:005, 2009.

20. Jung-Tsung Li, George M. Fuller, and Evan Grohs. Probing dark photons in the early
universe with big bang nucleosynthesis. JCAP, 12:049, 2020.

21. S. N. Gninenko. Constraints on sub-GeV hidden sector gauge bosons from a search for
heavy neutrino decays. Phys. Lett. B, 713:244–248, 2012.

22. Brian Batell, Rouven Essig, and Ze’ev Surujon. Strong Constraints on Sub-GeV Dark
Sectors from SLAC Beam Dump E137. Phys. Rev. Lett., 113(17):171802, 2014.

23. Johannes Blumlein and Jurgen Brunner. New Exclusion Limits for Dark Gauge Forces
from Beam-Dump Data. Phys. Lett. B, 701:155–159, 2011.
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The muon g-2 experiment at Fermilab
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The muon magnetic anomaly, aμ, is a powerful test of the Standard Model of particle physics.
A new experiment at Fermilab has recently measured aμ with unprecedented precision, con-
firming the results of the earlier Brookhaven experiment and strengthening the tension with
the prediction of the Standard Model as determined by dispersive methods. We here describe
the experimental technique, recapitulate the recent result, and discuss some of the improve-
ments made for subsequent analyses.

1 Background

The magnetic moment �μ of a fundamental particle with charge q, mass m, and spin �S is given
by

�μ = g
q

2m
�S . (1)

The dimensionless parameter g, the gyromagnetic ratio, describes the overall strength of the
magnetic moment in units of the classical magnetic moment.

Since 1948, it has been understood 1 that the gyromagnetic ratio of electrons (and also
muons) differs from the Dirac Model expectation of 2 at the per-mille level due to interac-
tions of the leptons with virtual particles. This additional contribution is called the magnetic
anomaly, a, defined a ≡ g−2

2 . The contributions of the known Standard Model particles to the
magnetic anomaly can be calculated very precisely, making this quantity an outstanding test of
the Standard Model.

An earlier measurement 2 of the muon magnetic moment, carried out at Brookhaven Na-
tional Laboratory, was discrepant from the theory prediction by roughly 3σ. This motivated
the construction of a new experiment at Fermi National Accelerator Laboratory to repeat the
measurement at higher precision. The first result 3 of the new experiment, which agrees with
the measurement at Brookhaven, is discussed here together with the improvements expected for
future publications. The high precision expected from the new experiment also motivated an
extensive effort in the theory community to further improve the understanding of the prediction
within the Standard Model. Recently, the Muon g − 2 Theory Initiative published 4 a determi-
nation of this quantity with an uncertainty of 0.37 ppm. An alternative determination 5 based
on lattice QCD stands in some tension with the dispersive estimate of the Theory Initiative.
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2 Experimental Principle

In the presence of an externally applied magnetic field �B, a charged particle will traverse a
circular orbit, and its spin will feel a torque

�τ = �μ× �B . (2)

Assuming the spin axis is not aligned with the magnetic field, this torque will cause the spin
axis to precess about the magnetic field direction. By measuring the frequency of this spin
precession, ωs, and the strength of the applied magnetic field, the magnetic moment may be
deduced.

In our experiment, the spin precession is determined through the influence of the spin ori-
entation on the kinematics of the muon decay. We observe the Michel decays of an ensemble
of spin-polarized muons into positrons (and neutrinos which escape detection). The differential
cross section for this decay strongly correlates the momentum of the daughter positrons with
the muon spin direction in the muon rest frame. As the muon spin direction precesses in the
magnetic field with respect to its momentum (which is also rotating with cyclotron frequency
ωc), the mean boost given to the daughter positrons, and thus their mean energy, also varies
harmonically. The anomalous precession frequency (ωa ≡ ωc − ωs) can therefore be measured
through the rate of variation of the positron energy in the laboratory frame.

The magnetic field strength is measured using a similar spin precession technique, but in
this case, the nuclear spin precession of petroleum jelly samples is measured using nuclear
magnetic resonance (NMR) techniques. This allows the well-known nuclear magneton to serve
as a comagnetometer for the muons experiencing the same field.

The experimental apparatus consists of a 3.56 m radius, 1.45 T superferric magnetic storage
ring used to confine the 3.1 GeV muon beam provided by the Fermilab accelerator in 16 bunches
that arrive every 1.4 s. Vertical confinement is provided by a set of four electrostatic quadrupoles.
The apparatus is instrumented with detectors of three types. First are 24 electromagnetic
calorimeters spaced around the interior of the magnetic ring used to measure the positron
energies. Each calorimeter consists of a segmented 9 × 6 array of PbF2 crystals, each provided
with a SiPM digitized at 800 MSPS. Second are two straw tracking stations located within the
storage ring vacuum but outside the muon beam path. The straw trackers measure positron
momenta from which the muon beam dynamics can be determined. Third are the nuclear
magnetic resonance probes used to measure the magnetic field strength.

3 Overview of the Run-1 analysis

The first experimental run of the experiment was conducted between March and June 2018,
and results were published in April 2021 3. The analysis consists of three parts, discussed in
turn below: the measurement of the muon anomalous precession frequency ωa

6, corrections to
the measured anomalous precession frequency due to muon beam dynamics effects 7, and the
measurement of the magnetic field strength ωp

8. Combining these results with external reference
measurements k, aμ was determined by

aμ = k
ωa

ωp
ge . (3)

A blind analysis was conducted by multiple independent analysis groups on each of four
subsets of the Run-1 data. After establishing that the independent analyses were consistent, the
results were combined and unblinded. We found aμ = 116592040±54×10−11. This agreed with
the measurement made at Brookhaven at a level of 0.6σ. When combined with the Brookhaven
measurement, the world average disagrees with the Standard Model prediction4 using dispersive
techniques at 4.2σ. The agreement with the lattice QCD estimate 5 is significantly better. A
summary of the experimental error budget is presented in Table 1.
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Table 1: Error budget of the Run-1 analysis of the muon magnetic anomaly.

Quantity Uncertainty (ppb)

Precession (stat) 434
Precession (syst) 58
E Field Correction 53
Phase-Acceptance 75
Magnetic Field 56

Kicker Field Transient 37
Quad Field Transient 92

External Factors 25
Total 462

3.1 Anomalous precession analysis and corrections

To determine the anomalous precession frequency, the number of high-energy positrons entering
the calorimeters is counted as a function of time in the storage ring. A time series of these
high-energy positrons has a characteristic oscillation with the anomalous precession frequency.
In practice, a slightly more complex analysis with higher precision is used to obtain the time
series by weighting the positrons according to the decay asymmetry associated with their energy.

Besides the anomalous precession oscillation, there are a number of other features present
in the time series that must be correctly fit in order to obtain an unbiased frequency estimate.
These include the exponential decay of the muon population, acceptance effects due to the
coherent betatron oscillations of the muon beam in the storage ring, and the mechanical losses
of muons from the storage ring before decay.

Once these effects are included in the analysis, it is possible to achieve an excellent χ2 to
the fitting function describing the data over many muon lifetimes. Many additional checks on
the self-consistency of the analysis were performed, including confirming that the fit residuals
were without time structure and that the fit results were consistent across calorimeters. Fur-
thermore, six independent analyses using different reconstructions and analysis techniques all
yielded consistent results.

The anomalous precession frequency obtained from the time series analysis must be corrected
for a small number of effects that bias the measurement. These include an electric field correction
needed due to the electrostatic quadrupoles (which appear as a motional magnetic field to the
muons), a pitch correction to account for the muons’ motion out of the plane due to their vertical
oscillations, and phase-acceptance and muon loss corrections that reflect time dependence in the
mean accepted spin phase.

3.2 Magnetic field analysis

The magnetic field in the muon storage volume can be measured with exquisite precision with
17 NMR probes mounted in a moveable trolley carriage that can be pulled through the storage
ring. These trolley probes can measure many field multipole moments with high azimuthal
resolution, and these probes are calibrated against an absolute reference probe. However, the
trolley cannot be left in the storage ring during data taking; it is therefore used only two to
three times per week during dedicated trolley runs.

In the intervening time, the evolution of the magnetic field multipole moments is tracked
with a set of 378 NMR probes located at 72 azimuthal locations just above and below the storage
volume. These probes are calibrated against the trolley during the trolley runs and interpolate
the field moments between the trolley measurements.

From this set of time-dependent field moments, the average magnetic field strength experi-
enced by the muons in the anomalous precession analysis can be determined by weighting the
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field at each time slice according to the number of muons then observed, and by convolving the
multipole moments of the field with the multipole moments of the muon beam distribution, as
measured with the straw tracker system.

4 Future improvements

The collaboration is currently working on analyzing the data collected in the second and third
experimental runs. Improvements to the most significant uncertainties reported in Table 1 are
anticipated. In this section, we discuss the reasons for these improvements.

4.1 Statistics

In the first experimental run, only 6% of the final statistical goal was met. The two subsequent
experimental runs were longer and together represent about four times the number of muons
collected in the first run. We therefore expect the statistical uncertainty, which dominated the
Run-1 result, to be reduced by roughly a factor of two.

The experiment is currently collecting its fifth experimental run and is on track to meet its
final goal of 100 ppb statistical uncertainty.

4.2 Replaced Quadrupole HV resistors

A significant difficulty in analyzing the Run-1 data was caused by damaged high-voltage resistors
used in charging the quadrupole plates. These quadrupole plates are pulsed in time with the
muon bunches, and each of the 32 plates is regulated by its own resistor. During the first
experimental run, two of these resistors were damaged in such a way as to significantly increase
the charging time of the connected plates. This caused an asymmetric time dependence to
the vertical focusing that subsequently affected a number of beam characteristics such as its
position and width. It also dominated the phase-acceptance effect which contributed a significant
systematic uncertainty to the analysis. Following Run-1, the problematic resistors were replaced,
which will significantly reduce the uncertainty associated with the phase-acceptance effect.

4.3 Quadrupole Field Transient

Two field transients impact the muon spin evolution but cannot be tracked using the NMR probe
system because of the high frequency of the transients and the shielding of the NMR probes.
These transients are instead measured with dedicated probes and appropriate corrections applied
to the field measurement.

One such transient comes from the pulsing of the quadrupole plates, which induces mechan-
ical vibrations. For the Run-1 analysis, this transient was measured with special NMR probes
inserted into the quadrupoles at a limited number of positions. The low granularity of the
measurement and uncertainty about the stability of the effect over time limited the precision of
the correction. Since that time, an improved set of NMR probes on a trolley frame that can
be pulled through the storage ring has been deployed, allowing a highly detailed measurement
to be carried out. These data will allow for a significant reduction in the uncertainty on the
correction in the future.

4.4 Stronger Kick

A non-ferric kicker magnet is used to place the injected muon bunch onto a stable orbit in the
storage ring 9. For Run-1, this kicker system was unable to operate at a high enough voltage
to optimize the storage of muons with the so-called “magic” momentum, at which the electric
field correction is minimized. Further upgrades to the kicker circuit and supporting systems
enabled the kicker to reach its design targets in Run-3. This improves the number of muons
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stored, reduces the size of the electric field correction, and reduces the amplitude of the coherent
betatron oscillations, which impact the anomalous precession analysis.

5 Conclusion

The first result of the Muon g − 2 experiment at Fermilab 3 has confirmed the tension with
the Standard Model prediction calculated using dispersive techniques 4 first established at the
Brookhaven experiment 2. Currently the analysis of the data from the second and third year
of the experiment is underway, with significant improvements expected, as described in Section
4. We anticipate the ongoing fifth experimental run will conclude the μ+ program, with a new
measurement of aμ for the negative muon to commence later this calendar year.
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Instituto de F́ısica Corpuscular, C/Catedrático José Beltrán, 2. E-46980 Paterna, Spain.

The experimental observations of the electron and muon anomalous magnetic moment present
discrepancies with respect to the Standard Model predictions. A class of flavor conserving
Two Higgs Doublet model, stable under renormalization, that is capable of explaining both
anomalies simultaneously is presented. This model can also explain an excess observed by
ATLAS in σ(pp → S)[ggF] × Br(S → τ+τ−).

1 Introduction

In this proceeding, we review and extend the works presented in Refs.1,2,3 regarding the si-
multaneous explanation of the electron and muon g − 2 anomalies. Furthermore, we present
a preliminary result concerning an excess in the di-tau channel of a heavy Higgs with a mass
of mS ∼ 400 GeV observed by ATLAS 4. The most recent determination of the anomalous
magnetic moment of the muon 5,6 enforces the long-standing discrepancy (4.2σ) between the
Standard Model (SM) prediction 7 and the experimental observation

δaExpμ = aExpμ − aSMμ = (2.5± 0.6)× 10−9 . (1)

There is a recent lattice calculation 8 of the Hadronic Vacuum Polarization (HVP) contribu-
tion that shifts the SM prediction to the experimental value, solving the existing discrepancy.
However, solving the discrepancy with the HVP contribution could create a tension of the same
size in the electroweak precision data fits in some models 9,10. Until this lattice calculation is
crosschecked by other collaborations, we assume the SM prediction of the (g − 2)μ as the one
provided by the White Paper 2020 7, which is in tension with the experimental observation.

Regarding the electron, the situation is not so clear. There are two different observations
that are incompatible between them and that also deviate slightly from the SM prediction. The
observation from atomic recoil using Cesium provides 11

δaExp,Cs
e = −(8.7± 3.6)× 10−13 , (2)

that imply a 2.4 σ deviation, while the one using Rubidium 12

δaExp,Rb
e = (4.8± 3.0)× 10−13 , (3)

only deviates 1.6σ but in the opposite direction.
We will focus our attention on discussing δaExp,Cs

e , since it is the hardest to explain with
scalar mediators due to the different sign with respect to δaExpμ , but we will also show some

results of the δaExp,Rb
e analysis.

aSpeaker and corresponding author: Fernando.Cornet@ific.uv.es
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a) Current situation with the experimental measure-

ments and the different determinations of the muon
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Figure 1 – Electron and muon anomalies studied in this proceedings.

2 The model

The 2HDM is a minimal extension of the SM where just a second scalar doublet of SU(2)L is
added. In this class of models, a new flavor structure, Nf , appears in the Yukawa sector:

LY =−
√
2
v Q̄L (H1Md +H2Nd) dR −

√
2
v Q̄L

(
H̃1Mu + H̃2Nu

)
uR

−
√
2
v L̄L (H1M� +H2N�) R + h.c. ,

(4)

where Mf are the diagonal fermion mass matrices. It is well-known that in the 2HDM, the
matrices Nf are a source of Flavor Changing Neutral Couplings (FCNC), since in general, they
are not simultaneously diagonalizable with the mass matrices. Thus, the inclusion of a second
Higgs doublet constitutes a challenge since FCNC are very constrained experimentally but it
also opens the possibility of explaining observations that the SM cannot accommodate. To avoid
FCNC we will apply general Flavor Conservation (gFC), that is, we impose that both Yukawa
matrices are diagonalizable simultaneously. On the one hand, the quark sector of our model
corresponds to a Type I 2HDM where the flavor matrices are proportional by the ratio of the
two doublets vacuum expectation values, Nq = t−1β Mq. On the other hand, the lepton matrix
N� is chosen to be arbitrary and diagonal (gFC)

N� =

⎛⎝ne 0 0
0 nμ 0
0 0 nτ

⎞⎠ , (5)

which is one-loop stable under Renormalization Group Evolution as was proved in Ref. 13.
As the g − 2 is a CP-conserving observable, we are not interested in including new sources of
CP-violation thus the n� are defined as reals, and the scalar potential reads

V = m2
11H

†
1H1 +m2

22H
†
2H2 −

(
m2

12H
†
1H2 + h.c.

)
+ 1

2 λ̄1

(
H†

1H1

)2
+ 1

2 λ̄2

(
H†

2H2

)2
+ λ̄3

(
H†

1H1

)(
H†

2H2

)
+ λ̄4

(
H†

1H2

)(
H†

2H1

)
,

where the term
(
m2

12H
†
1H2 + h.c.

)
softly breaks the Z2 symmetry that generates the Type I in

the quark sector. This soft-breaking allows us to reach scalar masses above 1 TeV and values
of tβ greater than 8 that are otherwise forbidden by perturbativity constraints. The fact that
the scalar potential in eq. (6) conserves CP leads to a scalar sector formed by two scalar fields,
h, and H, one pseudoscalar A and two charged particles H±. In the so-called scalar alignment
limit, the couplings of h coincide with those of the SM Higgs (h125).
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3 Analysis

The main goal of the work presented here is to explain both the electron and muon anomalies
simultaneously. We can split the prediction for the anomalous magnetic moment, aTh

� , in the
SM prediction, aSM� , plus the new contribution coming from the 2HDM, δa�, as

aTh
� = aSM� + δa�, (6)

and we can parametrize the New Physics (NP) contribution as

δa� = K�Δ�, K� =
1

8π2

(m�

v

)2
. (7)

To reproduce the experimental observations we need to impose δa� = δaExp� what fixes the values
of Δ� in the different scenarios to

Δμ � 1, ΔCs
e � −16, ΔRb

e � 9 . (8)

It is well-known that both the one and two loops contributions can be relevant. The one-loop
contribution contains diagrams with neutral and charged mediators (H, A and H±)

Δ
(1)
� = |n�|2

(
I�H
m2

H

− I�A − 2/3

m2
A

− 1

6mH±
2

)
(9)

where the loop function reads

I�S � −
7

6
− 2 ln

(
m�

mS

)
. (10)

Among all the possible two-loop diagrams, the dominating ones are the Barr-Zee which con-
tribute with

Δ
(2)
� = −2α

π

n�

m�
F , (11)

where F , a quantity that is independent of , is defined as

F =
t−1β

3
[4(ftH + gtA) + (fbH − gbA)] +

Re (nτ )

mτ
(fτH − gτA) +

Re (nμ)

mμ
(fμH − gμA). (12)

The two-loop functions f(z) and g(z) are defined as

f(z) = z
2

∫ 1
0 dx 1−2x(1−x)

x(1−x)−z ln
(
x(1−x)

z

)
, g(z)= z

2

∫ 1
0 dx 1

x(1−x)−z ln
(
x(1−x)

z

)
. (13)

In addition to the g− 2 anomalies, a big amount of available observables are included in the
fit in order to constrain the parameter space:

• Scalar sector: the scalar potential is imposed to be bounded from below. Perturbative
unitarity of 2→ 2 scattering amplitudes is also required. As it was mentioned before, the
Z2 symmetry is broken by having μ2

12 �= 0 to allow heavy scalars and tβ > 8. Electroweak
precision data is included through the oblique parameters.

• The Yukawa couplings must remain perturbative:

|nf |
v
≤ O(1) ⇒ |nf | � 250GeV (14)

• Signal strengths data constrain the prediction of cross section times branching ratio of the
scalar h. The current data favors the alignment limit.
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• Lepton flavor universality including leptonic and semileptonic decays.

• Flavor constraints: neutral meson-mixing and b→ sγ.

• LEP data, in particular e+e− → +−.

• LHC direct searches of extra scalar and pseudoscalar particles.

For further details on the predictions in this model of the different observables and the experi-
mental values used in the fits see Refs. 2,3.

4 Results

A global fit to all the observables mentioned above is performed. To do so, a χ2-like function
is sampled using Markov chain MonteCarlo techniques. The allowed regions of the parameter
space are presented as 2D region plots where from darker to lighter the 1, 2 and 3σ regions of
Δχ2 = χ2 − χ2

Min are shown. In Fig. 2 the allowed regions for Re (nμ) vs Re (ne) are presented

for the three different scenarios studied. In blue, we use δaExp,Cs
e in eq. (2). In this case, the

electron anomaly has the opposite sign to that of the muon anomaly. This usually entails
a challenge for scalar mediators but in our case, we have a decoupling between electron and
muon Yukawa couplings allowing us to explain both simultaneously. In red, we show the case
with δaExp,Rb

e in eq. (3). Finally, in green, we present the situation where the electron anomaly
is an average between the Cesium and Rubidium determinations. As we expected, the most
constrained scenario is the analysis with δaExp,Cs

e and for that reason, we also find it the most
attractive to study in-depth.
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Figure 2 – Allowed regions of Re (nμ) vs Re (ne) for the tree studied scenarios concerning δaExp
e . We follow the

color scheme presented in Fig. 1.

Figure 3 contains some relevant correlations between the couplings, tβ and the scalar masses

for the δaExp,Cs
e scenario. On the left, Re (ne) vs tβ is shown. We see that smaller values of tβ

require smaller couplings. It is also worth mentioning that for large tβ the quark contribution
to the F function in eq. (12) is very suppressed and then, the tau one becomes dominant. This
allows us to have a negative sign for Re(ne) (if we have negative Re(nτ )). On the center plot mH

is presented as a function of tβ . We can see that the larger tβ gets, the lighter the scalars are. On
the right hand side, mH is plotted as a function ofmH± . We know that in this class of models, the
oblique parameters constraint imposes that at low masses, there must be a degeneracy between
mH± and mH or mA. We can see in this figure that we get this below 1 TeV. We can see as
well that in the case where H± must be degenerate with A there is a lower bound of around
500 GeV. This prevents the electron anomaly to be explained at one-loop since eq. (9) forces to
have Re (ne) = mA and this would violate perturbativity constraints (Re (ne) � 250 GeV). On
the other hand, the muon one-loop solution would require Re (nμ) = mA/4, and given the fact
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that there are available regions with mH < 1 TeV, perturbativity constraints do not suppose a
problem in this case. We can identify then two scenarios, one where both anomalies are two-loop
explained, in the heavy region, and a lighter region in mass where the electron remains two-loop
but the muon is one-loop instead.
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Figure 3 – Correlation among some of the parameters in the analysis with the the Cesium determination for the
electron anomaly.

Figure 4 contains some relevant information regarding the tau lepton. In the left plot,
Re (nτ ) is presented versus tβ . As we can see, the tau coupling is almost unconstrained, even
more in the low tβ region. For that reason, we asked ourselves if there was another anomaly
regarding taus that this model could give an explanation to. In purple, we show the region
of the parameter space that is in agreement with the observed excess by ATLAS in the direct
search of a heavy Higgs (mS ∼ 400 GeV) in the di-tau channel 4. In the center and right figures
we can see the gluon-gluon fusion (ggF) production cross section of a scalar H (center) and a
pseudoscalar A (right), times the branching ratio to τ+τ− with respect to the mediator mass.
The black dotted line corresponds to the expected limit while the solid one is the observed limit
by ATLAS. The purple regions of Fig. 4 correspond to scenarios where this excess is explained
with H or A in the model presented here.
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Figure 4 – Some correlations involving tau leptons. The regions where the excess in σ(pp → S)[ggF]×Br(S → τ+τ−)
is explained are plot in purple.

5 Summary and conclusions

We have presented a flavor conserving two Higgs doublet model that shares the quark sector
with a type I or X but that is general flavor conserving in the lepton sector. This model has been
proved to be one-loop stable under renormalization. This framework is capable of accommodat-
ing both the electron and muon (g− 2) anomalies, including the different determinations of the
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electron one. In the region where the scalars are heavier than 1 TeV, the two-loop contributions
for both observables are dominating. On the other hand, for lighter scalar and tβ � 1, the muon
anomaly is one-loop dominated while the electron remains two-loop due to perturbativity and
universality constraints. This model is also capable of explaining the small excess observed by
ATLAS in σ(pp→ S)[ggF] × Br(S→ τ+τ−) at around 400 GeV.
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Muon g − 2 and B anomalies from Dark Matter: a loop model tale

M. Fedele
Institut für Theoretische Teilchenphysik, Karlsruhe Institute of Technology,
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Motivated by the result of the Muon g-2 experiment and the long-standing anomalies in
semileptonic B meson decays, we systematically build a class of minimal models that can
address both experimental results thanks to the contributions of a set of new fields that
include a thermal Dark Matter candidate. This talk is mainly based on Refs. 1,2.

1 Introduction and motivations

The FNAL Muon g-2 experiment 3 confirmed the long-standing discrepancy between theoretical
prediction 4 of the anomalous magnetic moment of the muon, (g − 2)μ, and the previous mea-
surement performed at BNL 5. The combination of the two experiments deviates from the SM
prediction by 4.2σ. The compatibility of the two measurements convincingly excludes the pos-
sibility that the discrepancy is due to a statistical fluctuation or some overlooked systematical
effects in the old BNL experiment 5. The only possible explanations are (i) an underestimation
of the leading hadronic contribution (from hadronic vacuum polarisation) using the data-driven
dispersive approach, as the recent BWM lattice result may suggest 6; (ii) the presence of addi-
tional new physics (NP) contributions.

The persistent and coherent pattern of anomalies reported in semileptonic B meson decays
of the kind b → sμμ also seems to point to a NP sector coupling preferably to muons. In
particular, LHCb has recently released an updated measurement of the theoretically clean lepton
flavour universality (LFU) ratio RK = BR(B → Kμ+μ−)/BR(B → Ke+e−) reporting a 3.1σ
discrepancy with the SM prediction 7.

Assuming that they are hints of NP, both the muon g− 2 discrepancy and the B anomalies
require new fields coupling to muons at scales � O(100) TeV 8,9. Therefore, we find it natural
to seek a common explanation of the two phenomena. Since Dark Matter (DM) is probably
the most compelling call for NP, we are interested in extensions of the Standard Model (SM)
that can also account for it. Our goal is to systematically build the simplest models that can,
simultaneously, (i) address the B anomalies, (ii) explain the muon g−2 discrepancy, (iii) provide
a candidate of thermal-relic DM. We aim at models that are minimal in terms of the number
of new fields and their properties—quantum numbers, number of sizeable couplings, etc.—but
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also in the sense that the NP contributions to semileptonic B decays and to the muon g − 2
are “induced” by DM. In other words, the DM field is not added ad hoc but directly enters the
relevant Feynman diagrams.

In order to fulfill the above assumptions in combination with the requirement of DM stability,
our NP fields should not mix with SM fields, a condition that can be enforced by a discrete or
continuous symmetry. Hence NP contributions to both muon g − 2 and b → sμμ arise at one
loop (with only NP fields running in the loops) as in the general framework considered in10,11,12.

2 Systematic approach to DM and B anomalies

Global fits to the b→ sμμ data indicate that a satisfactory fit of the B anomalies is possible in
presence of NP coupling to left-handed (LH) fermions only, see e.g. 13,14,15,16. Thus, an elegant
and minimal setup to account for the B anomalies consists into extending the SM spectrum
with three new fields—either two scalars and one fermion or the other way round—whose
quantum numbers under the SM gauge group allow for couplings with LH leptons (Li) and LH
quarks (Qi), as shown in Figure 1. This class of models is described by either of the following
Lagrangians:

LF ⊃ ΓQ
i Q̄i PRΨΦq + ΓL

i L̄i PRΨΦ� , LS ⊃ ΓQ
i Q̄i PRΨq Φ+ ΓL

i L̄i PRΨ�Φ , (1)

where Ψx are new vectorlike fermions, Φx are new scalars, and the labels F , S indicate whether
the field coupled with both quarks and leptons—that we dub “flavour mediator”— is a fermion
Ψ or a scalar Φ. In order to highlight the minimal ingredients required by the B anomalies, we
only consider couplings to muons, and second- and third-generation quarks. Besides SM gauge
symmetries, the above Lagrangians are also invariant under a Z2—or a global U(1)— symmetry
in order to ensure DM stability provided it is the lightest NP particle.

Requiring that, in order to provide a viable DM candidate, at least one of the new fields
features a colourless and electrically neutral component (with null hypercharge if fermionic),
a limited number of gauge quantum numbers assignments for the three new fields, and hence
of possible models, is found. These were listed in Ref. 1, where we performed a systematic
study, considering both spin alternatives, and both cases of real/complex (Dirac/Majorana)
scalar (fermion) DM. A viable fit of the B anomalies not in conflict with bounds from DM
phenomenology is obtained if the following conditions are satisfied.

• DM has to belong to a field directly interacting with muons with a sizeable coupling, |ΓL
μ | �

2. This ensures an efficient DM annihilation into muons through t-channel diagrams, while
a good fit of the B anomalies can be achieved for a moderate value of the couplings to
quarks, ΓQ

s Γ
Q
b , thus evading stringent constraints from Bs mixing.

bL

s̄L

bL

s̄L

μ̄L μ̄L

μL μL

Ψ

Ψ

Φ

Φ

Φq ΨqΦ Ψ

Class F − Fermion mediator Class S − Scalar mediator

Figure 1: Basic diagrams providing a contribution to b→ sμμ involving only left-handed SM fields.
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• The DM should be an SU(2)L singlet. Otherwise, DM annihilations into gauge boson pairs
would be so efficient that the correct relic density would be achieved for multi-TeV DM
masses, thus outside the region where a viable fit of B anomalies can be achieved. Fur-
thermore, stringent bounds from searches for disappearing tracks at LHC exist, expecially
in the case DM belongs to a fermion triplet.

• The DM particle must be a Majorana fermion or a real scalar. If this were not the case, a
viable fit of the B anomalies would be ruled out by direct detection searches for DM, due
to a very large photon penguin contribution to the DM-nucleon scattering cross section.

As an illustration of these general conclusions, we show in Figure 2 the combined constraints
on a model with Majorana DM, featuring the following SU(3)c × SU(2)L × U(1)Y quantum
numbers: Φq (3,2, 1/6), Φ� (1,2,−1/2), Ψ (1,1, 0). This is one of the simplest examples
of a model—previously studied in Ref. 17—that successfully addresses the B anomalies via
interactions of a particle that can account for 100% of the observed DM abundance.

Figure 2: Summary of constraints for a model with DM being the Majorana fermion Ψ. The coloured
regions are excluded by DM relic density (red), direct detection (blue), LHC searches (orange) and B
physics (green). The green hatched region corresponds to a SM-like contribution to b → sμμ, while in
the white area the B anomalies can be explained at the 2σ level.

3 Adding the muon g − 2

The minimal set of models illustrated in the previous section does also contribute to (g−2)μ, as
penguin diagrams involving the subset of NP fields coupled to the muons induce dipole operators
of the type:

L ⊃ e v

8π2
Cμμ (μ̄LσμνμR) F

μν + h.c. ⇒ aNP
μ =

mμv

2π2
Re(Cμμ), (2)

where aμ ≡ (g − 2)μ/2. The proportionality of the operator’s coefficient to the Higgs vev v
makes it explicit that, following from gauge invariance, a flip of the chirality of the muon—
hence a Higgs insertion— is necessary. Being the NP fields coupled only with LH muons, an
external mass insertion on a muon line would be the only option, causing aNP

μ to be suppressed

by the small muon Yukawa coupling, i.e. Cμμ ∝ yμ. While a value of aNP
μ compatible with the

experimental measurement could be still achieved, this would come at the price of low masses of
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Figure 3: Diagrams giving chirally-enhanced contributions to (g − 2)μ.

the NP fields— in the 100-200 GeV range—that would not be compatible with the constraints
from LHC searches and DM density outside very tuned regions of the parameter space 18. To
overcome this problem we need to raise the minimal number of NP fields from three to four,
requiring that two of them mix through a Higgs insertion. This induces diagrams such as those
shown in Figure 3 that can lead to ‘chirally-enhanced’ contributions to (g − 2)μ, that is, not
suppressed by a chirality flip ∝ yμ. We then redefine our classes of models as:

Class F : either {Φq, Φ�, Φ
′
�, Ψ} or {Φq, Φ�, Ψ, Ψ′}

Class S : either {Ψq, Ψ�, Ψ
′
�, Φ} or {Ψq, Ψ�, Φ, Φ

′}

Following again criteria of gauge invariance and DM stability, and considering the conditions
listed at the end of the previous section, the analysis in Ref. 2 showed that the candidates for a
combined explanation of (g − 2)μ and B anomalies are limited to the models listed in Table 1.

Table 1: Minimal sets of fields fulfilling all requirements. The fields are denoted by their transformation
properties under, respectively, (SU(3)c, SU(2)L, U(1)Y ). Models in gray feature singlet DM, while the
other models have singlet-doublet mixed DM.

Label Φq/Ψq Φ�/Ψ� Ψ/Φ Φ′�/Ψ
′
� Ψ′/Φ′

FIa/SIa (3,2, 1/6) (1,2,−1/2) (1,1, 0) (1,1,−1) –

FIb/SIb (3,2, 1/6) (1,2,−1/2) (1,1, 0) – (1,2,−1/2)

FIc/SIc (3,2, 7/6) (1,2, 1/2) (1,1,−1) (1,1, 0) –

FIIa/SIIa (3,1, 2/3) (1,1, 0) (1,2,−1/2) (1,2,−1/2) –

FIIb/SIIb (3,1, 2/3) (1,1, 0) (1,2,−1/2) – (1,1,−1)

FIIc/SIIc (3,1,−1/3) (1,1,−1) (1,2, 1/2) – (1,1, 0)

FVa/SVa (3,3, 2/3) (1,1, 0) (1,2,−1/2) (1,2,−1/2) –

FVb/SVb (3,3, 2/3) (1,1, 0) (1,2,−1/2) – (1,1,−1)

FVc/SVc (3,3,−1/3) (1,1,−1) (1,2, 1/2) – (1,1, 0)

In Figure 4, we show, as illustrative examples, the two models FIB (Majorana DM) and FIIB

(real scalar DM). In the first case, the chirality flip is realised by mixing of the singlet fermion Ψ
with a SU(2)L doublet Ψ

′
. The DM candidate is the lightest neutral mass eigenstate, so that the

model is an extended versions of so-called singlet-doublet DM model, see e.g.19. As shown in the
left panel of the figure, it is possible to achieve the correct relic density (red isocontour) and, at
the same time, a viable fit of (g− 2)μ and B anomalies (green and orange regions respectively).
Further experimental constraints from direct detection (hatched blue region) and the invisible
width of the Higgs (hatched gray region) are evaded for MΨ/MΨ′ � 1, corresponding to the
case of singlet-like DM. In the case of the FIIB model the DM candidate is instead a pure singlet
state (a real scalar) and the mass mixing needed for (g − 2)μ is realised by two fermionic states
that mediate its annihilations. As apparent from the right panel of Figure 4, also for this second
model we can have a viable interpretation of the anomalies as well as the correct relic density.

152



Figure 4: Combined results for two benchmark choices of the parameters of the models FIB (left plot)
and FIIB (right plot). The red isocontours indicate the correct DM relic density obtained from thermal
freeze-out. The green and orange regions provide good fits of, respectively, the g − 2 and B anomalies.
The hatched regions are excluded by direct detection (blue), the Higgs invisible width (gray) and LHC
searches (purple).

In this case we need to invoke sizable coannihilations between the DM and the NP fermions. As
DM is a real scalar without coupling with coloured charged states, direct detection DM searches
do not constrain this model. A sizable portion of the viable parameter spaces is instead excluded
by LHC searches for muons and missing energy 20, interpreted in terms of the production of the
electrically-charged new fermions, followed by decays into muons and DM.

4 Conclusions and outlook

Following Refs. 1,2, we showed that one can systematically build minimal models simultaneously
addressing the muon g−2 and the B anomalies through loops involving a thermal DM candidate
that can account for 100% of the observed DM abundance. This can be achieved by introducing
only four new fields, at the price of a large coupling to LH muons (� 2) and a (moderate) chiral
enhancement of the (g− 2)μ contribution. We remark that these are not meant to be “realistic”
models, rather the minimal ingredients that a fully-fledged theory may need to incorporate—
e.g. large muon couplings imply a Landau pole below ≈ 2500 TeV. Interestingly, as illustrated
by the examples shown in Figures 2 and 4, these minimal solutions seem to be testable by future
direct detection experiments and/or LHC searches, and, in the long run, they are definitely in
the reach of a high-energy muon collider 21.

Acknowledgments

The speaker would like to thank the organizers for the invitation to this nice conference, and
Giorgio Arcadi, Lorenzo Calibbi and Federico Mescia for the invaluable collaboration during the
completion of the papers this talk was based on. The work of MF is supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) under grant 396021762 - TRR
257, “Particle Physics Phenomenology after the Higgs Discovery”.

153



References

1. Giorgio Arcadi, Lorenzo Calibbi, Marco Fedele, and Federico Mescia. Systematic approach
to B-physics anomalies and t-channel dark matter. Phys. Rev. D, 104(11):115012, 2021.

2. Giorgio Arcadi, Lorenzo Calibbi, Marco Fedele, and Federico Mescia. Muon g − 2 and
B-anomalies from Dark Matter. Phys. Rev. Lett., 127(6):061802, 2021.

3. B. Abi et al. Measurement of the Positive Muon Anomalous Magnetic Moment to 0.46
ppm. Phys. Rev. Lett., 126:141801, 2021.

4. T. Aoyama et al. The anomalous magnetic moment of the muon in the Standard Model.
Phys. Rept., 887:1–166, 2020.

5. G. W. Bennett et al. Final Report of the Muon E821 Anomalous Magnetic Moment
Measurement at BNL. Phys. Rev. D, 73:072003, 2006.

6. Sz. Borsanyi et al. Leading hadronic contribution to the muon magnetic moment from
lattice QCD. Nature, 593(7857):51–55, 2021.

7. Roel Aaij et al. Test of lepton universality in beauty-quark decays. Nature Phys.,
18(3):277–282, 2022.

8. Lukas Allwicher, Luca Di Luzio, Marco Fedele, Federico Mescia, and Marco Nardecchia.
What is the scale of new physics behind the muon g-2? Phys. Rev. D, 104(5):055035,
2021.

9. Luca Di Luzio and Marco Nardecchia. What is the scale of new physics behind the
B-flavour anomalies? Eur. Phys. J. C, 77(8):536, 2017.

10. Ben Gripaios, M. Nardecchia, and S.A. Renner. Linear flavour violation and anomalies in
B physics. JHEP, 06:083, 2016.

11. Pere Arnan, Lars Hofer, Federico Mescia, and Andreas Crivellin. Loop effects of heavy
new scalars and fermions in b→ sμ+μ−. JHEP, 04:043, 2017.

12. Pere Arnan, Andreas Crivellin, Marco Fedele, and Federico Mescia. Generic loop effects
of new scalars and fermions in b→ s+− and a vector-like 4th generation. JHEP, 06:118,
2019.

13. Li-Sheng Geng, Benjamı́n Grinstein, Sebastian Jäger, Shuang-Yi Li, Jorge Martin Ca-
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Axion Dark Matter eXperiment: recent results
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Though dark matter is thought to compose 85% of the matter content of the universe, its
precise nature is still obscure. Wave-like candidates known as axions are an intriguing pos-
sibility because they can solve the so-called strong-CP problem. The strong-CP problem
describes the observation that time-reversal symmetry is unexpectedly preserved in quantum
chromodynamics (QCD). The Axion Dark Matter eXperiment (ADMX) is a cavity haloscope
searching for wave-like dark matter in the form of the QCD axion. In recent years, ADMX
has achieved the long-sought-for DFSZ sensitivity. We present our most recent results from a
data-taking run that covered the mass range 3.3–4.2 μeV.

1 Introduction

Dark matter is thought to compose 85% of the matter content in the universe1. According to the
ΛCDM model, it is non-relativistic, gravitationally-interacting, feebly-interacting, non-baryonic,
and very stable. It is possible that the dark matter is wave-like in nature; in other words, the
de Broglie wavelength of the dark matter is macroscopic in scale. Axions are one possible
form of wave-like dark matter that can also solve the strong-CP problem via the Peccei-Quinn
mechanism 3. The so-called QCD axion is particularly compelling because it can simultaneously
compose all of the dark matter and solve the strong-CP problem. Theoretical constraints on the
axion mass range from 10−22 eV to 10−2 eV, with the lower bound set by the dark matter halo
size of dwarf galaxies, and the upper bound set by SN1987A and white dwarf cooling times 4.
In the mass range from about 1-100 μeV, the QCD axion can easily compose all of the dark
matter, motivating the current suite of axion cavity haloscope searches.

Two models for the QCD axion are the Kim-Schifman-Vainstein-Zhakarov (KSVZ) 7,8 and
Dine-Fischler-Srednicki-Zhitnisky (DFSZ) 9,10 axion. Of the two, the DFSZ model is thought to
be particularly compelling, due to the fact that it can be embedded into Grand Unified Theories
(GUTs).

2 ADMX Haloscope

A resonant haloscope typically consists of a microwave cavity immersed in a strong magnetic
field2. The Axion Dark Matter eXperiment is a resonant haloscope that has achieved sensitivity
to the DFSZ axion by suppressing noise through the use of a dilution refrigerator and quantum
amplification. The current iteration of the ADMX receiver chain uses a Josephson Parametric
Amplifier or JPA to achieve its exquisite sensitivity. This level of sensitivity is critical because
the axion signal power is expected to be exceedingly small. The equation for the axion conversion
power is

Paxion∝ ρV fB2CQgγ
2, (1)
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where ρ is the dark matter density, V is the volume, f is the frequency, B is the magnetic field, Q
is the quality factor, gγ is the axion-to-photon coupling, and C is the form factor, characterizing
the overlap between the solenoidal magnetic field and the axion electric field. Paxion is typically
on the order of yoctowatts. A diagram of the ADMX haloscope can be seen in Fig. 1. Power
sampled from the cavity is integrated for 100 seconds, and the resulting spectra are combined
to search for viable candidates, appearing as some narrowband power excess above the noise.
Data-taking proceeds as a series of rf characterization measurements and optimizations, followed
by digitization and rod motion. The sequence is repeated until the desired frequency range is
covered. The frequency range for any given run is determined by the electromagnetic boundary
conditions of the cavity and tuning rods. The system noise is quantified by occasionally pausing
data-taking to perform a Y-factor measurement, in which a calibrated hot load is heated, and
power sampled as a function of its increasing temperature.

Figure 1 – Diagram of the ADMX cavity haloscope. Power is sampled via a strongly coupled antenna that
connects to a digitizer.

3 Recent Exclusion Limit

ADMX recently searched for and excluded KSVZ axions in the mass range from 3.3–4.2 μeV and
DFSZ axions in the mass range from 3.9 to 4.1 μeV mass range6. The recent exclusion is shown in
red in Fig. 2. Potential candidates were rescanned throughout the course of data-taking in order
to achieve a high signal-to-noise ratio by accumulating power spectra. If candidates persisted,
they were subjected to further evaluations. Such evaluations were based on the assumption that
a true axion signal would

• Only be observed within the confines of the cavity

• Persist in every rescan

• Follow the Lorentzian shape of the cavity

• Be suppressed on non-TM010 modes

• Scale as the magnetic field squared

• Exhibit a predictable daily and annual frequency modulation.
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All candidates in this recent data-taking run were excluded because they did not fulfill at least
one of the requirements listed above.

Figure 2 – The most recent exclusion limit from ADMX is shown in red. The dark red region uses a filter on the
power spectra that assumes a Maxwellian velocity distribution of the axion signal. Likewise, the light red region
uses a filter that assumes an N-body distribution 5. Gaps in the exclusion region are typically due to the existence
of mode-crossings.

4 Higher Frequency Searches

A challenge that these dark matter experiments face is that as one moves to higher frequencies,
the volume shrinks, decreasing the axion signal power. Other solutions are therefore necessary
to achieve the requisite sensitivity at these higher frequencies. In the near term, ADMX has
plans to cover higher frequencies by moving towards multi-cavity systems that power combine
signals coming from separate cavities. Run 2, a four-cavity array, will enable coverage of 1.4–2
GHz and will be located at the University of Washington. ADMX Extended Frequency Range
(EFR) will be a multi-cavity system to cover the frequency range from 2–4 GHz. A prototype
for an 18-cavity array is underway. The system will make use of a 9.4 T, 258- magnet, as well
as a horizontal cryostat that will be located at Fermilab. A diagram of the EFR setup can be
seen in Fig. 3.
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Figure 3 – The diagram above shows the expected EFR configuration at Fermilab. The setup will leverage two
dilution refrigerators: one for the low noise electronics and another for the resonators. A horizontal cryostat is
another unique feature, which is necessary to accommodate the particular magnet for this data-taking run.
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Feebly interacting particles including dark matter and dark-sector mediators whose mass val-
ues are within the MeV-to-sub-GeV range emerge in many well-motivated new physics models,
and the accelerator-based experiments utilizing a high-intensity particle beam are receiving
great attention in the search for those particles. Designed to search for light dark matter and
sterile neutrinos, the Coherent CAPTAIN-Mills (CCM) experiment can provide unique oppor-
tunities for searching for such new physics signals. This article reviews the first dark-matter
search results of CCM and discusses future prospects in the search for axion-like particles and
dark-sector mediators.

1 Introduction

One of the great triumphs in particle physics is the discovery of dark matter in the universe
which is supported by many pieces of evidence in a wide range of scales, from galactic, inter-
galactic scales to cosmological scales. All of these observations are rooted in its gravitational
interaction, and a natural task to fulfill is to understand its particle nature through its hypothet-
ical non-gravitational interactions. Therefore, for the last few decades a lot of theoretical and
experimental efforts have been made to detect dark-matter signals through its non-gravitational
interactions with Standard Model (SM) particles.

However, no conclusive observations have been made so far, excluding more and more pa-
rameter space of the relevant dark-matter models. Indeed, most of the dark-matter detection
experiments are designed to be best sensitive to one of the most popular dark matter candi-
dates, the weakly interacting massive particle (WIMP), as it can be thermally produced and very
predictive. In general, a wide range of dark-matter mass values are allowed, while the WIMP
occupies a tiny range, and phenomenological and experimental investigations are increasing
exponentially for other dark-matter candidates of different masses. Among them, MeV-to-sub-
GeV-range light dark matter has been receiving particular attention as it can still be a thermal
dark-matter candidate and is less constrained by existing searches. To be consistent with the
observed dark-matter relic abundance, this dark matter should be feebly or weakly interacting
with SM particles, often involving similar mass-range mediators. Therefore, the dark-matter
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search program has been promoted to a more generic dark-sector search program. Due to the
expected mass scale, energy-frontier facilities are not essential here, and therefore, intensity-
frontier experiments using relative low-energy beams can play a crucial role.

In this regard, CCM has great potential of investigating various dark-sector scenarios. In
particular, CCM features a high intensity beam, large-volume detector, good background re-
jection, and sensitivity to both low-energy hadronic recoils and high-energy electromagnetic
signals, and therefore, we expect that it provides unique opportunities especially for beyond-
the-Standard-Model (BSM) physics and related phenomenology. In this article, we will discuss
all these aspects in the context of a few example physics cases.

2 CCM Experiment

The Coherent CAPTAIN-Millsa experiment or CCM as a shorthand is located in the Lujan
Neutron Science Center at Los Alamos National Laboratory in the United States. CCM was
originally designed to search for sterile neutrinos and light dark matter, and its physics programs
are now extended to more generic new physics searches.

CCM is using an 800 MeV proton beam in the Lujan Center. Basically, the beam is dumped
to the Lujan tungsten target, creating charged pions, which are stopped before they decay to
neutrinos, and neutral pions. Various new physics signals originate from rare decays of these π
mesons that are predicted in many well-motivated BSM models. The beam features 3.1× 1013

protons per bunch at a frequency of 20 Hz, yielding about 1022 protons on target in a year. Due
to this high beam intensity, CCM has great potential for copiously producing weakly or feebly
interacting particles such as dark-sector particles including dark matter.

The signals produced in the target are detected by a 10 ton liquid argon (LAr) detector (a 7
ton fiducial volume) that is placed 23 meters away from the tungsten target at 90 degrees from the
beam axis. The detector is designed to be sensitive to not only low-energy (keV-scale) hadronic
recoils but high-energy (MeV-scale) electromagnetic signals. Once incoming particles interact
with electrons, nucleons, or argon nuclei, the detector system captures resultant scintillation
light through photomultiplier tubes.

3 Low-Mass Dark-Matter Search

While there exist various possibilities, we take vector-portal and leptophobic dark-matter sce-
narios as benchmarks. The relevant interactions are defined by the Lagrangians as follows:

Lint ⊃ eεV μJEM
μ + gDV

μJD
μ for vector-portal dark matter, (1)

Lint ⊃ gBV
μ
BJEM

μ + gχV
μ
BJD

μ for leptophobic dark matter, (2)

where V and VB respectively stand for a dark photon and a leptophobic dark-sector gauge
boson, and where JEM

μ and JD
μ respectively denote the SM electromagnetic currents and the

dark-sector current χ̄γμχ with fermionic dark matter χ. The coupling strengths to these currents
are parameterized by eε, gD, gB, and gχ, correspondingly, with ε being the usual kinetic mixing
parameter.

Given these dark-matter scenarios defined in Eqs. 1 and 2, production and detection of dark
matter are done as follows. First of all, a proton impinges on the tungsten target, creating
a handful of hadrons. Among them, a neutral pion can sometimes decay to a SM photon
and a dark photon V or leptophobic gauge boson VB which subsequently decays to a pair
of dark-matter particles, i.e., π0 → γ + V/VB, V/VB → 2χ. We find that about 0.115 π0’s
are produced per proton collision and their flux is largely isotropic, according to our GEANT

simulation. The produced dark matter then travels to the LAr detector and scatters off an

aCAPTAIN=Cryogenic Apparatus for Precision Tests of Argon Interactions with Neutrinos.
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Figure 1 – The CCM 90% CL limits (black lines) for the vector-portal dark-matter scenario (left) and the
leptophobinc dark-matter scenario (right), calculated with the engineering run data. The colored dotted lines are
the expected sensitivity reaches with upgraded background shielding and/or detector systems and with a 3-year
exposure corresponding to 2.25× 1022 protons on target. Figures are taken from Aguilar-Arevalo et al. 3,4.

argon nucleus coherently, i.e., χ +NAr → χ +NAr, manifesting itself as the recoiling signature
of an argon nucleus.

The major backgrounds to this dark-matter signal are neutrinos and beam-induced neutrons.
Since the beam energy is small, the produced charged pions quickly stop before they decay, and
also their decay products muons stop and then decay. Muons are much longer-lived than pions,
and thus pion-origin neutrinos are relatively prompt while muon-origin neutrinos are delayed.
The prompt neutrinos are single-valued in energy because π+ undergoes a two-body decay, i.e.,
π+ → μ+νμ. The kinematics of prompt neutrino scattering suggests that the recoil energy is less
than 50 keV. We reject the events whose recoil energy is smaller than 50 keV, allowing for the
removal of the prompt neutrino-induced background events. However, the typical dark-matter
particles originate from somewhat relativistic π0’s, hence much more energetic. Therefore, a
large fraction of dark-matter signal events are retained. For the delayed neutrino and neutron
events, their timing spectra suggest that most of the events have the timing value greater than
190 ns, so if restricted to the prompt region, we are essentially lying in a signal-rich region,
together with the aforementioned energy cut1,2.

Considering all of the signal and background aspects discussed so far, we finally obtained

the sensitivity reaches of Y = ε2αD

(
mχ

mV

)4
for the vector-portal scenario and αB =

g2B
4π for the

leptophobic scenario as a function of dark matter mass mχ (see Figure 1 and the descriptions
therein). The black lines are sensitivity reaches calculated with our engineering run data while
the other dotted lines are for the expected sensitivity reaches with various upgraded detector
and shielding strategies based on 2.25 × 1022 protons on target that correspond to a 3 year
exposure. The gray regions show the regions excluded by various existing experiments. We find
that even the engineering run sets competitive limits for the leptophobic dark matter, and future
upgraded CCM can reach the region beyond the thermal target for both of the scenarios.
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Primakoff Compton Associated production Resonant production ALP-bremsstrahlung

Inverse Primakoff Diphoton decay Inverse Compton External pair conversion Di-lepton decay

( ) Production channels

( ) Detection channels

ALP interacting with photons ALP interacting with electrons

Figure 2 – Production channels (a) and detection channels (b) of ALP for the ALPs interacting with photons (the
left-hand side of the red vertical line) or electrons (the right-hand side of the red vertical line).

4 Axion-Like Particle Search

In the case of ALP searches, we consider the models of ALP field a interacting with photons or
electrons as benchmarks:

LALP ⊃ −
gaγ
4

aFμνF̃
μν − igaeaēγ

5e, (3)

where gaγ and gae parameterize the coupling strengths of ALP to the SM photon and electron,
respectively, and where Fμν and F̃μν describe the usual field strength tensor of the photon and
its dual, respectively. In our analysis, we assume that only one of the couplings is turned on
while the other is negligible for the purposes of simplicity.

Given the Lagrangian in Eq. 3, the ALPs interacting with photons can be produced by the
Primakoff process γ + N → a + N , and the ALPs interacting with electrons can be produced
by Compton-like process γ + e− → a + e−, associated production e+ + e− → a + γ, resonant
production e++e− → a, and ALP-bremsstrahlung e±+N → e±+a+N5. See also Figure 2(a).
These production mechanisms suggest that it is crucial to estimate the fluxes of the photon
and electron/positon inside the CCM target as precisely as possible. Our dedicated GEANT

simulation shows that photons and e±’s are copiously produced via various secondary processes,
and therefore, we expect decent sensitivity to the ALP signals under considerations.

Once ALPs are produced at the CCM target, the detection of ALP signals can be done
in various channels. For the ALPs interacting with photons, they may go through the inverse
Primakoff scattering a + N → γ + N or diphoton decay a → γ + γ. For the ALPs interacting
with electrons, they may go through inverse Compton scattering a + e− → γ + e−, external
pair conversion a + N → e+ + e− + N , or dilepton decay a → e+ + e−. See also Figure 2(b).
While both of the scattering and decay channels are available and equally important, the general
expectation is that if ALP is light, the scattering processes are advantageous6,7,8. On the other
hand, if ALP is heavy enough, sensitivity reaches are governed by the decay channels.

Taking into account all the production and detection channels discussed above, we estimate
the sensitivity reaches, showing the results in Figure 3. The left plot is for the ALP-photon
coupling gaγ , while the right plot is for the ALP-electron coupling gae. We assume a 3-year
exposure corresponding to 2.25×1022 protons on target. Regarding the backgrounds, we consider
two possibilities. One is an optimistic background-free scenario, and the other is based on the
beam-on backgrounds that were measured in our engineering run. The background-free case
can be taken as the maximum reach that an ideal CCM would achieve. For comparison, we
also show various existing limits. We find that CCM can explore a wide range of parameter
space that is constrained only by astrophysical considerations, and can set new limits in the so-
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Figure 3 – The expected 90% CL sensitivity reaches of CCM for the gaγ coupling (left) and gae coupling (right)
in the ALP mass. Figures are taken from Aguilar-Arevalo et al.5.

called “cosmological triangle” region for the ALP-photon coupling and analogously “cosmological
rectangle” region for the ALP-electron coupling.

5 Dark-Sector Mediator Search

Very recently, Dutta et al.9 pointed out the importance of the charged meson (e.g., π±, K±)
three-body decay in the beam-focused neutrino experiments and discussed its implication on
the famous MiniBooNE low-energy excess. The main idea is based on the observation that the
rare three-body decays of charged mesons are not helicity-suppressed unlike their corresponding
two-body decays (i.e., π± or K± → ±ν�). Therefore, the partial widths of the decay processes
involving a dark-sector mediator [for example, π+ → μ+νμX with X being a (massive) vector,
scalar, or pseudoscalar] could be larger than expected, when normalized by the associated dark-
sector coupling. Moreover, since charged mesons are focused in the magnetic horn system, the
MiniBooNE excess could be explained by dark-sector particles which would be produced via
neutral meson decays in conventional dark-sector scenarios that are severely constrained by the
MiniBooNE off-target mode measurement, while the related fit parameters satisfy the existing
limits. Depending on the model details, the new mediators would exclusively couple to quarks,
and thus CCM can readily test those scenarios.

Since CCM is not a beam-focusing experiment but a stopped-pion experiment, the charged-
pion-originating signal flux is isotropic and the contribution from the neutral meson decays
becomes important unlike the MiniBooNE case. Depending on model details, the new mediators
could decay to dark matter particles or they themselves could be long-lived. CCM can observe
dark matter scattering signals, e.g., χ + T → χ + T with T being electron, nucleon, or argon
nucleus,b or vector boson scattering signals, e.g., V +NAr → γ +NAr via a t-channel exchange
of a new scalar or a π0.

Indeed, the three-body charged meson decay of this sort can involve various dynamics. For
example, the mediator can be emitted from the charged lepton, the neutrino, or the decaying
meson, depending on the underlying model detail. If the vector is a gauge boson, the gauge
symmetry generates a four-point interaction among π±, ±, ν�, and V . Moreover, for models
having couplings to the quark contents inside the meson, QCD-origin structure-dependent con-
tributions may arise. Therefore, CCM can test a wide range of dark-sector scenarios associated
with the rare charged meson three-body decays.

bDark-matter upscattering processes, i.e., χ + T → χ′ + T , are kinematically challenging or limited as the
typical energy of χ produced at CCM is not large enough to create a heavier dark-sector state χ′.
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6 Conclusions

CCM has finished its engineering run and has started a 3-year physics run. We expect that
CCM will continue to allow us to investigate various BSM physics cases. First of all, we have
recently reported the first physics result in the search for light dark matter, using the engineering
run data. We found that the calculated limits for the leptophobic dark-matter scenarios are
competitive. Also, the limits with the upgraded detector are expected to reach the thermal
targets in both of the vector-portal and leptophobic dark-matter scenarios. Second, CCM has
great potential of searching for ALPs interacting with the SM photon and/or the electron. Our
study shows that CCM is expected to explore new regions of parameter space that have never
been probed by laboratory-produced ALP search experiments. Finally, CCM can test some
dark-sector models for the MiniBooNE low-energyh excess.
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Flavor probes of axion-like particles
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Axions and axion-like particles (ALPs) are well-motivated low-energy remnants of high-energy
extensions of the Standard Model (SM). We investigate the phenomenology of an ALP with
flavor-changing couplings, and present a comprehensive analysis of lepton flavor-changing
observables within a general ALP effective field theory. Observables studied include searches
for flavor-violating lepton decays such as μ → eγ and μ → 3e, but also limits from lepton
electric dipole moments (EDMs) and muonium oscillations. We further study the possibility to
address the tension between the SM prediction and measurement of the anomalous magnetic
moment of the muon and of the electron with ALPs.

1 Introduction

Axions and axion-like particles (collectively referred to as ALPs in this work) are pseudo-Nambu-
Goldstone bosons, which appear in the spontaneous breaking of a global symmetry. First in-
troduced to address the strong CP-problem, 1,2,3,4 ALPs have since become a large interest of
research as they provide possible answers to several open questions of the SM, such as providing
an explanation for fermion-mass hierarchies, 5 and being a dark matter candidate. 6

In many ALP models the ALP couples to SM gauge bosons as well as SM fermions. We take
a model-independent approach by considering the most general set of dimension-5 operators
describing the couplings of an ALP to the SM particles in an effective field theory defined up
to a scale Λ, which can be substantially larger than the electroweak scale. These couplings are
consequently suppressed by the characteristic mass scale of new physics, such that the ALP only
couples weakly to the SM. If the underlying global symmetry from which the ALP emerges is
flavor-dependent, the ALP can acquire flavor-violating couplings to quarks and leptons, yielding
new sources of flavor and CP violation besides the SM Yukawa interactions. Even if the un-
derlying symmetry is flavor-independent, flavor-violating couplings are introduced radiatively. 7

This opens up the possibility to discover ALPs in rare or forbidden processes. It can be shown
that flavor observables are highly complementary in excluding the ALP parameter space to as-
trophysical studies, which mostly probe the low ALP-mass regions, and bounds from colliders
that focus on heavy ALPs.

In this work, we focus on lepton flavor-violating (LFV) ALP couplings, allowing LFV already
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at tree-level. Quark flavor observables and RG running effects are discussed in 7. We extensively
discuss the muon decays μ → ea, μ → eaγ, μ → eγ and μ → 3e, as well as μ → e conversion,
muonium-antimuonium oscillations and the ALP contribution to the anomalous magnetic and
electric moments of the muon and the electron. We find that the strongest limits arise when the
ALP can decay resonantly, as is the case in μ → ea and μ → 3e, assuming the ALP is lighter
than the muon. In the case of the latter decay, the phase-space suppression of the three-body
decay is overcome and provides limits which are stronger by several orders of magnitude than
the two-body decay μ→ eγ. 8,9

2 The effective ALP Lagrangian

The most general effective Lagrangian of an ALP coupling to leptons and photons is given by 10

Leff =
∂μa

f

(
̄LkEγμL + ̄RkeγμR

)
+ cγγ

α

4π

a

f
FμνF̃

μν . (1)

Here  = (e, μ, τ)T , f = 1TeV is the suppression scale of the dimension-5 operators, and the
Hermitian matrices kE and ke are defined in the mass basis. The suppression scale is related to
the scale of global symmetry breaking Λ by Λ = 4πf .

Couplings of the ALP to leptons are given by

c�i�i = (ke)ii − (kE)ii (2)

for the flavor-diagonal case and

c�i�j =
√
|(ke)ij |2 + |(kE)ij |2 (3)

for tree-level flavor-violating couplings. Since ALP-lepton couplings also induce a coupling to
photons via loops, the effective ALP-photon coupling is

ceffγγ = cγγ +
∑
i

c�i�iB1(τ�i) , (4)

where τ�i = 4m2
�i
/m2

a − iε. The loop function is well approximated by B1(τ) ≈ 1 for τ � 1 and

B1(τ) ≈ −1/(3τ) for τ � 1. This implies that ceffγγ mainly receives contributions from leptons
that are lighter than the ALP.

In the following section we explore the constraints on the LFV ALP-lepton couplings derived
by multiple experimental observables. We take into account that the ALP can have macroscopic
decay lengths which greatly affect the sensitivity of certain experiments. For example, in searches
for μ → eγγ the ALP needs to decay into two photons before reaching the detector, whereas
in μ → ea it has to escape detection to reproduce the sought-after μ → e+ missing energy
signature. We also account for experimental cuts applied e.g. to the time of flight or the
minimal energy that needs to be deposited in a certain detector.

3 Constraints on LFV ALP-lepton couplings

To study the constraints on the ALP model, we make certain assumptions on ALP parameters.
We assume that only the diagonal couplings as well as the ceμ coupling are non-zero at tree-level,
which means we focus on one active LFV coupling. An effective coupling to photons is induced
via Eq. 4. To avoid constraints from astrophysical, collider, and quark-flavor observables on the
diagonal couplings, 11 we choose

|cee|
f

=
|cμμ|
f

=
|cττ |
f

= 0 , for ma < 2me ,
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cee = 10−3, cμμ = cττ = 1

μ→ eee

μ→ eaγ

Muonium

μ→ eγ

c�� = 0 c�� = 1

μN → eN

ΔaCs
e

Δaμ

μ→ eγγ

μ→ eγeff

μ→ e+ inv [TWIST]

μ→ e+ inv [Jod]

Figure 1 – Bounds on ALP mediated LFV transitions between muons and electrons with ceμ =√
|(ke)12|2 + |(kE)12|2, assuming diagonal ALP couplings to leptons as indicated above the plot.

|cee|
f

=
10−3

TeV
,
|cμμ|
f

=
|cττ |
f

= 0 , for 2me < ma < 2mμ , (5)

|cee|
f

=
|cμμ|
f

=
|cττ |
f

=
1

TeV
, for ma > 2mμ

This choice affects branching ratios like Br(a→ ee) and decay lengths.

We present constraints on ALP-induced μ → e transitions in figure 1. Solid shapes in this
figure are excluded by current experiments, dashed lines show projections of future searches.
Additionally, we show the parameter space where a single LFV coupling of the ALP might
explain the current tension between experiment and theoretical prediction for the anomalous
magnetic moments of the muon and the electron. Details are discussed in section 4. A similar
analysis of LFV ALP-couplings can also be conducted for the tau-sector and is presented in 9.

μ → e Conversion Experiments hunting μ → e conversion in the presence of an atomic
nucleus have set strong constraints on the branching ratio Br(μAu → eAu) < 7.0 × 10−13. 12

Future experiments like Mu2e13 and COMET14 aim for increased sensitivity of up to four orders
of magnitude. Since our case is limited to ALP-lepton and induced ALP-photon couplings,
current limits are not competitive to other muon decay experiments.

Muonium-antimuonim oscillations Muonium is a hydrogen-like bound state of an an-
timuon and an electron (μ+e−), which can oscillate into its antiparticle via μ−e−a interactions.
In the limits where the ALP is either much heavier (ma � mμ) or much lighter (ma � mμ)
than the muon, these interactions can be mapped onto effective four-fermion operators. 15 The
oscillation probability then depends on the population probabilities of the muonium angular
momentum states, which themselves depend on the experimental set-up, especially the mag-
netic field used to trap the muonium. The MACS collaboration has determined the strongest
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Figure 2 – Feynman diagrams contributing to the decay μ → eγ. Note that in the third diagram we only allow
for one LFV ALP coupling.

constraint on the transition probability, which reads P < 8.3×10−11 at 90% CL.16 Despite yield-
ing a relatively weak constraint, Muonium-antimuonium oscillation is an important experiment
because it is the only observable that is independent of the diagonal lepton coupling c��.

μ → ea and μ → eaγ A light ALP can be produced on-shell in muon decays. In the limit
me/mμ → 0 the decay rate of μ→ ea reads

Γ(μ→ ea) ≈
m3

μ

32πf2

(
1− m2

a

m2
μ

)2

|c2eμ| . (6)

The rate of such a decay can be vastly enhanced in comparison to other processes with internal
ALPs due to their resonant nature. Depending on the ALP lifetime and branching fractions
of the different channels, this process can mediate the decays μ → 3e, μ → eγγ and μ → e+
invisible. Searches for μ → e+ invisible set the strongest bounds in the very low ALP mass
region, since the fraction of ALPs escaping the detector is suppressed by exp(−maΓa). This
situation is reversed for searches that require a subsequent ALP decay into leptons or photons,
which is why these experiments are generally more sensitive to heavier ALPs. In figure 1 two
regions excluded by μ→ ea can be seen colored in light red and yellow. While the red region is
excluded for any ALP model with LFV couplings,17 the yellow region assumes (kE)12 = (ke)12.

18

The decay μ → eaγ can be seen as a μ → ea decay with additional initial or final state
radiation. Though theoretically sub-dominant when compared with μ→ ea due to the additional
radiation, the angular distribution is less dependent on the chiral structure of the ALP couplings
and can therefore be almost competitive in constraining the parameter space.

μ → eγ, μ → 3e and μ → eγγ Searches for the decays μ → eγ and μ → 3e provide the
most stringent bounds for large ALP masses ma > mμ. The decay μ→ eγ via ALPs with LFV
couplings is mediated by diagrams shown in figure 2. The amplitude can be written in terms
of four independent form factors that depend quadratically on the momentum q carried by the
radiated photon. Two of these form factors evaluated at q2 = 0 contribute to the decay rate,
for which we obtain (neglecting terms suppressed by m2

e/m
2
μ)

Γ(μ→ eγ) =
αm5

μ

4096π4

|ceμ|2
f2

∣∣∣∣cμμg1(x) + α

π
ceffγγ g2(x)

∣∣∣∣ , (7)

with x = m2
a/m

2
μ − iε and

g1(x) = 2
√
4− xx3 arccos

√
x

2
+ 1− 2x+

3− x

1− x
x2 log x (8)

g2(x) = 2 log
Λ2

m2
μ

− 2− x2 log x

x− 1
+ (x− 1) log(x− 1) . (9)

The decay μ→ 3e is mediated either via diagrams of μ→ eγ∗ or diagrams of μ→ ea∗, where
the additional electron positron pair is radiated from the off-shell photon or ALP, respectively.
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For ma > mμ the rate of μ→ 3e is phase-space suppressed in comparison to μ→ eγ, resulting
in a weaker bound Br(μ→ 3e) ∼ 5× 10−3Br(μ→ eγ). 8 This expectation however breaks down
for ALP masses in the range 2me < ma < mμ, where resonant ALP decays can vastly increase
the sensitivity of μ → 3e searches. In fact, limits on Br(μ → 3e) yield the strongest bounds
on ceμ for ALPs that are only a bit lighter than the muon. These limits are many orders of
magnitude stronger than bounds from μ → eγ in that mass range and comparable to bounds
from μ → ea(inv.) for smaller ALP masses. The same mechanism also gives rise to μ → eγγ
signatures, where the ALP decays on-shell into two photons instead of an electron positron pair.
Both decay rates can be written in factorized form as

Γ(μ→ eXX) =
m3

μ

32πf2
|ceμ|2

(
1− m2

a

m2
μ

)2

Br(a→ XX) , (10)

with XX = e+e−, γγ, and the relevant partial decay widths read

Γ(a→ e+e−) =
mam

2
e

8πf2
|cee|2

√
1− 4m2

e

m2
a

, (11)

Γ(a→ γγ) =
α2m3

a

64π3f2
|ceffγγ |2 . (12)

Limits from μ → eγ can also be enhanced in this ALP mass range if the two photons coming
from a μ→ eγγ decay are collinear and cannot be distinguished from a single photon γeff in the
detector. Note in the case a tree-level coupling to photons is present cγγ �= 0, constraints from
a→ γγ decays would be strengthened whereas limits from μ→ 3e would become weaker.

4 Anomalous magnetic moments

Precise predictions for the anomalous magnetic moment of the muon aμ = (g − 2)μ/2 have
been calculated using experimental input from LEP measurements to determine the hadronic
vacuum polarization contribution by the g−2 theory initiative paper (TI)19 and, alternatively, by
using lattice QCD calculations by the BMW collaboration. 20 Both predictions disagree with the
combined experimental measurement from the Brookhaven21 and Fermilab22 experiments at the
level of two standard deviations. Furthermore, a tension between prediction and measurement
can also be observed for the anomalous magnetic moment of the electron ae by 2.4σCs 23 and

1.6σRb, 24 coming from two competing measurements of the fine-structure constant in Caesium
and Rubidium, respectively.

There are several ALP contributions to those magnetic moments, which have been studied
extensively in the literature. 10 For ALPs with LFV couplings, further contributions arise. One
finds that it is not possible to explain the tensions in both electron and muon magnetic moments
with only one flavor-violating coupling. Explanations based on ceμ are ruled out by muonium-
antimuonium oscillations, and those based on couplings involving τ -couplings contradict searches
for μ→ eγ. It is nonetheless possible to address both anomalies at the same time with

• non-universal ALP-lepton coupling, where the ALP couples stronger and with opposite
sign to electrons compared to muons cee ∼ −(10− 30)cμμ

• two flavor-violating couplings and small diagonal coupling c��/f � 1TeV−1. One can then
explain the tension in aμ with a cμτ coupling and the tension in ae with ceμ.

5 Conclusion and outlook

In this work we studied the phenomenology of LFV ALP-couplings. Our results were sketched
in the benchmark model where only a LFV ALP-electron-muon coupling ceμ is present. We
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find that this coupling is severely constrained by muon decays, μ-e-conversion and muonium-
antimuonium oscillations. While for large ALP masses ma > mμ most stringent bounds come
from μ → eγ searches, for ma < mμ strongest constraints arise in decays, when the ALP can
decay on-shell. In these resonant decays the three-body process μ → 3e also overcomes the
phase-space suppression relative to μ → eγ by many orders of magnitude. Where applicable,
we gave prospects for bounds by upcoming experiments.

Additionally, we explored whether LFV ALP-couplings could explain the current tension
between measurement and prediction of the anomalous magnetic moments of the muon and
electron. While it is in principle possible to tackle this question with LFV ALPs, we find that
an explanation based on only one active LFV coupling is ruled out by other experiments.
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First results from the PADME experiment - getting ready for dark sector studies

Isabella Oceano on behalf of PADME collaboration d.

Dipartimento di matematica e fisica, Università del Salento,
Lecce,Italy

Dark Sector searches are nowadays an anchor asset of many particle physics experiments at
accelerators. The Positron Annihilation into Dark Matter Experiment (PADME), ongoing at
the Laboratori Nazionali di Frascati of INFN, is looking for hidden particle signals by studying
the missing mass spectrum of single-photon final states resulting from positrons annihilation
with electrons of a fixed target. PADME collected during RUN II data taking in 2020 a sample
of 6× 1012 positron on target collisions. From a subset of the RUN II data sample, the cross-
section of the process e+e− → γγ has been measured with 5% precision at

√
s = 21 MeV.

This represents the most precise measurement of the e+e− → γγ cross section below 1 GeV.
The preliminary result of this study is presented for the first time, and it is compared with
theoretical QED expectations at Next to Leading Order.

1 Introduction

The Standard Model (SM) of particle physics is a quantum field theory that describes the be-
haviour of fundamental particles interacting through the strong, electromagnetic and weak forces
with extreme accuracy. Although the SM has an extraordinary record of successes, it still fails
to explain some of the more prominent physical phenomena observed in the universe. An ever-
increasing amount of evidence suggests that most of the universe’s content is composed of some
non-luminous, hitherto unknown, “Dark Matter” (DM). The best motivated DM candidates
are the WIMP (Weak Interacting Massive Particles), massive particles (∼ 102 GeV), interact-
ing weakly with the known matter. Despite the enthusiasm for these new particles hypothesis,
severe constraints were put on these models 1. This motivates the investigation of other dark
matter candidate hypotheses. A possible alternative model consists in the introduction of a
new hidden sector with a new Abelian gauge symmetry UD(1) besides the SM symmetry. As a
consequence, a new massive gauge boson A′, called dark photon, is predicted. The interaction
between the SM fermions and the new gauge field can happen via “kinetic mixing” with SM
photon through the Lagrangian term Lint = ε

2F
μν
QEDF

Dark
μν , where ε is the the kinetic mixing

coefficient. This may be so small (∼ 10−3) to have precluded so far the experimental discovery
of the dark photon.

dA.P. Caricato, M. Martino, I. Oceano, S. Spagnolo (INFN Lecce and Salento Univ.), G. Chiodini (INFN
Lecce), F. Bossi, R. De Sangro, C. Di Giulio, D. Domenici, G. Finocchiaro, L.G. Foggetta, M. Garattini, A. Ghigo,
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A variety of dark photon production mechanisms have been exploited in dark photon searches:
A′-strahlung on nuclei e±N → e±NA′, annihilation process e+e− → γA′, neutral meson decays
like π0, η, φ and Υ and the Drell-Yan (DY) qq̄ → A′ → l+l−, h+h−. According to the mass
hierarchy of the dark sector, the A′ decay phenomenology can occur with two scenarios. The
dark photon will decay in SM particles with a Γ ∝ ε2 if 2mχ > mA′ , where χ is a DM particle;
otherwise if mA′ > 2mχ, the main decay mode will be A′ → χχ, since it is not suppressed by the
ε factor. Considering these decay modes, the A′ search can be classified in visible and invisible
searches.

2 The PADME experiment

PADME is an experiment taking place at the Laboratori Nazionali di Frascati (LNF) of INFN
designed to probe the dark photon hypothesis in the invisible decay mode. The A′ production
occurs via the annihilation process e+e− → γA′ and the strategy for its identification is to search
for a peak in the missing mass M2

miss = ( �pe+ + �pe− − �pγ)
2 distribution.

Figure 1: Layout of the PADME experiment (top view).

PADME was approved by INFN
in 2016 and installed in 2018 at the
LNF2. The LINAC of DAΦNE 3 pro-
vides a positron beam with Ee+ ≤
550 MeV. Since the production hap-
pens via positron-electron annihilation,
the maximum value allowed of mA′ at
PADME is mA′ = 23.7 MeV. Figure 1
shows a layout of the experiment, enter-
ing from the left, the beam hits an active
CVD Diamond target 4, and then propa-
gates inside a vacuum chamber placed in
the gap of a magnetic dipole. The neu-

tral particles produced in the target, reach an electromagnetic calorimeter system placed in the
forward direction, consisting of the main calorimeter (ECAL)5 and of the Small Angle Calorime-
ter (SAC) 6. The ECAL consists of 616 BGO crystals arranged in a cylindrical matrix with a
5× 5 cm2 central squared hole. Its main purpose is to detect the ordinary photons produced in
association with the A′. The SAC is installed behind the central hole of ECAL calorimeter. It
consists of a 5×5 matrix of PbF2 Cherenkov crystals and provides fast detection and rejection of
forward photons produced by Bremsstrahlung of the positron beam on the target. The detection
of charged particles is performed by means of a veto system. It is located inside the PADME
vacuum vessel and consists of three stations of plastics scintillators (EVeto for e−, PVeto for e+

and HEPVeto for high energy e+) 7.

The installation of the PADME detector began in July 2018, and already on September 15th,
the experiment started taking data. The experiment collected data for a commissioning run,
called Run I, from November 2018 to March 2019. Run I allowed to understand the unexpected
beam background, its sources and how to reduced it 8. The Run II data were collected with
improved beam parameters and beam-line configuration. From September to December 2020 a
total integrated luminosity of LRunII = (5.47± 0.27)× 1012 POT was collected.

3 e+e− → γγ cross-section

The two-photon annihilation is a precious SM process for PADME. The study of this process
allows to monitor the apparatus energy scale, to measure independently the number of positrons
hitting the target, to cross-check the detector geometry and to determine the beam direction
and position. In addition, it allows to set-up an efficient background rejection strategy for
the dark photon search. The signature of this process consists in the presence of two photons
in the electromagnetic calorimeters. The two-photon annihilation cross-section measurement
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presented in this paper was performed for a beam energy Ebeam = 430 MeV using 4×1011 POT
approximately 10% of the Run II data set.

The data selection exploits the constrained di-photon kinematics. The sum of the two photon
energies is equal to the beam energy E1 + E2 = Ebeam, and their transverse momenta are back
to back, φ1 + π = φ2. In addition, the energy Ei is a function of the radial position Ri as
shown in Figure 2 (a), this is equivalent to assert that the energy is a function of the polar
angle E = f(R(θ)). As a consequence of the energy conservation and of the energy-polar angle
dependence, θ1 and θ2 are strictly correlated. Knowing the energy E1 of a photon sets its polar
angle θ1 and the energy E2 and the polar angle θ2 of the second photon. Similarly, knowing the
azimuthal angles φ1 of a photon sets the azimuthal angles φ2 of the other.

Figure 2: (a) Correlation between energy and radial position of photons in two-photon annihilation events gener-
ated by CalcHEP and reconstructed in PADME with pileup events. (b) Δφ distribution for two-photon selection
in data (points), fit curve (black line) and background component of the fit (red line).

The selection of two-photon annihilation events is based on the search of two good quality
photonsa in time within 10 ns, with an energy above a given threshold (Eγ > 90 MeV) and with
an energy and radial position compatible with the constrained kinematic |ΔE| = |Eγ−f(Rγ)| <
100 MeV. To reject photons reconstructed from clusters affected by transverse energy leakage
problems, a Fiducial Region (FR) is defined. The minimum radius for the most energetic
photon implies a maximum radius for the other and vice-versa. The FR (115.8 mm < Rγ <
250 mm) was chosen simulating the calorimeter response for two and three photons annihilation
events generated with Babayaga 9 at NLO. With the same simulated sample, the acceptance
of the process in this FR was determined to be A = 0.06424 ± 0.00025. The two-photon
annihilation yield was measured fitting the distribution Δφ = φ1 + π− π2, which has an almost
flat background. Figure 2 (b) shows the Δφ distribution with superimposed a fit function given
by a second order polynomial and a Gaussian. The signal yield is measured by integrating the
difference between the distribution and the background component given by the polynomial part
of the fit. The resulting yields was 276700± 530 where the error is statistical only.

An ad-hoc tag-and-probe technique was developed to measure the photon selection efficiency
for two-photon annihilation events. Each good quality photon satisfies the requirement |ΔE| <
100 MeV defining a tag and a probe hypothesis exploiting the constrained annihilation kinematic.
The distribution of the tags for one of the 8 inner azimuthal bins, is shown in Figure 3 (a),
where the fit curve and its components are superimposed: two Gaussian functions for the signal,
a beam background template, obtained from data with target out, and the pileup template,
obtained from MC simulation. For each tag the search for a good quality photon that matches
the probe hypothesis was done requiring E > 90 MeV, |ΔE| < 100 MeV, in time within
7 ns and back-to-back within 45◦. The photons passing this selection and within 3σ from

aThe definition of a good quality photon is based on the topology of the reconstructed clusters.
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(a) (b)

(c)

Figure 3: (a) Data (points) and fit (red curve) of the ΔETag distribution for tag photons in the inner ring of
ECAL. The components of the total fit function are shown separately: a total signal component in orange (sum
of two Gaussian functions in light and acid yellow) and a total background component in cyan (sum of the pileup
component, in green, and the beam related background, in blue). (b) Data (points) of the ΔEprobe distribution
for matched probe photons with superimposed the Gaussian part of the fit. (c) Photon selection efficiency for
different bins.

the peak of ΔEprobe = Eprobe + f(θtag) − EBeam, where Ebeam = 430 MeV, were counted as
matched probe. Once subtracted of the background, the tag-and-probe efficiency is given by
ε = NMatchedProbe

NTag
. In Figure 3 (b) the distribution of ΔEprobe is reported for the matched probe

candidates corresponding to tags of Figure 3 (a) with the fit of the Gaussian part. The photon
selection efficiency is measured in 8 azimuthal and two radial bins. In Figure 3 (c) the photon
selection efficiency is shown for the 16 different bins.

The tag-and-probe method relies on the possibility to observe the positron annihilation
signature just by a single photon selection, thanks to a relatively low background. In these
conditions the annihilation yield can be measured also by a single photon selection by counting
the events above background of the ΔE distribution or of the squared missing mass M2

miss =
(pe+ +pe−−pγ)

2 distribution which peaks to zero for annihilation photons. The different shapes
of the two variables were used to assess systematic errors of the measurements obtained with
the two-photon selection and using the Δφ distribution. In order to avoid double counting, the
single photon based measurement consider photons within or above a middle radial position
Rmid = 172.83 mm, where the two annihilation photons have the same energy.

3.1 Measurement and systematics

The acceptance, extracted from simulation, the annihilation yield and efficiency, measured in
data, are combined to derive the cross-section measurement. The quantities used in the cross-
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Table 1: Tag-and-probe efficiency, acceptance, total number of beam positrons collected on target and number of
target electrons per unit surface.

ε ε A NPOT Ne/S

inner ring outer rung

0.731± 0.009 0.714± 0.006 0.06424± 0.00025 4× 1011 0.0105b−1

section determination are summarized in Table 1, while the measurements obtained with different
analysis variant are reported in 2.

Table 2: Cross-section measurement for the different analysis variant.

σ(Δφ) σ(ΔEin) σ(M2
miss, in) σ(ΔEout) σ(M2

miss, out)

mb mb mb mb mb

1.981± 0.031 1.921± 0.028 1.889± 0.027 1.914± 0.028 1.912± 0.048

The measurements derived from the fit to the Δφ, ΔEin and M2
miss, in distributions can

be considered equivalent, since they are based on the same reconstructed annihilation events.
Therefore, the differences will be taken into account in the assessment of the systematic uncer-
tainty, and their average used as the cross-section measurement:

σ(e+e− → γγ) = 1.930± 0.029 (stat)± 0.057 (syst)± 0.020 (target)± 0.079 (lumi) mb. (1)

The measurement is compatible with the prediction from Babayaga at NLO
σ = 1.9573± 0.0005 (stat)± 0.0020 (syst) mb, where the systematic error is a conservative esti-

Figure 4: Two-photon annihilation cross-section vs Ee+ of this and previous works compared to theory predictions
at LO (azure solid line) and at NLO (red solid line). On the bottom are shown the ratios between the measurements
(LO) and the NLO theory predictions.

mate of the missing perturbative contributions. Figure 4 shows the agreement of the two-photon
annihilation cross-section measured by PADME with the NLO theoretical predictions and with
previous measurements at a similar energy scale 10, 11, 12. The PADME measurement is heavily
relying on the data-driven efficiency measurement which exhibits a non-trivial dependence on
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the azimuthal and radial sectors of ECAL. The difference can be ascribed to local defects, non
uniform distribution of background and to the shadow of the vertical dipole gap. The resulting
systematic uncertainty can be estimated by looking at the differences in the annihilation yield
corrected for the efficiency obtained in the different azimuthal slices. The background modelling
contribution can be extracted comparing the results from the fit of the Δφ distribution, in the
two-photon selection, and of the ΔE and M2

miss distributions, in the single-photon selection
applied to the inner ring of ECAL. The measurements obtained in the inner and outer rings
must be also considered. The two measurements are based on consistent, but experimentally
different, definitions of the fiducial region. In addition, the contribution due to the variation of
the FR radii is considered bringing a total acceptance systematics of 1.16%. A separate source
of error comes from the estimate of the number of positrons on target and on the electrons
number on target surface. The systematic errors combined in quadrature in the measurement
of Equation 1 are summasized in table 3.

Table 3: Contribution to the systematic uncertainties of the measured annihilation cross-section.

Detector defects Background modelling Acceptance Luminosity Target atomic electron

0.020 mb 0.047 mb 0.025 mb 0.079 mb 0.020 mb

Conclusion

During Run II PADME collected 6 × 1012 POT, about half of the planned statistics, with an
improved beam configuration with respect to Run I. The candle QED process e+e− → γγ has
been studied with 4 × 1011 POT. The inclusive cross-section has been measured with a 5%
precision. The obtained value is in agreement with QED. The uncertainty is dominated by the
systematics on the evaluation of the number of POTs. The analysis shows that a compelling task
is the control of the beam related background. However, the result gives confidence in a detailed
understanding of the PADME key detector: ECAL. Assuming no new physics contributions, the
annihilation process can be used to measure the luminosity with ∼ 3% precision, enough for the
search of an invisible A′.
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Dark Matter searches at CMS and ATLAS

Danyer Pérez Adán, on behalf of the ATLAS and CMS Collaborations
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Notkestraße 85, 22607 Hamburg, Germany

A glimpse into the most recent searches for Dark Matter at the LHC performed by the ATLAS
and CMS collaborations is presented. The results covered in this document are all based
on Run-2 proton-proton collision data recorded at

√
s = 13 TeV and corresponding to an

integrated luminosity of just under 140 fb-1.

1 Introduction

Various astrophysical observations 1 point to the existence of large amounts of Dark Matter
(DM) in the universe. There are many models suggesting that the nature of the DM could
be particle-like, situating it in the context of new physics beyond the Standard Model (SM) 2.
The number of possible candidates embraced by these theories is significant, however, the ‘dark’
particles have a few distinctive properties that are possible to exploit in the hunt for DM.

At colliders, such as the CERN LHC, the DM particles are expected to be produced after
the collisions via the mediated interaction with SM particles. The main characteristic of the
DM particles produced in the final state is that they are effectively invisible to experiments
located at the LHC. The invisible particles would normally traverse the CMS 3 and ATLAS 4

detectors completely undetected and leaving behind an unbalanced momentum in the transverse
plane of the proton-proton collision. The above makes this quantity, known as missing transverse
momentum (�p miss

T ), the main probed observable when searching for DM production at the LHC.
Any remaining product of the collision becomes useful in the identification of events with

the presence of DM particles, hence the reason why many of these searches are commonly
classified as �p miss

T +X analyses, where X represents any possible SM particle accompanying the
DM candidate. The DM search program at ATLAS and CMS can be represented in a sketch
such as the one in Fig. 1, which is not intended to be exhaustive but accommodates the most
standard searches in a few categories. The heavy flavor category is motivated by models in
which the coupling between the mediators and the SM fermions is of Yukawa type, thus favoring
the associated production of DM with top-quarks or b-quarks. The Higgs to invisible decay
group focuses on theories that incorporate the new hidden sector through interactions with the
scalar field, which could potentially produce a sizable decay rate to DM particles of the newly
discovered boson. The dark Higgs and dark photon searches are more specific to these two
widely explored models and are usually optimized for specific production and decay channels.
Another big sector is the one constituted by the mono-X analyses, which are mainly looking for
one single SM particle recoiling against DM; those tend to be less model-dependent searches,
as some of the X particles (e.g. jets) can be copiously produced from the initial state radiation

Copyright [2022] CERN for the benefit of the [ATLAS and CMS Collaborations]. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license.
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in proton-proton collisions. Other more exotic kinds of DM searches are grouped in the last
remaining category, which comprises a large number of theoretical models.

Dark Matter
Searches at CMS

and ATLAS

Mono-X

mono-jet

mono-Z

mono-
photon
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Higgs
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heavy
resonances
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Figure 1 – A sketch of the most common type of DM searches performed at ATLAS and CMS divided into a few
subgroups, depending on the particles recoiling against (accompanying) the invisible particles.

2 Search for DM with an energetic jet and missing transverse momentum

One of the analyses belonging to the mono-X group is the mono-jet search, which looks for an
energetic hadronic jet recoiling against a large amount of �p miss

T . Fig. 2 (left and center) shows
two representative examples of processes that could exhibit such experimental signature; one as
a consequence of an initial state emission of a jet in the context of a simplified DM model and
the other as a result of an invisible decay of the Higgs boson in VH production.

The two searches performed by the CMS 5 and ATLAS 6 collaborations present, in general,
a very similar analysis strategy. The main physics objects exploited in the selection are the
jets, which are reconstructed using a distance parameter of R = 0.4. In addition to this type of
jets, the CMS analysis makes use of the so-called fat jets, reconstructed with a larger cone of
R = 0.8. It also employs a deep neural network to differentiate between fat jets originating from
a vector boson decay and those coming from QCD radiation; this is additionally used for event
categorization in two regions with low and high purity of mono-V events. Events containing any
e, μ, τ , or γ are vetoed. A lower threshold is imposed on the variable |Δφ(�p jet

T , �p miss
T )|, which is

intended to reject QCD events with misreconstructed jets that originate a fictitious �p miss
T along

the jet momentum.
The main SM background processes contributing to the above selection are Z(→ ν̄ν) + Jets

and W (→ lν̄l) + Jets. The first process features an almost identical signature compared to the
signal if a hard jet emission is produced in the event. Similarly, for theW (→ lν̄l)+Jets process, if
the lepton flies outside the detector acceptance range, or if this particle is not reconstructed in the
event, an apparent large �p miss

T is perceived. These two backgrounds are estimated via subsidiary
measurements in dedicated control regions (CRs) with two and one leptons, respectively. The
devised CRs allow constraining the normalization of the above two processes, thus making
possible the reduction of systematic uncertainties in the SRs.

A binned maximum likelihood fit is performed simultaneously across all signal regions (SRs)
and CRs on the �p miss

T distribution. Fig. 2 (right) illustrates the result obtained, evidencing
that the search does not find any deviation from the SM expectation. Both ATLAS and CMS
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Figure 2 – Feynman diagrams representing two of the processes that could lead to mono-jet signatures: initial
state emission of a jet in a simplified DM model with a axial-vector mediator exchanged in the s-channel (left) 6

and Higgs Strahlung production for hadronic decay of the vector boson and consequently invisible decay of the
Higgs boson (center) 5. Distribution of the final discriminant observable for the ATLAS analysis (right) 6.

interpret this result in terms of the exclusion limits on the B(H → Inv), as well as on the
parameters of simplified models with axial and pseudoscalar mediators. For H → Inv, the
observed (expected) limits obtained by CMS are B(H → Inv) < 0.28(0.25), whereas ATLAS
reports B(H → Inv) < 0.34(0.39).

3 Search for invisible decays of the Higgs boson in vector boson fusion

Undoubtedly, when it comes to H → Inv searches, the VBF production mode offers the greatest
single-channel sensitivity due to its excellent balance between cross section and experimental
signature. Recently, CMS has delivered the latest result on this channel 7, which is discussed in
this section, but also ATLAS reported a similar search not long ago 8.

The CMS analysis is divided into two categories, one with moderate �p miss
T and another

one with high �p miss
T . The jet selection focuses on having a pair of these falling in opposite

hemispheres of the detector by requiring ηj1 · ηj2 < 0. A large separation (|ηjj | > 1) between

the two jets is also imposed, as well as a substantial |Δφ(�p jet
T , �p miss

T )|. A veto on all types of
charged leptons and photons is applied.

The SM background is dominated by Z(→ ν̄ν) + Jets and W (→ lν̄l) + Jets processes with
similar explanation as for the mono-jet (Sec. 2) case. To estimate these, CRs are defined requiring
one or two charged leptons, but keeping the �p miss

T and jet selection identical to the SRs.

A simultaneous binned maximum likelihood fit is performed on the mjj distribution, after
which it was verified that the background describes relatively well the data. There is a small
excess in some bins of the mjj distribution, but the significance of this disagreement is still low.
The results are therefore interpreted in the context of H → Inv decays setting limits on the
B(H → Inv) assuming SM Higgs cross sections. This yields an observed (expected) upper limit
of B(H → Inv) < 0.18(0.10). The ATLAS analysis obtained an identical result for the expected
upper limit but a slightly lower observed limit, setting B(H → Inv) < 0.15(0.10).

4 Search for DM produced in association with a top quark and a W boson

Looking for DM produced in association with heavy quarks is a regular undertaking when
considering simplified models. However, in more complex scenarios such as the 2HDMa 9 model,
there exist more rich dynamics that can lead to changes in the search strategy usually adopted.
That is the case of this search 10, performed by the ATLAS collaboration. If the charged Higgs
states (H±) are sufficiently heavy and the lightest pseudoscalar (a) is relatively light, there could
be decays of the form H± →W±a, where the W and a bosons would be boosted (Fig. 3 (left)).
For hadronic decays of the W boson, this poses a huge impact at the object reconstruction level.

The selection targets two main categories, the first one for events with zero leptons (tW0l),
and the second one for events with exactly one lepton (tW1l). For both categories, the event
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selection requires a high �p miss
T , no presence of τ or γ in the event, and at least one b-tagged jet.

The main feature is the use of machine learning techniques to identify a fat jet consistent with
the W boson; in the tW0l category one of such objects is selected. In the tW1l category, the
selection is further split depending on whether the lepton is coming from the W boson or the
top quark. One W-tagged fat jet is selected if the lepton comes from the top quark, otherwise,
no W-tagged fat jet is selected.

The SM processes that prevail with this selection are the Z + Jets, W + Jets, tt̄, and tt̄Z.
For each of these main backgrounds, a CR with the aim of constraining the normalization is
constructed, using additional leptons in the event or cuts on some kinematic variables.

Figure 3 – Representative Feynman diagram in the 2HDMa model of the processes contributing to the final state
here considered (left) 10. Final discriminant distribution after having performed a background-only fit to the
data (center) 10. Exclusion limits in the 2D plane formed by the masses of H± and a showing the results of the
combination among all channels and their individual impact on the constraints (right) 10.

The maximum likelihood fit is performed using several bins of the �p miss
T distribution, varying

the number of them depending on the category. The result of the background-only fit is shown in
Fig. 3 (center), where one can see that there is no significant deviation in the data with respect
to the SM prediction. The analysis here described was then combined with a previous ATLAS
search 11 in the final state containing two leptons. The result of this combination is depicted in
Fig. 3 (right), where a scan is performed in the 2D plane formed by ma and mH± .

5 Search for DM produced in association with a dark Higgs boson

As opposed to most simplified DM models, the dark Higgs model offers an explanation of how
the mass of the particles in the dark sector is acquired. The most recent search for DM targeting
this specific model was delivered by the CMS collaboration 12, looking for decays of the dark
Higgs into W+W− in the two lepton final state. Previously, ATLAS 13 had also performed a
search in the fully hadronic final state, including both W+W− and ZZ intermediate resonances.
The breaking of the additional U(1)′ gauge symmetry produces the coupling between the dark
Higgs (s) and the incorporated gauge Z ′ boson, thus leading to the signature represented in the
Feynman diagram in Fig. 4 (left). For masses of s above the W+W− threshold, this channel
becomes the dominant decay mode, and it is, therefore, the focus of the present CMS analysis.

In this analysis, two opposite-charge leptons with different flavors are selected. To reduce
the contribution from top quark processes, events containing any number of b-tagged jets are
vetoed. The events are categorized based on the angular distance (ΔRll) between the two
leptons, resulting in three categories targeting different boosting regimes. A key observable in

this search is the transverse mass of the trailing lepton and �p miss
T system (m

lmin,p
miss
T

T ), which is
used in combination with mll to build the final distribution on which the fit is performed.

The modeling of the main backgrounds (W+W−, tt̄, and tW ) is mostly based on simulation,
with additional regions to control their normalization. The rate for W+W− is derived in a CR
by requiring large ΔRll, whereas for tt̄ and tW the selection allows for b-tagged jets.

The fit is performed on the binned 2D distribution formed by the variables m
lmin,p

miss
T

T and
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Figure 4 – Representative Feynman diagram of the production of a dark Higgs (left) 12. Final 1D (unrolled 2D)
distribution on which the final fit is performed for one of the categories (center) 12. Exclusion limits in the 2D
plane formed by mZ′ vs ms fixing the remaining model parameters (right) 12.

mll. The results are illustrated in Fig. 4 (center), where the 2D template has been unrolled into
a 1D distribution. There was no evidence of a discrepancy between the SM prediction and the
data, and limits were set on the model parameters. Fig. 4 (right) shows the excluded phase
space for a specific configuration in which the mass of s and Z are varied simultaneously.

6 Search for strongly coupled DM

One typical selection cut in the above searches using jets that is intended to remove the enormous
QCD background is the requirement of these having a large |Δφ(�p jet

T , �p miss
T )|. However, there are

exotic models supposing the existence of hidden sectors with strong dynamics that can produce
jets with both visible and invisible particles inside, known as semi-visible jets. In this case, the
fraction of �p miss

T coming from one of these jets will be relatively aligned with the direction of the
visible jet, making the above mentioned selection cut very inefficient. That is the reason why
the CMS collaboration recently embarked on a search 14 for this type of signature.

The event selection focus on selecting two highly energetic fat jets. The main requirement
on the two jets is to have a low value of |Δφ(�p jet

T , �p miss
T )|, suppressing that way backgrounds

like Z + Jets and W + Jets. The QCD background remains high with this selection, therefore,
a dedicated machine learning algorithm is utilized to discriminate the semi-visible jets against
QCD-like jets. A boosted decision tree is trained by using fifteen input variables related to
jet-substructure quantities. Fig. 5 (left) illustrates the performance of the algorithm used to
separate the two kinds of jets.

Even after applying the above technique, QCD continues to be the dominant background
source. The variable used to discriminate between the signal and the residual QCD background
is the transverse mass computed from the dijet and the �p miss

T systems. The ratio between mT

and �p miss
T is used to further categorize the analysis into two regions with low and high values

of this observable. The background is modeled with a smoothly falling function depending on
mT , similarly as done in the past in searches for heavy dijet resonances.

An unbinned maximum likelihood fit is performed with the background normalization and
the function parameters unconstrained. The results of the fit can be seen in Fig. 5 (center)
for one of the signal categories, evidencing a good agreement between the observed data and
the background prediction. Only at masses of Z ′ around 3.5 TeV, a small excess with a local
significance of roughly two standard deviations can be seen. Limits are then set on the production
cross section, and hence translated to constraints on the 2D plane formed bymZ′ and the invisible
fraction (rinv), as shown in Fig. 5 (right). One can clearly see there, how this analysis nicely
complements the mono-jet search (rinv = 1 limit) and searches for dijet resonances (rinv = 0
limit), being able to exclude the intermediate range of the rinv parameter.
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Figure 5 – Distribution of the boosted decision tree output illustrating the separation achieved against the QCD
background (left) 14. Result of the unbinned fit performed on the mT distribution to the data, which compares
it to the background prediction and also to superimposed signal scenarios (center) 14. Exclusion limits on the 2D
plane mZ′ vs rinv showing the constraints imposed for some fixed values of the rest of the parameters (right) 14.

7 Conclusions

A large variety of interesting DM signatures are currently being covered by ATLAS and CMS.
Five of the latest DM searches carried out by both collaborations were presented. None of these
analyses found evidence of DM production at the LHC. Nevertheless, the huge amount of data
still to come, the analysis improvements envisaged, and the new search proposals planned in the
near future confer a strong incentive to continue the hunt for DM at the LHC.
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Searching for supernova neutrinos with GW memory triggers
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Anisotropic neutrino emission from a core-collapse supernova (CCSN) causes a permanent
change in the local space-time metric, called the gravitational wave (GW) memory. Long
considered unobservable, this effect will be detectable in the near future, at deci-Hertz GW
interferometers. I will present a novel idea, where observations of the neutrino GW memory
from CCSNe will enable time-triggered searches of supernova neutrinos at megaton (Mt) scale
detectors, which will open a new avenue to studying supernova neutrinos.

1 Introduction

In the current era of multi-messenger astronomy, GW, neutrino, photon, and cosmic ray ob-
servations are combined to extract information about astrophysical sources and phenomena in
the universe 1. Core-collapse supernovae (CCSNe) have been one of the prime focuses of multi-
messenger astronomy2. Amongst the messengers from CCSNe, neutrinos are the most dominant
ones. Around, 3× 1053 ergs (∼ 99%) of the gravitational binding energy of a star is emitted in
neutrinos over a time scale of ∼ 10 s. But, the majority of CCSNe have been observed through
optical telescopes and we have observed supernova neutrinos from only one CCSN, SN1987A 3.
This makes the aspect of detecting supernova neutrinos one of profound interests and it leads
to an obvious question - why is it that we have supernova neutrino observations from just one
CCSN?

The answer to this can be seen in Fig. 1a. We have plotted the total number of core-collapse
supernovae in 30 years versus the total number of neutrinos that could be obtained per megaton
from the supernovae in 30 years. This is done for mean supernova neutrino energy of 11 and
15 MeV. The distance from earth is marked by markers in both cases. We assume successful
supernovae, that is, neutron-star forming collapses (NSFCs) only. The details of the parameters
and the formulae required to obtain the plot will be discussed later. But the evident fact is for
nearby distances which would lead to very high statistics, the rate of core-collapse supernova
is extremely low. For large distances, the number of core-collapse supernovae is very large but
because the neutrino flux falls off as 1/D2, the statistics is extremely low.

The current situation on observing CCSN neutrinos is - with the upcoming neutrino de-
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Figure 1 – (a) The total number of CCSNe versus the total number of neutrinos obtained per megaton from those
supernovae in 30 years (see text for details). (b) Schematic diagram to illustrate the idea of memory-triggered
supernova neutrino detection.

tectors, we will manage to have neutrinos observed from nearby CCSNe (D ≤ 3 Mpc) with
significant statistics 4. The diffuse supernova neutrino background (DSNB) neutrinos will pro-
vide information from CCSNe from O(1) Gpc distances and beyond 5,6. This leaves neutrino
observations from CCSNe in the local universe (D ∼ 3 − 100 Mpc) to be an area requiring
considerable focus. Ideas proposing multi-megaton neutrino detectors 7, using GW detectors as
triggers 8 exist, but are limited to a few Mpc. In this work, we present a summary of a novel
idea of using the neutrino GW memory effect to perform time-triggered searches for supernova
neutrinos 9, which would in essence be sensitive to O(100) Mpc.

A schematic representation of the main idea is shown in Fig. 1b. The core-collapse super-
nova leads to an observable GW memory signal in the GW detectors say at different times,
t1, t2, t3, t4, . . . . We know the time duration of a supernova neutrino burst, Δt ∼ 10 s. Now,
one can go back to the neutrino detector data and analyze the events within time-windows,
t1 +Δt, t2 +Δt, t3 +Δt, t4 +Δt, . . . . Since, the background in each of the time-windows is very
low, owing to the time duration of just ∼ 10 s; the probability of finding a signal event (in this
case a supernova neutrino) is high. This method of reducing the background events by using a
triggered time-window of a short duration allows collecting a clean sample of signal events over
time.

In Sec. 2 we briefly discuss the dynamics of a CCSN and the main neutrino emission phases.
Sec. 3 focuses on the neutrino GW memory effect from a CCSN. In Sec. 4, we discuss the
formalism to calculate the number of memory-triggered neutrino events possible. We discuss
our main results in Sec. 5 and conclude in Sec. 6.

2 Core-collapse supernova neutrinos

This section provides a very short review on the dynamics and neutrino emission from CCSN10,11.
A CCSN is the death of a massive star (M ≥ 8 M�). The massive stars go through advanced
stages of nuclear burning until iron starts forming in the core. As iron forms in the core, it
triggers a set of events which finally leads to a pressure loss followed by the collapse of the
stellar core. The inner parts of the core reach nuclear densities (∼ 1013g/cm3), at which matter
has been shown to be incompressible. The infalling matter from the outer layers of the core,
stops abruptly because of this and produces a forward moving shockwave. The shockwave
propagates outwards but it keeps accreting matter, leading it to stop eventually for a fraction of
a second. Following this, it is either re-energized when neutrinos deposit their energy resulting
in a successful supernova explosion, leading to the formation of a neutron star (hence also called
neutron star forming collapses (NSFCs)) or, sometimes the shock just dies down resulting in
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Figure 2 – The neutrino luminosity Lν(t) and anisotropy parameter α(t) for NSFC (right) and BHFC (left).

a failed supernova, leading to a black hole being formed (hence also called black hole forming
collapses (BHFCs)). The main neutrino emission phases from a CCSN are:

• Neutronization burst phase: The sharp peak in the neutrino luminosity right after
the core bounce is known as the neutronization burst. This phase is mostly dominated by
electron neutrinos (νe) and lasts for ∼ 2 ms post-bounce.

• Accretion phase: The accretion phase lasts from ∼ 0.1 − 1 s post-bounce. During
this phase, infalling matter keeps accreting on the forward moving shock. The neutrino
emission is nearly thermal and of the order ∼ 1052 ergs. Radial instabilities develop in this
phases because of turbulence, hydrodynamics instabilities and standing accretion shock
instability (SASI). Ths leads the neutrino emission in this phase being anisotropic, as has
been shown by numerical simulations 12,13.

• Cooling phase: In case of a NSFC, the proto-neutron star formed, cools by emitting
thermal neutrinos of all flavors characterizing the cooling phase. This phase lasts ∼ 10 s.
Not much is known about the anisotropy in neutrino emission in this phase.

3 The neutrino gravitational wave memory effect

The gravitational wave memory effect is the permanent distortion of the local space-time metric
caused due to the propagation of a GW. At the linear level, it is caused by gravitationally
unbound systems that have anisotropic emission of energy in the form of mass or radiation.
Unfortunately, although theoretically this phenomenon has been long known, we are yet to
observe it. This is because, it is a sub-dominant effect thus requires a very powerful source,
some anisotropy a, and detectors that would probe the frequency regimes of interest.

CCSNe have been considered to be an ideal source for GW memory observations. The
energy emitted in neutrinos is ∼ 1053 ergs, as discussed in Sec. 1, there is some anisotropy
(∼ 10−3 − 10−2) in the neutrino emission and the frequency regimes of interest to us is the low
frequency (deci-Hz) scale b which will be explored by a bunch of planned next-generation GW
detectors like DECIGO 14, BBO 15. Recently, the neutrino GW memory effect was explored 16,
in the context of building a new phenomenological description, highlighting its detectability, and
physics potential in the present context.

The neutrino GW memory strain is given by 17,16,

h(r, t) =
2G

rc4

∫ t−r/c

−∞
dt′Lν(t

′)α(t′) . (1)

aIsotropic emissions will lead to the quadrupole moment to be zero, resulting in no GW emission.
bSince the neutrino emission time scale is O(10) s, the frequency is ∼ 0.01 Hz.
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where c is the speed of light, t is the time post bounce and G is the universal gravitational
constant. Lν(t) is the all-flavors neutrino luminosity and α(t) is the anisotropy parameter.
It is evident from Eq. 1, that the GW strain depends on time-integral of the product of the
neutrino luminosity and the anisotropy parameter. We consider two distinct scenarios and
model the neutrino luminosity and anisotropy accordingly (shown in Fig. 2). In particular, the
NSFC is based on the Ac3G model and the BHFC is based on the LAc3G model 16. In both
cases we consider a non-zero anisotropy only in the accretion phase. For the NSFC, we model
the neutrino luminosity in the accretion phase using a decaying exponential. The anisotropy
parameter consists of three-Gaussian bumps. In case of the BHFC, the neutrino luminosity in
the accretion phase is modeled using a constant. The anisotropy parameter is broader, that is,
it lasts for a longer duration and is modeled using three-Gaussians combined together.

4 Formalism

The formalism mainly relies on, the probability that the GW wave detector sees the memory
signal from a CCSN in some galaxy that is at a distance say r from the earth, the number of
supernova neutrinos that would be detectable from the same CCSN in a neutrino detector and
the number of such CCSN possible at that distance, which will depend on the CCSN rate at
that distance. The probability that the GW detector detects the memory signal depends on the
signal-to-noise ratio (SNR) - which depends on the signal strength, distance to the source, and
characteristics (power spectral noise density) of the detector. One can then define the probability
of detection PGW

det given a fixed false alarm probability 18. The probability of detection depends
on the SNR, which in turn as mentioned depends on the distance to the source.

For the neutrino detectors, we restrict ourselves to water Cherenkov detectors (like Hy-
perK 19). The main channel of detection considered is inverse-beta decay (IBD)c. The time-
integrated ν̄e flux Φ(r, Eν) is given by the well-known analytical quasi-thermal spectra 20, where
we vary the time-integrated average energy for the electron antineutrino flavor between21 11−15
MeV for NSFC, and 15 − 20 MeV for BHFC. The predicted number of events in the detector
from a CCSN at distance r is:

N(r) =

∫ Emax
ν

Eth
ν

Npησ(Eν)Φ(r, Eν) dEν , (2)

where Np is the number of target protons, η is the detection efficiency, and σ(Eν) is the IBD
cross-section. We take an energy interval

[
Eth

ν , Emax
ν

]
= [19.3, 50] MeV to avoid the spallation

background at low energy and the atmospheric neutrino background at high energy 19.

Below 11 Mpc the rate of CCSNe is taken from the CCSNe rates in the individual galax-
ies 2. Beyond 11 Mpc, we use a constant volumetric rate of CCSN given byd, RSN = 1.5 ×
10−4 Mpc−3yr−1. The cumulative rate of CCSN can be calculated from this analytically by
performing a suitable volume integral.

5 Memory-triggered supernova neutrino search: Results

The total number of memory-triggered neutrino events from all CCSN within a distance D is
given by,

N trig
ν (D) = ΔT

∑
j,rj<D

RjN(rj)P
GW
det (rj) , (3)

where, ΔT is the detector running time, Rj indicates the CCSN rate in the galaxy j. The other

elements in the above formula are discussed in Sec. 4. We show the main results (N trig
ν (D) as

cIBD: ν̄e + p → e+ + n.
dWe ignore the redshift z for distances concerning us.
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Figure 3 – Number of memory-triggered neutrino events from CCSN at distance r < D, as a function of D, for a
Mt water Cherenkov detector and ΔT = 30 years. The triggered-background is also shown.

a function of D from Eq. 3) in Fig. 3, where we have considered - a) a population composed of
just NSFCs, and b) a mixed population consisting of 60% NSFCs + 40% BHFCs. The shadings
indicate the mean neutrino energy being varied for both the NSFCs and BHFCs. The summation
in Eq. 3 becomes an integral, beyond 11 Mpc when the analytical rates for CCSN need to used.
For the NSFC population (a), time triggers from DECIGO+ will result in N trig

ν ∼ 10− 30. For
Ult. DECIGO, N trig

ν ∼ 100 − 300 is expected. For the mixed population (b), the prospects
increase substantially for DECIGO+, where it can help detect ∼ 100 neutrino events due to its
increased distance sensitivity for memory in the BHFC scenario. For Ult. DECIGO the results
do not change significantly from the previous case. Even DECIGO in its currently planned
state, would help trigger and detect ∼ 10 supernova neutrinos. We also show the background
from the triggered-searches in Fig. 3 (shaded violet area). This background associated with a
triggered-search is, N trig

bckg(D) = N trig
SN (D)λΔt, where λ � 1313 events/year is the background

rate in the detector 19, N trig
SN (D) = ΔT

∑
j,rj<D RjP

GW
det (rj) is the number of CCSN memory

signals observed. It is evident right away, that the triggered-search background is orders of
magnitude lesser than the untriggered background, thus highlighting the efficiency of triggered-
searches. Furthermore, we see that even the triggered-background dominates the signal events
beyond ∼ 350 Mpc and hence we restrict our analysis to 4 < D < 350 Mpc.

6 Conclusion and Discussions

The technique described in this work is a new multi-messenger approach, in which, the observa-
tion of the neutrino GW memory signals enable time-triggered searches for supernova neutrinos.
It could be realized in a few decades with the upcoming deci-Hz GW interferometers and Mt-
scale neutrino detectors. This will help us collect samples of supernova neutrinos from the local
universe (∼ 10 − 100 Mpc) which when compared with galactic SN and DSNB neutrinos may
help us perform population averaged energy and luminosity studies, understand the distribution
of SN populations including NSFCs and BHFCs, and assist in the joint analysis of CCSNe using
EM signals, taking our prospects of analyzing CCSNe through their various messengers a step
forward.
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Black hole-like objects with mass greater than 10M�, as discovered by gravitational antennas,
can produce long time-scale (several years) gravitational microlensing effects. Considered sep-
arately, previous microlensing surveys were insensitive to such events because of their limited
duration of 6-7 years. We combined light curves from the EROS-2 and MACHO surveys to
the Large Magellanic Cloud (LMC) to create a joint database for 14.1 million stars, covering a
total duration of 10.6 years, with fluxes measured through 4 wide passbands. We searched for
multi-year microlensing events in this catalog of extended light curves, complemented by 24.1
million light curves observed by only one of the surveys. Our analysis, combined with previous
analysis from EROS, shows that compact objects with mass between 10−7 and 200M� can
not constitute more than ∼ 20% of the total mass of a standard halo (at 95% CL). We also
exclude that ∼ 50% of the halo is made of Black Holes (BH) lighter than 1000M�.

1 Introduction: microlensing toward LMC

When a point object (lens) of mass M located at distance DL from an observer passes close
enough to the line of sight of a point source at distance DS , the observer receives a double
image from that source (Fig. 1). These images are not resolved by telescopes but, if they are
not occulted by the lens, the luminosity of the source appears to be temporarily magnified by a
time-dependent factor A(t) according to1:

A(t) =
u(t)2 + 2

u(t)
√
u(t)2 + 4

, (1)

where u(t) is the distance of the lens to the undeflected line of sight, divided by the Einstein
radius rE,

rE =

√
4GM

c2
DS .x(1− x) � 4.5AU×

[
M

M�

] 1
2
[

DS

10 kpc

] 1
2 [x(1− x)]

1
2

0.5
. (2)

aThis paper uses public domain data obtained by the MACHO Project, jointly funded by the US Department
of Energy through the University of California, Lawrence Livermore National Laboratory under contract No. W-
7405-Eng-48, by the National Science Foundation through the Center for Particle Astrophysics of the University of
California under cooperative agreement AST-8809616, and by the Mount Stromlo and Siding Spring Observatory,
part of the Australian National University.
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Figure 1 – Principle of the microlensing effect: As the lens (L) of mass M moves with a transverse relative velocity
vT , the impact parameter u(t) changes with time, and so does the magnification of the source.

G is the Newtonian gravitational constant, M� is the mass of the Sun, and x = DL/DS . The
Einstein radius of the lens rE is such that a point source that is behind the Einstein disk (of
surface πr2E) is magnified by a factor greater than 1.34.

If the lens has a constant relative transverse velocity vT relative to the line of sight, u(t) is

given by u(t) =
√
u20 + (t− t0)2/t2E, where tE = rE/vT is the Einstein radius crossing time, and

u0 is the minimum distance to the undeflected line of sight at time t0.
The optical depth τ up to a given source distance, DS , is defined as the probability to

intercept a deflector’s Einstein disk, which corresponds to a magnification A > 1.34. It is found
to be independent of the deflectors’ mass function:

τ =
4πGD2

S

c2

∫ 1

0
x(1− x)ρ(x)dx, (3)

where ρ(x) is the mass density of deflectors at distance xDS .
Microlensing has been searched towards the Large Magellanic Cloud (LMC) since the 1990s,

to detect hypothetical massive compact objects in the dark halo. Assuming that the Milky Way
dark matter halo is isotropic and isothermal2 (S-model), and using its most recent parameters3,
the optical depth to the LMC (DLMC = 49.5 kpc) is τLMC ∼ 4.7 × 10−7. If all lenses have
the same mass M , then the mean duration of the events is 〈tE〉 ∼ 63 days×

√
M/M�. Past

microlensing searches to the LMC have shown that objects with masses 10−7 < M < 10M�
do not contribute significantly to the hidden mass of the Milky Way’s spherical halo4,5,6, but
the analysis of these surveys was insensitive to the long time-scale events expected from heavier
objects such as those responsible for gravitational wave emissions. To explore the dark matter
halo beyond 10M� by searching for longer duration events7 (several years), we combined the
EROS-2 and MACHO databases8,3, which were acquired during different periods.

2 Combining EROS-2 and MACHO data

The EROS-2 at La Silla Observatory - Chile (MACHO at Mount Stromlo Observatory - Aus-
tralia) survey setup, consisting of a 1.0m (1.27m) telescope and two cameras with 8 (4) CCD of
2Kx2K pixels each, monitored 88 (82) fields of 1.deg2 (0.5deg2) towards the LMC (see Table 1
and Fig. 2, left). The MACHO light curves and images are publicly availableb 9, and the EROS-2
catalog for LMC was produced for the final EROS LMC publication4.

To associate objects in the two catalogs, available MACHO and EROS-2 sky coordinates
(RA,DEC) were refined using Gaia EDR3 astrometry10, correcting for local shifts up to 2” for

bhttps://macho.nci.org.au/
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Figure 2 – Left: Arrangement of the EROS (grey) and MACHO (orange) fields superimposed on an LMC
image. Field size is ∼ 10◦ × 10◦. Right: Distribution of the EROS-2 and MACHO magnitude difference
Δm = mBE −mBM as a function of the EROS-2 blue magnitude mBE for the 14.1 million of associated objects;
the values of mBM are derived from the original MACHO magnitudes using a first-degree color equation, so as to
match the EROS blue magnitudes on average. As a consequence, the mean value of Δm varies by a few percent
depending on the color of the sources, in particular between the main sequence and the red giants branch (around
mBE = 18.8). White dots and bars show the average and standard deviations of Δm for each mBE slice. Color
scale is in million of objects per squared magnitude.

MACHO and 0.5” for EROS-2. After this correction we were able to associate the objects of
the two surveys with a precision of better than 0.1”. Considering the typical spread of the light
of the stars on the best images (FWHM ∼ 1”), and the similar resolutions of the surveys, the
associated reconstructed objects of each survey contain the same stars, with little variation of
the blend components. This is confirmed by the good correlation observed between the EROS-2
and MACHO fluxes (Fig. 2, right), which is compatible with the photometric accuracy.

Table 1: Statistics of the MACHO and EROS-2 surveys. Survey durations, number of monitored objects, median
stellar densities, approximate limiting magnitudes, median numbers of flux measurements per object after cleaning.

EROS-2 only MACHO only common

Dates (month/yr) 7/96-2/03 7/92-1/00 7/92-2/03
Tobs (year) 6.7 7.7 10.6
Nobjects(×106) 15.8 6.9 14.1

central fields (◦)2 ∼ 10 ∼ 10 ∼ 10
stars/arcmin2 ∼ 70 ∼ 100 ∼ 70
mag. lim. VCousins ∼ 20.5 ∼ 20.5 ∼ 20.5
# measurements B 500 1400 1900
# measurements R 600 1550 2150

outer fields (◦)2 ∼ 77 ∼ 39 ∼ 39
stars/arcmin2 ∼ 30 ∼ 20 ∼ 20
mag. lim. VCousins ∼ 22.5 ∼ 21.5 ∼ 21.5
# measurements B 250 200 450
# measurements R 300 250 550
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Figure 3 – Light curves (magnitude vs. time) of candidates lm0690k17399 (upper panels) and lm0073m17729
(lower panels) in EROS blue passband, and EROS red passband. The black solid lines show the best no-blend
microlensing fit. These objects are not in the MACHO field.

3 Event selection

14.1×106 objects benefit from 10.6 years of luminosity measurements, of which 3.8 years overlap,
with photometric series corresponding to the 4 passbands (2 per survey). 22.7 × 106 objects,
monitored by only one survey, were also included in our search, although they are monitored for
shorter times.

We first eliminated measurements associated with the remaining problematic images (blurred
or with a guiding or readout defect), and poor measurements due to instrumental effects. We
then renormalized the photometric uncertainties of EROS-2 and MACHO for each light curve so
that the time-averaged normalized uncertainties correspond to the point-to-point flux dispersions
along the curve.

We performed a discriminant analysis on the light curves of the 36.8 × 106 objects, based
on comparing the fit of a microlensing event with that of a constant light curve. For each
object we performed a simultaneous point-source point-lens microlensing fit to the available light
curves, with one base flux line per passband and a set of microlensing parameters (t0, u0, tE)
common to all passbands (fit without blending or parallax). We then require that light curves
with a good microlensing fit have their maximum brightness between [tstart + 200 days, tend],
where tstart and tend are the instants of the start and end of the measurements, and that
100 days< tE < (tend−tstart)/2. These latter criteria reject most short-lived eruptive events and
in particular supernovae. We eliminate so-called ”blue bumpers”, Be class stars that sometimes
show asymmetric bumps, by making a stricter selection in their color-magnitude diagram (CMD)
region. After this preselection, we reject three types of objects that show variabilities that can
be confused with long-lasting microlensing effects: Objects outside the region of the CMD
containing 99% of the stars, more likely to show variability; echoes from SN1987A; and variable
objects identified in external catalogs. Only two microlensing candidates satisfy the whole
selection process (Fig. 3). These candidates are probably not microlensing effects, but they
illustrate the sensitivity of our analysis to long time-scale bumpers: Candidate lm0690k17399 is
probably a type II-L or II-P supernovae, and lm0073m17729 shows hints of variability outside
the main event. However, we cannot formally exclude these candidates without external data
or stricter selection, so we conservatively keep them in our calculation of limits on the macho
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Figure 5 – Top : Number of events expected from a halo S-model entirely composed of compact objects of mass
M : blue (green) line, from source objects monitored only by MACHO (EROS-2); orange line, from source objects
monitored by both surveys; full red line shows the total; black line shows the total adding the constraint tE > 200
days in the analysis. Bottom: 95% CL upper limits on the fraction of the halo mass in the form of compact objects
f = τLMC/4.7×10−7. Limits obtained in this analysis are shown in red, and in black if we require tE > 200 days.
The grey curves correspond to the latest limits published by MACHO, EROS-2 and OGLE-III.

of the Milky Way dark matter, at least if assumed to be distributed as a standard spherical halo.
Such BHs are more likely to be found in structures following the visible mass distribution, and
could be searched for through microlensing toward the Galactic bulge and spiral arms, in the
long tE tail of event duration distribution, extending the previous searches and analysis 12,13,14.
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The European and other pulsar timing arrays are inching closer to a detection of a stochastic
GWB, most likely produced through the inspiral of nearly circularised SMBHBs. In the
coming months the EPTA will be releasing its latest dataset, adding approximately ten 10 of
new higher sensitivity data, to bring the total timespan up to almost 30 years. The new results
from PTAs offer multiple exciting opportunities to constrain not just the GWB from SMBHBs
but can also provide fundamental constraints on other sources of stochastic backgrounds.

1 Introduction

Pulsars, discovered by Bell and collaborators 1, are the compact, post-supernova remnants of
massive stars (∼8M� to 20M�). These rapidly rotating neutron stars which have very high
surface magnetic fields give off intense beams of emission, aligned roughly along the magnetic
axis of the star. As they rotate, the beams of emission from these massive flywheels sweep cross
telescopes on Earth like a Galactic lighthouse, giving rise to a characteristic ‘pulse’ for each
rotation. This rotational behaviour is often so well known that it is possible to predict every
single rotation or pulse over decades.

While pulsars have been extensively utilised to probe not just the properties of neutron
stars but also the ionised interstellar medium, they excel as probes of fundamental physics,
particularly gravity. One of the most remarkable successes of the ability to precisely model
the behaviour of pulsars is the double neutron-star system PSR B1913+16 (J1905+1606; the
Hulse Taylor binary) which lead to the first confirmation of the existence of gravitational waves
(GWs) 2. This kind of modelling utilises the technique of pulsar timing, where a model contain-
ing astrometric, rotational and binary (if a companion is present) parameters is iteratively fitted
against data using linear least square regression. Provided a high-precision timing model which
includes models for the DM and RN, it is possible to search the timing residuals for contributions
from passing gravitational waves (GWs) 3. Although the typical sources for generating the low
frequency (i.e., �nHz) GW signals one might typically expect to find in pulsar timing datasets
are supermassive black-hole binaries (SMBHBs; 107M� to 1010M�) single pulsar datasets are
usually dominated by pulsar intrinsic noise processes. It is also far more likely that the first
signals detected via pulsar timing will be those arising from the stochastic GW background
(GWB), either generated by the super-position of the signals from many individual SMBHBs
or from other exotic sources such as cosmic strings or primordial magnetic fields rather than
those from an individual SMBHB. Regardless of the nature of the source, the induced signal on
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individual pulsars will remain challenging to detect even with new telescopes and instrumen-
tation. Instead, by using an array of millisecond pulsars (MSPs) distributed on the sky, one
can search for correlated signals 4 in all of the observed pulsars. Such an experiment is called a
pulsar timing array (PTA) 5.

Currently there are three major PTA experiments ongoing in the world with datasets span-
ning between 15 to 30 years. These are the European Pulsar Timing Array (EPTA) which
utilises precision pulsar timing data from the five largest European radio telescopes, the North
American Nanohertz Observatory for Gravitational Waves (NANOGRAV) which uses data from
the two largest radio telescopes in North America and, the Parkes Pulsar Timing Array (PPTA)
which is based on data observed with the 64-m Murriyang Radio telescope at Parkes, Australia.
A number of new PTAs are also about to release their first dataset; such as the Indian PTA
(InPTA) experiment which makes use of the Giant Metre-wave Radio Telescope (GMRT) and
the Ooty radio telescope, the South African PTA (SAPTA) and the Meertime PTA which utilises
data from the Square Kilometer Array (SKA) pathfinder telescope MeerKAT and the Chinese
PTA (CPTA) which will use data from the Five hundred meter Aperture Synthesis Telescope
(FAST) as well as other Chinese radio telescopes. These regional PTAs are also members of the
International PTA (IPTA) which combines the individual PTA datasets to further improve on
the sensitivity to the GWB.

In some of the most exciting developments in recent years, all three major PTAs have
reported the emergence of a common but spatially uncorrelated RN (CURN) process in their
datasets. However the relatively high amplitude, currently ∼2 to 3 × 10−15, of this CURN
process is in tension with the expectation from SMBHB population densities estimated from
large scale bolometric surveys or realistic simulations 6.

In this talk, I present the status of the dataset preparation for the second data release of
the EPTA and review the some results from PTAs, pointing to the exciting future PTAs are
crossing the threshold into.

2 Data and Methods

Figure 1 sketches the steps leading to the creation of PTA datasets, starting with observations
of known MSPs using radio telescopes. Typically, these rapidly rotating MSPs which have
been initially identified with a rough localisation, and an associated rotational period and are
monitored over several years – with some PTAs choosing to define a minimum limit of three
years of continuous monitoring. Each MSP is typically observed at least once a month. Each
observation lasts for a total integration time of between 30min to 60min for the EPTA. These
observation lengths are typically chosen to meet a predefined signal to noise ratio for the pulsar
profile. The individual pulsar rotations are then stacked or ‘folded’ to increase the S/N of the
pulse-profile (as sketched in the box marked ‘Folding’). Such averaging has the great advantage
of producing a mean intensity profile (i.e., pulse) which in incredibly stable from one epoch to
another. By utlising MSPs in particular we are able to average ∼105 to 106 individual pulses
for each epoch.

When averaging across wide bandwidths, it is also necessary to correct for dispersion in the
interstellar medium, quantified in units of dispersion measure (DM) of the radio pulses. This is
best performed before the folding step, but in principle can be performed after the folding as well.
Given the ever increasing bandwidths of pulsar receivers, this is an extremely important step to
recover the profile of the pulsar and has direct consequences on the achievable TOA precision.
The former is called ‘coherent’ dedispersion and and the latter ‘incoherent’ dedispersion8.

Once the observations have been first dedispersed and then averaged in time; we can further
integrate along the frequency axis to produce a time and frequency averaged profile. Typically,
we retain only the total intensity (Stokes I) component at this stage, but the total observed band
can be split into multiple sub-bands to produce multiple profiles per observation. Although
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Figure 1 – Sketch of the PTA dataset creation cycle. Figure originally appears in Verbiest & Shaifullah, 20187.

the pulse profile is the detector response as a function of the pulsar’s rotational phase, and
small differences are expected for each rotation, these differences get averaged out over multiple
rotations leading to a very characteristic average profile for each pulsar. By cross-correlating
each averaged profile with the reference template, it is possible to identify a fiducial rotational
phase of the pulsar across each of the observed pulses. Further, since each pulsar observation
is also time-tagged to a typical precision of a few picoseconds, we can then associate a precise,
mean time of arrival (TOA) to that fiducial phase. TOAs are the fundamental datum of all
pulsar timing experiments.

Starting from the initially known values for the position, the spin-period and it’s first deriva-
tive and the associated DM, we can iteratively fit a timing model using least squares regression
to improve our constraints on these parameters. As more and more TOAs are added to a pulsar
dataset, new parameters can be added. Eventually, for a PTA pulsar a typical timing model will
contain a full description of the astrometric parameters such as the position and projected/proper
motion, the spin and spin-down behaviour, an epoch referenced DM and an interpolative model
describing any fluctuations in DM. Finally for pulsar in binaries, the orbital parameters are
also included. References for the epochs at which these parameters were measured as well as
the associated Solar system ephemerides (SSE) and reference terrestrial time standard are also
provided. Most commonly the DE series of SSEs provided by the Jet Propulsion Laboratory 9

are utilised although alternatives like the INPOP SSEs 10 may also be used. In post-analysis of
PTA datasets several other approaches to estimating the location of the Solar system barycentre
(SSB), to which all TOAs are referred, are also utilised. These include examples such as the
phenomenological BayesEphem11 or dynamical models such as LINIMOSS12.

Since MSPs are typically expected to be produced by the ‘recycling’ of old pulsars through
the transform of angular momentum via mass transfer from a companion, many PTA pulsars are
also in binaries. For these systems pulsar timing is exquisitely sensitive to the properties of the
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binary and can be used to determine to the binary mass function or the Keplerian orbital terms
to extreme precision with just a few years of observations. In many cases, if the timing precision
is high enough, we can also constrain the post-Keplerian parameters. Finally, in particularly
fortunate cases of orbital alignment with the LOS to the pulsar, we can even disentangle the
component masses through constraints on the Shapiro delay.

Each MSP then leads to it’s own set of timing parameters along with a collection of TOAs at
a given telescope. When using multi-telescope datasets, we must first estimate reference offsets
between the telescopes and then re-fit the combined TOAs, typically leading to an improved
constraint on the individual timing parameters.

Once the least square regression has been optimised, typically through χ2 minimisation,
followed by inspection of the physical expectation for certain parameters, we can then also
constrain unmodelled long-term low frequency or red noise (RN) processes. However, since
DM variations result from a stochastic process driven by interstellar turbulence, they are fully
covariant with the RN and must be re-estimated. This step, typically called the single pulsar
noise analysis (SPNA) produces a reference RN and DM model which is also provided as part
of pulsar parameter set.

All of these individual pulsar parameter estimates and the TOAs are then put together to
create the PTA dataset, using which searches for the correlated GWB signals as well as CURN
or other sources are made.

2.1 The second data release of the EPTA

The first data release (henceforth DR1) of the EPTA combined data from four of the largest radio
telescopes in Europe; the 100-m Effelsberg (EFF) radio telescope in Germany, the Westerbork
Synthesis Radio Telescope (WSRT) in the Netherlands, the Nancay Radio telescope (NRT) and
the Lovell telescope at the Jodrell Bank Observatory (JBO) in the UK using data collected up
to 2011. In the DR1, only pulsar observations carried out in the incoherent dedispersion mode
were utilised.

For the second data release (henceforth DR2) of the EPTA, we are augmenting the DR1
dataset with data from the four telescopes above as well as that from the Large European Array
for Pulsars (LEAP) instrument – an offline interferometer combining simultaneous observations
from all four telescopes as well as the Sardinia radio telescope (SRT) in Italy. This increases
the number of telescopes used by the EPTA to a total of six, although SRT data are currently
folded into the LEAP dataset since only concurrent observations were available at that telescope.
Further, this increases the total timing baseline of the EPTA to 28 years for the longest observed
pulsars.

The new data are composed of between ∼8.5 to 10 years of coherently dedispersed observa-
tions with new receivers at each telescope, typically doubling the observed bandwidth at each
telescope relative to DR1. Further the observing cadence has now been increased to between
twice to ten times that of DR1. The net result of this is a massive boost to the overall timing
sensitivity. However, each of these advances has lead to exponential increase in the data vol-
umes and processing time required. Further, in simulations carried out by the group we have
demonstrated that when accounting for real-life pulsar timing precision all pulsar are not equal
contributors to the GWB sensitivity. The sensitivity which we parametrise in our simulations
as the expected signal-to-noise of a Hellings-Down correlated signal can be shown to be quickly
saturated by a subset of the most precise pulsars in the PTA, although other parameters also
influence this behaviour (Speri, Porayko, Sesana et al; in preparation). This is similar but not
identical to the relative contributions mapped out in 13. As a result DR2 will contain only 25
pulsars out of the 42 sources originally combined in DR1. As of writing the DR2 has become
available for internal analysis, with finalised parameter files and TOAs. The drafting of a release
paper is ongoing and the full dataset is expected to become publicly available soon.

However, for the EPTA DR2, as for all PTA datasets, a number of confusing noise sources can
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Figure 2 – Limits on the CURN from the latest EPTA 6-pulsar dataset. Panels on the left show the power spectrum
and the 2D posterior on the CURN when using simple power-law noise models for the individual pulsars.17 The
rightmost panel shows the constraintys on the CURN when using advanced noise modelling for the same pulsars.19

prevent or limit the accuracy of a detection of the correlated GWB signal. Although it is possible
to demonstrate that the cross-correlated signal is fairly robust to the presence of a significant
amount of statistical outliers in the individual pulsar datasets (Fumagalli, Shaifullah et al, in
prep) it has also been demonstrated that the presence of strong RN processes in individual
pulsars can give rise to an apparent correlated signal as well 14. Further it is well known
that cross-contamination from errors in determining the position of the SSB and or errors in
modelling of the Solar wind contribution to the total DM can also produce dipolar contributions
to the correlated signals 15. To ensure robustness recovery of the quadrupolar GWB signal it is
necessary to be able to model and remove any of these contaminating sources. This is typically
called advanced SPNA, which is currently underway within the EPTA.

3 Results from latest PTA searches & Conclusion

Over the last year, PTAs have published a series of results consistent with the detection of
relatively loud CURN signal in their datasets. The NANOGRAV collaboration was the first to
report these results 16 showing the detection of the CURN modelled. Expressed in terms of a
characteristic GWB strain amplitude for an f-2/3 power-law model they recover an amplitude
of 1.92+0.73

−0.55 × 10−15 (95%-credible region). For the same power-law model the PPTA 14 and

EPTA 17 also published their own limits on the CURN with amplitudes of 2.2+0.4
−0.3 × 10−15 and

2.95+0.89
−0.72 × 10−15 respectively. Finally, the IPTA reprocessed its second data release 18 using

older datasets from each of the three individual PTAs and recovered a CURN with an amplitude
2.8+1.2

−0.8 × 10−15 21.

However this loud CURN signal is difficult to explain as a purely GWB induced signal.
Firstly, all PTAs currently report no evidence for an HD correlated signal, the definitive test
to show that the signal is indeed induced by the quadrupolar term of the GWB. Secondly the
amplitude of the CURN is at odds with the expectations from hierarchical models of SMBHB
formation20 or when compared to bolometric surveys and simulation using semi-analytical mod-
els for the evolution of the universe as shown in 6. Even if one were to invoke an abundance
of highly eccentric source binaries22 it is difficult to produce a GWB with an amplitude greater
than 2× 10−15 6. In fact, 21 suggest that if the CURN were to entirely composed of the GWB,
the universe would require up to eight times larger number densities of SMBHBs.

3.1 Constraints on exotic sources of the GWB

Given the lack of evidence for the currently observed CURN to have arisen from an isotropic
GWB generated by the inspiral of circularised SMBHBs, a number of alternative sources have
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been suggested. These include cosmic strings 34, primordial magnetic fields 31, Quantum Chro-
modynamics or super-cooled, dark phase transitions 30, primordial black holes 29 or inflation 27.
Currently, the IPTA is working to constrain the likelihood that the CURN, or at least a part
of it, is generated from a network of cosmic strings undergoing symmetry breaking in the early
universe34. While such searches have not yet placed a binding constraint, PTAs are on the verge
of unveiling a very exciting future in GW astronomy at the lowest frequencies.
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While the standard cosmological model, known as ΛCDM, has proven remarkably successful
in explaining the vast majority of cosmological data, a growing discrepancy has recently
emerged between the value of the Hubble constant H0 measured locally and the value inferred
using observations from the early Universe. Thousands of extensions to ΛCDM have been
proposed to resolve this outstanding tension, however understanding the relative success of
these solutions have been greatly obscured by the fact that each model has been subjected
to differing, and typically incomplete, compilations of the cosmological data. In this work
we present a systematic comparison of seventeen of the proposed solutions, a subset which is
representative in both diversity and approach of the broader class of models, and evaluate that
the successes and failures of each model using a wide array of data sets and various metrics.

1 Introduction

The “H0 Tension” refers to the ∼ 5σ discrepancy between the value of the Hubble constant
(which describes the local expansion rate of the Universe) as measured by the SH0ES collab-
oration using the Cepheid-calibrated cosmic distance ladder (H0 = 73.04 ± 1.04 km/s/Mpc?)
and the value inferred by calibrating the standard cosmological model, ΛCDM using Planck’s
observations of the cosmic microwave background (CMB; H0 = 67.27 ± 0.60 km/s/Mpc?). Im-
portantly, this tension extends beyond the naive comparison of the observations made by SH0ES
and Planck collaborations; late-Universe probes attempting to directly infer the local expnasion
rate (e.g. using strong lensing, masers, surface brightness fluctuations, etc) consistently find
values of H0 well above what is inferred from Planckb, and measurements rooted in the early
Universe (which e.g. rely on observations of the CMB or BBN), for which the value of this pa-
rameter must be indirectly inferred, consistently returning low values of H0. While it is difficult

aSpeaker.
bPerhaps the only exception being the cosmic distance ladder calibrated using the tip of the red giant branch,

which recovers a central value of H0 between that of SH0ES and Panck, and with sufficient uncertainty to be
compatible with both observations?.
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Table 1: Test of the models based on dataset Dbaseline (Planck 2018 + BAO + Pantheon), using the direct
measurement of Mb by SH0ES for the quantification of the tension (3rd column) or the computation of the AIC
(5th column). Eight models pass at least one of these three tests at the 3σ level.

Model ΔNparam MB
Gaussian

Tension

QDMAP

Tension
Δχ2 ΔAIC Finalist

ΛCDM 0 −19.416± 0.012 4.4σ 4.5σ X 0.00 0.00 X X

ΔNur 1 −19.395± 0.019 3.6σ 3.8σ X −6.10 −4.10 X X

SIDR 1 −19.385± 0.024 3.2σ 3.3σ X −9.57 −7.57 � �
mixed DR 2 −19.413± 0.036 3.3σ 3.4σ X −8.83 −4.83 X X

DR-DM 2 −19.388± 0.026 3.2σ 3.1σ X −8.92 −4.92 X X

SIν+DR 3 −19.440+0.037
−0.039 3.8σ 3.9σ X −4.98 1.02 X X

Majoron 3 −19.380+0.027
−0.021 3.0σ 2.9σ � −15.49 −9.49 � �

primordial B 1 −19.390+0.018
−0.024 3.5σ 3.5σ X −11.42 −9.42 � �

varying me 1 −19.391± 0.034 2.9σ 2.9σ � −12.27 −10.27 � �
varying me+Ωk 2 −19.368± 0.048 2.0σ 1.9σ � −17.26 −13.26 � �
EDE 3 −19.390+0.016

−0.035 3.6σ 1.6σ � −21.98 −15.98 � �
NEDE 3 −19.380+0.023

−0.040 3.1σ 1.9σ � −18.93 −12.93 � �
EMG 3 −19.397+0.017

−0.023 3.7σ 2.3σ � −18.56 −12.56 � �
CPL 2 −19.400± 0.020 3.7σ 4.1σ X −4.94 −0.94 X X

PEDE 0 −19.349± 0.013 2.7σ 2.8σ � 2.24 2.24 X X

GPEDE 1 −19.400± 0.022 3.6σ 4.6σ X −0.45 1.55 X X

DM → DR+WDM 2 −19.420± 0.012 4.5σ 4.5σ X −0.19 3.81 X X

DM → DR 2 −19.410± 0.011 4.3σ 4.5σ X −0.53 3.47 X X

to fully exclude the possibility that the origin of this systematic off-set between early and late
Universe observations arises from unaccounted for systematics, the strength of this tension and
the consistency to which it appears across many independent probes points strongly to a failure
of ΛCDM, and thus the appearance of novel physics.

To date, thousands of models have been proposed to resolve the tension?. The relative
success of these proposals has been strongly obscured by the fact that each model has been
tested against a different subset of the cosmological data, which can introduce strong biases in
the inferred value of H0. The primary goal of this work is to systematically benchmark the
performance of a large representative set of the proposed models, use the relative successes and
failures of this group to better understand the physics that must be introduced in order to shift
the inferred value of H0, and finally to establish easy-to-use thresholds that will contextualize
newly proposed solutions?.

2 Cosmological Models

We consider a set of seventeen different models which encompass a broad spectrum of the
proposed solutions. This includes solutions that (1) rely on introducing additional relativistic
degrees of freedom around the time of recombination, (2) modify the evolution of the Universe
near the time of recombination without introducing relativistic relics, or (3) shift the energy
density in the late-time Universe via exotic extensions of dark energy or dark matter. We briefly
summarize the relevant physics introduced in each of these models below:

• Free-streaming dark dadiation (ΔNur): One assumes that the number of relativistic free-
streaming degrees of freedom Neff deviates from the expected value of Neff = 3.044.

• Self-interacting dark radiation (SIDR): In addition to introducing new relativistic degrees
of freedom, one further assumes this species behaves as a strongly coupled fluid, which
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causes the radiation to cluster more on small scales.

• Free-streaming + self-interacting dark radiation (mixed DR): Combining the two afore-
mentioned, we consider the case in which one has both free-streaming and self-interacting
dark radiation.

• Self-interacting dark radiation scattering with dark matter (DR-DM): This model is a
minor modification of SIDR scenario in which the dark radiation also scatters with dark
matter.

• Self-interacting neutrinos with dark radiation (SIν+DR): Rather than giving self-interactions
to the dark radiation, one could instead consider a scenario in which dark radiation is free-
streaming and the neutrinos contain strong interactions (via a 4-point contact interaction).

• The Majoron (Majoron): A minor modification of SIν+DR scenario is to assume neutrinos
can thermalize via inverse decay processes with a light pseudo-scalar (i.e. the majoron),
which introduces a non-trivial time dependence of the interaction rate, as well as a slight
shift in the neutrino energy density at temperatures below the majoron mass.

• Primordial Magnetic Fields (primordial B): Primordial magnetic fields are assumed to
cause baryons to clump in differing amounts and different scales, inducing a shift in the
time of recombination.

• Varying electron mass (varying me): The electron mass at the time of recombination is
assumed to differ from the observed value today, inducing a shift in the time of recombi-
nation.

• Varying electron mass + curvature (varying me + Ωk): As before, the electron mass at
recombination is assumed to differ from the observed value today, and the curvature of
the Universe Ωk is treated as a free parameter (rather than set to zero).

• Early Dark Energy (EDE): A new light scalar is introduced. At early times this particle
frozen in by Hubble friction (which is active when the expansion rate is greater than the
particle mass), and thus behaves like dark energy. Near recombination, the particle rolls
down its potential and undergoes very rapid damped oscillations. The dynamics of this
process induces a spike in the energy around the time of recombination.

• New Early Dark Energy (NEDE): This model is contextually similar to EDE, however the
early dark energy particle decays into a dark sector through an instantaneous first order
phase transition – a process triggered by a secondary spectator field.

• Early Modified Gravity (EMG): There exist a broad class of models which introduce non-
minimal couplings to gravity. We consider an modified gravity scenario in which a new
scalar field behaving like dark energy decays via a non-minimal coupling to the Ricci scalar.

• Late dark energy with Chevallier-Linder-Polarski parametrization (CPL): We consider the
Chevallier-Polarski-Linder (CPL) parameterization of the Dark energy equation of state,
which allows for deviations linear in the scale factor.

• Phenomenological Emergent Dark Energy (PEDE): This is a phenomenological parame-
teriztion of dark energy intended to introduce a step-like shift in the energy density. The
time and size of this shift is fixed, and thus this model introduces no free parameters does
not contain ΛCDM in any limit.

• Generalized Phenomenological Emergent Dark Energy (GPEDE): This is a generalization
of PEDE in which the size of the step is controlled by a free parameter, thus interpolating
between the PEDE model and ΛCDM.
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• Fraction of Cold Dark Matter decaying into Dark Radiation (DM→DR): Here, we consider
the possibility that a fraction of cold dark matter decays at late times into dark radiation.

• Fraction of Cold Dark Matter decaying into Dark Radiation and Warm Dark Matter (DM
→ DR + WDM): Alternatively, we can consider that the dark matter decays into dark
radiation and a nearly degenerate particle which will subsequently behave as warm dark
matter.

3 Quantifying Model Success

For each modelM and set of data D, we quantify the tension between the cosmological inferred
value and the value measured by the SH0ES team using three distinct metrics. These metrics
have been chosen because they are simple to compute, easy to interpret, and ask related (but
distinct) questions. Importantly, in what follows we do not treat the SH0ES measurement as a
model-dependent measurement of H0, but rather as a measurement of the intrinsic magnitude
of supernovae type Ia Mb = −19.2435 ± 0.0373?, since this directly reflects the nature of the
observations; incorrectly adopting a likelihood based on H0 rather than Mb can hide tensions
that would otherwise appear in late-Universe solutions. These metrics used in this analysis
include:

• Criterion 1: When considering data D that does not include the SH0ES measurement,
we ask, what is the residual level of tension between the posterior on Mb inferred using
D and the SH0ES measurement? The tension on x = Mb can be quantified through the
Gaussian Tension (GT), defined as

x̄D − x̄SH0ES

(σ2
D + σ2

SH0ES)
1/2

, (1)

• Criterion 2: To what extent does the addition of the SH0ES measurement to the data set
D impact the fit within a particular model M? We compute the difference in the effective
best-fit chi-square χ2 = −2 lnL between the combined data set (including SH0ES) and
the data set D (excluding SH0ES) as

Δχ2 = χ2
min,D+SH0ES − χ2

min,D , (2)

where we use χ2
min,SH0ES = 0. This test is a generalization of criterion 1 which is more

appropriate for non-Gaussian posteriors, however is sensitive to the effect of over-fitting.
This test is referred to as a QDMAP metric.

• Criterion 3: When the data set D includes the SH0ES likelihood, does the fit within a
particular model M significantly improve upon that of ΛCDM? In order to assess the
extent to which the fit is improved, we compute the Akaike Information Criterium (AIC)
of the extended model M with respect to ΛCDM, defined as

ΔAIC = χ2
min,M − χ2

min,ΛCDM + 2(NM −NΛCDM) , (3)

where NM stands for the number of free parameters of the model.

Fully resolving the H0 tension is remarkably difficult; as such, we establish relatively weak
thresholds to define ‘success’. In particular, in the case of Criterion 1 and 2, we require models to
reduce the tension below the 3σ level. In the case of Criterion 3, we demand that the preference
for the extended cosmologyM over ΛCDM is larger than a “weak preference” on Jeffrey’s scale,
which amounts to ΔAIC ≤ −6.91. Since not all models contain ΛCDM as a limit, we further
require the Δχ2 to be negative (without such a condition, non-nested models could artificially
reduce the tensions at the cost of worsening the fit to the data). We summarize the relative
success of the models by awarding “medals” to models passing our tests: models passing either
criterion 2 or 3 are awarded a bronze medal, models passing both criterion 2 and 3 are awarded
silver. A gold medal is reserved for models additionally passing criterion 1.
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Figure 1 – Level of tension on H0, Mb or S8 (from left to right) for the seventeen cosmological models studied
in this work. The grey vertical bands represent the respective predictions of ΛCDM without SH0ES. The green
band represents the SH0ES calibration of MB , while the orange band represents the S8 measurement from the
KiDS-1000 survey.

4 Results

In this proceedings, we present a condensed summary of the results. Namely, we show our
baseline data set Dbaseline, consisting of Planck 2018 (TTTEEE and lensing)+ BAO (BOSS
DR12 + MGS + 6dFGS ) + Pantheon, and subject all models to the three criteria listed
above. This data was found to be the minimal data set sufficient to capture the most important
constraints on each model. The results of each test are summarized in Table ??.

We also plot the central and ±1σ values of H0 and Mb inferred using Dbaseline for each
model in Figure ??. For reference we plot the central value inferred using Planck 2018 data
and assuming ΛCDM (black) and the value measured by the SH0ES collaboration (green). In
addition, we illustrate in the right panel of Figure ?? the extent to which each model is able
to reduce the S8 tension, which has begun emerging as an independent tension in cosmological
analysis (albeit at a significantly reduced level with respect to that of the Hubble parameter).

5 Conclusion

The main findings of this work are:

• Models which rely on late-Universe modifications are disfavored by a combination of low-
redshift probes and the anisotropies of the CMB.

• To a large degree, models introducing relativistic relics tend to be less successful than other
early-Universe modifications, with perhaps the one exception being the majoron (which
marginally passes two of the three criterion). This class of solutions seems primarily limited
by the high- polarization data of Planck.

• EDE, NEDE, and EMG pass the ΔAIC criterion, and reduce the QDMAP tension from
4.5σ to 1.6, 1.9, and 2.3σ, respectively. The central value of H0 for all of these solutions,
however, remains relatively low (that is to say, the success of these solutions lies in the
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strongly non-Gaussian tails in the H0 posterior); as such, the Gaussian tension for these
models remains relatively high.

• Finally, the varying me models (both with and without Ωk) pass all three criterion, with
the tension reduced in the most optimistic cases down to the ∼ 2σ level.

In summary, no solution considered can fully resolve the H0 tension, however the most success
proposals seem to induce non-trivial modifications to the evolution of the energy density in
the early Universe or the process of recombination. Even in these cases, however, the residual
tension typically still stands around the 2σ level.
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We present the most recent 3-flavor neutrino oscillation results from the NOvA long-baseline
experiment, using a joint fit of νμ → νμ,

–
νμ→–

νμ, νμ → νe, and
–
νμ→–

νe channels, and an
accumulated exposure of 13.6 × 1020 protons-on-target of neutrino beam and 12.5 × 1020

protons-on-target of antineutrino beam. The best-fit values for the atmospheric parameters
are Δm2

32 = (2.41± 0.07)× 10−3 eV2, sin2 θ23 = 0.57+0.03
−0.04 and δCP = (0.82+0.27

−0.87)π. The data
disfavor combinations of oscillation parameters that lead to large asymmetries between the
rates of νe vs

–
νe appearance.

1 Introduction

Neutrino oscillations are transitions in-flight between the flavor neutrinos, caused by non-zero
neutrino masses and neutrino mixing. In the 3-flavor paradigm, the flavor eigenstates (νe, νμ, ντ )
are linear combinations of three mass eigenstates (ν1, ν2, ν3),

|να〉 =
3∑

i=1

U∗αi|νi〉, α = e, μ, τ, (1)

where U is the unitary mixing matrix. The probabilities of flavor transitions will depend on: the
elements of the mixing matrix, parameterized by three angles (θ12, θ13, θ23) and one phase (δCP );
the squared differences between mass eigenvalues (Δm2

21,Δm2
32); the energy of the neutrino (E),

and the distance it traveled (L).
Evidence of neutrino oscillations has been onserved in solar, atmospheric, reactor and ac-

celerator experiments. The different types of neutrino sources and experimental setups have
characteristic values of L and Eν , which set the ranges of |Δm2| and the kind of oscilla-
tions to which they are sensitive 1. In particular, long-baseline accelerator neutrino experi-
ments have L/E ∼ 500 GeV/km, and are sensitive to the atmospheric-sector oscillations with
a Δm2 ∼ 2.5× 10−3 eV2. With a primordially muon neutrino (or antineutrino) beam, the
combined measurements of long-baseline disappearance (νμ → νμ and –νμ→–νμ) and appearance
(νμ → νe and –νμ→–νe) allow the estimation of θ23 and Δm2

32, and the determination of the
neutrino mass ordering (sign(Δm2

32)), the octant of θ23, and charge-parity (CP) violation in the
neutrino sector.

2 The NOvA experiment

NOvA consists of two finely-segmented liquid-scintillator detectors operating 14.6 mrad off-axis
from Fermilab’s NuMI muon neutrino (or antineutrino) beam 2. The detectors comprise PVC
cells filled with a liquid scintillator, arranged in planes that alternate between horizontal and
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Figure 1 – Schematic of the NOvA detectors showing the alternating plane orientations. The combination of top
and side views offers 3D reconstruction of the particle trajectory 5.

vertical directions to allow 3D reconstruction, as shown in Fig. 1. The near detector (ND) has
214 of such planes, and samples the beam 1 km from the source. The far detector (FD) has 896
planes, and observes the oscillated beam 810 km downstream, near Ash River, MN.

The data is collected in the detectors in the form of individual hits, which get clustered based
on proximity in time and space to construct event candidates. These clusters are then processed
to estimate the location of the interaction vertex, its direction, and other reconstructed quan-
tities. Further, a convolutional neural network is used to classify the neutrino event candidates
into νe CC, νμ CC, NC, or cosmogenic backgrounds. Figure 2 shows characteristic topologies of
CC and NC events in the detectors.

The NOvA detectors are tracking calorimeters, and both characteristics are used to estimate
the energy of the neutrino candidates. For νμ CC events, the energy of the muon is estimated
using the track length (∼4% resolution), and the energy of the hadronic system is estimated
using calorimetry (∼30% resolution). The νe CC energy is a function of the electromagnetic
energy (∼10% resolution) and the hadronic energy, where both use calorimetry.

3 The NOvA oscillation analysis

Four channels are relevant to the estimation of neutrino oscillation parameters with NOvA:
νμ → νμ,

–νμ→–νμ, νμ → νe, and
–νμ→–νe. The predictions of the spectra at the FD are constructed

using a data-driven approach, using high-statistics measurements with the ND to improve the
base simulation and constrain systematic uncertainties. For both appearance and disappearance,
the signal predictions are corrected using νμ CC ND samples, for neutrino or antineutrino beam
mode separately. The νe CC ND samples are used to correct the background predictions for the
appearance channel.

NOvA’s latest measurements of neutrino oscillation parameters 3 use data recorded between
2014 and 2020 and correspond to 13.6×1020 protons-on-target of neutrino beam and 12.5×1020

protons-on-target of antineutrino beam. Figures 3 and 4 show the energy spectra of the νμ CC,
–νμ CC, νe CC and –νe CC candidates observed in the FD, compared to the best fit predictions.
Table 1 summarizes the event counts for each sample, comparing the observations with the
estimated signal, background and total predictions.
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Figure 2 – Simulated neutrino interactions in the NOvA detectors: νμ CC (top), νe CC (middle), and NC
(bottom) 4.
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Figure 3 – Reconstructed neutrino energy spectra for the νμ CC (left) and
–
νμ CC (right) samples at the FD.
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Table 1: Event counts at the FD, both observed and predicted at the best-fit point (Eq. 2).

Neutrino beam Antineutrino beam

νμ CC νe CC –νμ CC –νe CC

Signal 214.1+14.4
−14.0 59.0+2.5

−2.5 103.4+7.1
−7.0 19.2+0.6

−0.7
Background 8.2+1.9

−1.7 26.8+1.6
−1.7 2.1+0.7

−0.7 14.0+0.9
−1.0

Best fit 222.3 85.8 105.4 33.2

Observed 211 82 105 33
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Figure 5 – Left: The 90% confidence level region for Δm2
32 and sin2 θ23, comparing the NOvA allowed region

(black) with the contours from other experiments 6,7,8,9. Right: The 68% and 90% confidence level regions for
sin2 θ23 vs. δCP in the normal mass ordering, comparing the NOvA allowed regions (color areas) with the T2K
contours 6.

The best-fit parameters are obtained by minimizing a Poisson negative log-likelihood ratio
between oscillated FD predictions and the observed spectra 3. The fit includes three parameters
that are allowed to vary freely (Δm2

32, sin
2 θ23, δCP ); 67 systematic uncertainties; and constraints

from solar and reactor experiments (Δm2
21 = 7.53 × 10−5 eV2, sin2 θ12 = 0.307, and sin2 θ13 =

0.0210±0.0011). The resulting best-fit oscillation parameters (and their 1σ allowed ranges) are:

Δm2
32 = (+2.41± 0.07)× 10−3eV2, (2)

sin2 θ23 = 0.57+0.03
−0.04,

δCP = (0.82+0.27
−0.87)π.

The data disfavor combinations of parameters that lead to a strong asymmetry in the rate of
νe vs

–νe appearance: δCP = π/2 is excluded at more than 3σ in the inverted mass ordering, and
δCP = 3π/2 in the normal ordering is disfavored at 2σ confidence. Considering all permutations
of the mass ordering and the octant, degeneracies are such that all values of δCP are compatible
with the data, with no preference of CP conservation over CP violation 3.

Figure 5 shows 2-dimensional allowed regions for NOvA compared to other experiments, for
the normal mass ordering. The Δm2

32 × sin2 θ23 contours show consistency among atmospheric
and accelerator neutrino oscillation experiments. In the sin2 θ23 × δCP contours, the best-fit
point of the T2K experiment lies in a region disfavored by this analysis, but regions of overlap
remain 3. This purported tension is not observed in the inverted mass ordering. The T2K
and NOvA collaborations are working towards a joint neutrino oscillation analysis using both
experiments’ data sets simultaneously 10.

NOvA is expected to take data through 2026, and the current projection for the ultimate
exposure is 60-70×1020 protons-on-target, approximately doubling the data analyzed so far 11.
Figure 6 shows some projections for the resolution of the neutrino mass ordering and CP vio-
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Figure 6 – Fraction of δCP values in the range [0, 2π) for which the neutrino mass ordering (left) or CP non-
conservation (right) could be resolved by NOvA at a given sensitivity σ by the year 2025, assuming an accumulated
exposure of 63× 1020 protons-on-target. The lines correspond to different true values of sin2 θ23 and true normal
ordering (blue) or inverted ordering (red).

lation. NOvA could reach 2σ determination of CP violation, 3σ sensitivity to the ordering for
30-50% of δCP values, and up to ∼ 5σ in the most favorable case.
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Antares and KM3NeT: results and perspectives

P. Sapienza on behalf of KM3NeT Collaboration
Laboratori Nazionali del Sud, INFN Via S.Sofia 62, 9513 Catania, Italy

High energy neutrinos are very promising probes to investigate some of the major open ques-
tions concerning elementary physics and astronomy. To investigate neutrino properties and
neutrino astronomy, large volume optical Cherenkov telescopes have been built and installed
in the depths of natural media such as Antartic ice, sea or lake water. In optical Cherenkov
telescopes neutrino energy and direction are reconstructed through the detection of the light
emitted by the charged leptons emerging from neutrino interactions with a 3D array of optical
sensors. By tuning the distance between optical sensors is possible to cover a very broad
neutrino energy range, between few GeV to PeV, thus addressing a large variety of physics
cases. The main results and perspectives of the ANTARES and KM3NeT neutrino telescopes,
located in deep Mediterranean sites, are reported.

1 Introduction

One of the most important goal of neutrino astronomy is the understanding of the violent
Universe through the identification of the astrophysical objects where acceleration of hadrons
up to extreme energies takes place. In the interaction of protons in or nearby the source,
neutrinos are emitted, thus providing a smoking gun for hadron acceleration in cosmic objects.
Neutrino astronomy era was initiated by the discovery of a diffuse cosmic neutrino flux1 detected
by the km3 neutrino telescope IceCube at the South Pole. IceCube also inaugurated the birth
of multimessenger astronomy with the observation of an extremely energetic neutrino from a
direction close to the blazar TX056-506 2 and in correlation with flares observed at several
electromagnetic wavelenght, from high energy gamma to radio, from the same source. Neutrino
oscillations have been extensively investigated since their discovery in 1998 3,4 but two questions
remain still open: the CP symmetry violation and the Neutrino Mass Ordering (NMO), namely
if there are two heavy neutrinos and a light one or two light neutrinos and an heavy one.

2 ANTARES

ANTARES 5, with 900 PMTs arranged in 12 lines over a volume of 0.01 km3, was the first
neutrino telescopes operating in the deep Mediterranean sea and, for more than a decade, the
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largest one in the Northern hemisphere. Data taking with the complete detector started on
2008, the telescope was turned off on February 2022. It was designed as a demonstrator to
prove the feasibility of a km3 neutrino telescope in the Mediterranean Sea, but it also provided
several competitive upper limits.

Figure 1 – Combined ULs at 90% confidence level (blue lines) on the three-flavor neutrino flux of the KRAγ

model with the 5 and 50 PeV cutoffs (black lines). The boxes represent the diffuse astrophysical neutrino fluxes
measured by IceCube using an isotropic flux template with starting events (yellow) and upgoing tracks (green).

Its location in the Mediterranean allowed for almost complete visibility of the sky. During
its lifetime, ANTARES was able to put the strongest constrains on many neutrino sources in
the Southern hemisphere which is marginally accessible to IceCube. The results of the data
analysis on the the Galactic Plane are reported on Fig.1 where ANTARES, IceCube and a
combined analysis of the two upper limits are reported and compared with the KRAγ model 6.
The combined ANTARES-IceCube analysis 7 allows to exclude the spectrum with a cut-off of
50 PeV. larger exposures would allow to confirm or reject the model.

In the Southern hemisphere the upper limits of ANTARES for astrophysical candidate
sources are the strongest. A dedicated analysis of candidate point-like ad extended sources
with a combined ANTARES-IceCube data sets 8 showed that the combination of the two de-
tectors, which differ in size and location, allows for an improvement of up to a factor 2 in
the sensitivity in different regions of the Southern Sky. The ANTARES contribution to the
sensitivity is strongly dependent on the energy spectrum of the source being larger for softer
spectra.

ANTARES also joined the networks for multimessenger astronomy thus participating in the
survey of the neutrino sky and in particular to the follow up of transient sources providing limits
on several potential neutrino sources.

Oscillation studies with ANTARES are somewhat limited by the rather high energy thresh-
old, about 20 GeV. However, the analysis on 9 years data of atmospheric neutrinos rejected the
no-oscillation hypothesis at 4.9σ and provided a proof of concept for oscillation studies with
ORCA 5.

The successful deployment and operation of the ANTARES neutrino telescope has demon-
strated the feasibility of performing neutrino studies with large volume detectors in the deep
sea, thus paving the way to the next generation km3 neutrino telescope: KM3NeT.
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Figure 2 – Top: upper limits at 90% C.L. on the muon neutrino flux from the candidate sources (green dots) as a
function of the declination for -2.0 (left) and -2.5 (right) spectral index. The dashed curves indicate the sensitivities
for the IceCube (blue) and ANTARES (red) individual analyses. The green line indicates the sensitivity of the
combined analysis. Bottom: Ratio between the best individual sensitivity and the combined sensitivity as a
function of the source declination 8 .

3 KM3NeT

KM3NeT 9 is a multi-site telescope network that aims at addressing two main physics cases:
the discovery and subsequent observation of high-energy neutrino sources in the Universe with
the km3 ARCA telescope offshore Capo Passero (Sicily, Italy) and the study of neutrino prop-
erties and determination of neutrino mass hierarchy with the ORCA telescope offshore Toulon
(France).

Figure 3 – Effective volumes of the neutrino telescopes: ANTARES (blue), ORCA (green) and 1 block (0.5 Gton)
of ARCA (red) for muon (full lines) and electron (dashed lines) neutrinos

The KM3NeT neutrino effective volumes for ARCA and ORCA are shown in Fig.3 compared
with the ANTARES effective volume. An innovative and cost effective technology was developed
to meet the challenges due to the scale increase of one order of magnitude in detection units
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w.r.t. to ANTARES and the reliability needed to guarantee a detector life time of the order
of 20 years. The same technology for the two telescopes has been designed and implemented.
However, different optical module distributions, denser for ORCA and sparser for ARCA, were
implemented in the design in order to cover the energy range of interest in the two telescopes.
The KM3NeT detector design is modular thus allowing a site with a completion foreseen in 2025
for ORCA and 2027 for ARCA.

3.1 ORCA

ORCA is composed by a building block of 115 Detection Units equipped with multi-PMT optical
sensors that instrument a volume of 7 Mton. It aims at measuring neutrino oscillation parameters
and properties exploiting few-GeV atmospheric neutrinos that have traversed the Earth. Of
particular interest is the determination of the NMO for which earlier hints, which favored NO,
are weakened by the latest combined results10. NMO can be determined by measuring the energy
and zenith angle dependent oscillation pattern of up going neutrinos 5. The largest effects on
neutrino oscillation probability appear around 7 GeV. The oscillation pattern for neutrinos with
respect to anti-neutrinos is flipped between the two mass ordering, however the presence of
matter induced effects and the different cross section allows to measure the NMO sensitivity
also if neutrinos and antineutrinos are not distinguished in the detector.

Extensive numerical simulations have been carried out to optimize the detector lay-out and
improve the analysis tools to maximize the sensitivity to the NMO as shown on the left side of
Fig.5. The expected precision on atmospheric oscillation parameters compared with the present
measurements of running detectors is reported on the right side of Fig.5

Figure 4 – On the left the sensitivity to NMO after 3 years of data taking, as a function of the true θ23 value(a)
and as a function of the years of data taking (b), for both normal (red) and inverted ordering (blue) δCP equal
to zero or π. On the right the expected measurement precision of Δm2

23 and sinθ23 for both NO. a) and IO (b)
after 3 years of data taking at 90% confidence level (red).

The results of the most recent simulation on the NMO sensitivity of ORCA 11 are reported
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in Fig.4 as a function of years of data taking (left) and as a function of sinθ23 (right) The
other oscillation parameters have been set to the current best estimates Fig.4. They lead to a
sensitivity of 4.4 (2.3) σ in 3 years of data taking if the true NMO is normal (inverted).

An improvement of the sensitivity to determine the NMO can be obtained with data from
different experiments. Simulations of a ORCA-JUNO combined analysis 15 has been performed
showing a huge boost of the sensitivity. The combined analysis is much more powerful than
simply adding the datasets of the two experiment, because of the tension that arises in the
measurement of Δm2

31 between JUNO and ORCA when the wrong neutrino mass ordering is
assumed.

The first results were obtained analysing 355 days of data collected with 6 ORCA DUs
between February 2020 and March 202114. The no-oscillation hypothesis is excluded at 5.9σ (see
Fig.6). The measurement of the atmospheric oscillation parameters θ23 and Δm2

23 is reported
in Fig.5 in comparison with the results running experiments (right). The strong improvement
w.r.t. the ANTARES result is mainly due to the lower threshold (3 GeV compared to 20 GeV).

Figure 5 – On the left the measurement of the atmospheric parameters with 9 years of ANTARES (dashed blue)
and 355 days of 6DUs of ORCA. On the right the state of art of the measured the atmospheric parameters for
several experiments and 355 days of 6 DUs of ORCA.

3.2 ARCA

Neutrino astronomy was initiated by IceCube with the discovery of a diffuse cosmic neutrino
flux 1,12. From the experimental point of view this observation is also a confirmation of the fact
that km3 is the scale for neutrino detection. In order to have a complete of the neutrino sky a
km3 scale neutrino telescope is needed in the Northern hemisphere. Indeed, ARCA, from the
Mediterranean sea, has a visibility of about 87% for upgoing neutrinos. The goal of the KM3NeT
technology is to instrument, at minimal cost and maximal reliability, the largest possible volume
of seawater with a three dimensional spatial grid of ultra-sensitive photo-sensors, while remaining
sensitive to neutrino interactions in the target energy range. ARCA is composed by two building
blocks of 115 Detection Units each, equipped with multi-PMT optical sensors, that instrument
a volume of 1 km3.

The discovery potential of ARCA for the diffuse neutrino flux detected by IceCube is plotted
in Fig.6. A 5σ discovery is expected in about 6 months of data taking with the complete detector.
The expected ARCA sensitivity to search for point-like sources in comparison with IceCube is
reported in reference 16.

ARCA has already taken over on ANTARES for the survey of the neutrino sky and its
sensitivity is rapidly increasing with the detector implementation.
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Figure 6 – Significance as a function of time for the detection of a diffuse flux of neutrinos corresponding to
the signal reported by IceCube, for 1 block of cascade-like and track-like events (black line) and for 2 blocks of
cascade-like and track-like events

In conclusion, thanks to its large effective area and excellent pointing resolution, ARCA will
allow to strongly improve the discovery potential for neutrino sources in the near future.
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Results of the NEXT-White detector at the Canfranc Underground Laboratory
and future plans for large NEXT detectors

J.A. Hernando-Morata on behalf of the NEXT collaboration.
Instituto Galego de Altas Enerx́ıas, IGFAE, Universidade de Santiago de Compostela (USC)

Edificio Monte la Condesa, Campus Sur, Santiago de Compostela, Spain E15782

NEXT is a neutrino-less double beta decay, ββ0ν, experiment aimed at understanding the
nature of the neutrino, whether the neutrino is a Dirac or Majorana fermion, using as target
136Xe. The NEXT collaboration has successfully operated a large prototype, named NEXT-
White, at the Canfranc Underground Laboratory, LSC, in Spain. This detector is a 5 kg
High Pressure Gas Xenon TPC with Electro-Luminicesce readout. In these proceedings we
summarize the most important results obtained with NEXT-White data, an excellent energy
resolution (1 % FWHM at Qββ), good topological rejection and the measurement of half-life
of the ββ2νmode, T ββ2ν

1/2
= 2.34+0.80

−0.46(stat)
+0.30
−017 (sys) × 1021 y. These results pave the way

to a larger detector, already in construction, NEXT-100, which is expected to be similar in
reach to the current ββ0ν experiments. the NEXT collaboration has ambitious plans for the
construction of a next-generation experiment, NEXT-HD, capable of exploring ββ0ν half-life
up to 1027−28 y, and it is currently investigating the use of the Ba++ tagging as a possible
disruptive R&D towards a zero-background experiment.

1 Introduction

The nature of the neutrino is one of the most relevant questions still open in Particle Physics.
The fact that the neutrinos have masses requires us to extend the current Standard Model, SM,
to include a mechanism to provide their masses. This mechanism depends on the nature of the
neutrino. If neutrinos are Dirac particles, as the rest of the fermions, it forces the existence in
Nature of a right-chiral neutrino field to couple with the Higgs fields. If neutrinos are Majorana,
that is, they are their own anti-particles, the mechanism extends the SM by introducing new
operators in the Lagrangian.

The only feasible experiment to identify the nature of the neutrino is the observation of
a neutrino-less double beta decay, ββ0ν, a rare hypothetical decay that can happen only in
few isotopes. This decay is forbidden in the SM and its observation would be a decisive probe
that neutrinos are Majorana particles. The discovery of neutrino oscillations, and therefore the
demonstration that neutrino have masses, has strengthened the neutrino-less double beta decay
field. There are several experiments in operation, under construction or planned to address
the question of the nature of the neutrino. They use different techniques such as bolometers,
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germanium, tracking detectors, etc; and isotopes, 136Xe, which has a Qββ= 2.458 MeV, 76Ge and

others. The current best limits have been recently set by the Kanland-ZEN1 experiment T ββ0ν
1/2 >

2.3× 1026 y at 90 % C.L. using 136Xe and by GERDA 21.8× 1026 y using 76Ge.
NEXT is a High Pressure Time Projection Chamber able to hold up to 10-15 bars of

136Xe. The energy deposited by the charged tracks in the Xenon gas is converted into electro-
luminiscence, EL, light. A primary electron from a gamma interaction or a ββ signal will produce
scintillation light and ionization electrons, the first one is called S1, a pulse with a duration of
few nanoseconds. The secondary electrons from ionization will drift towards the cathode under
the presence of an electric field. Secondary electrons pass through a thin region, with an in-
creased electric field where EL light is produced proportionally to the number of electrons. This
signal is called S2 and has a duration of several μs duration. The EL light is collected in an
array of SiPMs located a few mm from the EL region. The SiPMs are arranged in a 1 cm pitch
grid, and their light patterns, together with the drift-time distance measured with respect to
the S1 time, allow us to reconstruct tracks in 3D. The energy of the event is measured by the
S2 light detected in a plane of PMTs located behind the anode. The use of gas Xenon ensures
that the intrinsic energy resolution is smaller (the Fano factor is 0.3 % FWHM at Qββ) than in
liquid Xenon, and the use of EL-light guarantees that the resolution is not worsened due to the
detection technique. NEXT has the extra handle of the topology to reject the background: a
high-energy electron in NEXT produces a tortuous single track with a large energy deposition,
which corresponds to the Bragg’s peak or blob at the end of the track; while a pair of two-
electron, the ββ signal, gives a unique twisted track with two blobs, one in each of the extremes
of the track.

NEXT is an international collaboration, formed by institutions from Spain, Portugal, UK,
Germany, Israel, Colombia and the USA. In the last years the collaboration has built and suc-
cessfully operated a series of prototypes: NEXT-DBDM, NEXT- DEMO. The largest prototype
is called NEXT-White5, and has been in operation at the Underground Laboratory of Canfranc,
LSC, Spain, since 2016 until 2021. The first NEXT-White runs were dedicated to the calibra-
tion and understanding of the detector operation. An excellent energy resolution and a good
topological rejection have been demonstrated. The latest runs were dedicated to measuring the
background energy spectrum and estimating the half-life of the ββ2ν decay using enriched 136Xe.
This decay has previously been observed by EXO-200 3 and Kamland-ZEN 4.

In these proceedings we present the results obtained with NEXT-White and provide a
prospect for the following detector, NEXT-100, already in construction, and the next gener-
ation experiment NEXT-HD.

2 NEXT-White

Figure 1 top-left) shows the schematic of the NEXT-White detector. The detector is a cylindrical
TPC which has a length of 50 cm, 22 cm radius and a 6 mm EL region. The TPC is protected
by a 6 cm inner copper shield and by two external lead shields outside the vessel. Figure 1
bottom-left) shows the interval view of the chamber and the tracking plane which is composed
of 1793 SiPMs (sensL C-series) arranged in a 1 cm grid in rectangular teflon boards. Figure 1
bottom-right) shows the energy plane, composed of 12 PMTs (Hamamatsu R11410-10) protected
from the gas pressure by individual sapphire windows. Figure 1 top-right) is a picture of the
vessel during construction in the clean room of the LSC. The detector was finally located in the
Hall-A of the LSC, which is 800 m under the “Tobazo” mountain (2500 m.w.e.) in the Spanish
Pyrenees.

2.1 NEXT-White energy resolution

NEXT-White has been continuously calibrated and monitored using 83mKr decays 6. Approx-
imately 1 M Kr events were collected daily using a dedicated trigger line. These decays are
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Figure 1 – Top-left) schematic view of the NEXT-White detector; top-right) picture of the detector in the clean
room of the LSC. Botton-left) view of the tracking plane and the grid of SiPMs; bottom-right) view of the energy
plane and the PMTs encapsulated under the sapphire window.

point-like depositions of 41.5 keV energy, which serve as a candle to normalize the response of
the detector in the active volume and to estimate the electron attachment. Impurities in the
gas can trap secondary electrons which reduces the signal strength. During operation, Xenon
has been recirculated inside a complex gas system and continuously purified by a hot getter.
Electron lifetime has improved linearly during operation, and the final measured values were 14
ms, several times the length of the chamber.

Energy resolution was estimated using 137Cs and 228Th external sources which were located in
specific ports of the vessel. Figure 2 shows the energy spectrum in the double escape peak region
at ∼1.6 MeV (left) from the 208Tl 2.6 MeV gamma interaction, and the photo-peak region (right).
After applying the geometrical and lifetime corrections obtained from the 83mKr calibration, an
excellent energy resolution of 1% FWHM at Qββ was obtained

7.

Figure 2 – Left) energy spectrum, 208 Tl double escape of the 2.6 MeV gamma (photopeak on the right).
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Figure 3 – Top) Projections of an electron-positron pair track whose energy was reconstructed in the double scape
peak from the 2.6 MeV 208Tl gamma: bottom) projections of an electron track in the same range of energy.

2.2 NEXT-White topological rejection

By using the information from the SiPM, the energy estimation in the PMTs and the drift-
distance (the time between the S1 and the S2 pulses) we can reconstruct the tracks of the
energetic particles in 3D. Diffusion plus de EL light emission smear the original image of the
track. Most of these effects can be removed by applying a de-convolution technique if the
diffusion and the point spread function (PSF), the function that relates the emission of the EL
light in a given point to its detection on the SiPMs, are known. Both the diffusion parameters
and the PSF have been estimated using the large 83mKr samples. The iterative Lucy-Richardson
deconvolution algorithm, which uses as input the PSF, has been used to reconstruct the tracks.

Figure 3 shows the 2D projections of the tracks of two events 8. The event on the top is an
electron-positron pair, as the two blobs are clearly identified at the the extremes of the track;
while the event on the bottom is a single electron, which has a distinctive single blob at the
end one of the extremes. We have used events in an energy region around the double escape
peak of the 208Tl 2.6 MeV gamma interaction to estimate the topological rejection of NEXT.
Events in that energy region are either electrons from Compton interactions or electron-positron
pairs, which mimic the ββ signal. We have used the energy around a 20 mm sphere around the
extremes of the track to estimate the energy of the blobs, and used the blob with the lowest
energy of the two blobs as the discriminant variable. With that we estimated a good 95 % single
electron topological rejection for a 57 % electron-positron pair efficiency 8,9.

3 Observation of the ββ2νmode

A dedicated radio assessment campaign to measure or set an upper limit on the radio purity
of the NEXT-White detector components has been performed by the LSC, U. de Zaragoza
(Spain) and Pacific Northwest National Lab (USA). Together with a complete and detailed
GEANT-4 simulation, we have estimated the expected rate and energy spectrum of the back-
ground of NEXT-White. Data of Run-VI, which correspond to 1.6 M of triggers and were
taken with depleted Xenon (therefore without ββ2ν decays in the sample), was used to estimate
the background rate and to validate our background model. Only the events that fulfill the
following selection were accepted: one S1, one reconstructed track, no overlapping blobs, and
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Figure 4 – Left-top) energy spectrum of run-V, enriched Xenon, data (points) and fit to the different background
components (obtained from simulation) and the ββ2ν spectrum component (yellow). Left-bottom) energy spec-
trum of run-VI, depleted Xenon, data and fit to the different background components. Right) Energy spectrum
of the ββ2ν , obtained from the substraction (after corrected by the efficiencies) of the spectrum obtained from
the enriched and depleted Xenon (points) and the best fit (line).

we required a minimum energy on the less energetic of the two blobs at the extremes of the
track, with the purpose of selecting events compatible with a ββ decay. Figure 4 left-bottom)
shows the energy spectrum of run-VI (points) and the result of the fit to the different com-
ponents of the background. The data from run-V, which corresponds to 2 M triggers, were
taken with enriched 136Xe at 90 %, therefore we expect ββ2ν decays to be present in our sam-
ple. Figure 4 left-top) shows the selected run-V events (points) and the result of a fit to the
different background and ββ2ν components. We corrected both (depleted and enriched) spectra
by the corresponding trigger and selection efficiencies and estimated the energy spectrum of the
ββ2ν decay, which is shown in Fig. 4 right), simply subtracting the spectrum obtained with the
depleted Xenon from the one obtained with the enriched Xenon. Finally, we have estimated
T ββ2ν
1/2 = 2.34+0.80

−0.46(stat)
+0.30
−017 (sys) × 1021 ywhich is in agreement with previously measured

values 3,4. NEXT is the only experiment that can and has directly measured the ββ2ν energy
spectrum.

4 NEXT-100

The NEXT collaboration is commissioning NEXT-100, a large 100 kg Xenon detector, 120 cm
long, and with a 40 cm radius. The tracking plane will be composed of 4000 SiPMs (S13372-
1350TE) located on a 1.5 cm pitch grid and the energy plane by 60 PMTs (Ham. R11410-10).
The detector has a thicker inner copper shield of 12 cm. Operation is expected to start end of
2022.

The expected background index, based on detailed simulations and the previous results of
NEXT-White, is 5 × 10−4 counts/(keV kg y), and the expected energy resolution is < 1 %
at Qββ (as measured by NEXT-White). With these parameters, after 5 years of operation of

NEXT-100 12 we expect to reach a limit on the half-life of the ββ0ν decay of T ββ0ν
1/2 ≥ 1026 y,

similar to the current ββ0ν experiments.
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5 NEXT-HD

The NEXT collaboration plans to build a next generation ββ0ν experiment, NEXT-HD, based
on the NEXT concept but with substantial changes. The detector will be a large cylindrical and
symmetrical TPC, 3 m long and a 1.1 radius, able to hold one ton of Xenon. The anode will be
located at the center of the chamber. The cylindrical sides will be instrumented with a curtain
of optical fibers dedicated to measuring the S1 signal. There will be two EL regions after the
cathodes and the two end-caps will be covered with dense planes of SiPMs. We expect that the
improvements in the radio-purity of the materials plus enhanced tracking capabilities will allow
us to improve the background index up to 4× 10−3 counts/(keV t y). After 5 years of operation
of a ton detector 13 we will be able to explore life-times up to 1.5× 1027 y.

The NEXT collaboration has pioneered a possible disruptive technique for ββ0ν experiments,
the possibility to detect the single ion produced in the decay, in this case Ba++, or barium
tagging. Thanks to single molecule fluorescent imaging we have been able to singularly identify
barium ions 14,15. The possibility to detect a S2 signal compatible in energy Qββ in coincidence
with the observation of Ba++ ion could eventually led to a zero-background ββ0ν experiment.

6 Conclusions

NEXT collaboration has successfully operated the NEXT-White detector at the LSC, with
NEXT-White data we have demonstrated that NEXT technology achieves an excellent energy
resolution (1% FWHM at Qββ) and a good topological discrimination. We have estimated the

half-life of the ββ2ν decay to be T ββ2ν
1/2 = 2.34+0.80

−0.46(stat)
+0.30
−017 (sys) × 1021 y. The collaboration

is constructing NEXT-100, a 100 kg Xenon TPC detector with the same technological solutions
used in NEXT-White. The sensitivity of NEXT-100 to the half-life of ββ0ν after 5 years of
operation is extected to reach values of 1026 y. The collaboration has plans to construct a one
ton experiment, NEXT-HD, able to reach 1.5 × 1027 in 5 years of operation and is currently
developing a very promising line of research based on barium tagging.
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Neutrino quantum decoherence at reactor experiments
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Reactor experiments are well suited to probe the possible loss of coherence of neutrino os-
cillations due to wave-packets separation. We discuss how decoherence modifies neutrino
oscillation probabilities. We focus on the reactor experiments RENO, Daya Bay and Kam-
LAND and discuss how well these experiments can constrain decoherence effects. We also
present expected sensitivities for the future experiment JUNO.

1 Introduction

Neutrino oscillations are a consequence of nonzero neutrino masses and of the fact that virtually
all useful neutrino sources are coherent, i.e., neutrinos produced via charged-current weak inter-
actions can be faithfully described as coherent superpositions of neutrinos with different masses,
weighted by the elements of the leptonic mixing matrix. This is in general true because the
typical energy and distance scales involved in neutrino production and detection and neutrino
masses are all tiny while neutrino wave-packets are large. Many neutrino sources, including all
terrestrial sources and neutrinos produced in the atmosphere, are usually treated as perfectly
coherent. To date, this has proven to be an excellent approximation, in agreement with our
best detailed understanding of neutrino production and corroborated by the oscillations inter-
pretation of data from neutrino experiments. However, oscillation experiments can be used to
constrain how coherent the different neutrino sources are and a possible distance-dependent loss
of coherence for propagating neutrinos. In particular, nuclear reactors are excellent laboratories
to study neutrino coherence.
Focusing on reactor experiments, we performed two sets of analyses. In,1 we argued that reac-
tor neutrino experiments can be used to place interesting constraints on how coherent nuclear
reactors are as sources of antineutrinos. There, we concentrated on current constraints from the
km-baseline experiments Daya Bay, the Reactor Experiment for Neutrino Oscillation (RENO),
and the near-future Jiangmen Underground Neutrino Observatory (JUNO) experiment. In2 we
extended our previous analysis and included data from the Kamioka Liquid Scintillator An-
tineutrino Detector (KamLAND). Unlike Daya Bay and RENO, KamLAND was sensitive to
neutrinos from a large number of nuclear reactor sites located between, roughly, 100 km and
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1000 km away and was not characterised by a single baseline. While Daya Bay and RENO are
only sensitive to sin2 θ13 and |Δm2

31|, KamLAND is sensitive, given that |Ue3|2 is small, only to
sin2 2θ12 and |Δm2

21| so the data sets, in some sense, complement one another. The hypothesis
that all reactor experiments are characterised by the same decoherence parameter allows the
KamLAND and Daya Bay/RENO data sets to “inform” one another in nontrivial ways.
We discuss whether high-resolution, high-statistics measurements of the flux of antineutrinos
produced in nuclear reactors are sensitive to neutrino decoherence or can be used to place mean-
ingful bounds on how coherent nuclear reactors are as neutrino sources. We also investigate
how much the measurement of the different oscillation parameters is impacted, if one allows for
nontrivial values of the decoherence parameters.

2 Neutrino oscillations including decoherence

Decoherence effects may stem from several different physical origins (see e.g.,3–6,8, 9). In this
talk we focus on the possible loss of flavour-coherence of the neutrino beam that grows with the
baseline (often referred to as wave-packet separation) and is parameterised through the damping
parameters:

ξjk(L,E) =

(
L

Lcoh
jk

)2

with j, k = 1, 2, 3. (1)

If no loss of coherence occurs during neutrino propagation, ξjk(= ξkj) = 0. We further define
the coherence lengths as1,7–9

Lcoh
jk =

4
√
2E2

|Δm2
jk|

σ , (2)

which depend on the neutrino energy and the mass-squared differences. We assume all decoher-
ence effects to be encoded in a single parameter σ, which can be interpreted as the width of the
neutrino wave-packet and has dimensions of length. Estimates for the typical value of σ depend
on the physics responsible for neutrino production and can vary by orders of magnitude. This
physics contains several distance scales, many of which potentially inform σ. For instance, dis-
tance scales associated with electron antineutrinos detected via inverse beta-decay may include:
i) the typical size of the beta-decaying nuclei (∼ 10−5 nm) ii) typical interatomic spacing that
characterises the fuel (∼ 0.1 − 1 nm for Uranium) iii) the inverse of the antineutrino energy
(∼ 10−4 nm). Without adding to the interesting discussion of estimating σ, we choose to stay
agnostic and consider σ as a free parameter, generically assuming that it will depend on the
features of neutrino production and detection.
In the presence of decoherence effects, the density matrix ρjk describing the flavor content
of the reactor antineutrinos produced in nuclear power plants as a function of L and E is

ρ̃jk(L,E) = Ũ∗ejŨek exp[−iΔ̃jk] exp[−ξ̃jk(L,E)] , with Δ̃jk ≡ 2π L
L̃osc
jk

≡ Δm̃2
jkL

2E , where we have

included matter effects (assuming the antineutrinos propagate through a medium with constant
density).7 The electron antineutrino survival probability in presence of decoherence effects is
given by the ee diagonal element of the density matrix:

P dec(νe → νe) =
∑
j,k

|Ũej |2|Ũek|2 exp[−iΔ̃jk − ξ̃jk] . (3)

When the damping factors ξ̃jk → 0 or, equivalently, when L̃coh
jk → ∞ (σ → ∞), we recover the

standard oscillation probability. To illustrate the impact of decoherence on reactor antineutrino
oscillations at the different reactor experiments, we depict in Fig. 1 (upper left) the expected
electron antineutrinos survival probability for L = 1 km, representative of the baselines of
the Daya Bay and RENO experiment, while in the upper right panel we depict the average
electron antineutrino survival probability at KamLAND and in the bottom panel we show the
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Figure 1 – The electron antineutrino oscillation probability as a function of the neutrino energy for L = 1 km
(upper left), KamLAND (upper right), JUNO (bottom). The threshold for inverse beta-decay detection is in light
blue.

probability expected at JUNO. The green, solid curve corresponds to the standard neutrino
oscillation scenario without decoherence, while the red and black dashed ones are obtained
assuming non-trivial decoherence effects associated to σ = 2 × 10−4 nm and σ = 1 × 10−4 nm,
respectively. These values are consistent with the lower limits obtained in2 and in,1 respectively.
Decoherence “erases” the oscillatory behaviour of the survival probability and its impact is more
pronounced at relatively smaller energies.

3 Results

We perform the analysis for four different experiments: RENO,10 Daya Bay,11 KamLAND12 and
JUNO.13 Fig. 2 depicts the sin2 θ12-Δm2

21 (left) and sin2 θ13-Δm2
31 (right) regions of parameter

space consistent with the combined data sets (filled regions in orange at 90% CL, blue at 95%
CL, green at 99% CL). In all plots, we marginalise over all absent parameters, including σ
when decoherence effects are allowed in the fit. The figure also depicts the allowed contours
corresponding to the analysis performed assuming a perfectly coherent source (black empty
curves, dot-dashed at 90% CL, dashed at 95% CL, solid at 99% CL). In,1 relying only on
RENO + Daya Bay data, we found a relatively stronger correlation among the parameters. In,2

the combination of data from short-baseline experiments together with those from KamLAND
significantly reduces the allowed region in the sin2 θ13-Δm2

31 as a consequence of the fact that
KamLAND is more sensitive to nontrivial σ effects that RENO and Daya Bay. Data from
KamLAND, it turns out, excludes the relatively small values of σ that allow for the stronger
correlations reported in.1 Eventually, we find that the determination of standard oscillation
parameters is robust, i.e., it is mostly insensitive to the presence of hypothetical decoherence
effects once one combines the results of the different reactor neutrino experiments.

We then show in fig. 3 the reduced χ2(σ) profile, obtained upon marginalising over all
oscillation parameters, for all reactor experiments under consideration. We obtain the following
best-fit value for the reactor-antineutrino-wave-packet width: σ = 3.35 × 10−4 nm. The no-

231



Figure 2 – 90, 95 and 99% CL (2 d.o.f.) allowed regions in the sin2 θ12-Δm2
21 and sin2 θ13-Δm2

31 planes from our
combined analysis of RENO + Daya Bay + KamLAND data including decoherence (filled regions, red stars) and
assuming a perfectly coherent source (black empty contours, black dots).

Figure 3 – The reduced χ2 as a function of σ relative to its minimum value, obtained marginalising over the
remaining neutrino oscillation parameters.

decoherence hypothesis, σ →∞, however, is safely allowed at 90% CL and we can infer a lower
bound on σ: σ > 2.08 × 10−4 nm at 90% CL. This is stronger by a factor 2 relative to the
previous lower bound σ > 1.02× 10−4 nm,1 obtained by combining data only from RENO and
Daya Bay. We also studied the sensitivity of the future JUNO experiment13 to constrain or
measure the neutrino wave-packet width σ. We first estimate the sensitivity of JUNO to σ
assuming future JUNO data are consistent with no decoherence effects, σ →∞. As can be seen
in fig. 3, the sensitivity for JUNO translates into σ > 2.11 × 10−3 nm at the 90% CL. On the
other hand, when simulating data consistent with the solar parameters and the best-fit value of
σ obtained from the analysis of Daya Bay and RENO, we find that the impact of decoherence
is very strong in JUNO. In such a case, the short-wavelength oscillations are completely erased,
rendering the measurements of Δm2

31 and Δm2
32 impossible. It is very clear that, under these

circumstances, JUNO is completely insensitive to the mass ordering. Nonetheless, averaged-out
effects of the short-wavelength oscillations remain and one can measure sin2 θ13 with finite, albeit
poorer, precision. Long-wavelength effects are still present and hence both Δm2

21 and sin2 θ12
can be measured. These results are shown in fig. 4. Similar to what happened for RENO and
Daya Bay, measurements of the oscillation frequency and amplitude are strongly correlated with
those of σ. These degeneracies lead to a less precise determination of the solar parameters.

Finally, if decoherence effects are present and within the reach of JUNO, we expect the
no-decoherence hypothesis to be completely ruled out at more than ten σ.
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Figure 4 – 90 and 99% CL (2 d.o.f.) allowed regions in the σ–sin2 θ12 (top,left), σ–Δm2
21 (bottom,left), σ–sin2 θ13

(top,right), and σ–Δm2
31 (bottom, right) planes, obtained by analysing simulated JUNO data consistent with

strong decoherence (σ = 2.01× 10−4 nm).

4 Conclusions

Neutrinos observed in all neutrino oscillation experiments, to date, can either be treated as per-
fectly incoherent – e.g., solar neutrino experiments (modulo Earth matter-effects) – or perfectly
coherent – e.g., reactor experiments – superpositions of the mass eigenstates. The position-
dependent loss of coherence expected, in principle, of neutrinos produced and detected under
any circumstances, has never been observed. In this talk, we discussed the effects of wave-packet-
separation decoherence on the oscillations of reactor antineutrinos, obtained for L ∼ 1 km (Daya
Bay and RENO), for L ∼ 100+ km (KamLAND) and for L ∼ 50 km (JUNO). We found that
current data can exclude wave-packet sizes σ < 2.08× 10−4 nm at 90% CL, assuming that neu-
trinos from all nuclear-reactor cores can be characterised by the same σ. In the next few years,
we expect an order-of-magnitude better sensitivity from the JUNO experiment. We also showed
that, given the existing reactor data, measurements of the standard oscillation parameters are
robust, i.e., regardless of whether nontrivial σ values are allowed in the fit, the extracted best-fit
values and error bars are approximately the same and no unusual correlations are induced by
allowing for nontrivial σ values. Without adding to the very interesting but subtle discussion of
theoretical expectations for σ given antineutrinos produced in nuclear-reactor cores, we notice
that naive estimates are safely larger than the experimental bounds discussed here. Nonetheless,
we demonstrate that it is important to test the hypothesis that nuclear reactors are, for modern
practical applications, a coherent source of antineutrinos, to probe how large decoherence effects
could be, and to understand how these might impact our ability to measure fundamental physics
parameters with reactor neutrino oscillation experiments.

233



Acknowledgments

VDR acknowledges financial support by the SEJI/2020/016 grant (project “Les Fosques”)
funded by Generalitat Valenciana, by the Universitat de València through the sub-programme
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We present recent results from the DANSS experiment. Searches for sterile are based on
approximately 5 million inverse beta decay events collected at 10.9, 11.9, and 12.9 meters
from the reactor core of the 3.1 GW Kalinin Nuclear Power Plant in Russia. We do not
see any statistically significant sign for the ν̃e oscillations. The exclusion area in the Δm2

41,
sin2 2θee parameter space goes up to sin2 2θee < 0.008 in the most sensitive region. Plans for
the DANSS upgrade are presented. This upgrade should allow DANSS to test the Neutrino-4
claim of the observation of sterile neutrinos. We have also measured the reactor power using
the IBD event rate during 5 years with the average statistical accuracy of 1.9% in 2 days
and with the relative systematic uncertainty below 0.5%. The spectrum and counting rate
dependence on the fission fuel composition is clearly observed and agrees with the H-M model.

1 Introduction

The number of light active neutrinos is fixed by the measurements of the Z boson decay width 1.
However, the existence of additional sterile neutrinos is not excluded. There are several exper-
imental results that could be explained by existence of the fourth neutrino mass state with a
large value of Δm2

41 (∼1 eV2, which is much larger than the difference of the squared masses of
the known neutrinos). The deficit of νe in calibration runs with radioactive sources in the Ga
solar neutrino experiments SAGE and GALEX 2,3 (“Galium Anomaly” (GA)) and the deficit
in reactor antineutrino fluxes 4 (“Reactor Antineutrino Anomaly” (RAA)) could be explained
by neutrino oscillations 5,6 to the new state. The MiniBooNE collaboration presented evidence
for the electron (anti)neutrino appearance in the muon (anti)neutrino beams 7 at the distances
where neutrino oscillations with known Δm2 could not be observed. The effect significance
reaches 6.0σ when MiniBooNE and LSND results are combined. The Neutrino-4 collaboration
claimed the observation of the oscillations with Δm2

41 = 7.3 eV2 with a significance of 2.7σ8.
There are also very recent results from the BEST experiment 9 that demonstrate the disap-
pearance of electron neutrinos at very short distances with a large significance (approximately
5σ). These results are consistent with Neutrino-4 claim. In a model with 3 active and 1 sterile
neutrino the survival probability at the short distances for electron antineutrinos is described
by familiar expression:

1− sin2 2θee sin
2

(
1.27Δm2

41[eV
2]L[m]

Eν [MeV]

)
, (1)

where Δm2
41 = m2

4 − m2
1 is the difference in the squared masses of the neutrino mass states,

sin2 2θee is the mixing parameter, Eν is the antineutrino energy, and L is the distance from the
production point to the detection point.
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One of the goals of the DANSS detector is a search for sterile neutrinos. DANSS has a
very important advantage for conducting such studies. The moving platform allows to change
the distance from the detector to the reactor core. The ratios of antineutrino spectra measured
at different distances are compared with predictions. This allows to cancel out systematic
uncertainties related to the absolute detector efficiency or predictions about the antineutrino
fluxes.

2 Detector construction

DANSS is installed under the core of a 3.1 GWth industrial power reactor at the Kalinin Nuclear
Power Plant (KNPP). The moving platform allows to change the distance from the detector to
the reactor core from 10.9 m to 12.9 m. The reactor materials provide a good shielding equivalent
to ∼ 50 m of water, which removes the hadronic component of the cosmic background and
reduces the cosmic muon flux by a factor of 6. The sensitive volume of the DANSS detector
consists of 2500 polystyrene-based scintillator strips with a thin Gd-containing surface coating.
The coating serves as a light reflector and a (n, γ)-converter simultaneously. Each strip has
dimensions 1× 4× 100 cm3. There are 100 layers with 25 strips in each layer. Strips in adjacent
layers are orthogonal. Each strip is supplied with an individual SiPM. Groups of 50 strips are
read out by PMTs. The detector sensitive volume is surrounded by a multi layer composite
passive shielding to suppress the external radiative and neutron backgrounds. On the 5 sides
(excluding the bottom) the detector is surrounded by active shielding to veto cosmic muons.
Antineutrinos are detected by means of the Inverse Beta Decay (IBD) reaction:

ν̃e + p→ e+ + n with Eν̃ ≈ Ee+ + 1.8 MeV. (2)

A more detailed description of the detector design can be found elsewhere 10. Previous status
could be found in several publications 11,12,13.

3 Calibration

The SiPM gain and cross talk calibration is performed every 30-40 minutes. All 2550 channels
are calibrated every 2 days using cosmic muons. A more stable muon calibration procedure was
implemented into analysis which is based on comparing the median of the Landau distribution
in the experimental data and MC instead of using the most probable value. The energy scale
is fixed using the beta spectrum of boron decays. In this analysis an additional reaction of 12B
production is used: μ− +12C →12 B + νμ. The energy scale determined using boron decays
following boron production in this reaction agrees well (within 1%) with the results based on
the previously used reaction: n+12C→12B+p. The spread in the response to other radioactive
sources 22Na(3γ), 60Co(2γ), and 248Cm(neutron source) is at level of 1%. Therefore, we still
keep the systematic uncertainty in energy scale of 2% to be conservative.

4 Reactor power monitoring and fuel evolution

Figure 1 shows the correlation between the reactor thermal power and IBD rate measured by
DANSS before corrections. The IBD rate is normalized to the reactor data at 12 points in
11-12/2016. In order to make a more reliable comparison two corrections are implemented: a
correction for the detector efficiency, and a correction for the change in the fraction of fission
isotopes during reactor campaigns (using H-M model 14,4). The contribution from fluxes from
the adjacent reactors are subtracted. Figure 2 shows the reactor power observed during 5 years
after corrections. Average statistical precision is 1.9% in 2 days (1.5% in the position closest to
the reactor core). No systematic deviation from the NPP power measurements is observed at
the level better than 0.5%.
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Figure 1 – Correlation between reactor thermal power and IBD rate measured by DANSS before the corrections
for the detector efficiency and fuel evolution.

Figure 2 – Correlation between reactor thermal power and IBD rate measured by DANSS after all the corrections.

During the reactor campaign fractions of fission isotopes are changed. Fission fraction de-
pendencies on time for 235U, 238U, 239Pu, 241Pu are sown in figure 3. 239Pu fraction changes
approximately from 25% at the campaign start to 39% at its end. DANSS clearly observes
239Pu dependence of both the counting rate and the spectrum along the campaign. The whole
data set is split into several parts corresponding to different 239Pu fraction intervals (horizontal
lines in figure 3). The normalized slopes dS(E)/dF239/ < S(E) >, where S(E) is IBD event
rate in the given positron energy range, < S(E) > is its average, and F239 is the 239Pu fission
fraction, are shown in figure 4, left. Lines show results of Monte Carlo simulations using the
H-M neutrino flux model 14,4. The DANSS results are compared with the results of Daya Bay 15.
Relative IBD cross section dependence on 239Pu fission fraction for the whole energy range is
shown in figure 4, right. It agrees with H-M model and it is a bit more steep than in Daya Bay.

5 Oscillation analysis

For a grid of points in the parameter space Δm2
41, sin

2 2θee the predictions for the e+ spectra
ratios at different distances from the reactor are calculated and compared with the experiment.
Systematic uncertainties in the energy scale, energy shift, energy resolution, relative efficiencies,
distance to the fuel burning profile center, the level of cosmic and fast neutron backgrounds
were treated as nuisance parameters. The best point in the parameter space is Δm2

41 = 1.3 eV2,
sin2 2θee = 0.014. The corresponding Δχ2 = χ2

3ν − χ2
4ν = 3.2. The significance is < 1.3σ.

Therefore, we see no statistically significant evidence for the sterile neutrino signal. The exclusion
plot obtained for 5 mln IBD events is shown in figure 5 (left).
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Figure 3 – Fission fraction dependencies on time for 235U, 238U, 239Pu, 241Pu. Horizontal lines show the intervals
of the 239Pu fraction used in the analysis.

Figure 4 – Left panel: Energy dependence of the slopes of the IBD rate dependence over the 239Pu fission fraction.
Solid lines show Monte Carlo simulations using the reactor H-M neutrino flux model. Experimental data from
Daya Bay is also shown. Horizontal line is the average of the points. Right panel: Relative IBD cross section
dependence on 239Pu fission fraction for the whole energy range. The slope obtained using a linear fit matches
the average value from the left panel.
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6 Detector upgrade

The DANSS collaboration plans to start the detector upgrade in 2022. New scintillator strips
will be used. Each strip has dimensions of 20 × 50 × 1200 mm3. There will be 60 layers with
24 strips each. It is planned to perform the readout from the both sides of each strip using
8 SiPMs per side. The PMT readout will be abandoned. Tests with a pion beam at PNPI
synchrocyclotron demonstrate a good transverse and longitudinal uniformity of the new strip
response 16, and much better light yield than in the currently used strips. Expected energy
resolution is ≈ 12%/

√
E[MeV]. Together with the increased sensitive volume it will allow to

expand sensitivity area to sterile neutrino oscillations to higher values of Δm2
41. Expected

sensitivity area in Δm2
41, sin

2 2θee parameter space is shown in figure 5 (right panel). It covers a
large area of preferred values from the BEST 9 experiment and the best point in the Neutrino-4
experiment 8.

Figure 5 – Left panel: 90% C.L. exclusion area (cyan) and the boundary of the 90% C.L. sensitivity area (red
dashed). Grey areas show predictions from the RAA and GA. Right panel: 90% C.L. exclusion area for the
current analysis (cyan), 90% C.L. expected sensitivity area after the DANSS upgrade (red). Grey areas show
predictions from the BEST experiment, star marker indicates the best point in the Neutrino-4 experiment.
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Probes of Heavy Sterile Neutrinos
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We review probes of heavy sterile neutrinos, focusing on direct experimental searches and
neutrinoless double beta decay. Working in a phenomenological parametrization, we emphasize
the importance of the nature of sterile neutrinos in interpreting neutrinoless double beta decay
searches. While current constraints on the active-sterile neutrino mixing are already stringent,
we highlight planned future efforts that will probe regimes motivated by the lightness of active
neutrinos.

1 Introduction

The lack of right-handed neutrino states Nj is an intriguing feature of the Standard Model
(SM). Their presence is not strictly required, unlike for the other SM fermions, as we only
observe neutrinos through their left-handed SM interactions and small but finite masses could
be understood with the active left-handed states ν� only assuming their Majorana nature. This
does not mean that right-handed neutrinos do not exist, though: Because they would be sterile,
i.e., uncharged under the SM gauge interactions, they participate only in the Yukawa interaction
−y�jν L̄� ·HNj with a left-handed lepton doublet and the Higgs doublet. If small, yν ∼ mν/v �
10−12 (v = 174 GeV) this would generate light Dirac neutrino masses mν � 0.1 eV seen in
oscillations and constrained by absolute mass searches such as tritium decay and cosmological
observations.

The introduction of sterile, right-handed neutrino states opens up the possibility of lepton
number violation. Whereas total lepton number is an accidental symmetry in the SM, sterile
neutrinos can have a Majorana mass term, −1

2M
ijN̄C

i Nj , violating lepton number by two units,
unless it is explicitly forbidden by an additional symmetry beyond the SM gauge ones. Such
a Majorana mass term is fairly unconstrained from a theoretical point of view, as it is not
connected to the SM electroweak symmetry breaking. It can in principle have any scale from
eV and below to scales far above the SM.

With both the Yukawa and a heavy sterile Majorana mass term present, the neutrino spec-
trum consists of three (mostly) active light neutrinos and two or more (mostly) sterile neutrinos,
all having Majorana character. This is the celebrated seesaw mechanism (of type 1), connect-
ing the light neutrino masses to the heavy Majorana mass scale mN as |mν | ∼ (yνv)

2/mN =
|V�N |2mN , applicable if yνv � mN . Here, |V�N | = yνv/mN is the active-sterile mixing strength.

aCorresponding Author: f.deppisch@ucl.ac.uk
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Its main phenomenological consequence is that it generates suppressed charged and neutral cur-
rent interactions between the sterile state N and a SM charged lepton or neutrino of flavour
 = e, μ τ . The lightness of active neutrinos can thus be explained by either making the sterile
neutrinos heavy or the Yukawa coupling weak. The admixture of a sterile neutrino with an
active one, Nmass ∼ N − V�Nν�, is in either case small,

|V�N | =
√

mν

mN
� 10−6

√
100 GeV

mN
. (1)

There is a third way of keeping the active neutrinos light: If lepton number were to be
conserved in the sterile neutrino sector, no light masses are generated. This is not only achieved
in the limits mN → 0 and mN → ∞ but also if pairs of sterile states form Dirac particles
themselves. By violating lepton number symmetry slightly, e.g., through a Majorana mass
μ � mN , light neutrino masses are generated, |mν | ∼ (yνv/mN )2μ = |V�N |2μ. This concept
applies to extended scenarios such as the inverse seesaw mechanism where the scale of lepton
number violation μ is decoupled from the mass scale of the heavy neutrinos mN .

This proceedings report is based on our paper comparing the sensitivity of direct searches
with that of neutrinoless double beta (0νββ) decay 1. It utilizes a phenomenological para-
metrization describing the general mixing of two heavy sterile neutrino states with one generation
of active neutrino where the purely Majorana and Dirac scenarios can be understood as limiting
cases.

2 Current Constraints and Future Sensitivities

We briefly describe the different classes of probes. For details we refer the reader to our paper 1,
its accompanying website www.sterile-neutrino.org and other recent literature 2. We con-
centrate on the mixing strength |VeN | of a heavy sterile neutrino with electron flavour as this is
the one relevant for 0νββ decay. Current constraints on |VeN | as a function of the heavy sterile
neutrino mass mN are shown in Fig. 1, over the broad mass range 0.1 eV < mN < 10 TeV.
The diagonal line labelled Seesaw indicates the mixing strength expected in canonical seesaw,
mν = |VeN |2mN , generating a light neutrino mass mν = 0.05 eV. Reaching it may be consid-
ered the ultimate goal for sterile neutrino searches, though, both larger (e.g., in inverse seesaw
models) and smaller (where other contributions dominate the generation of light masses) mixing
strengths are possible.

It may be surprising that sterile neutrinos, having no inherent gauge charges, are constrained
from so many directions, but the active-sterile mixing causes the sterile neutrinos to participate
in charged-current and neutral-current SM interactions, though with an additional suppression
by |V�N |. As opposed to the light active neutrinos, heavy sterile neutrinos can decay, either
promptly or with a macroscopic proper decay length,

LN ≈ 25 mm · 10
−10

|V�N |2
·
(
10 GeV

mN

)2

, (2)

where this approximation is roughly valid for 1 GeV � mN � mW . This improves detectability
and especially the long-lived particle (LLP) signature, in combination with high intensity pro-
duction mechanisms allows probing sterile neutrinos with very small mixing strengths, close to
the canonical seesaw floor. If a heavy sterile neutrino were to be discovered near this line, it
would most likely be of Majorana nature. Most probes, such as direct searches, that rely on the
active-sterile mixing to produce the sterile neutrino on-shell, are sensitive to both Majorana and
Dirac neutrinos. Only those probes relying on a total lepton number violating signal require a
Majorana sterile neutrino, c.f. Fig. 2, where corresponding limits are highlighted in red.

The strong reach of high-luminosity, displaced-vertex searches is especially apparent in Fig. 2,
which shows sensitivities of proposed experiments (open curves) in comparison with current
constraints (shaded regions).
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Figure 1 – Current constraints on the active-sterile mixing strength |VeN | as a function of the sterile neutrino
mass mN . Adapted from the companion paper 1, with detailed descriptions of the various probes therein and the
accompanying website www.sterile-neutrino.org.

2.1 High-energy Colliders

Sterile neutrinos are produced in high-energy collisions through charged and neutral currents
such as pp → W → Ne and pp → Z → Nν. For example, the proposed FCC-ee will be a
powerful Z factory with low background for displaced vertices in a large detector volume.

2.2 Meson Decays and Beam-Dump Experiments

Likewise, beam-dump experiments and meson factories produce a large number of mesons that
subsequently decay to heavy sterile neutrinos, e.g., K+ → e+N . The most sensitive direct
limits are currently from NA62 and the long baseline neutrino oscillation experiment T2K,
exploiting this route in existing facilities. Future searches such as SHiP will be purpose-built
with optimized LLP detectors.

2.3 Beta Decays and Nuclear Processes

Sterile neutrinos with masses mN � 10 MeV can be produced in nuclear beta decays and
other weak nuclear processes. They will suppress the rate and can produce a detectable kink
in the decay spectrum. Strong improvements in such searches are expected, with the recent
BeEST experiment3 improving previous limits by almost two orders of magnitude (7Be). Future
searches by the same collaboration and, e.g., the HUNTER proposal 4 aim to go below the
region disfavoured by cosmological considerations and probe a parameter space where the sterile
neutrino can be a viable Dark Matter candidate.
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Figure 2 – As Fig. 1, but showing the projected sensitivities of future searches (open curves), including 0νββ
decay , over the existing constraints (shaded regions). The region shaded in light blue is disallowed for both
Dirac and Majorana sterile neutrinos whereas the region in light red applies only for Majorana neutrinos. The
0νββ decay sensitivities are for a heavy sterile Majorana (red) and quasi-Dirac neutrino (teal) for the half-life
T 0ν
1/2 = 1028 yr in 76Ge. Adapted from the companion paper 1, with detailed descriptions of the various probes

therein and the accompanying website www.sterile-neutrino.org.

2.4 Active-Sterile Neutrino Oscillations

Sterile neutrinos can be produced through oscillations with the active states. Persistent anoma-
lies around the squared mass difference Δm2

14 = m2
N −m2

ν hint at the presence of a sterile neu-
trino around this scale. Interpreted conservatively, oscillation experiments provide constraints
on light eV-scale sterile neutrinos. Heavier sterile neutrinos can also be probed through the
resulting deficit of active neutrinos detected, though this requires a very good understanding
of the absolute neutrino flux. For DUNE, this is indicated by the contour labelled DUNE
Indirect 5.

2.5 Electroweak Precision Data and Indirect Laboratory Constraints

Likewise, any mixing with sterile neutrinos means that the active neutrino mixing matrix itself is
non-unitary. This is visible in charged current and neutral current processes, altering electroweak
precision data (EWPD) observables.

2.6 Cosmological and Astrophysical Constraints

Sterile neutrinos are produced in the early universe through scattering or oscillation. If decay-
ing at times later than ∼ 1 s, they affect the abundance of primordial elements in big bang
nucleosynthesis (BBN). Decays of longer-lived sterile neutrinos will inject radiation degrees of
freedom, i.e., light active neutrinos, which are strongly constrained. Furthermore, the loop-
induced decay N → νγ is detectable in astrophysical X-ray observations. Quasi-stable sterile
neutrinos will act as Dark Matter and must not overclose the universe (CMB+BAO+H0).
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Taken at face value, such considerations disfavour much of the parameter space mN � 1 GeV
accessible in laboratory experiments. They can be relaxed in extended scenarios, e.g., where
sterile neutrinos decay to a dark sector modifying their lifetime.

2.7 Neutrinoless Double Beta Decay

The most sensitive probe of the Majorana nature of light active neutrinos is 0νββ decay 6.
Observing this rare nuclear process in select isotopes such as 76Ge → 76Se + e−e−, is only
possible if total lepton number is violated. It would prove that the light active neutrinos are
Majorana fermions. In addition, 0νββ decay is sensitive to other exotic sources of lepton number
violation, typically at or below the O(10) TeV scale 7,8,9,10.

This includes the exchange of sterile neutrinos. In particular, 0νββ decay is highly sensitive
to heavy Majorana neutrinos. In this case, the decay half-life T 0ν

1/2 for mN � 100 MeV is
approximately given by

1028 yr

T 0ν
1/2

≈
(
|VeN |2
10−9

· 1 GeV

mN

)2

, (3)

For lighter sterile neutrinos, mN � 100 MeV, the rate,

1028 yr

T 0ν
1/2

≈
(
|VeN |2
10−9

· mN

15 MeV

)2

, (4)

The above approximations use nuclear matrix elements for the isotope 76Ge 10. The behaviour
changes around the nuclear scale of 0νββ decay and at the crossover the momentum dependence
should be accounted for more carefully 11,12.

The above sensitivities are normalized with respect to the half-life T 0ν
1/2(

76Ge) = 1028 yr. This

is the projected sensitivity of LEGEND-1000 13, one among a range of proposed experiments 6

mainly aiming to probe the light active Majorana neutrino parameter space for an inverted mass
ordering. Current experimental limits are of the order T 0ν

1/2 � 1026 yr 14,15.

In Fig. 2, the future sensitivity to Majorana sterile neutrinos is given by the red band
labelled 0νββ (N), where the width indicates the theoretical uncertainty from nuclear matrix
elements 1. This includes the potential quenching of the axial nuclear coupling strength 16.

Future 0νββ decay experiments can reach sensitivities |VeN |2 ≈ 2 × 10−10 to 10−9, in the
regime 10 MeV � mN � 1 GeV. This is in the range expected in a seesaw scenario of light
neutrino mass generation around mN = 100 MeV, and also comparable to future direct searches
in this mass window such as PIONEER 17 and DUNE.

For masses outside this range, the nominal sensitivity to heavy sterile Majorana neutrinos
is still strong, but as mentioned above, the light neutrino masses naturally require that sterile
neutrinos are quasi-Dirac states with an associated small mass splitting that suppresses 0νββ
decay. For example, with a pair of quasi-Dirac sterile neutrino states with average mass mN

and relative mass splitting δN = ΔmN/mN , Eq. (3) is modified to

1028 yr

T 0ν
1/2

≈
(

δN
10−2

· |VeN |2
10−7

· 1 GeV

mN

)2

. (5)

Larger masses mN � 10 GeV and splittings are in principle possible but require a fine-tuned
cancellation of the induced loop contribution to the light neutrino masses 18,19,1. Direct searches
looking for lepton number conserving signals do not have such a suppression and can probe
purely Dirac-type sterile neutrinos.

The above discussion assumes that the sterile neutrino contribution saturates the 0νββ decay
sensitivity, but other mechanisms may be present. Most directly, the light active neutrinos (if
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Majorana) will induce the effective 0νββ mass mββ that destructively interferes with sterile
neutrinos for mN � 100 MeV if they participate in the seesaw mechanism. For mN � 100 MeV,
light and heavy neutrino contributions will cancel to zero in this case.

The effect of all three types of suppression is indicated in Fig. 2 by the teal band labelled
0νββ (N1, N2): A quasi-Dirac sterile neutrino nature with δ = 10−2 leads to a reduction of
sensitivity with respect to the red Majorana band, the interference with the light active neutrino
contribution (with mν = mββ = 10−3 eV, also indicated by the lower diagonal Seesaw line)
induces a steeper slope for mN < 100 MeV and strong loop corrections to the light neutrino
masses of 10% or more are present to the top and right of the line labelled Loop.

3 Discussion

Given their curious absence from the SM and their importance as the potential origin of the
light neutrino masses, it is only right that sterile neutrinos are being probed in large number
of experiments and observations. We have briefly highlighted the main approaches to search
for sterile neutrinos in the experimentally accessible range 1 eV � mN � 10 TeV. Beyond this
regime, we must primarily resort to theoretical considerations, e.g., the stability of the Higgs
potential modified by the Yukawa couplings of the sterile neutrinos.

Apart from their connection to neutrino masses, sterile neutrinos may play a crucial role
in explaining the matter-antimatter asymmetry of the universe through their participation in
various leptogenesis scenarios. This provides a major, additional motivation to search for sterile
neutrinos in the range 1 GeV � mN � 100 GeV.

Lastly, sterile neutrinos may have additional interactions beyond the ones induced by the
active-sterile mixing, leading to other portals such as transition magnetic moments 20 or exotic
gauge interactions 21,22.
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Status of the reactor antineutrino anomaly

C.A. Ternes
Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Torino, Via P. Giuria 1, I–10125 Torino, Italy

I review the current status of the reactor antineutrino anomaly using most recent reactor rate
data. I compare the predictions for several flux models which have been obtained using the
summation and conversion methods. Finally, I discuss the implications of these results for
light sterile neutrinos.

1 Introduction

Antineutrinos from nuclear reactors are mainly produced from beta decays of neutron-rich fission
fragments generated by the heavy fissionable isotopes 235U, 238U, 239Pu, and 241Pu (see the
reviews in Refs. 1,2,3). There are two types of reactors: research reactors use fuel made purely
from 235U and commercial reactors that have usually 235U (∼ 50−60%) and 239Pu (∼ 25−35%),
and small amounts of 238U (� 8%) and 241Pu (� 6%). Therefore, the most important part of
the total antineutrino flux is produced by the fissions of 235U and 239Pu.

The antineutrino fluxes produced by the four fissionable isotopes have been calculated sev-
eral times. In 2011 new calculations by Mueller et al. 4 and Huber 5 (HM model) predicted
reactor antineutrino fluxes that are about 5% larger than previous estimations and larger than
the fluxes measured in several short-baseline reactor neutrino experiments with different fis-
sion fractions and different baselines. This discrepancy is known as the “reactor antineutrino
anomaly” (RAA) 6.

The calculations of the reactor antineutrino fluxes are based on two methods: the summation
method and the conversion method (see the reviews in Refs 2,3). The summation method (some-
times called ab initio) uses the fission fraction and β-decay information in nuclear databases to
calculate the contribution of each single branch of the β-decay chains. Since nuclear databases
are incomplete and sometimes inaccurate, the inferred reactor antineutrino spectra have poten-
tially large and unknown uncertainties. In the conversion method the 235U, 239Pu, and 241Pu
antineutrino spectra are inferred from the corresponding β spectra. The conversion method was
considered as more reliable and with small uncertainties (about 2-3%; see Refs. 1,7) before the
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Table 1: Our estimations of the theoretical IBD yields of the four fissionable isotopes in units of 10−43cm2/fission
predicted by different models.

Model σ235 σ238 σ239 σ241

HM 6.74± 0.17 10.19± 0.83 4.40± 0.13 6.10± 0.16
EF 6.29± 0.31 10.16± 1.02 4.42± 0.22 6.23± 0.31

HKSS 6.82± 0.18 10.28± 0.84 4.45± 0.13 6.17± 0.16
KI 6.41± 0.14 9.53± 0.48 4.40± 0.13 6.10± 0.16

discovery of the so-called “5 MeV bump” in 2014 (see the reviews in Refs 2,3) in the RENO 8,
Double Chooz 9, and Daya Bay 10 experiments.

The flux models that are considered in this work are the Huber-Mueller model 4,5 (HM),
the model by Estienne, Fallot et al 11 (EF), the model by Hayen et al 12 (HKSS) and the
recent model from the Kurchatov institute 13 (KI). For a detailed description of the models the
interested reader is referred to Ref. 14, on which this presentation is based on.

2 Model predictions

The event rate measured in reactor neutrino experiments can be expressed in a convenient way
as a “cross section per fission” σf,a, often called “inverse beta decay (IBD) yield”:

σf,a =
∑
i

fa
i σi, (1)

where a is the experiment label, σi is the IBD yield for the fissionable isotope i (with i = 235,
238, 239, and 241 for 235U, 238U, 239Pu, and 241Pu, respectively), and fa

i is the effective fission
fraction of the isotope i for the experiment a. For each fissionable isotope i, the individual IBD
yield is given by

σi =

∫ Emax
ν

Ethr
ν

dEν Φi(Eν)σIBD(Eν), (2)

where Eν is the neutrino energy, Φi(Eν) is the neutrino flux generated by the fissionable isotope
i, and σIBD(Eν) is the detection cross section. The neutrino energy is integrated from the
threshold energy Ethr

ν = 1.806MeV to a maximum value Emax
ν ≥ 8MeV. Taking into account

that an accurate estimation of the IBD yields and their uncertainties is crucial for a reliable
assessment of the reactor antineutrino anomaly, we performed a new calculation for each of the
different models. The results are presented in Table 1.

For all models, we calculated the IBD yields in Eq. (2) using the Strumia and Vissani IBD
cross section 15, that improved the often-used Vogel and Beacom IBD cross section 16.

3 Fit of reactor rates

In this section, we consider the experimental reactor rates that determine the reactor antineu-
trino anomaly, as first discussed in Ref. 6. We consider the data listed in Table IV in Ref. 14. To
quantify the results we are considering the general least-squares function

χ2 =
∑
a,b

(
σexp
f,a −Ra

NPσ
th
f,a

)
(V exp)−1ab

(
σexp
f,b −Rb

NPσ
th
f,b

)
+
∑
i,j

(ri − 1)
(
Ṽ mod

)−1
ij

(rj − 1) , (3)

where a, b are the experiment labels, i, j = 235, 238, 239, 241, and

σth
f,a =

∑
i

rif
a
i σ

mod
i . (4)
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(a) HM model 4,5: RAA (2.5σ).
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(b) EF model 11: no RAA (1.2σ).
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(c) HKSS model 12: RAA (2.9σ).
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(d) KI model 13: no RAA (1.1σ).

Figure 1 – Ratio of measured and expected IBD yields for the reactor experiments considered in our analysis as
a function of the reactor-detector distance L for the HM, EF, HKSS, and KI models. The error bars show the
experimental uncertainties. The horizontal green bands show the average ratio R and its uncertainty that we
obtained for each model.

Here σmod
i denotes the IBD yield of the antineutrino flux generated by the fissionable isotope

i in the model under consideration and Ṽ mod is the corresponding fractional covariance matrix
(Ṽ mod

ij = V mod
ij /(σmod

i σmod
j ), where V mod is the covariance matrix. Finally, (V exp)−1 is the

(inverse) experimental covariance matrix. The coefficient Ra
NP in front of the theoretical IBD

yield is a possible suppression factor of the IBD yield in the experiment a that is due to new
physics that acts in the same way on the four fluxes. The four panels in Figure 1 show the ratios
of measured and expected rates for the reactor experiments considered in our analysis and the
result for the average ratio in each model. As can be seen in the case of the KI and EF models
there is no anomaly, since the measurement is in good agreement (1.2σ and 1.1σ deviation,
respectively), whereas for HM and HKSS the anomaly has a 2.5σ and 2.9σ significance.

4 Fit of reactor fuel evolution data

The Daya Bay17 and RENO18 collaborations have published measurements of the IBD yield dur-
ing the evolution of the reactor fuel in multiple cycles. These data provide important information
on the reactor fluxes and can constrain reactor flux models and new physics 19,20,21,22,23,24.

To compare the flux evolution data with the different model predictions, we first fit the
evolution data with a linear function describing the IBD yield as a function of f239, as done by
the Daya Bay 17 and RENO 18 collaborations:

σlin
f,a = σ̄f +

dσf
df239

(
fa
239 − f̄239

)
, (5)

where σf is the average IBD yield and dσf/df239 is the change in the IBD yield per unit change
in the 239Pu fission fraction. The linear approximation is justified by the approximately linear
variations of the 235U, 238U, and 241Pu fission fractions as function of the 239Pu fission fraction
in Daya Bay (see Figure 1 of Ref. 17) and RENO (see Figure 1 of Ref. 18). The model predictions
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Table 2: Average ratio Rmod obtained from the least-squares analysis of the reactor rates and of the Daya Bay 17

and RENO 18 evolution data for the IBD yields of the flux models. The RAA columns give the corresponding
statistical significance of the reactor antineutrino anomaly.

Model Rates Evolution Rates + Evolution

Rmod RAA Rmod RAA Rmod RAA

HM 0.936+0.024
−0.023 2.5σ 0.933+0.025

−0.024 2.6σ 0.930+0.024
−0.023 2.8σ

EF 0.960+0.033
−0.031 1.2σ 0.975+0.032

−0.030 0.8σ 0.975+0.032
−0.030 0.8σ

HKSS 0.925+0.025
−0.023 2.9σ 0.925+0.026

−0.024 2.8σ 0.922+0.024
−0.023 3.0σ

KI 0.975+0.022
−0.021 1.1σ 0.973+0.023

−0.022 1.2σ 0.970± 0.021 1.4σ

for the average IBD yields and dσf/df239 are obtained from the uncertainty propagation taking
into account the experimental fission fraction variations and theoretical model correlations.

We performed the linear analysis of the Daya Bay and RENO evolution data with the least-
squares function

χ2
lin =

∑
a,b

(
σexp
f,a − σlin

f,a

)
(V exp)−1ab

(
σexp
f,b − σlin

f,b

)
, (6)

where V exp is the experimental covariance matrix with statistical and systematic uncertainties
added in quadrature. The impact of the evolution data on the RAA is summarized in Table 2.

5 Neutrino oscillations

In this section we discuss the implications of the reactor neutrino flux models for the neutrino
oscillation analysis of the short-baseline reactor neutrino data. We consider the effective 3+1
survival probability of electron neutrinos and antineutrinos.

Figure 2(a) shows the contours of the 2σ allowed regions in the (sin22ϑee,Δm2
41) plane

obtained from the neutrino oscillation fit of the reactor rates. One can see that there is an indi-
cation in favor of neutrino oscillations only for the HM and HKSS models that give a significant
reactor rate anomaly above 2σ, as discussed in Section 3. Considering the other models, for
which the reactor rate anomaly is smaller than 2σ, we obtained the 2σ exclusion curves shown
in Figure 2(a), that allow only small values of sin2 2ϑee, including sin2 2ϑee = 0, that corresponds
to the absence of short-baseline oscillations.

In Figure 2(a) we also reproduced the contours of the regions that are allowed at 2σ by the
Gallium anomaly, according to the combined analysis in Ref. 25 of the new data of the BEST
experiment and the old data of the GALLEX 26 and SAGE 27 experiments. One can see that the
Gallium anomaly region lies at rather large values of sin2 2ϑee and is in tension with the reactor
upper bounds on sin2 2ϑee for all the reactor flux models. The Gallium anomaly region is also in
strong tension with the more stringent 2σ solar electron neutrino upper bound sin2 2ϑee < 0.1128

shown in Figure 2(a).
Figure 2(b) shows the contours of the 2σ allowed regions in the (sin22ϑee,Δm2

41) plane
obtained from the combined neutrino oscillation fit of the reactor rates and the Daya Bay 17 and
RENO 18 evolution data. One can see that the allowed regions are similar to those obtained in
Figure 2(a) without the evolution data. The reason is that the main information on neutrino
oscillations coming from the Daya Bay and RENO evolution data is given by the comparison
of the measured average rates with the model predictions, that is already taken into account in
the rate analysis.

6 Summary and conclusions

We revisited the reactor antineutrino anomaly in light of the recent reactor antineutrino flux
calculations. We have performed an improved calculation of the IBD yields of different reactor
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Figure 2 – Contours of the 2σ allowed regions in the (sin22ϑee,Δm2
41) plane obtained from the neutrino oscillation

fit and the combined fit of the reactor rates and the Daya Bay 17 and RENO 18 evolution data. The differently
coloured lines correspond to the models indicated in the legend (see Ref. 14 for an explanation of the HKSS-KI
model). Also shown are the contour of the 2σ allowed regions of the Gallium anomaly obtained in Ref. 25 from
the combined analysis of the GALLEX, SAGE and BEST data (orange curve), and the 2σ bound obtained from
the analysis of solar neutrino data in Ref. 28 (dark red vertical line).

antineutrino flux models. The HM model has been considered the standard one since 2011 and
is the basis of the reactor antineutrino anomaly 6,29. The HKSS model was proposed in 2019 as
an improvement of the HM model that gives a partial explanation of the 5 MeV bump obtained
by taking into account forbidden β decays. The KI model, proposed in 2021, is based on a
decrease of the 235U antineutrino flux obtained with the conversion method motivated by new
relative measurements of the ratio of the 235U and 239Pu β spectra at the Kurchatov Institute.
The EF model is the most updated summation model, that was published in 2019. We found
that, the reactor antineutrino anomaly is larger than 2σ only for the HM and HKSS models.
The difference between the data and the predictions of the EF and KI models is slightly larger
than 1σ. We finally discussed the implications for short-baseline neutrino oscillations due to
active-sterile neutrino mixing. We have shown that all models imply upper bounds that are not
very different for the mixing generating the oscillations. Hence, this is a robust constraint given
by reactor antineutrino data.
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MicroBooNE is a liquid argon time projection chamber (LArTPC) observing neutrinos from
the Booster Neutrino Beam (BNB) at Fermilab. Its primary goal is to investigate an un-
explained excess of low-energy electromagnetic events seen by the MiniBooNE experiment,
located downstream in the BNB. MicroBooNE also receives neutrinos from the Neutrino
Main Injector (NuMI) beam, at a slightly off-axis angle. By making use of datasets from
both beams, MicroBooNE was able to perform a series of analyses ranging from cross-section
measurements to Beyond Standard Model (BSM) physics searches in addition to its low en-
ergy excess studies. These proceedings present an overview of the latest results released by
the MicroBooNE experiment.

1 Introduction: Solving the LEE mystery and more

The MicroBooNE detector1 was built to follow-up on the so called MiniBooNE “low-energy
excess” (LEE), which refers to an excess low-energy νe-like events observed by the MiniBooNE
collaboration2. As MiniBooNE had no e−/γ separation, this excess could be due to either true
νe interactions (which could indicate sterile neutrino oscillations) or photon interactions (under-
estimated standard model process or new physics). LArTPC technology allows MicroBooNE to
distinguish electromagnetic showers originating from electrons or photons based on the energy
loss (dE/dx) at the start of the shower, and the non-zero conversion distance of the photon
relative to the interaction vertex.

But MicroBooNE doesn’t solely focus on the LEE. LArTPCs have demonstrated great po-
tential in looking for Beyond Standard Model physics. MicroBooNE, leveraging its exposition
to both the BNB and NuMI beams, is also studying various BSM models.

After five years of data-taking (2015-2021), MicroBooNE has collected approximately
12.25 × 1020 protons on target (POT) of BNB data and 2.37 × 1021 POT of NuMI data. The
first wave of results published by MicroBooNE using partial datasets is presented here.

2 MiniBooNE Low Energy Excess: photons or electrons?

Resolving whether the MiniBooNE low energy excess is caused by electrons or photons is the
first necessary step in understanding its origin. To achieve this goal, MicroBooNE performed
several analyses exploring both hypotheses. Electron searches target the measurement of νe
interactions at low energy, while the photon search is aiming to measure the rate of NC Δ-
resonant production followed by radiative single-photon decay as this channel wasn’t directly
constrained by MiniBooNE.
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MicroBooNE first LEE analyses use 6.8 × 1020 POT of BNB data taken between 2016 and
2018.

2.1 Photon-like Search

To estimate the contribution of the NC Δ resonant single photon production to the background,
MiniBooNE measured the more dominant π0 decay mode of the Δ in-situ and derived the
NCΔ → Nγ (N = p, n) prediction using the branching fraction. However, this is an indirect
measurement and the rate of the NC Δ single photon production has never been directly con-
strained in neutrino scattering. It is then still a viable explanation for the MiniBooNE LEE. An
enhancement of NCΔ→ Nγ by a normalization factor of 3.18 was found to provide the best fit
for the observed MiniBooNE anomaly.

The MicroBooNE single-photon search3 relies on events reconstructed with the Pandora
pattern-recognition toolkit4. The selection targets events with a single photon and one (1γ1p)
or no protons (1γ0p) in the final state which are consistent with the kinematics of a NC Δ
radiative decay interaction. The 1γ0p channel probes Δ→ nγ, while 1γ1p probes Δ→ pγ.

The largest background to this search are mis-identified NC π0 events where one of the
emitted photons is not reconstructed. This background is constrained using two additional
selections with two photons and one or no protons in the final state.

(a) 1γ0p (b) 1γ1p

Figure 1: Observed event rates and comparisons to unconstrained and constrained background and LEE model
predictions.

Figure 1 shows the observed number of events against the prediction (SM only and with
LEE). Overall, there is no evidence of a low energy excess found in the single photon selection
and the measurements are compatible with the SM prediction. The observed events allowed to
set the most stringent limit on the branching ratio of the
NCΔ→ Nγ process at Beff (Δ→ Nγ) < 1.38% (90% CL).

2.2 Electron-like Searches

The goal of this analysis is to measure νe interactions with the MicroBooNE detector and test
the hypothesis of an excess of electron-like events as the origin of the MiniBooNE anomaly.

Three separate analyses targeting different final state topologies and utilizing multiple re-
construction paradigms were conducted:

• CCQE deep learning based5 Employing novel deep-learning based tools6 this analysis
aims to measure νe interactions with a proton and electron in the final-state with kinemat-
ics consistent with the charged current quasi-elastic (CCQE) interaction process, expected
to be dominant at low energies.
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• Pandora νe [7] Relying on Pandora, this analysis aims to measure the orthogonal 1eNp0π
and 1e0p0π (with N ≤ 1 and zero charged or neutral pions) channels. Combined, these
final states mimic the νe -like event signature in MiniBooNE.

• Inclusive Wire-Cell νe
8 Using the Wire-Cell 3D imaging reconstruction approach9, this

analysis performs an inclusive measurement of νe interactions.

Unfolded MiniBooNE LEE model Obtaining an event rate prediction based on the Mini-
BooNE LEE in MicroBooNE is challenging as both experiments use different detector technolo-
gies and analysis approaches. A data-driven signal model was constructed using an iterative
unfolding method starting from MiniBooNE’s observation assuming a νe hypothesis. The result
is an energy-dependent scaling of intrinsic νe necessary to account for the MiniBooNE observa-
tion in MicroBooNE. The weights shown in Figure 2a are then applied to νe events simulated in
MicroBooNE to obtain the total predicted event rate under this model. All electron-like LEE
searches use the same model.

(a) MicroBooNE LEE model weights, based on un-
folding the MiniBooNE electron-like excess assum-
ing a νe hypothesis. LEE model weights above a
true neutrino energy of 800 MeV are set explicitly
to zero.

(b) Ratio of observed to predicted νe candidate
events – assuming no LEE – in each analysis with
the relative contributions shown from non-νe back-
grounds (light blue) and intrinsic νe ’s (green) as
well as the no-LEE prediction (red).

Figure 2: Left: Unfolded LEE model weights. Right: Ratio of observed to predicted νe events from all electron-
like channels.

Similarly to the single-photon search, no overall evidence of low energy excess was found
in the electron-like searches. All measurements are either consistent with or modestly lower
than the predictions, with the exception of the 1e0p0π selection which is the least sensitive to
a simple model of the MiniBooNE low-energy excess. MicroBooNE rejects the hypothesis that
νe CC interactions are fully responsible for the MiniBooNE LEE at > 97% CL. The different
electron-like LEE searches are summarised in10.

3 A little detour: cross-section measurements

Before looking at MicroBooNE’s BSM analyses, it is worth mentioning MicroBooNE’s crucial
cross-section program. Indeed, neutrino-argon cross section are one of the main drivers of
uncertainties in neutrino experiments and precise measurements play an important role in the
success of future neutrino oscillation experiments. With the largest sample of neutrino-argon
interactions, MicroBooNE is in a unique position to characterize neutrino-argon interactions and
contribute to improving neutrino simulation tools.

The two latest cross section measurements from MicroBooNE are highlighted in the following
sections.
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3.1 νμ harged current cross-section measurement

Neutrino cross-section experiments are often reported as a function of the energy of the directly
observed lepton and not of the underlying neutrino energy. This is done to avoid errors due to
quantities not directly measurable in detectors (e.g. the missing hadronic energy of the inter-
action from undetected neutral particles) being mis-modelled in the simulation. MicroBooNE
developed a method to validate the modelling of the missing hadronic energy by comparing the
reconstructed hadronic energy with the Monte Carlo prediction. Thanks to this new procedure,
MicroBooNE was able to extract the differential cross section as a function of the muon energy
as well as the Eν-dependent cross-section [11] shown in Figure 3a.

(a) Extracted νμ CC inclusive scattering cross sec-
tion per nucleon divided by the bin-center neutrino
energy, as a function of neutrino energy.[11]

(b) Unfolded differential νe + ν̄e CC cross section
as a function of the electron energy12.

Figure 3: Extracted νe + ν̄e CC (left) and νμ CC (right) differential cross-sections, compared to standard neutrino
event generators.

3.2 νe ν̄e harged current cross-section measurement

MicroBooNE measured for the first time the differential νe + ν̄e charged current inclusive single
differential cross section on argon using 2.0 × 1020 POT from the NuMI beam, which has a
higher νe fraction than the BNB. The differential cross section as a function of true kinematic
variables is extracted by unfolding of the measured differential event rate.

The extracted cross-section is found to be in agreement with the standard neutrino event
generators as shown in Figure 3b12.

4 To the Standard Model and Beyond

Thanks to their large masses and excellent resolution, neutrino LArTPCs can probe a wide
range of BSM models. MicroBooNE can also leverage its deep understanding of LArTPCs
and neutrino-argon interactions as well as its mature event reconstruction. Two recent results
published by MicroBooNE, using the BNB and NuMI beams, highlight its potential in BSM
searches.

4.1 Heavy Neutral Leptons

Many extensions to the SM made to accommodate neutrino masses predict additional heavy
neutral leptons (HNLs) that manifest themselves only though their mixing with SM neutrinos.
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(a) Timing distribution for muon-neutrinos and
HNLs produced in the BNB for an HNL mass of
365 MeV. Vertical lines indicate the start and end
time of the BNB and HNL trigger windows

(b) Upper limits on |Uμ4|2 as a function of the HNL
mass for Majorana (left) and Dirac (right) HNLs.
The observed limit is compared to the median ex-
pected limit with the 1σ and 2σ bands

Figure 4: Left: Comparison of the timing distribution of the muon neutrinos and HNLs. Right: Upper limits on
|Uμ4|2 as a function of the HNL mass for Dirac and Majorana neutrinos.

The HNL addition is modelled through an extended PMNS matrix, adding four new parameters:
the HNL mass mN and the matrix elements |Uα4|2 (α = e, μ, τ). A wide range of HNL masses,
production modes and decay modes are possible. For its first search, MicroBooNE performed
a search for heavy neutral leptons in the mass range 260 ≤ mN ≤ 385 MeV, produced through
the K → μN channel and decaying via N → μπ [13].

HNL states can include both Dirac and Majorana mass terms. Majorana HNLs would decay
in equal numbers into μ+π− and μ+π− final states. During the time period considered for this
analysis, the BNB was in the positive horn polarity configuration, meaning that predominantly
neutrinos and not anti-neutrinos were produced. It follows that Dirac HNLs could only decay
through the process N→ μ−π+.

A useful feature is that the HNLs travel slower than the beam neutrinos. Thus, a fraction
of the HNLs arrives after the neutrino beam spill. Figure 4a shows the timing distributions of
the beam neutrinos and HNLs. By focusing on HNLs arriving after the beam trigger window,
one can drastically reduce the neutrino background. For this purpose, a dedicated HNL trigger
window was implemented, extending the standard window from 1.9 μs to 2.5 μs.

A BDT analysis, trained over several HNL masses in the range considered, was performed
using 2×1020 POT of BNB data. No excess of events was observed in the signal region, allowing
to set a limit on |Uμ4|2 as a function of the HNL mass, illustrated in Figure 4b.

4.2 Higgs Portal Scalar

MicroBooNE conducted a search for dark scalar particles14, S, interacting through the Higgs
portal. The model considered has only two parameters: the mass of the scalar, mS and the
mixing angle with the Higgs, θ. These scalars could be produced in the NuMI beam through
kaon decays, K± → π±S, then travel to the MicroBooNE detector where they would decay to
lepton pairs. This analysis focuses on kaons decaying at rest in the NuMI absorber and scalars
decaying to e+e− pairs. This would lead a distinct signature in the detector, with the pair
pointing back to the absorber and not the NuMI target.

A BDT-based analysis was performed on a dataset corresponding to 1.93× 1020 POT, with
one event passing the selection cuts. An upper limit on θ < (3.3−4.6)×10−4 at 95% confidence
level was set for scalar masses in the range 0 < mS < 211 MeV (Figure 5a). This result has
also been interpreted as model independent limits on the present new boson X produced in
K+ → π+ +X decays, and decaying to e+e− pairs, for X masses in the range [100, 210] MeV
(Figure 5b).
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(a) The upper limit on the mixing angle θ obtained
by MicroBooNE in the context of other experi-
ments.

(b) Model-independent upper limits on the product
of the production and decay branching ratios of a
new boson X as a function of the X boson lifetime
τX and mass mX .

Figure 5: Upper limit on the scalar mixing angle (left) and model-independent upper limits on B(K+ → π+ +
X)×B(X → e+e−) (right).

5 Outlook: MicroBooNE & the BSM factory

MicroBooNE has recently released its first series of low-energy excess results and found no
excess of low energy electromagnetic events, leaving the question of the MiniBooNE LEE open.
It is important to note that all the results detailed above use only a fraction of MicroBooNE’s
available datasets. Each one is currently being updated to include more data, roughly doubling
the number of POTs. Beyond the LEE searches already conducted, there is a vast theoretical
landscape with BSM models that could explain the anomaly and MicroBooNE could explore
a lot of these models by looking at e+e− signatures for example. Several such analyses are
currently being developed and the future could see MicroBooNE become a BSM factory.
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Global fit to sterile neutrinos from reactor and Gallium data
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This talk summarizes the main results from Ref. 1, where we perform a global fit to reactor
experiments using the Feldman-Cousins method. We find that proper statistical treatment of
the problem at hand typically reduces the significance of hints favoring the sterile neutrino
hypothesis by roughly 1σ with respect to the naive expectation based on Wilks’ theorem.
Overall, we find no significant indications favoring sterile neutrinos from reactor data. We
also consider the Gallium anomaly, recently reinforced by data from the BEST experiment at
more than 5σ, and discuss the impact of cross-section uncertainties on the signal significance.
While the Gallium anomaly could be explained by a sterile neutrino, this is in severe (3σ)
tension with solar neutrino data.

1 Introduction

In 2011, the recalculation of antineutrino fluxes from reactors 2,3 resulted in a 6% increase of the
expected neutrino signal. This implied that past experiments (which were in agreement with
older calculations) had been in fact observing a deficit of the same magnitude, leading to the
so-called reactor antineutrino anomaly 4. The anomaly could be explained with a sterile neutrino
(in a so-called 3+1 framework) with a mixing angle sin2 2θ ∼ 0.1 and a mass squared splitting
with respect to the active neutrinos Δm2 ∼ 1 eV2. While reactor flux calculations are subject
to large theoretical uncertainties, the 3+1 interpretation of the anomaly may be tested using
the smoking-gun signal from a sterile neutrino: spectral distortions expected from oscillations.
For this purpose several short-baseline reactor experiments, with either segmented detectors or
data taken at different locations, have been carried out in the past few years.

While some of these experiments reported an evidence in favor of the 3+1 hypothesis, others
found no significant hints. The question is whether the data sets are statistically compatible,
and if the 3+1 hints would be reinforced in a global analysis. These, however, are not easy
questions to answer. It has been recently pointed out 5,6,7,8 that the usual approach to evaluate
the statistical significance of the signal for these setups is unreliable, since the assumptions
behind Wilks’ theorem 9 are not satisfied. In our work we quantify the significance of the 3+1
hypothesis from Monte Carlo, and we follow a Feldman-Cousins (FC) method 10 to determine
the allowed regions in parameter space.
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In parallel to the effort carried out concerning reactor experiments at short baselines, renewed
analysis of radiochemical measurements performed to calibrate the solar neutrino experiments
SAGE 11,12 and GALLEX 13,14 also indicated a deficit compatible with a sterile neutrino. In
order to test the so-called gallium anomaly15,16,17, the BEST collaboration recently performed
a radiochemical measurement using a radioactive source 18. Their findings confirmed the earlier
result from SAGE & GALLEX, albeit with much smaller error bars. In our work we evaluate the
impact of cross section uncertainties on the statistical significance of the gallium (Ga) anomaly.
We also combine the Ga and reactor data sets, and determine the allowed regions from the
global fit using the FC method.

A third possibility to test the 3+1 hypothesis in this regime is through the measurement
of solar neutrinos. However, the Ga deficit is highly incompatible with solar neutrino data
which does not show any indication favoring the sterile neutrino hypothesis. Thus, in our work
we evaluate the compatibility of different data sets, paying particular attention to the tension
between solar and Ga data. We quantify that tension numerically and find that it is above the
3σ level. Thus, we do not report the results from a global fit including all data sets at once but,
instead, report our results combining reactors with Ga, or reactors with solar data.

2 Combined analysis of reactor data

In this work, we perform our own fit to the data of the DANSS 19, NEOS 20, PROSPECT 21,
STEREO22 and Neutrino-423, as detailed in the appendices of Ref.1. For all experiments we are
able to reproduce the results reported by the experimental collaborations with a good accuracy,
when adopting the same assumptions and statistical method. The preference of each experiment
for the presence of sterile-neutrino oscillations can be evaluated considering the test statistic:

Δχ2
3ν = χ2

3ν − χ2
min , (1)

where χ2
3ν is the value for the null hypothesis (sin2 2θ = 0) while χ2

min is the value of the
χ2 at the global minimum. If Wilks’ theorem held, then the test statistic would follow a χ2

distribution with 2 degrees of freedom (dof), corresponding to the two parameters sin2 θ and
Δm2 (which are minimized over). However, we know that the assumptions lying behind Wilks’
theorem are violated for the problem at hand, due to the presence of physical boundaries and
multiple minima in the parameter space. In this case, the distribution of the test statistic
should be determined from Monte Carlo (MC), by simulating a large set of pseudo experiments,
where the event rates in each experiment are randomly generated according to the expected
fluctuations in each bin (see Appendix B.2 in Ref. 1 for details). The distribution of the test
statistic is shown in the left panel of Fig. 1. As can be seen, it differs considerably from the
distribution expected for a χ2 with 2 dof. Because of this, we find that if one were to assume
that Wilks’ theorem hold, the significance would be consistently overestimated by about one
standard deviation, confirming previous studies5,6,7,8. In the same figure we also show the result
for a maximum-Gauss distribution (defined as the maximum value of n independent standard-
normal variables), as it was shown in Ref. 8 that the test statistic defined in Eq. 1 is expected to
follow this distribution under certain approximations. Albeit some differences are present, we
can see that it matches much better the actual distribution obtained from numerical simulation
than a χ2 distribution.

The distribution of the test statistic for the null hypothesis can be compared to the value
measured by the experiment, in order to determine the corresponding p-value. Most notably,
the combined reactor fit gives Δχ2 = 7.3 with a p-value

p0 = 27.4% (reactors) , (2)

that is, the global combination of reactor data is statistically compatible with the three-neutrino
hypothesis at ∼ 1.1σ. The corresponding p-values for each reactor experiment separately are
provided in Tab. 1 in our work 1.
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Figure 1 – Results for our global fit to reactor data. Left: survival function (SF) for the test statistic for the null
hypothesis. Right: Allowed confidence regions. The thick bands indicate the confidence regions obtained from
our FC analysis at 68.27%, 95.45%, 99.73% CL (1, 2, 3σ, respectively). For comparison, the thin curves show the
regions that would be obtained assuming that the Δχ2 follows a χ2 distribution with 2 dof.

We have also determined the allowed confidence regions obtained in the sin2 2θ−Δm2 plane
numerically, using the FC method. For this we define, for each set of oscillation parameters, a
Δχ2 function

Δχ2(sin2 2θ,Δm2) = χ2(sin2 2θ,Δm2)− χ2
min . (3)

If Wilks’ theorem was applicable, then the confidence regions would be determined taking con-
stant Δχ2 values corresponding to a χ2 distribution with 2 dof (solid lines in the right panel in
Fig. 1). However, since this is not the case the correct confidence regions should be constructed
numerically. We do this following the FC method as follows. For a given pair of assumed true
values of the oscillation parameters, MC simulation of statistical fluctuations in the data can
be used to determine the expected distribution of Δχ2. When compared to the value measured
experimentally, this allows to determine the confidence level (CL) at which that point can be
rejected. This procedure is then repeated for all points in parameter space.

The obtained regions from the FC analysis for the global fit to all reactor data are indicated
by the colored bands in the right panel in Fig. 1, where the width of each band indicates the
99% confidence spread of the limit due to the finite size of our MC sample (see App. B.4 in
Ref. 1 for details). Our best-fit point is found at Δm2 ∼ 8.9 eV2 and sin2 2θ ∼ 0.26. Moreover,
comparing the bands to the colored lines, we find that the true CL is reduced approximately
by one Gaussian standard deviation, similar to the null-hypothesis case. For example, if Wilks’
theorem was applied the global analysis would result into a ≈ 2σ hint for sterile neutrinos (shown
by the closed black lines), whereas our MC analysis reduces this to ≈ 1σ (only the yellow bands
close in this case). The allowed regions were also computed for each experiment separately and
can be found in Ref. 1.

3 Adding the Gallium data

The data from radiochemical experiments using νe capture in gallium is summarized in Fig. 2,
where we show the ratio between observed and expected event rates for SAGE11,12, GALLEX13,14

and BEST 18. As can be clearly seen, the reported ratios deviate from unity by about 20%,
confirmed by BEST at high significance.

An important ingredient in the interpretation of these results is the capture cross section for
the νe-induced

71Ga →71 Ge transition, which receives contributions from the ground-state-to-
ground-state (g.s.) transition as well as from transitions into excited states of 71Ge. While the
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Figure 2 – Summary of the Gallium data used in this work, reported as the ratio between the predicted and
observed event rates for each experiment separately. The vertical bars include only statistical and uncorrelated
experimental errors. These ratios are based on the cross sections computed by Bahcall in 1997, see text for details.

Table 1: Significance of the signal for Ga experiments. Results are provided for the combination of GALLEX and
SAGE, the recent BEST result, and the combination of all Ga data, using different evaluations of the detection
cross section (see main text for references). Here, σ(W ) indicates the signal significance in terms of Gaussian
standard deviations, evaluated under the assumption that the Δχ2 is distributed as a χ2 with 2 dof.

GALLEX
BEST All gallium combined

& SAGE

Cross section Δχ2
3ν #σ(W ) Δχ2

3ν #σ(W ) Δχ2
3ν #σ(W )

Bahcall 3.7 1.4 31.3 5.2 31.7 5.3
Kostensalo et al 4.9 1.7 31.5 5.2 32.9 5.4
Semenov 9.4 2.6 42.4 6.2 44.7 6.4
Ground state only 3.4 1.3 29.7 5.1 31.5 5.3

matrix element from the g.s. contribution can be inferred from the electron-capture lifetime of
71Ge, the contribution from excited states is subject to larger uncertainties. Thus, in addition to
the cross section calculation by Bahcall24 we have considered recent re-evaluations by Kostensalo
et al 25, and by Semenov 26. At the same time, we note that the excited-state contributions add
incoherently. Therefore, their inclusion will lead to a larger cross section and, consequently, a
larger signal significance.

We fit the Ga data using a Gaussian χ2 with a pull term describing the correlated uncertainty
on the cross section, as explained in detail in Ref. 1. We find that the significance of the signal
is always above 5σ regardless of the cross section used, as shown in Tab. 1. This is so even for
the conservative ground-state-only analysis, as indicated in the last row a. However, in order
to compute the significance in Tab. 1 we have assumed that the Δχ2

3ν is distributed according
to a χ2 with 2 dof. For the combined analysis and the Kostensalo et al cross section 25, we
have actually tested this assumption with a MC study including 109 pseudo experiments, which
showed that the distribution of the test statistics is actually closer to that of a χ2 with 1 dof. In
fact, when evaluated by MC we find a p-value for the null hypothesis at p0 = 2.7× 10−8 (5.6σ).

The allowed confidence regions were also determined following the FC method. These are
found in excellent agreement with the Δχ2 contours obtained under Wilks’ theorem for 2 dof
(left panel in Fig. 3). The reason is that the main features leading to significant deviations in the
reactor case are not present here: the effect of a sterile neutrino at Ga experiments essentially
leads to an overall depletion of event rates (with no oscillatory behaviour); and the allowed
region lies far away from the physical boundary.

Although the statistical significance of the signal for Ga is high, it is worth mentioning that
part of the allowed region has been already disfavored by other experiments. Figure 3 compares

aFor definiteness, the Semenov g.s. cross section and uncertainty 26 are assumed in this case.
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and limits derived from other experiments, see text for details. All lines shown in the right panel correspond to
2σ CL.

the region preferred by Ga data with our constraints from reactors, and to the limits from solar
neutrinos27, KATRIN28, and measurements of νe scattering on 12C at LSND29 and KARMEN30

(taken from Ref. 31). It can be seen that KATRIN cuts off the allowed regions at large values
of Δm2, while reactors and LSND/KARMEN disfavor the region Δm2 � 10 eV2. However, it
should be kept in mind that the LSND/KARMEN and KATRIN limits were obtained applying
Wilks’ theorem, which may have resulted into an overestimated exclusion. Thus, in our work
we focused on the combination of Ga, reactor, and solar data, discussed in more detail below.
Note that the inclusion of solar constraints was done using the simplified χ2 construction from
Ref. 27: this offers an efficient way to include statistical fluctuations, and makes our global fit
fully consistent.

4 Tension with solar neutrino data, and combination of different data sets

As shown in Fig. 3, while reactor data disfavors the preferred region by Ga experiments below
Δm2 ∼ 7eV2, a significant portion of the parameter space is expected to remain allowed for
larger values. However, at the same time solar neutrino data disfavors mixing angles above
sin2 2θ ∼ 0.1 at 2σ, regardless of Δm2. Thus, before combining the three data sets we have
evaluated their statistical compatibility using the parameter goodness-of-fit (PG) test 32,33:

χ2
PG = χ2

min,comb −
∑
k

χ2
min,k , (4)

where the sum over k extends to the data sets being tested for consistency. Under Wilks’
theorem, χ2

PG should be χ2-distributed with
∑

k Pk−P dof, where Pk is the number of parameters
that the data set k depends on, while P is the total number of model parameters. Our results
are reported in Tab. 2. The last two columns show the results from MC, obtained generating
statistical fluctuations around the predicted rates for the best-fit parameters. For comparison,
we also provide in the middle columns the obtained p-value and number of Gaussian standard
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Table 2: Consistency tests based on the goodness-of-fit parameter. Middle columns show the p-value and number
of Gaussian standard deviations under the assumption of Wilks’ theorem, while the last two columns show the
results from MC, obtained generating statistical fluctuations around the prediction for the best-fit point. For
concreteness the Kostensalo et al cross section has been used for Ga experiments, but similar values are obtained
for the other cross sections considered.

Data set χ2
PG/dof p(W ) #σ(W ) pb.f. #σb.f.

Reactor vs Solar 0.65/1 0.42 0.8 0.39 0.9
Reactor vs Gallium 1.4/2 0.50 0.67 0.62 0.5
Solar vs Gallium 13.0/1 3.1× 10−4 3.6 1.6× 10−3 3.2
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Figure 4 – Allowed confidence regions at 1, 2 and 3σ from a FC analysis, for the combination of reactor+solar
data (left panel) and reactor+Ga data (right panel). The meaning of the lines and bands is the same as in the
right panel in Fig. 1.

deviations under the assumption that Wilks’ theorem holds. As can be seen from the last row
in the table, the solar and Ga data sets show a 3σ tension.

Given the strong tension between the solar and gallium data, in our global fit only the
combinations of reactors + solar, or reactors + Ga, have been considered. Their corresponding
p-values for the null hypothesis are

p0 = 17.8% (reactors + solar) ,
p0 < 1.4× 10−7 (reactors + Ga) ,

(5)

where in the latter case only an upper bound is reported due to the limited size of the data
sample generated (see Ref. 1 for additional details). The allowed confidence regions were also
determined using a FC approach, and are shown in Fig. 4 for the combination of reactors and
solar (left panel) and reactors and Ga (right panel). As expected, the combination of reactor
and Ga data strongly disfavors the three-neutrino hypothesis (driven by the Ga anomaly). The
allowed confidence regions lie above Δm2 ∼ 7 eV2, with the best-fit point at Δm2 � 8.9 eV2 and
sin2 2θ = 0.32, driven by the Neutrino-4 result. Conversely, the combination of solar and reactor
data is statistically compatible with the no-oscillation hypothesis as shown in Eq. 5, with the
best fit at Δm2 = 1.3 eV2 and sin2 2θ = 0.014.
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5 Summary and Conclusions

In this talk I have summarized the main results derived in Ref. 1 for a global fit to experimental
data probing νe → νe and ν̄e → ν̄e oscillations in the context of the so-called 3+1 sterile neutrino
framework. Specifically, we have performed a global FC analysis of the reactor short-baseline
experiments DANSS, NEOS, PROSPECT, STEREO and Neutrino-4, past gallium data from
SAGE and GALLEX and the recent result of the BEST experiment, as well as solar neutrino
data. In general, we find that proper statistical analysis of the data reduces all p-values by
about ∼ 1σ with respect to the result obtained from application of Wilks’ theorem. The reason
behind this is the violation of the conditions required for Wilks’ theorem to be applicable, as
pointed out in previous literature.

Our analysis of reactor data does not impose any constraints on the overall normalization
of the reactor fluxes and is based instead on the observation of spectral distortions due to
oscillations. We find that reactor data is fully consistent with the three-neutrino hypothesis at
1.1σ; solar neutrino data are also fully compatible with this result. On the other hand, we find
that the signal significance for gallium experiments exceeds 5σ, dominated by the BEST result.
This is so even if only the ground-state contribution to the cross section is considered. While
KATRIN disfavors the preferred region for gallium data at large Δm2 � 100 eV2 and reactor
data disfavor the region where Δm2 � 7 eV2, intermediate masses still remain allowed. In fact,
we find that the gallium result is compatible with reactor data, and a combined analysis of both
points to Δm2 � 7− 12 eV2 (driven by the Neutrino-4 result). However, at the same time solar
and gallium data are in severe tension, which we have quantified to be above 3σ.
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Università degli Studi & INFN Milano-Biococca

Piazza della Scienza 3, 20126 Milan, Italy

Solar neutrinos are produced by the nuclear processes powering the Sun and constitute a
unique probe to the solar interior. The Borexino experiment, which recently terminated its
data taking, has been the most sensitive detector for low-energy solar neutrinos; thanks to
the unprecedented radiopurity of its liquid scintillator, the detector was able to map all the
neutrinos produced in the proton-proton fusion chain, the chain of nuclear reactions respon-
sible for ≈ 99% of solar luminosity. For the remaining ≈ 1%, hydrogen burning takes place
thanks to the presence of carbon and nitrogen, which catalyse a cycle of reactions known as
the CNO-cycle. Despite being subdominant in the Sun, the CNO-cycle is expected to be the
primary energy production mechanism for stars hotter than the Sun. We report here the
first direct evidence of the CNO-cycle obtained with a measurement of CNO solar neutrinos,
which has a significant impact for both solar physics and stellar astrophysics in general. We
also report the first directional measurement of sub-MeV neutrinos performed exploiting the
emission of Cherenkov radiation. This novel technique, which correlates individual photon
hits to the known position of the Sun, demonstrates the possibility of accessing the direction
of low-energy neutrino even in a high light yield liquid scintillator and can be adopted for
hybrid event reconstruction using both Cherenkov and scintillation light.

1 Introduction

The measurement of neutrinos generated in the nuclear reactions powering the Sun has been
producing outstanding scientific results, with capital importance for both stellar astrophysics
and particle physics. In a history of observations lasting for more than 50 years, solar neutrinos
provided the first indication of flavour transitions in the neutrino sector and constituted the
definitive evidence of hydrogen burning in stars envisaged already in 1920 1.

The Borexino experiment, which recently terminated its data-taking started in 2007, has
played a pivotal role in the field, being the most sensitive detector so-far for solar neutrinos with
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Figure 1 – Schematic view of the Borexino detector. Figure from 3.

E < 2MeV. During the first two phases of the experiment (2007–2010, 2011-2016), Borexino
was capable of mapping the neutrinos emitted throughout the proton-proton fusion chain (pp-
chain)a, the sequence of nuclear reactions driving the energy production in our star. After this
remarkable result, Borexino has been able to detect for the first time neutrinos produced in
the carbon-nitrogen-oxygen cycle (CNO-cycle), a subdominant hydrogen-burning mechanism of
capital importance for solar physics and stellar astrophysics in general.

This fundamental result, reported in the first part of this contribution, rely on the outstand-
ing stability of the detector and on the full understanding of its response model. This has been
the key for developing a novel analysis method allowing us to extract the directional information
of the incoming low-energy neutrinos even from the tiny fraction of Cherenkov light detected
by the experiment. This new method, presented in the second part of this work, resulted in the
first directional detection of sub-MeV neutrinos, and could be beneficial to the next generation
of optical neutrino experiments for suppressing low-energy backgrounds.

2 The Borexino Experiment

The Borexino experiment, shown in Fig. 1, can detect solar neutrinos which interact via elastic
scattering with the electrons of a liquid scintillator (LS). This detection technique, which pro-
vides a low-energy threshold and a good energy resolution, makes it possible to separate the
different components of the solar neutrino flux exploiting their specific signature in the energy
spectrum, but requires an extremely careful strategy to reduce the indistinguishable radioactive
background since the expected interaction rate is ≈ 9 orders of magnitude smaller than the
average activity of ordinary water.

The experiment 4 is located in the INFN Gran Sasso National Laboratories, under the
Gran Sasso massif in L’Aquila (Italy). The underground laboratories are shielded from cosmic
radiation by 1400m or rock (3800m.w.e.), which attenuates the cosmic-ray flux by 6 orders
of magnitude. Residual muons still reaching the experimental hall are tagged using a water
Cherenkov detector equipped with 208 PMTs which surrounds the entire inner detector also
providing an effective shielding against environmental neutrons and γ-rays. The detector active
volume consists of ≈ 300 ton of pseudocumene mixed with 1.5 g/l of (PPO) as a wavelength

aWith the only exception of neutrinos produced in the helium-proton fusion reaction (hep neutrinos), which
are still undetected because of their extremely low flux expected to be 2 ≈ 8× 103 cm−2s−1
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shifter and is contained into a 125 μm-thick, 4.25m radius spherical nylon vessel (Inner Vessel,
IV). The light produced by the energy deposition of charged particles is detected by 2212 8 in
PMTs (1800 of which are equipped with a light collector cone) mounted onto a 6.85m radius
Stainless Steel Sphere. The space between the IV and the PMTs is filled with quenched LS in
order to shield the active volume from the radiation coming from radioactive contamination in
the PMTs’ glass and in the steel of the support structure.

With the underground location and shielding strategies fighting the external background,
the key of Borexino results has been the successful suppression of internal background, i.e.
those radioactive contamination of the detector itself. This has been achieved thanks to a
careful selection of materials and to the implementation of effective purification methods for
the LS (primarily distillation and water extraction) which reduced the contamination of 238U
and 232Th down to < 9.5× 10−20 g/g and < 7.2× 10−19 g/g respectively in the Phase II of the
experiment 3.

The energy released in the detector by charged particles is reconstructed by measuring optical
photons isotropically emitted. The performance of the detector and the reliability of the Monte
Carlo response model 5 have been carefully studied during the 2010 calibration campaign 6 and
are constantly monitored using some known background (such as the 14C, cosmogenic 11C or
210Po). The effective light yield of the experiment is ≈ 500 p e /MeV for 2000 active PMTs,
which results in an energy resolution of ≈ 6%. Using a time-of-flight technique it is also possible
to reconstruct the position of the interaction with an accuracy of ≈ 11 cm at 1MeV. It is then
possible to select for the analysis only those events reconstructed in the innermost part of the
detector (fiducial volume, FV), where the background coming from external γ-ray is significantly
reduced.

3 First evidence of CNO neutrinos

The Sun is powered by nuclear reactions converting hydrogen nuclei into helium. This process
happens in the solar core, primarily through the so-called pp-chain which account for ≈ 99% of
solar luminosity. The remaining ≈ 1% of solar power is produced by a cycle of nuclear reactions
burning hydrogen thanks to the presence of carbon and nitrogen nuclei in the solar matter
that acts as catalysts (right panel, Fig. 2). This process, known as the CNO-cycle, although
subdominant in the Sun is highly dependent on the temperature of the stellar core and it is
expected to drive the energy production in stars hotter than the Sun 7. Therefore, the detection
of neutrinos produced in this process constitutes the first direct evidence of one of the two main
hydrogen burning mechanisms in stars.

Furthermore, the efficiency of the CNO-cycle is controlled by the amount of carbon and
nitrogen nuclei in the solar core, which constitutes a fraction of the solar metallicity, i.e., the
abundance of elements heavier than helium. The exact chemical composition of the Sun (and
therefore its metallicity) is indeed still controversial: while determinations of the photosphere
compositions performed during the past 20 years (such as AGS09 8) have been mostly in agree-
ment in prescribing a lower content of metals respect to the previous generation (GS98 9), some
recent results seems to point to a metallicity even higher than considered before (MB22 10).
The abundances of elements heavier than helium is a key input of the Standard Solar Model,
i.e., the stellar model embodying the most up-to-date description of all the physical process
happening in a star required to match the properties of the present day Sun. When the SSM
implements these “low-metallicity” (LZ) compositions, the sound-speed profile expected from
the model shows a strong tension with observations inferred from helioseismology 2. A precise
measurement of the CNO neutrino flux has therefore the potential to obtain a direct constraints
on the abundance of carbon and nitrogen in the Sun, that can be compared with photospheric
determinations 11.
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Figure 2 – Left panel : Solar neutrino spectrum as expected from the B16 Standard Solar Model 2. Neutrinos
produced in the CNO-cycle are highlighted with coloured lines, while those generated in the pp-chain are shown
in gray. Right panel: Scheme of the two branches of the CNO-cycle. All figures from 11.

3.1 Analysis challenges and independent background constraints

The measurement of CNO neutrinos in Borexino is particularly challenging for three main rea-
sons: i) the expected signal is rather small, with the CNO rate expected between 3 and 6 counts
per day in 100 t of LS (cpd/100 t); ii) the CNO signature in the energy spectrum does not
show any prominent feature; iii) the signal of CNO neutrinos in the Borexino spectrum can be
mimicked by the interplay of two other components, namely the pep solar neutrinos produced
in the pp-chain and the β-decay of 210Bi polluting the LS. This last condition induces strong
correlation in the fit of Borexino spectrum which spoils the sensitivity to the CNO signal. As
discussed in 11, it is then needed to constrain these two backgrounds independently.

While the rate of pep neutrinos can be bounded with 1.4% accuracy by imposing that the
power of nuclear reactions in the Sun should match the observed luminosity 11, the situation is
far more complex for the 210Bi contamination. The 210Bi background in Borexino is caused by
a contamination of 210Pb, its parent nucleus, which has a half-life of 22.2 years. The product of
210Bi decay is 210Po, which in turn decays in the stable 206Pb via α-decay with t1/2 = 138 days.
Thanks to the characteristic time profile of the scintillation caused by α particles we can tag
with high efficiency 210Po decays, and therefore, measure the rate of 210Po with good accuracy.
As pointed out in 12, provided the secular equilibrium of the chain, we can then use the 210Po
rate to determine the rate of 210Bi.

This apparently straightforward method is complicated by the fact that nuclei of 210Po
are constantly detaching from the nylon vessel and carried inside the analysis fiducial volume
before they decay by convective currents caused by instabilities in the detector temperature
gradient. Starting from 2015, the collaboration successfully pursued the thermal stabilisation
of the detector by installing on the detector an insulating layer, an active temperature control
system, and finally stabilising the temperature of the entire experimental hall 13. These efforts
proved to be effective in suppressing the convective currents, and a 210Po-clean region emerged in
a region close to the detector centre, as expected by fluid-dynamic simulations of the apparatus
14. Residual convective currents caused this ”low-polonium field” (LPoF) to move across the
vertical axis13: the data, binned in 30 days intervals, were therefore aligned using the position of
the LPoF minimum of the previous month to avoid biases and their distribution in the z-(x+y)2

space was fitted to extract the minimum of the 210Po rate. Because of the presence of residual
convection, this measurement could not be interpreted as a measurement of 210Bi rate, but it
could be used as an upper limit. In order to apply this constraint in the analysis, it is anyway
required that, differently from 210Po, the concentration of 210Bi is uniform in the entire detector
volume. We proved this requirements by studying the uniformity of β-like events in the energy
region of 210Bi spectrum both in the radial and angular distributions. Combining the statistical
uncertainty in the determination of the LPoF minimum and systematics coming from the radial
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and angular uniformity, we found for the 210Bi rate R(210Bi) ≤ 11.5± 1.3 cpd/100 t 13.

3.2 Results

We analysed data collected from June 2016 and February 2020 for a total of 1072 days, selecting
those events reconstructed in a 71.3 t fiducial volume (FV) in the innermost part of the detector
13. The data passing the the FV cut were furhter filtered to suppress the cosmogenic background
due to 11C. Carbon-11 is a β+-decaying, long-living isotope produced by the spallation of cosmic
muons on carbon nuclei in the LS and its spectrum covers the high energy tail of the CNO
signal. Since in ≈ 95% of the cases the same spallation process creating 11C produces at least
one neutron, it is possible to exploit through the so-called Threefold Coincidence (TFC, 15) the
space-time correlation of a given event with a μ crossing the detector and the capture of one
or more neutrons to assign a likelihood of been caused by 11C decay. Events unlikely caused
by 11C are selected in a 11C-suppressed dataset, while the remaining constitute a 11C enhanced
sample that is analysed jointly with the first.

In addition to the distribution of the visible energy in the detector, we analysed the events
radial distribution to better constrain the background coming from external γ-ray (mostly com-
ing from the PMTs glass and from the support structure’s steel), which shows a characteristic
exponential attenuation towards the detector centre. The PDFs for both neutrino and back-
ground components are obtained using the Monte Carlo simulation of the detector 5, which
reproduces all physical processes from the energy deposition to the generation and processing
of the electronic signal.

We constrained in the analysis the rate of pep neutrinos using a symmetric Gaussian penalty,
while the upper limit on R(210Bi) discussed in the previous section has been implemented with
a one-sided Gaussian penalty. The result of the fit is shown on the 11C-subtracted dataset in the
left panel of Fig. 3 where the CNO signal is highlighted with a bold red line 13. The fit p-value
is 0.3, demonstrating a good agreement between the data and the underlying fit model. The
resulting CNO rate is R(CNO) = 7.2+3.0

−1.7(stat)
+0.5
−0.6(sys), where the systematics budget includes

possible mismodelling of the energy response, deformations of the 11C spectral shape due to noise
cuts, and theoretical uncertainties on the exact shape of the 210Bi β-decay spectrum. As one
can see from the value of the profile likelihood (right panel, Fig. 3), the absence of a CNO signal
is strongly disfavoured by the data. To quantify the significance of the discovery we performed
a profile likelihood ratio test which yielded a significance greater than 5σ at 99% C.L. 13.
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4 First directional measurement of sub-MeV neutrinos in a liquid scintillator de-
tector

As a liquid scintillator experiment, Borexino can reconstruct with good precision the energy
released in the detector by measuring the photons produced by the LS molecules excited by
ionising particles. Other experiments, such as Super-Kamiokande, rely on the detection of
Cherenkov photons, which makes them capable of reconstructing the direction of an event down
to an energy of a few MeV for electrons, although with a worse energy resolution. The directional
reconstruction enabled by the detection of Cherenkov photons, can be used in presence of non-
diffuse sources to significantly reduce the backgrounds and identify signal events. In the recent
years an increasing interest has been growing towards the development of a hybrid optical
neutrino detector 16 featuring the good energy resolution and low-energy threshold of LS and
the potential for directional reconstruction characteristic of water Cherenkov experiments.

In two recent works 17,18 we have developed a novel analysis technique to exploit the di-
rectional features of Cherenkov light within the challenging environment of a LS experiment,
where Cherenkov photons accounts for less than 0.5% of the total detected light (in the case
of sub-MeV neutrinos). The so-called Correlated and Integrated Directionality (CID), differs
significantly from the directional reconstruction performed in water Cherenkov experiments as
it does not require to reconstruct each event individually, but rather it exploits the correlation
between the well known position of the source and the pattern in the first hit PMTs. Indeed,
LS and Cherenkov photons are produced with two different time-scale, the Cherenkov emission
being instantaneous while the LS molecules de-excitation happening with a time-scale of ns.

For each event, after correcting for time-of-flight, we sort the hit PMTs in time and for each
hit we compute the angle between the PMT position, the reconstructed position of the interac-
tion, and the original neutrino direction as shown in Fig. 4. While we expect the distribution
of cosα to be flat for background events, we also expect to see signature for solar neutrinos at
cosα ≈ 0.7, especially when one considers the very first hits where the probability of Cherenkov
hit is higher.

In order to properly account for the different group velocity of Cherenkov light due to the
longer (average) wavelength respect to scintillation light, we determined a small correction factor
gvcorrch = (0.108 ± 0.039) nsm−1 from the γ-ray calibration campaign of 2009 6 as discussed in
17,18. Since the method rely on the stability of PMT timing at sub-ns level and this could not be
assumed for long time periods, we applied the CID analysis only to the data collected just before
the 2009 calibrations, thus considering only data from Borexino Phase I. We selected events in
a spherical volume with r ≤ 3.3m around the centre (132 t) with energies between 0.54 and
0.74MeV, where the 7Be neutrino signal dominates the spectrum (Fig. 4, right panel).
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The distribution of cosα for the first PMT hit is shown in Fig. 5 with black marker. We
analysed the distributino of cosα for the first and second PMT hit, building the PDFs for the
signal (i.e., neutrino) and background events with a MC simulation of the detector reproducing
the active PMTs pattern respect to the Sun position for each event. We were able to estimate
the number of solar neutrino events in the ROI by fitting the simultaneously the distribution
in Fig. 5 and the analogue one constructed using the second PMT hits. The model of cosα
distributions embeds the dependence on the a possible small bias in the event reconstruction
Δr and the group velocity correction gvcorrCh , which is constrained in the analysis using the value
derived from the γ calibration campaign.

The right panel of Fig. 5 shows Δχ2 as a function of the number of solar neutrino in the
data, where we can appreciate that we rule out the absence of a solar neutrino events with
high significance using their directional signature in a LS detector. The best fit result is 18,17

Nsolar-ν = 10887+2386
−2103(stat.) ± 947(syst.), where the dominant contributions in the systematics

come from the cut on the n-th hit and the selection criteria of PMTs which are required to
present the same time response properties 18. The result is fully compatible with the number
of solar neutrinos expected from the B16 SSM 2, which predicts Nsolar-ν = 10187+541

−1127, where
we considered in the uncertainty the difference in the predictions of the B16-GS98 and B16-
AGSS09met models.

Subtracting the small contribution of CNO and pep neutrinos from Nsolar-ν , we can provide
an estimate of the rate of 7Be neutrinos derived for the first time using their directional signature.
We found 18,? R(7Be)CID = 51.6+13.9

−12.5 cpd/100 t, in good agreement with other measurements of
R(7Be) obtained form a spectral analysis of Borexino data although with worse accuracy 3.

5 Conclusion

Borexino ended its data-taking in October 2021. In 14 years of activities it provided some of the
most important results in solar neutrino physics, performing an almost complete investigation
of the entire solar neutrino spectrum. The first observation of CNO neutrinos reported in 13

culminated years-long efforts to achieve an overall control of the detector backgrounds. This
result provided the first direct evidence of the CNO-cycle occurrence in the stars, and future,
more accurate measurements can help shedding light on the controversy regarding the Sun
chemical composition. The excellent understanding of the detector developed over the years
also allowed us to exploit for the first time the weak Cherenkov light signal in LS to perform the
first directional measurement of sub-MeV neutrinos. While the result of the analysis features
significant uncertainties, we argue that this novel method can be beneficial to other optical
neutrino detectors even without specialised hardware to access the incoming direction of low-
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energy neutrino events.
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Unstable neutrinos can relax cosmological mass bounds
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The light neutrino masses are at present most stringently constraint via cosmological probes.
In particular the Planck collaboration reports

∑
mν ≤ 0.12 eV at 95% CL within the standard

cosmological model. This is more than one order of magnitude stronger than the one arising
from laboratory searches. The cosmological bound taken at face value excludes a plethora
of neutrino flavour models which can successfully explain the neutrino oscillation data. The
indirect nature of the cosmological bound, however, allows to relax the bound to up to

∑
mν ∼

1 eV if neutrinos decay on timescales shorter than the age of the Universe, τν ≤ tU . We
present how a decay of the type νi → ν4φ can be realized within general models of the
minimal extended seesaw framework. The idea is then explicitly realized within the context
of a U(1)μ−τ flavour model.

1 Introduction

Neutrino oscillation experiments provided valuable information not only on the flavour mixing
but also the neutrino mass square difference. Due to the sensitivity to matter effects of the
solar neutrinos we know that

√
Δm2

21 � 0.0086 eV but for the atmospheric neutrino mass
splitting we only know |

√
Δm2

32| � |
√
Δm2

21| � 0.05 eV. Although the neutrino hierarchy
can be resolved within near future neutrino oscillation facilities, i.e. mν3 ≤ mν1 (inverted
hierarchy (IH)) or mν1 ≤ mν3 (normal hierarchy (NH)), the neutrino absolute mass scale still
remains undetermined and can not be addressed in this type of experiments. The best laboratory
constraint on the absolute neutrino mass scale comes from the KATRIN experiment that reports
an upper bound of

∑
mν ≤ 2.7 eV at 95% CL, but is expected to increase its sensitivity to∑

mν ≤ 0.6 eV in upcoming runs. On the other hand, the cosmological neutrino mass bound is
reported to be

∑
mν ≤ 0.12 eV at 95% CL within the standard cosmological model ΛCDM . The

main constraining power arises from the contribution of the neutrino to the hot dark matter
content of our Universe. In figure 1 we summarize the evolutional history of the neutrinos
over the course of the cosmological expansion. Measurements requiere the neutrinos to be
relativistic at recombination, making the evolutional history practically indistinguishable for∑

mν ≤ 1.8 eV before recombination. However, after recombination the evolution strongly
depends on the absolute mass scale as this directly translates into a transition time between the
relativistic and non-relativistic propagation. Non-relativistic neutrinos, since they behave as a
matter component of our Universe, contribute to the hot dark matter content and are severely
constraint by the baryonic acoustic oscillations. Furthermore, the current cosmological bound
is robust against common cosmological extension of the ΛCDM model, as e.g. the inclusion
of dark radiation or non-standard dark energy dynamics. Nevertheless, a modification of the
particle physics properties of the neutrino, as e.g. cosmological fast decays, can dilute the late
time neutrino energy density and hence evade the main constraining power, which is represented
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Figure 1 – Cosmological evolution of the normalized energy density for different neutrino masses. In dashed the
corresponding evolution for cosmological fast decaying neutrinos is shown.

by the dashed lines 1.

2 Categorizing Neutrino Decays

Neutrinos can decay already within the Standard Model (SM) of particle physics, which was
first investigated in Ref. 2. However, it was found that the decay rate exceeds by many orders
of magnitude the current age of our Universe, i.e. τSMν ≥ (G2

Fm
5
ν)
−1 � tU . First investigation

of a possible neutrino decay via a Beyond the Standard Model (BSM) channel was done in
Ref. 3 to explain the at the time present solar neutrino problem, which then, however, was
successfully explained by corrections to the neutrino vacuum oscillation probability induced by
matter effects. The increasing experimental sensitivity and especially the in future expected
reach motivates a detailed study on the field of neutrino decays to identify the required particle
content, coupling strength and mass scale of the involved particles needed to result in τν ≤ tU .

Let us take a first look into the simplest BSM realization of (fast) neutrino decays, which
is of the form νi → νjφ/Z

′. Here and in the following we will denote with νi, νj active neu-
trino mass eigenstates and with ν4 the newly introduced sterile neutrino. Angular momentum
conservation requieres the end product of the active neutrino decay to contain a scalar (φ) or
vector (Z ′) boson. Assuming that the exemplary decay is fast allows us to plot in figure 2
the actual physical mass of the active neutrino against the one which would be inferred from
cosmological measurements 1. In the stable neutrino scenario the correspondence between both
masses is one to one, represented by the black dashed line. In contrary in the decaying neutrino
scenario the physical neutrino mass is generically higher than the cosmological one and the ac-
tual relationship depends on the active neutrino hierarchy and is dictated purely by energy and
angular momentum conservation. In particular this can become important if future experiments
as DESI & EUCLID do not detect neutrino masses as this would contradict the classical normal
and inverted hierarchy interpretation, whereas decaying neutrinos can bring both results and
interpretation in accordance.

In full generality, we can categorize neutrino decays according to two criteria: i) the nature
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of the decay products and ii) the number of particles in the final state. This leads us to

i) Nature of the decay products.

a) At least another active neutrino mass eigenstate νj .
Since energy and angular momentum conservation ensure the lightest neutrino state
to be stable, the cosmological constraint on

∑
mν cannot be relaxed by more than

0.06 eV and 0.1 eV for NH and IH, respectively. Although it can get very relevant
in the future, as discussed before, we will not focus on this possibility, since the
relaxation is tightly constraint.

a) Only BSM species.
In this case, the constraint on

∑
mν can be significantly relaxed to the level of∑

mν ≤ 1 eV at 95% CL, provided that the BSM particles are massless. This is
frequently called neutrino decay into dark radiation. The exact bound is subject
to ongoing investigation and recently updated in Ref. 4. New experimental data
sets, including the latest Planck 2018+BAO+Pantheon, and a refined analysis sig-
nificantly strengthened the bound on a possible cosmological neutrino decay while
being non relativistic. The main constraining power arises from the time modifica-
tion of the gravitational pull and the resulting modification of the Hubble parameter
and hence a modified late time large scale structure formation. On the other hand,
if 1/τν ≥ H0

√
Ωm(

∑
mν/(9Tν,0))

3/2, neutrinos decay while being relativistic and
the same reasoning can not be applied. However, decays in such a regime can be
constrained by noticing that decay and inverse decay processes alter the neutrino
free-streaming properties to lower scales which results in a phase shift of the high
multipole moments in the cosmic microwave background power spectrum. The re-
sulting bound in the phase space of active neutrino lifetime and its mass is shown in
figure 2.

i) Number of particles in the final state.

2) 2-body decays.
Angular momentum conservation requires the decay products to be one fermion and
one boson with spin 0 (scalar φ) or 1 (vector Z ′). Regarding the fermion, we will
consider two possibilities: a light neutrino mass eigenstate νi or a sterile neutrino ν4.

3) 3-body decays and beyond.

For sufficiently massive bosons, i.e. mφ,Z′ > mνi , any 2-body decay is kinematically
closed. However, such a boson can mediate off-shell a 3-body decay, which becomes
the dominant channel. In a model independent analysis only the decay of νi → ν4ν4ν4
allows to relax the cosmological neutrino mass bound in a broad region of parameter
space 1. However, in realistic neutrino models the mixing between active and sterile
neutrino states will close the viable window completely. Hence, we will not focus on
3-body decays and beyond here.

Therefore, according to this classification and discussion therein, six distinct neutrino decay
topologies are possible out of which only the decay νi → ν4φ/Z

′ can relax the bound to up∑
mν ∼ 1 eV in concrete model realizations. This will be the channel of interest for the rest of

the work. The effective Lagrangian describing the new interaction with a scalar boson is

Lφ ⊃ −φ
2 [νi (hij + iλijγ5) νj + νi (hi4 + iλi4γ5) ν4 + ν4 (h4i + iλ4iγ5) νi] + h.c. , (1)

and with a vector boson

LZ′ ⊃ −Z′μ
2

[
gLij ν̄iγ

μPLνj + gLi4 ν̄iγ
μPLν4 + gL4i ν̄4γ

μPLνi

]
+ h.c. , (2)
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Figure 2 – Left : Relationship between the physical active neutrino mass and the one inferred from cosmological
measurements. The correspondence is 1 : 1 in the case neutrinos are cosmological stable. If τν ≤ tU/10 the
cosmological mass is given as a result of energy and angular momentum conservation by

∑cosmo
μ = 3mlightest.

Right : Constraints on invisible neutrino decays for massless final state particles (dark radiation), see main text.
In yellow dashed we represent the current Planck bound on the neutrino mass.

where PL(R) is the left (right) handed projection operator and gL(R) represent left (right) handed
couplings. Note that we neglect the direct coupling between the sterile neutrinos because it can
only be phenomenological relevant for 3−body decays (and beyond) which, however, are strongly
disfavored as discussed above. The decay rate for the scalar interaction is then given by

Γ � λ2
i4

16π
mνi � t−1U

( mνi

0.3 eV

)( λi4

5× 10−16

)2

, (3)

and for the vector interaction

Γ � gLi4
2

16π

m3
νi

m2
Z′
� t−1U

( mνi

0.3 eV

)3(400TeV

mZ′/g
L
ij

)2

. (4)

Note that the translation of the Lagrangians given in equations (1) and (2) into the neutrino
flavour basis, active (να) and sterile (νs), can be realized via a rotation of the type να =
Uαi νi + θα4 ν4, νs = θsi νi + θs4 ν4. Since the mixing between the sterile and active neutrinos
θα4 and θsi should be small, Uαi with α = e, μ, τ and i = 1, 2, 3 is given by the PMNS matrix,
up to subleading corrections driven by the active-sterile neutrino mixing.

On the level of the effective Lagrangian couplings can be taken to be unrelated but in UV
complete theories couplings can be correlated via mixing patterns which may have non-trivial
origins. A first naive expectation is that one should expect either one of the two

• (λij : λi4 : λ44) � (1 : θ : θ2): Only active neutrinos interacting directly with a new force
carrier and ν4 − φ/Z ′ interaction arising via active-sterile neutrino mixing θ.

• (λij : λi4 : λ44) � (θ2 : θ : 1): Sterile neutrinos interacting directly with a new force carrier
while active neutrinos interact only via the mixing θ.

In the following section we will construct a model based on a minimal extension of the generic
seesaw neutrino mass framework which does not show the above mentioned hierarchical pattern
but leads to viable νi → ν4φ decay.

3 Concrete Model Realization

Successful neutrino models have to show a mass and flavour structure in accordance with the
latest oscillation data6. Many of these models realize such a pattern via imposed flavour symme-
tries which introduce symmetry protected zero modes in the neutrino mass matrix. A commonly
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considered two-flavour symmetry leads to two-zero textures which can successfully explain neu-
trino oscillation data but predict

∑
mν ≥ 0.12 eV in 5 out of 7 viable realizations7. Furthermore,

even though other models may not strictly predict neutrino masses in conflict with the current
cosmological bound many of them accommodate for

∑
mν ≥ 0.12 eV across large regions of the

parameter space. We will focus on the case of a neutrino model with an underlying U(1)μ−τ
flavour symmetry and incorporate an invisible neutrino decay via a simple extension of the
seesaw framework.

3.1 Neutrino Decay within the Seesaw Framework

The realization of the decay νi → ν4φ should not spoil the active neutrino mass generation
mechanism by the introduction of the new BSM states. In particular, a large mixing between
the active neutrino and the BSM states should be prevented to be in accordance with current
bounds on light sterile neutrinos. Hence, the task is to generate a (nearly) massless sterile
neutrino.

This, for example, can be realized by adding an extra fermion singlet SL and one complex
scalar singlet Φ to the usual seesaw model field content consisting of ≥ 2 Majorana type right-
handed neutrinos. The stability of the proposed model then is guarantied by an additional
global symmetry U(1)X . Assigning the new fields SL and Φ with opposite U(1)X charges while
having the rest of the field content uncharged the unique symmetry allowed term is yΦN̄RSL.
In the moment when the global U(1)X symmetry will by dynamically broken the complex scalar
Φ obtains a vacuum expectation value vΦ, rendering a massless goldstone boson – the Majoron
– and a massive real part of order vΦ. Working in the flavour basis, the 7 × 7 neutrino mass
matrix after symmetry breaking is given by

Mν =

⎛⎝ 0 mD 0
mt

D MR Λ
0 Λt 0

⎞⎠ , (5)

which is often referred to as the minimal extended seesaw. Here mD and MR are the 3×3 Dirac
and Majorana mass matrices, representing the usual seesaw model. The new piece is the 3× 1
matrix Λ whose elements are given by Λα = yαvΦ. The eigenvalues of the matrix represent the
mass eigenstates of the different particles at hand and the diagonalization under the assumption
of a scale hierarchy of the form Λ� mD �MR leads to

mi � m2
D/MR, να � νi + (mD/MR)Ni − (Λ/mD) ν4 ,

Mi � MR, N c
R � −(mD/MR)νi +Ni ,

m4 = 0, SL � (Λ/mD)νi + (Λ/MR)Ni + ν4 . (6)

A striking feature is the immediate identification that the active neutrino mass generation is
dominantly achieved via the typical seesaw mechanism, while the sterile state at tree level stays
exactly massless. Corrections to the active neutrino mass arising from the newly introduced
sterile neutrino are heavily suppressed and of order O(Λ2/MR) as long as we are in the limit
of the assumed scale hierarchy. The flavour composition is also such that mixings between
different states are always suppressed by x/y where x is some low-scale and y some high-scale.
This allows the model to be basically unaffected by BBN and neutrino oscillation constraints.
The strongest constraint on the active-to-sterile mixing is derived from cosmological BBN data

to be |θα4|2 � 4 × 10−6eV/
√
|Δm2

4i|, while laboratory neutrino oscillation data constrain the

mixing to be |θα4|2 � O(0.01). Note that as a result of the assumed scale hierarchy we have
m2

ν4 − m2
νi < 0, instead of the commonly considered scenario of m2

ν4 − m2
νi > 0 to explain

neutrino oscillation anomalies. Hence, in our model
√
|Δm2

4i| � mνi � 1 eV which leads to
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|θα4|2 ∼ Λ/mD � 10−3, which is equivalent to requiring a minimal scale hierarchy for the model
to work.

To connect to the discussion in the previous section we proceed by identifying the BSM
neutrino interactions in the mass basis which are given by expanding the unique new term in
the interaction Lagrangian

ΔL =
y

2
ΦNRSL + h.c ⊃ −y

2

Λ

MR
νci (σ − iγ5φ)νj −

y

2

mD

MR
νci (σ − iγ5φ)ν4

+
y

2
Ni(σ − iγ5φ)ν4 −

y

2

Λ

mD
Ni(σ − iγ5φ)νj + h.c , (7)

in which we denote with φ the Majoron and σ the massive radial component of Φ. Now comparing
to the phenomenological Lagrangian given in eq. (1) it is easy to identify the relation

λij � yΛ/MR, λi4 � ymD/MR, λ44 � 0 , (8)

which does not match any naive expectation for the coupling hierarchy as presented in section 2.
The sterile states among each other are non-interacting, while active-active and active-sterile
interactions are effective. The dominant coupling is indeed the desired active-to-sterile portal
which can be parametrized using the typical seesaw scales as

λi4 � y · 10−13
√( mν

0.1eV

)(1016GeV

MR

)
. (9)

Note that although the model additionally acomodates for three body decays if mσ � mν it can
not be used to relax the cosmological neutrino mass bound because λ44 � 0. Having discussed
the general strategy to account for neutrino decay within minimal extended seesaw model we
will turn to a concrete model realization in the following.

3.2 Flavour Symmetric Model

An example for a neutrino model which satisfies all neutrino oscillation data but predicts
∑

mν =
0.146 eV − 0.227 eV (0.121 eV − 2.7 eV) ≥ 0.12 eV at 1-σ (3-σ) is the one based on a global
U(1)μ−τ flavour symmetry. These type of models are also trivially anomaly free within the SM.
We shall adapt this model in order to illustrate a concrete UV-completion of the above discussed
neutrino decay scenario within the minimal extended seesaw framework. To this end we first
investigate the standard U(1)μ−τ scenario before we add the minimal extended particle content.

Minimal U(1)μ−τ model allowing for νi → νjφ
The minimal U(1)μ−τ model is equipped with only one SM singlet scalar ϕ and 3 heavy sterile
neutrinos Ni with U(1)μ−τ charges Q(ϕ) = +1, Q(Ne) = 0 and Q(Nμ) = −Q(Nτ ) = +1.
After the dynamical breaking of the global U(1)μ−τ symmetry the CP-odd odd component of
ϕ appears a massless Goldstone boson φ a. Hence, the model allows for decays of the type
νi → νjφ. The coupling λij controlling the decay probability is generated via mixing between
the heavy sterile and active neutrinos through the interaction L ⊃ −YeμϕN̄ c

eNμ − Yeτϕ
†N̄ c

eNτ

where Y denote the Yukawa couplings. To relate to the phenomenological coupling as expressed
in eq. (1) we use the standard seesaw relation for the mixing θNν �

√
mν/MN and assume

Yeμ � Yeτ to end up with

λij � YeμθNeνiθNμνj + YeτθNeνiθNμνj �
√
mνimνj

vμ−τ
� 10−11

mνi

0.1 eV

10GeV

vμ−τ
. (10)

aNote that when gravity is included into the theory we may end up with mφ > 0 but due to its weakness we
can safely expect mφ 	 mν .
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The requirement of cosmological fast neutrino decay leads to√
16π

f(mνi ,mνj )
tU � λij �

√
32π

f(mνi ,mνj )
10−8tU

( mνi

0.1 eV

)3
, (11)

where we defined the 2−body decay phase space function f(mνi ,mνj ) = (mνi − mνj )
3(mνi +

mνj )/m
3
νi . CMB constraints on the neutrino free streaming property sets the upper limit on the

coupling. Given the expression of the coupling above in eq. (10) this maps to 1 GeV � vμ−τ �
10 TeV. Interestingly, the required scale is just around the electroweak scale. Recall that the
relaxation for decays of type active-to-active is bounded by the mass splitting between the active
neutrino mass eigenstates and hence we need to extend the model to account for a relaxation of∑

mν ∼ 1 eV.
Minimal Extended U(1)μ−τ model allowing for νi → ν4φ

Let us now turn to discuss an extension of the analyzed U(1)μ−τ within the minimal extended
seesaw framework. Following the general discussion around eq. (5) we add one singlet fermion
SL and one complex scalar Φ to the model. Both are oppositely charged under some new
global symmetry U(1)X , but only Φ can carry a U(1)μ−τ charge in order to guarantee anomaly
cancellations. In order to allow for active-to-sterile neutrino conversion via the coupling yΦN̄RSL

the Φ charge under U(1)μ−τ has to one of the three options Q(Φ) = 0,±1, which leads to
ΛT = {Λe, 0, 0} or ΛT = {0,Λμ,Λτ} respectively. Combining the model independent result for
the decay rate of νi → ν4φ, as given in eq. (3), with the constraint on the coupling arising from
the minimal extended seesaw framework, as given in eq. (9), we arrive at

Γνi→ν4φ � 106t−1U y2
(∑

mν

1 eV

)2(1014 GeV

MR

)
. (12)

We show in figure 3 the physical parameter space in which the cosmological mass bound can
be relaxed, together with the 1σ and 3σ prediction for the light neutrino mass within the
considered model. In particular, for Yukawa couplings of order y ∼ 1 the neutrino mass bound
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Figure 3 – Parameter space of the U(1)μ−τ model within the minimal extended seesaw framework. The red bands
indicate the 1σ and 3σ prediction for neutrino masses within de model, generically being higher than the current
Planck bound (yellow dashed). Neutrino decays within the model can relax the tension within various orders of
magnitude in Yukawa coupling and Majorana mass scale.

can be relaxed for a Majorana scale of 1010GeV � MR � 1019 GeV, which points to a canonical
realization of the seesaw mechanism. Thereby, potential cosmological constraints on the right
handed Majorana neutrino can be evaded as well as its effects on low energy particle physics
experiment would be suppressed in the same manner.
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4 Summary and Conclusion

Neutrino masses are at present best constraint via the indirect inference from cosmological
measurements, while direct laboratory bounds are currently one order of magnitude weaker.
However, the cosmological neutrino mass bound, although stable against typical modification of
the background evolution, is strongly dependent on the underlying assumption of the particle
physics nature of the neutrino. The impact of cosmological fast neutrino decays onto the cosmic
microwave background has been investigated in Ref. 4. This allows to constraint the underlying
particle physics parameters as i.e. the involved couplings and its minimal beyond the Standard
Model realization. General constraints can be derived via a model independent analysis which
can be used to map to any concrete UV completed model realization. In particular, flavour
models of the type U(1)μ−τ can be embedded in the minimal extended seesaw framework to
allow to relax the cosmological neutrino mass bound

∑
mν ≤ 0.12 eV �→

∑
mν � 1 eV.

This is particularly interesting in the light of the sensitivity of upcoming galaxy surveys as
DESI and EUCLID. The 1-σ sensitivity of σ (

∑
mν) � 0.02 eV is equivalent to a neutrino mass

detection if neutrinos are cosmological stable particles within the cosmological standard model.
A potential non-detection then would be in tension with well established laboratory oscillation
experiments, but could be resolved within the neutrino decay scenario. Furthermore, if the
KATRIN experiment reports a neutrino mass detection within its expected sensitivity reach of∑

mν � 0.6 eV, models of neutrino decays are a possible explenation to reconcile cosmological
and laboratory measurements.
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Coherent elastic neutrino-nucleus scattering
first constraints / observations and future potential

Thomas Rink (on behalf of the Conus Collaboration)
Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

The detection of coherent elastic neutrino-nucleus scattering (CEνNS) opens new possibilities
for neutrino physics within and beyond the Standard Model. Following the initial discovery in
2017, several experimental attempts have emerged allowing this reaction channel to be studied
with the full repertoire of modern detection technologies. As one of several reactor experi-
ments, Conus aims for an observation with antineutrinos emitted from the powerful 3.9GWth

reactor of the nuclear power plant in Brokdorf (Germany). In particular, the application of
ultra-low threshold, high-purity germanium detectors within a sophisticated shield design in
close proximity to a nuclear reactor core represents an important step towards high-statistics
neutrino detection with small-scale detectors. In addition to the conventional interaction, typ-
ical extensions of the Standard Model neutrino sector can be investigated with data provided
from different neutrino sources and several target materials. Among these, new neutrino in-
teractions as well as electromagnetic neutrino properties are of particular interest. This talk
gives an overview of existing CEνNS results and highlights the advantage of using different
neutrino sources and target materials. The example of Conus is used to demonstrate the
various capabilities of recent and future CEνNS measurements.

1 Coherent elastic neutrino-nucleus scattering

Coherent elastic neutrino-nucleus scattering (CEνNS) is a flavor-blind and threshold-free inter-
action channel that is mediated by a weak neutral current. Shortly after the discovery of the Z
boson, it was postulated by Daniel Freedman in 1974 1 and remained undetected for over four
decades. Within the last five years, first observations were achieved by the Coherent Collabo-
ration at a π-decay-at-rest (πDAR) source and experiments located at nuclear reactors already
reported first results, i.e. Connie, Conus and Ncc-1701. Further experimental attempts try
to measure CEνNS with different target materials such that it is probed with the full repertoire
of modern detection technologies. The intriguing aspect of CEνNS is that its coherent nature
and the resulting scaling of the cross section with the squared neutron number N2, renders it
the strongest neutrino interaction within the Standard Model of Particle Physics (SM), if the
strict experimental requirements for its detection are met, cf. Fig. 1. To guarantee a coherent
interaction, the wavelength of the mediating particle must be of the order of the target nucleus,
λdB ∼ dA. This can be translated into an estimate of the maximally allowed neutrino energy
Eν � 80A−

1
3 [MeV], with A being the atomic number of the target nucleus. Although coherently

enhanced, the reaction’s observable, the nuclear recoil energy TA of the struck nucleus, scales
inversely with the target mass. Thus, a certain trade-off between the cross section’s coherent
enhancement (∼ N2) and the resulting nuclear recoil energy (∼ 1/N) is unavoidable.

The differential CEνNS cross section is given by

dσ

dTA
(TA, Eν) =

G2
F

π
Q2

WmA

(
1− mATA

2E2
ν

)
F 2(TA) , where QW =

1

2

[
(1− 4 sin2 θW )Z −N

]
, (1)
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Figure 1 – Comparison of different neutrino interaction cross section in terms of neutrino energy Eν for a Germa-
nium target. Coherent elastic neutrino-nucleus scattering (CEνNS) is about two order of magnitude stronger than
inverse beta decay (IBD) and about four orders of magnitude than elastic neutrino-electron scattering (EνeS).
Cross sections of electron scattering associated with recent limits on the effective neutrino magnetic moment
(νMM) and a neutrino millicharge (νMC) are also given for illustration. The figure is taken from Ref. 2.

with the Fermi constant GF , the nucleus mass mA, the nuclear form factor F 2(TA) and the weak
nuclear charge QW . The latter is determined by the nucleon composition of the target nucleus,
i.e. the number of neutrons N and protons Z, while the Weinberg angle sin2 θW renders it to
be mainly determined by the first. In order to observe CEνNS, the nuclear recoil energy TA

needs to be translated into a “detectable” signal, i.e. ionization signals in the case of the Conus
Germanium (Ge) detectors. During this conversion (usually referred to as quenching) energy is
lost in dissipative processes like heat such that only 10-20% of the originally stored energy can be
read out. Therefore, quenching puts even stronger constraints on the experimental specifications
and energy thresholds below ∼ 300 eVee are required for a detection with reactor antineutrinos
in a Ge semiconductor detector.

1.1 Complementarity between different neutrino sources

In order to satisfy the requirements for a coherently enhanced interaction, neutrinos need to be
have energies in the MeV-regime. At the moment, the two favored neutrino sources are nuclear
reactors (Connie, Conus, Ncc-1701) and πDAR sources (Coherent, Ccm, Ess), while solar
neutrinos are discussed in the context of the recent generation of dark matter direct-detection
experiments. At πDAR sources, a pulsed proton beam of GeV-energy is shot on a dense target,
while subsequent decays of produced pions and muons provide neutrinos of multiple flavors, i.e.
ν̄μ, νμ, νe, with energies reaching up to 50MeV. These neutrino energies allow for a large CEνNS
cross section and high nuclear recoil energies, but at the cost of being in a regime where deviations
from coherence occur. The time correlation between beam dumps and decays allows to suppress
background events by a factor of 103 − 104. In nuclear reactors, neutrinos are emitted in beta
decays of nuclear reaction chains and therefore yield only electron antineutrinos ν̄e. With a
particle emission of ∼ 1020GW−1s−1, they are the strongest artificial neutrino sources on Earth
and emit antineutrino with energies up to ∼ 10MeV. Although being in a regime where the
nuclear form factor can be approximated with unity, the lower neutrino energies consequently
lead to lower nuclear recoil energies, which are thus harder to detect. To take advantage of
these huge neutrino fluxes, a position inside the reactor building, close to the core is preferred.
Usually at these locations, strong safety regulation forbid the use of cryogenic liquids and remote
controlling. Both neutrino sources have their individual strengths and difficulties, but together
they allow us to probe different aspects of CEνNS at different energies and neutrino flavors.
In this way, they can be viewed as complementary approaches to CEνNS where information at
both sites can be used to gain more knowledge in combined studies.
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1.2 Experimental efforts and results

For the sake of brevity, we focus here on the four experiments that have already reported first
CEνNS results:

The detectors of the Coherent Collaboration are located at Oak Ridge National Lab (USA)
in an experimental corridor close to the facility’s interaction point with an overburden of 8m of
water equivalent (w.e.) and a flux of 4.3·107 cm−2s−1 at 20m distance. CEνNS investigations are
targeted with four detectors, each having a different energy threshold, mass and target material.
In 2017 and 2019, the collaboration reported successful CEνNS detection with its CsI[Na] and
LAr detectors, where 134± 22 (173± 48 predicted) 3 and 159± 43 (128± 17 predicted) 4 events
at 5 · 1020 and 13.7 · 1022 protons-on-target have been recorded, respectively.

The reactor experiment Connie is located at the Angra nuclear power plant (Brazil) and is
based on silicon CCD technology. The detector consists of stacked CCDs and exhibits a total
mass of 47.6 g targeting sensitivity to nuclear recoils down to TA ∼ 1 keVnr. At 30m distance
to two 3.8GWth pressurized water reactors, a neutrino flux of 7.8 · 1012 cm−2s−1 is achievable.
With data consisting of 2.1 kg·d reactor ON and 1.6 kg·d reactor OFF exposure, the collaboration
has limited the event rate related to new physics to be RNP < 40RSM at 95% confidence level
(C.L.).5 Further, theNcc-1701 experiment is located at 10.3m distance to the 2.96GWth boiling
water reactor of the Dresden nuclear power plant (USA). With a 3 kg p-type point-contact Ge
detector, CEνNS is probed down to the recoil energy region of 1-2 keVnr, while at site a neutrino
flux of 5 · 1013 cm−2s−1 is expected. In the beginning of 2022, “suggestive evidence” for a signal
detection has been claimed by the collaboration with 289 kg·d reactor ON and 75 kg·d reactor
OFF exposure.6

The Conus experiment is located at 17.1m distance to the pressurized water reactor of
the Brokdorf nuclear power plant (Germany). The experimental site exhibits an overburden of
10-45m w.e. (depending on the azimuthal angle) and a neutrino flux of 2.3 · 1012 cm−2s−1 is
expected. The shield consists of active and passive components that allow background reduction
factors of 103−104 such that a background level of O(10) keV−1d−1kg−1 in the region of interest
is achieved. Further, critical reactor-correlated background contributions are proven to be under
control. The Conus set-up applies four kg-size p-type point-contact detectors with (ionization)
energy thresholds of ∼ 300 eVee (corresponding to TA ∼ 2keVnr). Emphasis was put on a
special low-background design and electric cryocooling is chosen due to safety restriction inside
the reactor building. In order to fulfill the strict laboratory conditions close to the reactor core,
site monitoring has been steadily improved. In 2020, the Conus Collaboration constrained the
CEνNS signal rate to be RSM < 0.4 kg−1d−1 at 90% C.L. (for the currently favored quenching
description: (modified) Lindhard model k = 0.16 7,8) with a data set consisting of 249 kg·d
reactor ON and 59 kg·d reactor OFF exposure.9

2 BSM investigations of existing data sets

In the following, we will give an overview of BSM models than can be tested with data collected
from πDAR or reactor experiments. The presented results of the Conus Collaboration rely
on data sets with exposures of 209 kg·d reactor ON and 38 kg·d reactor OFF for CEνNS and
649 kg·d reactor ON and 94 kg·d reactor OFF for EνeS. The νMM investigation via EνeS uses
an even larger data sets with 689 kg·d reactor ON and 131 kg·d reactor OFF exposure.

2.1 Non-standard interactions

At first, we focus on a rather model-independent test of BSM physics. In the framework of
non-standard interactions (NSIs), new physics contributions are expected to arise from the UV
scale such that they manifest themselves at low-energy in terms of effective operators.10 Here,
we test two of such operators: a vector-type and a tensor-type operator.
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Figure 2 – Limits on up and down quark couplings of non-standard interactions for a vector-type (left) and tensor-
type operator (right). Illustrated are the allowed regions for various CEνNS and non-CEνNS experiments, while
the limits of Conus are given for different quenching parameters (k parameters of the modified Lindhard model).
The currently favored quenching behavior is given by k = 0.16 (green). The figures are taken from Ref. 11.

For the investigation of vector-type NSIs, we assume the existence of an operator that
exhibits the same chiral structure as the SM interaction, i.e.

OqV
NSI = (ν̄αγ

μPLνβ) (q̄γμPq) + h.c. , (2)

with the first generation of quarks q = {u, d}, the chiral projection operators P = {PL, PR} and
the flavor indices α, β. The corresponding couplings ε can be absorbed into the original weak
nuclear charge,

QV
NSI =

(
gpV + 2εuVαα + εdVαα

)
Z +

(
gnV + εuVαα + 2εdVαα

)
N

+
∑

α,β

[(
2εuVαβ + εdVαβ

)
Z +

(
εuVαβ + 2εdVαβ

)
N
]
, (3)

such that different targets/isotopes are needed in order to break occurring degeneracies. Due
to the same final states, this operator can interfere with the SM CEνNS interaction and may
even lead to a reduced number of signal counts. Bounds an vector NSIs of electron-type from
different neutrino sources and target materials are depicted in Fig. 2. Since the strength of
the new couplings is usually given in terms of the Fermi constant GF , one can convert the
obtained bounds on the coupling ε into a scale below which new physics can be excluded.
Taking the maximal deviation from zero along the main diagonal, which can be motivated
by the assumption of universal couplings to the first quark generation, one obtains the scales
ΛNP > 100GeV (Conus, k = 0.16) and ΛNP > 240GeV (Coherent, LAr), reflecting that
Conus data are currently not competitive to current πDAR data.

Further, we test for more exotic BSM physics in terms of a tensor-type operator of the form

OqT
NSI = (ν̄ασ

μννβ) (q̄σμνq) + h.c. , (4)

with σμν = i
2 [γ

μ, γν ] and the first generation of quarks q = {u, d}. The corresponding cross
section is given by(

dσ

dTA

)
tNSI

=
4mAG

2
F

π

[(
2εuTαβ + εdTαβ

)
Z +

(
εuTαβ + 2εdTαβ

)
N
]2 (

1− mATA

4E2
ν

)
, (5)

again with the mass, neutron and proton number of the target nucleusmA, N and Z, respectively.
Since the chiral structure of this interaction differs from SM one, there is no interference and
this BSM channel only contributes additional events. Moreover, this interaction exhibits a
higher kinematic cut-off, which allows it to extend to higher energies. This renders quenching
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less relevant such that the obtained bounds are determined primarily by the detectors’ energy
threshold and the achieved background levels. The obtained limits on the couplings to up and
down quarks can be found in Fig. 2. Here, Conus is able to set competitive bounds. However,
the acquired data sets are not able to break the degeneracy among both couplings, yet. By
taking again the maximal deviation from zero coupling along the diagonal, we can exclude new
physics contributions of the introduced tensor-type operator below ΛNP � 360GeV (CONUS,
k = 0.16).

In conclusion, we highlight that sub-percentage precision on the ε parameters translates to a
sensitivity on new physics located at the TeV-scale. Thus, small-scale CEνNS experiments might
represent a complementary probe of this scale that is usually tackled by Lhc experiments.10

2.2 Light mediator searches

One can further search for new mediating particles that lead to spectral distortions in the
recorded recoil spectrum at lowest energies. To investigate these, we apply the more general
framework of simplified models, which allows us to lay aside details of model building, but
include important kinematic features.12

At first, we assume the existence of a CP-even, massive and real scalar field φ and a right-
handed (sterile) neutrino νR with a Yukawa term that couples left-handed and right-handed
neutrino components The corresponding Lagrangian induces neutrino interactions with the first
generation of quarks q = {u, d} and electrons and is given by the following expression

Lφ = φ
(
gqSφ q̄q + geSφ ēe+ gνSφ ν̄RνL + h.c.

)
− 1

2
m2

φφ
2 , (6)

with the scalar couplings gxSφ to the SM fermions x = {q, e, ν} and the scalar mass mφ. Since
both scalar interactions, CEνNS and EνeS respectively, flip the neutrino’s chirality, they do not
interfere with the SM channels and are purely additive contributions, whose cross sections are
given by(

dσ

dTA

)
φ

=
(gνSφ Qφ)

2m2
ATA

4πE2
ν(2mATA +m2

φ)
2
,

(
dσ

dTe

)
φ

=
(gνSφ geSφ )2m2

eTe

4πE2
ν(2meTe +m2

φ)
2
, (7)

with the scalar equivalent of the weak nuclear charge Qφ and the nuclear and electron masses
and recoil energies, mA,e and TA,e, respectively. To further reduce the parameter space, we
assume in the following universal couplings to all SM fermions such that the model’s parameter
space is spanned by only two parameters, i.e. the scalar mass mφ and the coupling gφ. With
this assumption, the scalar charge of the nucleus simplifies to Qφ → gφ(14N + 15.1Z).

We also test for the existence of a light vector boson that mediates a new force related to
an additional U(1) gauge group. In this case, we do not include any additional particles, but
assume (at least) the first generation of quarks q = {u, d} and the electron to be charged under
the new symmetry and a Lagrangian to be of the form

LZ′ = Z ′μ
(
gνVZ′ ν̄Lγ

μνL + geVZ′ ēγ
μe+ gqVZ′ q̄γ

μq
)
+

1

2
m2

Z′Z
′
μZ

′μ , (8)

with the vector couplings gxVZ′ to the SM fermions x = {q, e, ν} and the boson mass mZ′ . Similar
to the case of vector NSIs, the new interaction has the same chiral structure as the SM channel
and, thus, interference is possible. The corresponding cross sections for CEνNS and EνeS
(including the SM contribution) exhibit the form(

dσ

dTA

)
CEνNS+Z′

=

(
1 +

gνVZ′√
2GF

QZ′

QW

1

2mATA +m2
Z′

)2(
dσ

dTA

)
CEνNS

, (9)
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Figure 3 – Limits on the parameter space of a light scalar (left) and a light vector mediator (right). The results
of various CEνNS experiments are presented, while CEνNS limits of Conus are given for different quenching
parameters (k parameters of the modified Lindhard model). The currently favored quenching behavior is given
by k = 0.16 (green). Limits from EνeS are deduced from a larger data set and indicated in orange. The figures
are taken from Ref. 11.

(
dσ

dTe

)
EνeS+Z′

=

(
dσ

dTe

)
EνeS

+

√
2GFmegV g

νV
Z′ g

eV
Z′

π(2meTe +m2
Z′)

+
me(g

νV
Z′ g

eV
Z′ )

2

2π(2meTe +m2
Z′)

2
, (10)

with the vector equivalent of the weak nuclear charge QZ′ . As before, we assume universal
coupling to the SM fermions such that the vector charge simplifies to QZ′ → 3 (Z +N) gZ′ and
the parameter space is reduced to the new mediator’s mass mZ′ and one universal coupling gZ′ .

The obtained limits for both mediator investigations and interaction channels are shown in
Fig. 3 in comparison to other CEνNS experiments. There are two characteristic regions for
both interaction channels: a flat region, where 2mA,eTA,e >> m2

φ,Z′ holds, and a slope with

2mA,eTA,e << m2
φ,Z′ . Here, the complementarity between CEνNS experiments using reactor

antineutrinos and neutrinos from πDAR sources becomes evident: due to their characteristic
neutrino energy they are sensitive to different mediator mass regions. Hence, reactors probe
lower masses while πDAR experiments are most sensitive to higher ones. Further, the huge
antineutrino flux at reactor site allows to deduce even stronger bounds via EνeS for small
mediator masses.

2.3 Electromagnetic properties of the neutrino

Finally, we illustrate what information can be drawn from CEνNS data sets in the context of
electromagnetic neutrino properties.13 In the SM, the neutrino is a left-handed, neutral fermion.
Thus, electromagnetic properties can only arise via loop processes which could allow BSM physics
to enter as well. Consequently, related quantities, e.g. a finite νMM or νMC, can be used to
probe new physics. Since properties of such quantities depend also on the neutrino’s fermion
nature, the question whether neutrinos are Dirac or Majorana fermions might be addressed.
Due to the higher flux at reactor sites, the effective electron νMM can be investigated via both
CEνNS and EνeS, while the multi-flavor neutrino content of πDAR sources allows to probe
both electron and muon as well as transition νMMs via CEνNS. The cross sections of the
corresponding νMM-induced interactions are given by(

dσ

dTe

)
= C

(
1

Te
− 1

Eν

)(
μνe

μB

)2

,

(
dσ

dTA

)
= CZ2

(
1

TA
− 1

Eν

)(
μνe,μ

μB

)2

F 2(TA) , (11)

with C = (πα2
em)/m

2
e, the proton number of the target nucleus Z and the nuclear form factor

F 2(TA). Note that both cross sections scale inversely with the recoil energy Te,A, giving an
advantage to detectors with very low energy thresholds. The Conus data sets constrain the
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Figure 4 – Spectral sensitivity of CEνNS in terms of neutrino energy Eν for Conus detector C1 and a threshold
energy of Ethr = 300 eV. The underlying reactor antineutrino spectrum is given in red, while the event fraction is
indicated for three different k parameters of the modified Lindhard model. The figure is taken from Ref. 2.

effective electron νMM via EνeS to μνe < 7.5 · 10−11 μB (90% C. L.), which lies in the range
of typical reactor bounds. Assuming a null result, the different scaling in the cross sections of
νMM and νMC allows to convert this limit into a corresponding limit for a neutrino millicharge.
In doing so, the Conus data yield a limit of |qνe | < 3.3 · 10−12 e (90% C. L.).14 With Coherent
data sets νMMs have been investigated with the CEνNS channel. Although coherently enhanced
(reflected by the squared proton number), the obtained bounds are generally one to two orders
of magnitude weaker than current limits from a reactor site, μ ∼ O(10−10−10−9)μB. Dedicated
investigations of νMCs at πDAR sources yield bounds of |qν | � O(10−8)e.15

3 Opportunities for CEνNS experiments

In addition to the BSM aspects discussed, CEνNS will provide further possibilities for inves-
tigations within and beyond the SM if the signal is measured with satisfying statistics. Mea-
surements of the Weinberg angle sin2 θW provide further knowledge in low energy regions where
uncertainty is still high. In particular, any deviation from the generic SM prediction could be a
hint towards BSM physics, e.g. a light Z ′-like mediator or a finite neutrino charge radius. Fur-
ther, CEνNS allows a model-independent extraction of the neutron density distribution, while
the neutrino sources discussed here contribute knowledge at different momentum transfers. A
direct measurement of a reactor’s antineutrino spectrum is another application of this channel.
Here, CEνNS exhibits sensitivity to high neutrino energies where uncertainties are still large,
cf. Fig. 4.

In the context of BSM physics, there are further model classes that can be probed with
CEνNS. For example, the CEνNS signal can be used to measure the total neutrino flux and test
for oscillation modes into sterile neutrinos. Although not explicitly designed for this purpose,
CEνNS experiments might contribute further knowledge to the search for eV-mass sterile neu-
trino discussed in the context of neutrino flux anomalies at short-baselines. Analogous to the
above studies, one can further look for new massive fermions that are created in the CEνNS
process. Especially interesting are models that discuss these new fermions in the context of neu-
trino mass generation or dark matter. Next to direct interactions, further analyses are possible
in terms of newly created particles at πDAR sources or in nuclear reactor. CEνNS-measuring
devices could help to probe portal interactions induced for example by axion-like particles or
dark photons.

4 Conclusion

In this talk we argued that CEνNS opens a new path to high-statistic neutrino physics, where
neutrinos can be investigated with “car”-size detectors. While this “new” interaction channel
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is going to be probed with the full spectrum of modern detection technologies, reactor and
πDAR experiments represent complementary approaches with their individual strengths and
weaknesses. The recorded and future data allow for various SM and BSM investigations like
the measurements of the Weinberg angle or searches for NSIs or light mediating particles. The
Conus Collaboration has performed several improvements for the recent data collection periods,
e.g. better environmental stability and a new DAQ system with lower threshold energy and pulse
shape capacity. The analysis of latest data sets from the Brokdorf site is already in preparation
and new experimental sites are under discussion. All in all, CEνNS allows for an active and
bright future in which even flavor-blind neutrino astronomy of the neutrino floor and supernovae
seems within reach. The next generation of CEνNS experiments in combination with dark matter
direct-detection searches will definitely provide a huge playground for phenomenology.
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We still miss knowledge of neutrinos at the TeV energies, which may be a key to understanding
the physics beyond the Standard Model. The FASER experiment is going to study neutrinos
from the LHC for the first time, targeting this energy range. FASERν, a sub-detector of the
FASER experiment, is designed to be sensitive to three neutrino flavors and also heavy quark
flavors. The effectiveness of the detector and setup was demonstrated by the pilot run in 2018.
FASER is starting data taking in 2022, and will correct O(104) neutrinos interactions during
LHC Run 3 (2022-2025). A discussion on the next generation experiment is ongoing.

1 Introduction

Although the properties of neutrinos have been studied by various methods, we still miss data
on their behavior at the TeV energy ranges. Figure 1 shows the available data in gray in the
deep-inelastic scattering regime. For νμ, which has been studied the most, there are data upto
360 GeV by accelerator methods, and above 6 TeV with cosmic-rays. There is a big gap between
them. νe and ντ have less data and the maximum measured energies are about 250 GeV. A
measurement of neutrinos at this unexplored energy is not only interesting for understanding
interaction cross sections, but also attractive because it allows us to test Lepton Universality
in neutrino scattering. The particle physics community recently identified the so-called flavor
anomalies, indicating lepton universality violation in interactions between heavy quarks and
leptons. It may be due to an effect mediated by new physics. If exists, we should also see such
effects in neutrino scattering with heavy quark production channels.

In order to study neutrinos at the TeV energy, we investigated the possibility of employing
the Large Hadron Collider (LHC) as a neutrino source. By placing a neutrino detector at the
far forward region of the LHC, we can realize a neutrino experiment with three flavors at the
TeV energy scale as also shown in Figure 1. This will extend our knowledge of neutrinos to the
highest energies for νe and ντ , and fill the gap between the accelerator and cosmic ray methods
for νμ. We have realized such a high energy neutrino experiment in the FASER experiment.
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Figure 1 – Neutrino fluxes at the LHC. The colored histogram indicates the neutrino interacting spectra (per bin,
a.u.).

2 The FASER experiment

The FASER experiment has two main pillars, one is a search for new weakly-interacting light
particles 1, the other is the high energy neutrino studies (FASERν) 2,3, by exploiting the forward
beam at the LHC. Both projects were approved in 2019. In this paper, we shall focus on
the neutrino part of the FASER experiment. Figure 2 shows the schematic of LHC’s neutrino
beamline. At the proton-proton interaction point, an intense beam of mesons is created in the
forward direction. Some of them decay into neutrinos (and possibly new hypothetical particles)
before the LHC magnet. Then, charged particles are deflected away by the magnets and neutral
hadrons stop in the rock. Only neutrinos can go straight through 100 m of rock. There is a
disused service tunnel, where we will put the FASERν detector. In this way, we can exploit the
intense neutrino beam from the LHC with a minimum cost for infrastructure. FASERν is the
first experiment using a collider as a neutrino source.

Figure 2 – LHC’s “Neutrino beamline” layout

Figure 3 shows the detector setup in Run 3 of LHC operation from 2022 to 2025. The
FASERν detector is made of 770 layers of emulsion tracker and the same number of 1 mm thick
tungsten target plates, which is followed by the spectrometer. The target volume is 25 cm wide
×30 cm high ×105 cm long, with a target mass of 1.1 tons. In the FASERν detector, thanks to
the high precision emulsion tracker, three neutrino flavors can be separated by their topology.
Electron will quickly develop electromagnetic showers, muon will penetrate the detector, tau will
make decay topology. The energy resolution is estimated to be about ΔP/P � 30%. There is an
interface detector, which allows to make a global reconstruction with the FASER spectrometer,
making it possible to separate muon neutrino and anti-muon neutrinos. The emulsion trackers
will be replaced three times a year to suppress detector occupancy (track density) sufficiently
low for analysis.

Although the detector is relatively small, we expect a large number of charged-current inter-
actions in FASERν, as shown in Table 1 4. It is obtained by simulating p-p collisions with major
hadron production generators. The averaged number of expected interactions are about 2000 νe,
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Figure 3 – Detector configuration in Run 3

5800 νμ and 40 ντ . Using these statistics, the production, propagation and interactions of TeV
energy neutrinos will be studies. Figure 4 shows the expected cross section sensitivities based
on the statistics (but without DPMJET). Several data points will be provided in the unexplored
energies. Furthermore, νμ and ν̄μ data will be separately plotted thanks to the spectrometer.

The heavy quark production channels will be then studied by taking the ratio of heavy quark
production with respect to inclusive charged current interactions. For example for charm,

R�
c =

σ(ν�N → XcN
′)

σ(ν�N → N ′)
. (1)

Here, Xc is charmed particles, such as D±, D0, D±s , Λc. About 15% of neutrino charged-current
interactions are expected to produce charmed hadrons at FASERν’s energy thanks to large
Vcd and Vcs. The ratio of the charm production ratios between different neutrino flavors, e.g.
Re

c/R
μ
c , will be compared with Standard Model (SM) predictions to test Lepton Universality in

neutrino-induced charm productions. Bottom hadron production channels will also be searched
for. The SM bottom production process is strongly suppressed due to small Vub. The expected
SM events is only O(0.1) events in all the neutrino flavors. Any observation of bottom hadron
could be a hint of new physics effect.

Table 1: Expected number of charged-current interactions in the FASERν during LHC Run 3 (150 fb−1). The
numbers strongly depends on the hadron production model for the proton-proton collisions. The small error bars
are due to statistics. The larger error bars takes also into account the range of neutrino flux predictions.

Furthermore, the neutrino measurements can provide deep insights on QCD. At the LHC
energy, forward charm particles are created mostly by gluon-gluon interactions. Figure 5 shows
the kinematical features of gluons which contribute to electron neutrino flux at FASERν through
charmed particles. Those are either large-x or very small-x below 10−5. Such a characteristic
kinematical feature is ideal to test the small-x factorization and also to test intrinsic charm. This
is of interest of fundamental QCD processes, as well as important to understand the so-called
prompt atmospheric neutrinos.
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Figure 4 – Expected cross section sensitivity of FASERν

Figure 5 – Gluon kinematical features for those contributing to electron neutrino fluxes at FASERν through
charmed particles.

3 Results from the pilot run 2018

For the proof of principle, we carried out a pilot run in 2018. Figure 6-left is a photo of the
30 kg neutrino detector, which was exposed to the LHC’s neutrino beam, collecting 12.2 fb−1

of data at the collision energy of 13 TeV. The observed tracks in a tiny volume of 2 mm × 2
mm × 10 emulsion films are also shown as an example. We observed a lot of tracks but they
are found to be muons and electrons, so that they will not mimic neutrino interactions. After
a careful search of neutrino interaction vertices, we found 18 candidate events. Figure 7 shows
the result of multivariate analysis for data (black), together with signal (blue) and background
(green) estimations. The statistical significance from NULL hypothesis is calculated to be 2.7
σ 5. This result demonstrates the detection of neutrino events at the actual LHC environment.

Figure 6 – Left: A photo of pilot run detectors. Center: Reconstructed tracks in a small volume of detector.
Right: A neutrino interaction candidate.
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Figure 7 – Output of the BDT (Boosted Decision Tree) analysis on the neutrino interaction candidates.

4 Data taking in 2022 and prospects in LHC Run 3

We completed installation of the FASER detector in 2021. On March 15th 2022, the FASERν
commissioning detector (30% filled with emulsion trackers) was installed and is waiting for the
LHC p-p collisions in June 2022. Figure 8 shows the installed FASER and FASERν detectors.
The detector will then be replaced with a fully loaded detector in July and September in 2022.
We expect to accumulate 7 to 20 fb−1 of data at 13.6 TeV collision energy in this year. During
LHC Run 3 in 2022-2025, a nominal luminosity of 150 fb−1 will be collected. The readout and
analysis of the FASERν emulsion detector will catch up with the data taking.

Figure 8 – Photos of the FASER and FASERν detectors. The orange part in the right photo is FASERν.

5 Forward Physics Facility at the HL-LHC

The FASER experiment, including both BSM particle searches and neutrino studies, has opened
a new field of research at the LHC. The field is evolving with additional physics objectives, such
as the QCD studies, milli-charged particle search, dark matter, etc. In order to further exploit
the forward beam in the High Luminosity LHC (HL-LHC) era for a wide range of physics topics,
a new experimental hall is necessary. The Forward Physics Facility (FPF) is proposed for this
purpose, as shown in Figure 9. Its concepts are summarized in a paper 6 and the SNOWMASS
white paper 7.

6 Conclusion

FASERν in the FASER experiment is the first attempt to make use of neutrinos from a collider.
Thanks to its unique setup, we can study production, propagation and interactions of high energy

297



Figure 9 – Schematic of the FPF (left), and the overview of physics subjects in FPF (right).

neutrinos with a flavor sensitivity. The detection of LHC neutrinos was already demonstrated by
data from the pilot run in 2018, with a significance of 2.7 σ from the NULL hypothesis. FASER
starts data taking these months and expects O(104) neutrino interactions during LHC Run 3
(2022-2025). Furthermore, the discussion of the next generation experiment in the HL-LHC era
is ongoing.
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Explaining the Cabibbo angle anomaly

A. Crivellin1,2
1Paul Scherrer Institut, CH–5232 Villigen PSI, Switzerland

2Physik-Institut, Universität Zürich, Winterthurerstrasse 190, CH–8057 Zürich, Switzerland

The determinations of the Cabibbo angle from kaon, pion, D and tau decays disagree with
the one from super-allowed beta decays. The resulting ≈ 3σ deficit in first row (but also first
column) CKM unitarity is known as the Cabibbo angle anomaly (CAA). Determining Vud from
beta decays requires knowledge of the Fermi constant GF , usually extracted from muon decay.
However, because new physics might also affect muon decay, and thus the determination of
the Fermi constant, an interesting interplay with the global electroweak fit arises where GF is
a crucial input. In these proceedings we review the CAA and its different interpretations in
terms of physics beyond the SM, first discussing the corresponding effect in the effective field
theory and then using (simplified) models.

1 Introduction

The Cabibbo angle parametrizes, up to higher order corrections in the Wolfenstein parameter,
the mixing among the first two generations of quarks and therefore determines the CKM elements
Vus and Vud. It can be measured in kaon, pion, tau and beta decays. Concerning the latter, super-
allowed beta decays provide the most precise determination of the Cabibbo angle, however, its
values disagrees with the other determinations. The significance of this tension crucially depends
on the radiative corrections applied to β decays 1, but also on the treatment of tensions between
K�2 and K�3 decays 2 and the constraints from τ decays 3, see Ref. 4 for more details. However,
in the end, an ≈ 3σ deficit in first row (and less significant in first column) CKM unitarity 5∣∣Vud

∣∣2 + ∣∣Vus

∣∣2 + ∣∣Vub

∣∣2 = 0.9985(5) ,
∣∣Vud

∣∣2 + ∣∣Vcd

∣∣2 + ∣∣Vtd

∣∣2 = 0.9970(18) , (1)

seems reasonable. This situation is shown in the left plot of Fig. 1 6.
As these unitarity relations are dominated by Vud, and since tau, pion and kaon andD decays

would require different kinds of new physics contributions, this suggests that NP should enter
the determination of Vud, assuming that the anomaly has, in fact, a beyond the Standard Model
(BSM) origin. Furthermore, as shown in Ref.4, the sensitivity to a BSM effect in (super-allowed)
β decays is enhanced by a factor |Vud|2/|Vus|2 compared to kaon, τ , or D decays.

Importantly, for determining the Cabibbo angle from (super-allowed) beta decays, knowledge
of the Fermi constant GF , i.e. the effective weak force at low energies, is necessary. Even though
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GF [10-5/GeV2]
Figure 1 – Left: Different determinations of Vus and Vud leading to the CAA 6. Right: Values of GF from the
different determinations 8.

GF is extremely precisely measured via muon decay 7

Gμ
F = 1.1663787(6)× 10−5GeV−2 , (2)

at the level of 0.5 ppm, it is not necessarily free of BSM contributions. In fact, as for any
measurement, one can only conclude the presence or absence of BSM effects by comparing Gμ

F

to another independent determination. Therefore, the CAA could not only be explained via
a BSM effect in beta decays, i.e. d → ueν transitions, but also via an effect in muon decay
(μ→ eνν), changing the value of the Fermi constant.

In order to determine if muon decay and/or beta decays subsume BSM effects, one can
determine the Fermi constant from the EW precision observables 9. In our global fit 8, including
the W mass, sin2 θW , and Z-pole observables 10 etc., we find

GEW
F

∣∣∣
full

= 1.16716(39)× 10−5GeV−2 . (3)

As depicted in the right plot of Fig. 1, this value lies above Gμ
F by ≈ 2σ, reflecting the known

tensions within the EW fit 11,12. For comparison with Ref. 9, if one considered only sin2 θW , one
would obtain

GEW
F

∣∣∣
minimal

= 1.16728(83)× 10−5GeV−2, (4)

consistent with Eq. (3), but with a larger uncertainty. The pull of GEW
F away from Gμ

F is mainly

driven by MW , sin2 θW from the hadron colliders, A�, and A0,�
FB.

We can also translate the CAA into a determination of the Fermi constant by requiring that
it takes the value which restores CKM unitarity:

GCKM
F = 0.99925(25)×Gμ

F = 1.16550(29)× 10−5GeV−2 . (5)

Comparing the three independent determinations of GF in right plot of Fig. 1, one finds a situa-
tion in which GEW

F lies above Gμ
F by 2σ, GCKM

F below Gμ
F by 3σ, and the tension between GEW

F

and GCKM
F amounts to 3.4σ. Therefore, if one wants to explain the CAA, i.e. the disagreement

between GCKM
F and Gμ

F by NP in muon decay only, one increases the tension with the EW.
Therefore, models that give a direct effect in beta decays and/or an effect in the EW fit are
welcome.

In these proceedings, we first review the possible solutions to the CAA in terms of effective
operators before we briefly discuss (simplified) new physics models.
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)a )b

)c )d

Figure 2 – Possible explanations of the CAA in terms of effective operators. a) and b) change directly the
determination of Vud from beta decays while c) and d) lead to an effect in the Fermi constant that changes
indirectly the values of Vud extracted from (super-allowed) beta decays.

2 SMEFT analysis

Among the set of gauge-invariant dimension-6 operators 13,14, there are four classes that affect
muon and/or beta decays 15,16,17,18 and therefore have the potential to explain the CAA:

a) 4-fermion operators affecting beta decays (u→ deν)

b) Operators generating modified W–u–d coupling,

c) 4-fermion operators affecting muon decays (μ→ eνν)

d) Operators generating modified W–μ–ν couplings

This is illustrated in Fig. 2.

2.1 Four-fermion operators in d→ ueν

The operators Q
(1)1111
�equ and Q

(3)1111
�equ give rise to d → ueν scalar amplitudes which lead to en-

hanced effects in π → μν/π → eν (w.r.t β decays) and therefore can only have a negligible

impact on Vud. Furthermore, the tensor amplitude generated by Q
(3)ijkl
�equ has a suppressed ma-

trix element in β decays.

For Q
(3)1111
�q , the CAA prefers C

(3)1111
�q ≈ 0.7×10−3GF . Via SU(2)L invariance, this operator

generates neutral currents

LNC = C
(3)1111
�q

(
d̄γμPLd− ūγμPLu

)
ēγμPLe, (6)

leading to effects in non-resonant di-electron searches at the LHC. Interestingly, CMS found an
excess of such high-energetic electrons24 and also ALTAS observed more events than expected25,
as predicted by an explanation of the CAA via this operator 26. This can be seen Fig. 3 where
also R(π), testable at the future PIONEER experiment 27, is shown.
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Figure 3 – Δχ2 = χ2−χ2
SM as a function of the Wilson coefficient [C

(3)
�q ]1111 for R(π) (blue), the CAA (green), the

CMS analysis of di-lepton pairs (red) and the combination of them (black) with the dark orange region showing
the 1σ and 2σ regions of the combined fit. The hatched region is excluded at 95% CL from the non-resonant
di-lepton search of ATLAS (not included in the χ2 function). The best fit point for the combined fit (black) is at

[C
(3)
�q ]1111 ≈ 1.1/(10TeV)2 where χ2 − χ2

SM ≈ −20.

2.2 Modified W − u− d couplings

There are only two operators modifying W couplings to quarks

Q
(3)ij
φq = φ†i

↔
D

I

μφq̄iγ
μτ Iqj ,

Qij
φud = φ†i

↔
Dμφūiγ

μdj . (7)

First of all, Qij
φud generates right-handed W–quark couplings. Q

(3)ij
φq generates modifications of

the left-handed W–quark couplings and data prefer

C
(3)11
φq ≈ 0.7× 10−3GF . (8)

Due to SU(2)L invariance, in general effects in D0–D̄0 and K0–K̄0 mixing are generated. How-
ever, in case of alignment with the down-sector, the effect in D0–D̄0 is smaller than the experi-
mental value and thus not constraining as the SM prediction cannot be reliably calculated.

2.3 Four-fermion operators in μ→ eνν

Disregarding flavor indices, two operators can generate a charged current involving four leptons:

Qijkl
�� = ̄iγ

μj ̄kγ
μl, Qijkl

�e = ̄iγ
μj ēkγ

μel. (9)

Note that for Qijkl
�� , e.g. the identities Qijkl

�� = Qklij
�� = Qilkj

�� = Qkjil
�� hold. Taking this into

account, we have 9 independent operators that contribute to μ→ eνν at tree-level 8:

1. Q2112
�� gives rise to a real and SM-like amplitude. Therefore, it can give a constructive or

destructive effect in the muon lifetime and does not affect the Michel parameters 19. In
order explain the CAA at the 1σ level we need C2112

�� ≈ −1.4 × 10−3GF . This Wilson
coefficient is constrained by LEP searches for e+e− → μ+μ− 10

− 4π

(9.8TeV)2
< C1221

�� <
4π

(12.2TeV)2
, (10)

such that a solution of the CAA is possible.
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2. Even though Q2112
�e possess a vectorial Dirac structure, it leads to a scalar amplitude after

using Fierz identities. Its interference with the SM is usually expressed via the Michel
parameter η = ReC2112

�e /(2
√
2GF ), leading to a correction 1− 2ηme/mμ. The shift in Gμ

F

is constrained to be at most 0.68 × 10−4 20, well below the required effect for solving the
CAA.

3. The operators Q1212
��(e) can contribute to muon decay since the neutrino flavors are not

detected. To explain the CAA we need |C1212
�� | ≈ 0.045GF or |C1212

�e | ≈ 0.09GF , such that
both solutions are excluded by muonium–anti-muonium oscillations (M = μ+e−) 21.

4. ForQ1112
��(e) again numerical values of |C1112

��(e)| ≈ 0.09GF are preferred (as for all the remaining

Wilson coefficients in this list). Both operators give tree-level effects in μ→ 3e, e.g.,

Br [μ→ 3e] =
m5

μτμ

768π3

∣∣C1112
��

∣∣2 = 0.25

∣∣∣∣C1112
��

GF

∣∣∣∣2, (11)

which exceeds the experimental limit on the branching ratio of 1.0× 10−12 22 by orders of
magnitude (the result for C1112

�e is smaller by a factor 1/2).

5. The operators Q2212
��(e) and Q3312

��(e) contribute at the one-loop level to μ → e conversion and

μ → 3e and at the two-loop level to μ → eγ 23. Here the current best bounds come from
μ→ e conversion. Using Table 3 in Ref. 23 we have∣∣C3312

��

∣∣ < 6.4× 10−5GF ,
∣∣C2212

��

∣∣ < 2.8× 10−5GF , (12)

again excluding a sizable BSM effect. Similarly, Q3312
�e and Q2212

�e cannot provide a viable
solution of the CAA.

6. Q2312
��(e), Q

3212
��(e), Q

1312
��(e), and Q3112

��(e) contribute to τ → μμe and τ → μee, respectively, which
forbid a sizable effect in analogy to μ→ 3e.

2.4 Modified W–μ–ν couplings

Only the operator

Q
(3)ij
φ� = φ†i

↔
D

I

μφ̄iγ
μτ Ij (13)

generates modified W––ν couplings at tree level. In order to avoid the stringent bounds from

charged lepton flavor violation, the off-diagonal Wilson coefficients, in particular C
(3)12
φ� , must

be very small. Since they also do not generate amplitudes interfering with the SM ones, their

effect can be neglected. Because C
(3)11
φ� affects Gμ

F and GCKM
F in the same way and thus has

no effect in the CAA. Therefore, only C
(3)22
φ� > 0 can explain the CAA while C

(3)22
φ� > 0, and

|C(3)22
φ� | < |C(3)11

φ� | are preferred in this case by tests of lepton flavor universality tests such as

π(K)→ μν/π(K)→ eν or τ → μνν/τ(μ)→ eνν 28,4,29. However, C
(3)ij
φ� also affects Z couplings

to leptons and neutrinos, which enter the global EW fit.

3 Models addressing the CAA

The following NP models (see Ref. 30 for a complete categorization of tree-level extensions of
the SM) give contributions to the effective operators discussed in the last subsection, which can
explain the CAA.
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3.1 W ′ boson

A W ′ boson with couplings to left-handed fermions (i.e. the charged component of an SU(2)L
triplet) affects the CAA via:

• Modified Wμν coupling generated by the mixing with the SM W , encoded in C
(3)
φ� . This

leads to limited effects in the CAA due to the stringent constraints from Z decays 31,32.

• Tree-level effects in μ→ eνν via C
(3)
�� .

• Tree-level effects in d→ ueν via C
(3)
�q if the W ′ couples to quarks and leptons 33.

• Modified W − u− d coupling generated by the mixing with the SM W encoded in C
(3)
φq .

3.2 Vector-like Leptons

Vector-like leptons (VLL), such as right-handed neutrinos 34, affect W − − ν coupling via their
mixing with SM leptons and are EW symmetry breaking. There are 5 representations of vector-
like leptons that can couple to SM leptons and the Higgs and mix with the former after EW
symmetry breaking. However, a single representation alone cannot explain the CAA and result
simultaneously in a good EW fit 31,32.

3.3 Vector-like Quarks

Similar to vector-like leptons, vector-like quarks mix with the SM ones after EW symmetry
breaking an lead to modified W − u − d couplings. Two vector-like quarks are found of being
capable of accounting for the CAA 35.

3.4 Singly charged SU(2)L singlet scalar

Being an SU(2)L × SU(3)C singlet with hypercharge +1, only Yukawa-type interactions with
leptons are allowed. Due to hermicity of the Lagrangian it has anti-symmetric (i.e. off-diagonal)
couplings it results in an effect in muon decay with the right sign such that in can explain the
CAA via an shift in the Fermi constant 36,37,38,39.

3.5 SU(2)L Neutral Vector Boson (Z ′):

A Z ′ boson which is an SU(2)L singlet only interferes with the SM amplitudes for μ → eνν
if it has flavour violating couplings to leptons. In this case a necessarily constructive effect is
generated that can explain the CAA if other couplings are so small that the bounds from charged
LFV are respected 40.

3.6 Leptoquark

Even though LQs can generate tree-level effects in beta decays, in this case, low energy par-
ity violation or kaon decays, are, in general, more constraining and prevent a solution of the
CAA 41,42.

4 Conclusions and outlook

The Cabibbo angle, parametrizing the mixing among the first two quark generations can be
measured in kaon, tau, pion, D and beta decays. However, the determination from super-
allowed beta decays disagrees with the other measurements, leading to an ≈ 3σ deficit in first
row CKM unitarity, known as the CAA.

Since for extracting Vud from (super-allowed) beta decays knowledge of the Fermi constant
is necessary. Even though the the Fermi constant is very precisely measured in muon decay, it is
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not necessarily free of new physics. THerefore, there are for ways how one can explain the CAA
in terms of NP via effective operators: a) 4-fermion operators affecting beta decays (u→ deν),
b) operators generating modified W–u–d coupling, c) 4-fermion operators affecting muon decays
(μ→ eνν) and d) operators generating modified W–μ–ν coupling. In terms of (simplified) BSM
models, these operator can be generated by a) W ′, leptoquarks, b) W ′ (mixing with the SM
W ), vector-like quarks, c) W ′, singly charged scalar, Z ′ (with lepton flavour violating couplings),
d) vector-like leptons, W ′ (mixing with the SM W ). Note if only muon decay receives a BSM
contribution, the CAA can be explained, but at the expense of a enhanced tension within the
global EW fit.
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Charm and B to charm decays at Belle II

R. Manfredi, on behalf of the Belle II Collaboration

University and INFN, Trieste

We report on precise measurements of charmed hadron lifetimes from the Belle II experiment
and on the measurement of the angle γ combining Belle and Belle II data.
To measure charmed hadron lifetimes we use samples of electron-positron collisions collected
from 2019 to 2021 near the Υ(4S) resonance, corresponding to integrated luminosities of
up to 207.2 fb−1. The results are the world’s best determinations, indicating excellent early
detector performance. We measure the angle γ using a model-independent Dalitz plot analysis
combining Belle and Belle II data, with a total sample size of the order of 1 ab−1. This is the
first combined analysis, and shows significant improvement with respect to previous B-factory
determinations.

1 Introduction

The physics of charmed and beauty hadron decays is fundamental for the Belle II physics pro-
gram, with results expected to improve the precision of several sensitive tests of the Standard
Model in the flavor sector. Belle II is a particle detector designed to study 7-on-4 GeV electron-
positron collisions at 10.58 GeV, produced at very high luminosity by the SuperKEKB collider
located at the KEK laboratory in Japan. 1 The collision energy corresponds to the mass of the
Υ(4S) resonance. The Υ(4S) decays almost exclusively into BB̄ pairs with insufficient phase
space to produce additional particles, which results in low backgrounds. The beam-energy asym-
metry boosts the center of mass allowing measurable displacements of the B decay vertexes from
the interaction point, which are required for decay-time dependent measurements. A fraction
of the data, called “off-resonance”, is collected at a collision energy ≈ 60 MeV below the Υ(4S)
mass, to exclude the production of BB̄ pairs and study non-B backgrounds.
Belle II consists of several subdetectors, arranged hermetically in a cylindrical geometry around
the interaction point (IP). The innermost detector is a silicon tracker, based on pixel sensors for
the first two layers (PXD) and on silicon strip sensors for the surrounding four layers (SVD). The
silicon tracker samples the trajectories of final-state charged particles at radii 1.4 < r < 13.5 cm
to reconstruct the decay position (vertex) of their long-lived parent particles, with a resolution of
about 15 μm. A large-radius wire drift chamber (CDC) measures charged-particle charges, mo-
menta with 0.4% resolution, and dE/dx with ∼7% resolution. A time-of-propagation Cherenkov
detector and an aerogel ring-imaging Cherenkov detector surround the drift chamber and provide
charged-particle identification (PID) information, allowing for separation of kaons from pions of
up to 4 GeV/c momentum, with 90% efficiency and 5% misidentification rate. A CsI(Tl)-crystal
electromagnetic calorimeter measures the energy of electrons and photons, with 1.6%–4% res-
olution. Layers of plastic scintillators and resistive-plate chambers alternated with iron plates
provide muon and K0

L reconstruction. Belle II started to collect data in March 2019, aiming to
accumulate a sample comparable in size to the ones from previous B factories by summer 2022,
and with the goal of collecting about forty times more data in the next decade. The Belle II
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data used in this work have been collected up to the end of 2021, corresponding to integrated
luminosities of up to 207.2 fb−1. 2 We report on precise measurements of charmed hadrons D0,
D+, and Λ+

c lifetimes. We also report on the measurement of the CKM angle γ, performed
combining Belle II data with the full Belle data set.

2 Charmed lifetimes measurements

Theoretical predictions of charmed hadron lifetimes are challenging because they rely on the
description of strong interactions at low energies. They are typically achieved using effective
models, such as the heavy-quark expansion, 3,4,5,6,7,8 that can be tested with precise lifetime
measurements. We reconstruct D∗+ → D0 (→ K−π+)π+ and D∗0 → D+ (→ K−π+π+)π0 in
72 fb−1 of data, 9 and Λ+

c → pK−π+ in 207.2 fb−1 of data. The decay time of each candidate is
measured from the projection of the displacement (�L) of the decay vertex from the production
vertex on the momentum (�p) direction, as t = m�L · �p/|�p|2, where m is the mass of the charmed
hadron.
Tracks are required to have at least one hit in SVD and 20 or 30 hits, depending on the decay
channel, in the CDC. In the D0 and D+ lifetime measurements, a hit in the first layer of the
PXD is also required. The lower-momentum pion in the D+ lifetime measurement is required
to have momentum greater than 0.35 GeV/c, while pions and protons in the Λc lifetime mea-
surement are required to have transverse momentum greater than 0.35 GeV/c and 0.7 GeV/c
respectively. Low momentum π0 are reconstructed from two photons as π0 → γγ. A global fit
of the decay chain is performed, 10 and only candidates with χ2 greater than 0.01 are kept. The
mass difference Δm between D∗ and D candidates is required to be 144.94 < Δm < 145.90
MeV/c2 for D0 and 138 < Δm < 143 MeV/c2 for D+ candidates. The IP is assumed to be the
production vertex of D∗ and Λ+

c candidates, therefore their momenta are required to be greater
than 2.5 GeV/c to reject the products of B meson decays. Reconstructed candidates are further
restricted in the invariant mass ranges of the K−π+, K−π+π+ and pK−π+ respectively, after
that fits of invariant mass distributions are performed to estimate the background fraction under
the prominent signal peaks (Fig. 1).
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Figure 1 – Invariant mass distributions of (left) D0 → K−π+, (center) D+ → K−π+π+, and (right) Λ0
c → pK−π+

candidates with fit projections overlaid. The vertical dashed (dotted) lines indicate the signal region (sidebands).

Lifetimes are obtained with unbinned maximum-likelihood fits of the two-dimensional (t, σt)
distributions of candidates in the signal region, where σt is the event-by-event uncertainty in
t. The signal probability density function (PDF) is the convolution of an exponential and a
resolution function, made of one or two Gaussians that depend on σt, multiplied by a histogram
template for σt, derived directly from data. All the parameters of the PDF are directly de-
termined from the fit to the data, avoiding reliance on the simulation. For the D0 sample,
the sub-percent background contamination is neglected; this assumption results in a small sys-
tematic uncertainty. Background contamination is accounted for in the D+, and Λ+

c fits using
sidebands in the invariant-mass distributions. Background yields are constrained to the results
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of the invariant mass fits, and the PDFs are empirical models with all the parameters determined
in the fit, which is simultaneously performed in the signal region and the sidebands. Decay time
distributions with fit results overlaid are shown in Fig. 2.
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Figure 2 – Decay time distributions of (left) D0 → K−π+, (center) D+ → K−π+π+, and (right) Λ0
c → pK−π+

candidates in their respective signal regions with fit projections overlaid.

The main systematic uncertainty contribution comes from possible tracking detector mis-
alignment, which can cause biases in the decay length determination. Such effects are estimated
using simulations with realistic misalignments, extracted from alignment studies, and real data.
Other source of systematic uncertainties, such as neglecting possible t-σt correlation in resolu-
tion models or background distributions not well reproduced by the simulation, are quantified
using simplified simulated experiments under different conditions.
The Λc lifetime can be biased by contamination of Ξ+,0

c → Λ+
c π

0,+ decays. The Ξ0
c branching

fraction is known, 11 while the Ξ+
c is unobserved and only predicted to be about a factor two

more abundant. 12 The systematic uncertainty associated with this is evaluated with simplified
simulated experiments where realistic contributions of Ξc decays are included. This evaluation
results in an additional one-sided systematic uncertainty in this preliminary result. Studies are
ongoing to suppress background of this kind, including reconstructing Ξ+

c candidates and veto-
ing their invariant mass range. All systematic uncertaintiy contributions are shown in Table 1.
The measured lifetimes are

τ
(
D0

)
= 410.5± 1.1(stat.)± 0.8(syst.) fs,

τ (D+) = 1030.4± 4.7(stat.)± 3.1(syst.) fs,

τ (Λ+
c ) = 204.1± 0.8(stat.)± 0.7(syst.)−1.4(Ξc) fs.

These are the world’s most precise determinations, and agree with current world averages. 13

Furthermore, these measurements validate the excellent vertexing performance of the Belle II
detector, which paves the way for future lifetime determinations and other time-dependent
measurements.

Table 1: Summary of the systematic uncertainties.

Source τ
(
D0

)
[fs] τ (D+) [fs] τ (Λ+

c ) [fs]

Resolution model 0.16 0.39 0.46
Backgrounds 0.24 2.52 0.20
Detector alignment 0.72 1.70 0.46
Momentum scale 0.19 0.48 0.09

Total 0.8 3.1 0.7

Ξc → Λcπ contamination - - - - - - −1.4

311



3 Combined measurement of γ angle

Adding Belle II data to the 711 fb−1 Belle data set allows impactful flavor physics measurements
even with early data. The first of these combined measurements is the determination of the
CKM angle γ. 14 Since it can be extracted using tree-level decays, where no non-SM physics is
anticipated, the direct measurement of γ provides a powerful gauge of the Standard Model when
compared to indirect determinations based on other sides and angles of the Unitarity Triangle.
The most common channel to extract γ is B± → DK±, where D indicates D0 or D̄0 mesons
decaying to the same final states f ; the weak phase γ enters in the interference of the favored
b→ cūs and suppressed b→ uc̄s transitions

A
(
B− → D̄0K−)

A (B− → D0K−)
= rB expi(δB−γ),

where rB and δB are the magnitude of the ratio and strong-phase difference between favored
and suppressed amplitudes.
We reconstruct the decays B− → D

(
→ K0

Sh
+h−

)
h−, where h is either a pion or a kaon.

D → K0
Sh

+h− decays proceed through different intermediate resonances, resulting in CP asym-
metry parameters that vary over the phase space. Following the BPGGSZ method,15,16,17 the D
Dalitz space is binned to achieve an optimal, model-independent determination of γ, eliminating
systematic uncertainties due to the Dalitz model. The signal yield in each bin is

N±i = h±B

[
Fi + r2BF̄i + 2

√
FiF̄i (cix± + siy±)

]
,

where (x±, y±) = rB (cos(γ + δB), sin(γ + δB)). Here Fi (F̄i) is the fraction of D0 (D̄0) decaying
in the i-th bin, while ci and si are amplitude-averaged strong-phase differences between D0

and D̄0 decays in the i-th bin, measured using pairs of D mesons produced at e+e− collider
experiments operating at the DD̄ production threshold.18,19,20

The selection is conceptually the same on the Belle and Belle II data sets, even if criteria
slightly differ. Charged particles are reconstructed requiring a minimum distance of clocest
approach to the interaction point in the transverse plane and along the beam axis. Tracks
are identified as kaons or pions using PID information. K0

S candidates are reconstructed from
two oppositely charged pion candidates, requiring the dipion invariant mass to be within 3σ
from the known K0

S mass. The D → K0
Sh

+h− candidates are then restricted to the known D
mass range 1.85 < m(K0

Sh
+h−) < 1.88 GeV/c2. B candidates are formed combining D and K

candidates. To further select the sample we use the variables Mbc =
√
(
√
s/2)

2 − (Σ�p∗i )
2 and

ΔE = E∗B − (
√
s/2), where

√
s is the collision energy, �p∗i are the momenta of the reconstructed

B daughters and E∗B is the reconstructed energy of the B meson, all in the center of mass frame.
A kinematic fit is applied to the decay chain, constraining the B daughters to come from the
same vertex.
The dominant background comes from candidates reconstructed in e+e− → qq̄ (q = u, d, s, c)
events. We suppress it combining many inputs on the event topology in a binary classifier based
on boosted decision trees. This exploits the fact that these events produce particles collimated
into back-to-back jets, while e+e− → Υ(4S)→ BB̄ events have a more spherical shape.
The PID selection has a O(10%) misidentification rate, resulting in contamination of B → Dπ
decays in the B → DK sample. To measure the PID efficiency and misidentification rate, we
reconstruct also a disjoint sample of B → Dπ candidates. We extract these parameters fitting
simultaneously the B → Dπ and B → DK samples in the Belle and Belle II data sets, with
an extended maximum-likelihood fit of the ΔE and transformed BDT output distributions. A
projection of this fit on Belle II (Belle) data is shown in Fig. 3 (Fig. 4); the narrower ΔE
peaks in the Belle II data show the improvement in resolution with respect to Belle. Once these
parameters are fixed, the same fit is performed simultaneously in all the Dalitz plot bins to
measure the CP asymmetry parameters x± and y±.
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The values of γ, rB and δB are determined using the statistics package GammaCombo, 21

choosing the solution with 0◦ < γ < 180◦ as suggested by other measurements. 22 The results
are

γ = (78.4± 11.4(stat)± 0.5(syst)± 1.0 (ext))◦,

rB = 0.129± 0.024(stat)± 0.001(syst)± 0.002 (ext),

δB = (124.8± 12.9(stat)± 0.5(syst)± 1.7 (ext))◦,

where the third uncertainty refers to the external inputs for ci and si values.
Results are compatible with and more precise than the previous Belle result. 23 Systematic
uncertainties are reduced because of the improved background suppression and the use of B →
Dπ sample in the fit, reducing the reliance on simulation. The external uncertainty is strongly
reduced because of the new inputs from the BESIII collaboration. The net improvement is
equivalent to doubling the sample size, even if Belle II data set only corresponds to about 20%
of the Belle one. The precision is limited by the sample size, with extrapolations indicating that
future analysis of the same decay mode will reach 4◦ precision on the B− → D

[
→ K0

Sh
+h−

]
h−

mode alone with approximately 10 ab−1, reducing to 3◦ when moreD final states will be included.

4 Summary

We report on the world’s best measurements of D0, D+ and Λ+
c lifetimes, and on the first

combination of Belle and Belle II data, to measure the CKM angle γ.
Charmed hadron lifetimes are measured on samples of 72 fb−1 and 207.2 fb−1 of Belle II data.
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These are the world’s best determinations, and prove the excellent vertexing performance of the
detector, and the capability of providing competitive results already with early data.
The measurement of the CKM angle γ is the first combination of Belle and Belle II data.
Uncertainties are dominated by the sample size. The precision is significantly improved with
respect to the previous Belle determination, showing good understanding of the detector and of
the analysis procedure.
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Early Belle II measurements of |Vub| and |Vcb|

W. Sutcliffe on behalf of the Belle II Collaboration

Department of Physics, Univeristy of Bonn, Nussallee 12
53115 Bonn, Germany

A longstanding puzzle in flavour physics has been the discrepancy between exclusive and
inclusive measurements of the CKM matrix elements |Vub| and |Vcb|. These proceedings report
the first Belle II measurements of |Vub| and |Vcb| from B → π�+ν� and B0 → D∗−�+ν� decays
reconstructed in Υ(4S) → BB events, where the non-signal B meson is fully reconstructed.
In addition to these determinations, a novel measurement of the moments of the momentum
transfer squared, q2, of B → Xc�ν decays is presented, which provide important constraints
for inclusive |Vcb| fits.

1 Introduction

The CKM matrix elements |Vub| and |Vcb| are important parameters for global fits for the four
parameters of the CKM sector and the apex of the unitarity triangle 1. In particular, the length
of side of the unitarity triangle opposite the angle β is proportional to the ratio, |Vub|/|Vcb|.
Currently the uncertainty on the parameter |Vub| dominates the uncertainty on this length.

The parameters |Vub| and |Vcb| are typically extracted by measuring the semileptonic tran-
sitions b → uν and b → cν, respectively. Such measurements can be performed either in-
clusively or exclusively. Exclusive measurements involve measuring specific final states such as
B → πν and B → D∗ν decays for |Vub| and |Vcb|, respectively. These measurements require
theoretical computations of the form factors of the decay, which parametrise the influence of
QCD. Such computations utilise non-perturbative techniques such as LCSR 3 or LQCD 4. In-
clusive measurements measure the b → qν, q = u, c transition by measuring all final state
hadrons containing a Xu or Xc hadron. For such inclusive measurements an operator-product-
expansion theory framework is employed 5. The PDG exclusive and inclusive world averages 2

are |Vub|exc = (3.72± 0.16)× 10−3, |Vub|inc = (4.25± 0.3)× 10−3, |Vcb|exc = (39.5± 0.9)× 10−3

and |Vcb|inc = (42.2 ± 0.8) × 10−3, which combine several measurements from B physics ex-
periments like Belle, BaBar and LHCb. The discrepancy between such exclusive and inclusive
determinations is a longstanding puzzle in flavour physics.

The Belle II experiment 6 is an e+e− collider experiment in Japan, which operates at the
centre-of-mass (CM) energy,

√
s corresponding to the mass of the Υ(4S) resonance. The clean
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environment of e+e− collisions coupled with the unique event topology of Belle II, in which an
Υ(4S) meson is produced and subsequently decays to a pair of B mesons, enables a wide range
of physics measurements to be performed with missing energy. This includes measurements of
|Vub| and |Vcb| from semileptonic b → uν and b → cν decays. These proceedings report early
Belle II measurements of |Vub| and |Vcb| using an integrated luminosity of up to 189.3 fb−1.

2 Tag-side reconstruction

All of the measurements presented here exploit a technique known as tag-side B meson re-
construction, in which the non-signal B meson (Btag) is reconstructed. This is illustrated in
Figure 1, where the decay B+ → +νl is reconstructed as signal. By reconstructing the tag-side
important constraints on the flavour and kinematics of the signal B can be obtained. The tag-

side in Figure 1 is reconstructed in a given hadronic final state B+
tag → (D

0 → K−π+)π+, which
is known as hadronic tag-side reconstruction.

Υ(4S)

B+
tag

B−sig

π+

D̄0

K+

π−

− ν̄l

e+e−

Figure 1 – Diagrams illustrating the use of tag-side reconstruction to search for the decay B+ → �+ν� (left) and
the hierarchical reconstruction structure of the Belle II tag-side reconstruction algorithm (right). The tag-side B

meson, Btag is reconstructed hadronically as B+
tag → (D

0 → K−π+)π+.

The Full Event Interpretation 7 (FEI) utilises a hierarchical reconstruction of exclusive B
meson decay chains, in which each unique decay channel of a particle has its own designated
multivariate classifier. The algorithm employs several stages of reconstruction, which are shown
in Figure 1. The algorithm starts by selecting candidates for stable particles, which include
muons, electrons, pions, kaons, protons and photons, from tracks and electromagnetic clusters
in the event. Subsequently, the algorithm carries out several stages of reconstruction of interme-
diate particles such as π0, K0

S , J/ψ, D and D∗ mesons and, in addition, Σ, Λ and Λc baryons.
Intermediate particles are reconstructed in specific decay modes from a combination of stable
and other intermediate particle candidates. The final stage of the algorithm reconstructs the B+

and B0 mesons in 36 (8) and 31 (8) hadronic (semileptonic) modes. The final classifier output
for the B mesons, P, quantifies the probability that the B mesons are correctly reconstructed.

3 Common selections

For all of the measurements presented here the selection procedure begins by reconstructing a
high quality tag-side candidate with the FEI algorithm using only hadronic tag-side decay modes.
The tag-side B is required to satisfy the selection requirements: P > Pcut, Mbc > 5.27 GeV/c2

and −0.15 < ΔE < 0.1 GeV. Here, the beam constrained mass, Mbc =
√
E2

beam − (p∗tag)2, and
the beam energy difference, ΔE = E∗tag−Ebeam, are computed in the CM frame denoted with *.
Additionally at the event level, the second normalised Fox-Wolfram moment 8, R2, is required
to be less than 0.4 to suppress background from e+e− → qq̄ events where q = u, d, s, c.
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Subsequently, a lepton (electron or muon) is selected by combining particle identification in-
formation from several sub-detectors, including Cherenkov time of propagation (TOP), Aerogel
ring imaging Cherenkov and dedicated muon detectors, to determine a likelihood for each of elec-
tron and muon hypotheses. In addition, the distance of closest approach between the associated
track of the lepton and the interaction point is required to be less than 2 cm along the z direction
(parallel to the beams) and less than 0.5 cm in the transverse r−φ plane. The four-momenta of
the reconstructed electrons are also corrected in order to account for bremsstrahlung radiation.

4 |Vub| from B → πeνe decays

This section presents measurements of |Vub| from B0 → π−e+νe and B+ → π0e+νe decays.
After having applied the aforementioned tag-side selection with P > 0.001, an electon candiate is
selected with a lab frame momentum greater than 0.3 GeV/c. Subsequently a charged or neutral
pion candidate is selected. Charged pions are selected using the relevant particle identification
likelihood, while neutral pions are reconstructed as π0 → γγ by combining photon pairs after
basic photon energy cuts. Additionally, the invariant mass Mγγ is required to be in the interval
[0.120, 0.145] GeV/c2 and the opening angle between the photons is constrained, cosψγγ > 0.25.

Next, the cosine angle between the π system denoted as Y and the B flight direction,
is required to satisfy −3 < cos θBY < 3. For correctly reconstructed semileptonic B → πν�
decays, the variable cos θBY is confined in a physical interval [-1,1] barring effects from detector
resolution. To ensure that the pion and lepton share a common vertex a requirement on the
difference in the z-coordinate of the lepton and pion tracks of z� − zπ < 1 mm is made. Having
reconstructed Υ(4S) → Btag(Bsig → π) candidates, selection requirements are now applied
which relate to any remaining tracks and energy deposits from neutral particles in the event.
If a single additional track, which satisfies the conditions dr < 2 cm, dz < 5 cm and pt > 0.2
GeV/c, is found the candidate is excluded. Additionally cuts are applied requiring a missing
energy above 0.3 GeV given the neutrino and to ensure that there is no remaining energy in the
electromagnetic calorimeter.

The amount of signal for the decay is extracted by fitting the distribution of missing mass
squared, M2

miss for reconstructed signal candidates. The variable, M2
miss, is computed in the CM

frame according to
M2

miss = (p∗Bsig
− p∗Y )

2 , (1)

where p∗Y is the combined four-momentum of reconstructed signal particles Y = π, meanwhile,

p∗Bsig
=
(√

s/2,−�p∗tag
)
is the four-momentum of the signal-side B meson. The energy component

of pBsig is simply half that of the CM energy,
√
s and the momentum magnitude is equal to that

of the recoiling tag-side B meson. The M2
miss for correctly reconstructed B → πν� should be

peak at the neutrino mass squared, which is almost zero.
The variable M2

miss is fitted in three bins of q2 = (pBsig − pπ)
2 with bin boundaries [0, 8,

16, 26.4] GeV2/c2 in order to extract the differential branching fraction of the decay in three
bins (see Figure 2). This extraction takes into account bin to bin migrations due to detector
resolution with a matrix based unfolding procedure. Figure 2 shows a combined fit to the
differential branching of B0 → π−+ν� candidates and LQCD predictions 4 for the form factors
of the decay. By performing such fits for B0 → π−+ν̄� and B+ → π0+ν̄� the following values of
|Vub| are determined respectively: |Vub| = (3.71± 0.55)× 10−3 and |Vub| = (4.24± 0.55)× 10−3.
Here, the dominating uncertainties are statistical, while the leading systematic is associated
with a calibration of the efficiency of tag-side reconstruction algorithm using B → Xν decays.

5 |Vcb| from B0 → D∗−l+ν� decays

The decay B0 → D∗−l+ν� is reconstructed in the following D∗+ and D0 decay modes: D∗− →
(D

0 → K+π−)π−. The selection again begins with the selection of a well reconstructed tag-
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Figure 2 – Fit to the missing mass squared, M2
miss , distribution of B0 → π−�+ν� candidates in the lowest q2 bin

(left). Form factor and |Vub| fit to the measured differential branching fraction of B0 → π−e+νe decays.

side satisfying, P > 0.001. Subsequently, oppositely charged tracks are combined to form D0

candidates. All tracks are selected with similar impact parameter as applied to select leptons
and have a transverse momentum greater than 0.2 GeV/c. The invariant mass and the CM
momentum of these combinations are required to satisfy, 1.85 < MD0 < 1.88 GeV/c2 and
pD0 < 3 GeV/c. Next, the D∗+ candidate is reconstructed by combining the D0 candidate with
another positively charged track. The mass difference, Δm = mD∗ −mD, between the D∗ and
D candidate is now required to satisfy 0.143 < Δm < 0.149 GeV/c2. The D∗+ candidate is
then combined with an oppositely charged electron or muon with a momentum greater than 1
GeV/c. The missing mass squared is computed for the combination, Y = D∗−+, according
to equation 1 and required to be in the interval [-0.5,0.5] GeV2. Finally, the event is required
to have no remaining tracks and best candidate selections are applied, which select the tag-
side candidate with the highest classifier output and the signal-side candidate with a Δm value
closest to its PDG 2 value.

After the selection there is a minimal amount of background from decays such as B →
D∗∗ν decays. A background subtraction is performed in 10 bins of the variable w defined as
(m2

B+m2
D∗−q2)/(2mBmD∗). Subsequently, an iterative unfolding method is applied to account

for bin to bin migrations due to detector resolution. The unfolded background subtracted
event yields are used to determine the differential rate of the decay in w as shown in Figure 3.
Additionally, the branching fraction, B(B0 → D∗−l+ν̄�) = (5.27±0.22(stat)±0.38(syst.))×10−2

, is determined from the total yield of events, which agrees well with the corresponding world
average.

Figure 3 – Fit using the CLN parametrisation for F (1)ηEW |Vcb| and ρ2 to the differential rate of B0 → D∗−l+ν�
decays in w (left). Best fit value and 68% (95%) contours for F (1)ηEW |Vcb| and ρ2 (right).
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The differential rate is fitted according to the CLN parametrisation 10:

dΓ

dw
=

η2EWG2
F

48π3
m3

D∗(mB −mD∗)g(w)F
2(w)|Vcb|2 (2)

where, η2EW is the electroweak correction, g(w) describes the phase space factor and F (w) is
the form factor. Under the CLN parametrisation the shape of the form factor in w can be
parametrised by R1(1), R2(1) and ρ2, meanwhile its normalisation is given by the parameter
F (1). A binned maximum likelihood fit is carried out to the measured w spectrum by computing
the expected events in each bin according to the integral of equation 2. The free parameters
include ρ2, |Vub|ηEWF (1) and nuisance parameters for each bin accounting for systematic un-
certainties. The parameters R1(1) and R2(1) are fixed according to external measurements.
Figure 3 shows the fitted differential w spectrum together with the best fit values and 68%
(95%) fit contours for ρ2 and |Vcb|ηEWF (1). The measured values are |Vcb|ηEWF (1) = 34.6± 2.5
and ρ2 = 0.94 ± 0.21. Using the Fermilab MILC average for F (1) 11 and the world average for
η2EW the parameter |Vcb| is determined to be (37.9 ± 2.7) × 10−3, which is around one sigma
below the exclusive world average. The largest source of uncertainty is that associated with the
reconstruction efficiency of the low momentum charged pion from the D∗− decay.

6 The q2 moments of B → Xcν� decays

The width, Γ, of the decay B → Xcν� can be computed using an operator-product expansion
in inverse powers of mb. The leading uncertainty for inclusive determinations of |Vcb| arise from
operators in the expansion, which must be computed non-perturbatively. Kinematic moments
of the decay can be computed within the same theoretical framework and are thereby sensitive
to the same operators. Recently it was suggested to measure the q2 moments of the decay due to
reparametrisation invariance, which results in there being less operators at a given order in the
expansion 5. Here, a measurement of the q2 moments from B → Xcν� at Belle II is presented.

The selection for B → Xcν decays, requires a tag-side B meson satisfying P > 0.01, and
a lepton with lab frame momentum greater than 0.5 GeV/c. Remaining tracks and photons
in the event are combined to form the X candidate. The momentum transfer squared, q2, is
computed in the CM frame according to q2 = (p∗Bsig

− p∗X)2 where p∗Bsig
= (
√
s/2,−�pB∗tag). The

variable q2 is required to be greater than some threshold value, q2threshold. The q2 moments are
determined for a range of threshold values starting from 1.5 GeV2/c2. In addition, requirements
are made on the missing four-momentum, which is computed as pmiss = pe+e− − pBtag − pX − p�.
More specifically, the missing energy Emiss is required to be greater than 0.5 GeV and |pmiss| is
required to be less than 0.5 GeV/c. For Btag candidates, a best candidate is performed based
on the lepton with the highest momentum. If multiple candidates persist a candidate is chosen
at random. To further suppress e+e− → qq̄ (q = u, d, s, c) events, the cosine of the angle between
the momentum of Btag and a so-called thrust axis, which maximises the projected momentum
of all remaining particles, is required to be less than 0.7.

To further improve the resolution of q2, a kinematic fitting approach based on minimizing
an event-by-event χ2 is employed. This approach allows the momenta of the Btag, X,  and
ν to float about their reconstructed values according to the expected uncertainty and certain
kinematic constraints such as p2miss = 0, p2tag = m2

B and p2sig = m2
B. As a result of the kinematic

fitting the resolution on q2 improves from 5.76 GeV2/c4 to 2.65 GeV2/c4.
In order to subtract the background contribution a coarsely binned fit is performed to the

invariant mass of the X, MX . Figure 4 shows a comparison of the q2 distribution in data
and simulation after normalising the background according to the MX fit. Subsequently, the
estimated amount of background, Nbkg

i , and the number of observed data events, Ndata
i , in bin

i of q2 are used to determined a signal probability, wi =
(
Ndata

i −Nbkg
i

)
/Ndata

i . The functional

form, w(q2) is determined by fitting the binned distribution of w with a cubic spline function.
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Figure 4 – q2 distribution after normalising signal and background components based on a fit to MX (left). First
q2 moment as a function of the lower q2 threshold.

This allows the n = 1, 2, 3, 4 moments of q2,
〈
(q2)n

〉
, to be computed according to the following

weighted average over events:

〈
(q2)n

〉
=

∑
j w(q

2
j )(q

2)nj,calib∑
k w(q

2
k)

· Ccalib · Ctrue . (3)

Here, (q2)nj,calib are calibrated values, which have been corrected for a linear dependence between
reconstructed and true generated moments, while, Ccalib and Ctrue, correct for remaining biases
due the linear correction and acceptance effects. Figure 4 shows the first q2 moment (n = 1)
as a function of the threshold cut on q2. A good agreements is observed between the measured
moments and those expected from simulation. The dominant uncertainties are systematic and
relate to the modelling B → Xcν decays including the composition of B → D∗∗ν decays. The
measured q2 moments are important constraints for future global fits for |Vcb|.

7 Conclusion

These proceedings presented a variety of measurements, exploiting tag-side reconstruction at
the Belle II to more precisely determine the CKM matrix elements |Vub| and |Vcb|. In particular,
exclusive measurements of |Vub| and |Vcb| were performed with B0 → D∗−+ν� and B → πeνe
decays. Additionally, the q2 moments of B → Xcν decays were measured, which can be used
to better constrain theoretical operators required for the extraction of |Vcb|, inclusively.
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Semi-leptonics at high pT

D.A. Faroughy
Physik-Institut, Universität Zürich, CH-8057 Zürich, Switzerland

We consider the Drell-Yan processes pp → ��(′) and pp → �ν̄ at high-pT to probe New
Physics effects in semi-leptonic transitions. To this purpose, we describe the 2 → 2 scattering
amplitudes in terms of general form-factors which are matched to the Standard Model Effective
Field Theory (SMEFT) accounting for all contributions up to O(1/Λ4), including operators up
to mass dimension-8, as well as possible tree-level mediators arising from ultraviolet models.
By using the latest run-II LHC data form monolepton and dilepton production channels, we
derive constraints on the SMEFT and on leptoquark models, with the most general flavor
structures. Our results are compiled into the Mathematica package HighPT, which provides
a simple way to perform high-pT collider analyses for generic Beyond the Standard Model
(BSM) entering Drell-Yan production.

1 Drell-Yan Amplitudes

1.1 Amplitudes decomposition

First, we consider the scattering amplitude for the neutral Drell-Yan process q̄iqj → −α 
+
β given

by the first two diagrams in Fig. 1, with qi = {ui, di}, where quark and lepton flavor indices
are denoted by Latin letters (i, j = 1, 2, 3) and Greek letters (α, β = 1, 2, 3), respectively a. The
most general decomposition of the four-point scattering amplitude that is Lorentz and gauge
invariant is given by

A(q̄iqj → −α 
+
β ) =

1

v2

∑
XY

{ (
̄αγ

μPXβ
)
(q̄iγμPY qj) [FXY, qq

V (ŝ, t̂)]αβij

+
(
̄αPXβ

)
(q̄iPY qj) [FXY, qq

S (ŝ, t̂)]αβij

+
(
̄ασμνPXβ

)
(q̄iσ

μνPXqj) [FX, qq
T (ŝ, t̂)]αβij (1)

+
(
̄αγμPXβ

)
(q̄iσ

μνPY qj)
ikν
v

[FXY, qq
Dq

(ŝ, t̂)]αβij

+
(
̄ασ

μνPXβ
)
(q̄iγμPY qj)

ikν
v

[FXY, qq
D�

(ŝ, t̂)]αβij

}
,

where X,Y ∈{L,R} are the chiralities of the anti-lepton and anti-quark fields, PR,L = (1±γ5)/2
are the chirality projectors, v = (

√
2GF )

−1/2 stands for the electroweak vacuum-expectation-
value (vev) and fermion masses have been neglected. Here it is understood that q (q̄) and  (̄)
denote the Dirac spinors of the incoming quark (anti-quark) and outgoing anti-lepton (lepton)
fields, respectively. The four-momentum of the dilepton system is defined by k = pq+pq̄, and we
take the Mandelstam variables to be ŝ = k2 = (pq + pq̄)

2, t̂ = (pq − p�−)
2 and û = (pq − p�+)

2 =

aFor up-type quarks the the indices run as i, j = 1, 2 because of the negligible top-quark content of the proton
at LHC energies.
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Figure 1 – Neutral and charged Drell-Yan production processes at proton-proton colliders.

−ŝ−t̂ for massless external states. For each of the five components in eq. (1) we define the neutral
current form-factor FXY, qq

I (ŝ, t̂) where I ∈ {V, S, T,D�, Dq} labels the corresponding vector,
scalar, tensor, lepton-dipole and quark-dipole Lorentz structures, respectively. These form-factors
are dimensionless functions of the Mandelstam variables that describe the underlying local and
non-local semi-leptonic interactions between fermions with fixed flavors and chiralities. A very
similar expression can be derived for the charged current Drell-Yan process ūidj → −α ν̄β given
by the last diagram in Fig. 1, with the same five Lorentz structures as in the previous case,
with form-factors denoted by FXY, ud

I (ŝ, t̂). The above equation is also valid for X = R in the
presence of a light right-handed neutrino field νR that is a singlet under the SM gauge group.

1.2 Form-factor parametrization

The form-factors introduced above can be continued analytically to complex Mandelstam vari-
ables. We assume these functions to be meromorphic in each Mandelstam variable, i.e. analytic
functions inside a radius Λ2 except for a finite set of simple poles in the ŝ and t̂ and û complex
planes. Each form-factor can therefore be decomposed into a “regular” term and a “pole” term,

FI(ŝ, t̂) = FI,Reg(ŝ, t̂) + FI,Poles(ŝ, t̂) , (2)

that encode possible local and non-local interactions, respectively. These admit the following
parametrization:

FI,Reg(ŝ, t̂) =
∞∑

n,m=0

FI (n,m)

(
ŝ

v2

)n( t̂

v2

)m
(3)

FI,Poles(ŝ, t̂) =
∑
a

v2 S I (a)

ŝ− Ωa
+

∑
b

v2 T I (b)

t̂− Ωb

−
∑
c

v2 U I (c)

ŝ+ t̂+Ωc
. (4)

Since the regular term FI,Reg is an analytic function, equation (3) corresponds to a power
series expansion valid for |ŝ|, |t̂| � Λ where the (dimensionless) coefficients FI (n,m) encode the
effects of unresolved degrees of freedom living at the scale Λ beyond the characteristic energy
of the scattering process. This power series is not the complete Effective Field Theory (EFT)
expansion in 1/Λ since FI (n,m) are “all-order” coefficients that receive contributions from an
infinite tower of non-renormalizable operators. The pole term FI,Poles, on the other hand, is a
non-analytic function with simple poles located at Ωk = m2

k − imkΓk in each of the complex
Mandelstam planes. This function describes the tree-level exchange of possible bosonic degrees
of freedom in the s-channel, t-channel and u-channel, respectively, i.e. the propagators of various
particles a, b, c with masses ma,b,c and widths Γa,b,c that can be resolved at the energies taking
place in the scattering. The pole residues SI (a), TI (b) and UI (c) are dimensionless quantities
parametrizing local three-point interactions. In full generality, the simple pole assumption for
the singular structures of the form-factors still allows for these residues to be analytic functions
in each variable, SI (a)(ŝ), TI (b)(t̂) and UI (c)(û). However, their dependence on the Mandelstam

322



variables can be completely removed by using the identity

Z(ẑ)
ẑ − Ω

=
Z(Ω)
ẑ − Ω

+ f(ẑ,Ω) , (5)

where f(ẑ,Ω) is an analytic function of ẑ = {ŝ, t̂, û} that can be reabsorbed into the regular
form-factor by redefining FI,Reg. This can be seen by power expanding the numerator on the
left-hand side of eq. (5) and apply the partial fraction decomposition ẑn/(ẑ−Ω) = Ωn/(ẑ−Ω)+
Ωn−1∑n−1

k (ẑ/Ω)k on each of the resulting terms. Using this simple identity allows to reduce
considerably the number of parameters in FI,Poles to just two parameters per pole: the location
Ω of the pole and its residue Z. When discussing the SMEFT, we will see that this turns out
to be useful in characterizing dimension-8 operators, in particular effects giving rise to energy
enhanced three-point interactions.

2 Semi-leptonics Beyond the SM

2.1 Form-factors in the SMEFT at O(1/Λ4)

In the SMEFT the regular form-factor coefficients FI (n,m) in eq. (3) are given by an expansion
series of the form

FI (n,m) =
∞∑

d≥ 2(n+m+3)

c
(d)
I

(
v

Λ

)d−4
, (6)

where d ≥ 4 and c
(d)
I are linear combinations of Wilson coefficients of dimension-d operators.

Notice that SMEFT operators at a fixed mass dimension give rise to a finite number of form-
factor coefficients. For example, dimension-6 operators only contribute to the leading coefficient
FI (0,0), whereas dimension-8 operators contribute to FI (0,0), FI (1,0) and FI (0,1), and so on. For
Drell-Yan production at O(1/Λ4) the relevant operator classes are ψ2H2D, ψ2HX and ψ4 at
dimension-6, and ψ2H4D, ψ2H2D3, ψ4H2 and ψ4D2 at dimension-8, defined in Refs. 1,2.

In order to match the form-factor coefficients to the Wilson coefficients at O(1/Λ4) it is
sufficient to truncate the expansion series of FI,Reg in eq. (3) at n,m ≤ 1. The regular pieces
of the scalar and tensor form-factors can be further truncated at n = m = 0 because when
squaring the amplitude the terms with n + m = 1 generated at dimension-8 do not interfere
with the SM poles and will only lead to higher order effects beyond O(1/Λ4). We can set the
regular form-factors FD�,Reg and FDq ,Reg to zero since in the SMEFT the dipoles only arise
from non-local interactions involving SM gauge bosons. For the pole form-factors FI,Poles, we
only need to consider the vector poles and dipoles arising from the s-channel exchange of the
SM gauge bosons. Furthermore, the s-channel scalar pole FS,Poles generated from the exchange
of the SM Higgs boson is completely negligible because of the small fermion Yukawa couplings
of the external states.

The coefficients FS (0,0) and FT (0,0) map directly to the Wilson coefficients of scalar and
tensor operators in class ψ4, respectively. The dipole residues SD (a) also match trivially to the
d = 6 SMEFT dipole operators in class ψ2XH. The regular coefficients and the pole residues of
the vector form-factors, on the other hand, match to operators at dimension-6 and dimension-8.
The leading coefficient FV (0,0) receives contributions from contact operators in the classes ψ4

and ψ4H2 at dimension-6 and dimension-8, respectively, as well as from modified interactions
between fermions and the SM gauge bosons from dimension-8 operators in class ψ2H2D3. The
higher order coefficients FV (1,0) and FV (0,1) receive contributions from the dimension-8 operators
in class ψ4D2. The pole residues δS(a) receive dominant contributions from modified vertices
from dimension-6 operators in class ψ2H2D and from dimension-8 operators in class ψ2H4D
and ψ2H2D3. Schematically, the matching between Wilson coefficients and the form-factors
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takes the following form:

FV (0,0) =
v2

Λ2
C (6)
ψ4 +

v4

Λ4
C (8)
ψ4H2 +

v2m2
a

Λ4
C (8)
ψ2H2D3 + · · · , (7)

FV (1,0) =
v4

Λ4
C (8)
ψ4D2 + · · · , (8)

FV (0,1) =
v4

Λ4
C (8)
ψ4D2 + · · · , (9)

δS(a) =
m2

a

Λ2
C (6)
ψ2H2D +

v2m2
a

Λ4

([
C (6)
ψ2H2D

]2
+ C (8)

ψ2H4D

)
+

m4
a

Λ4
C (8)
ψ2H2D3 + · · · , (10)

where the squared term [C (6)
ψ2H2D]

2 in eq. (10) corresponds to double vertex insertions of the
dimension-6 operator. The dots indicate negligible contributions from dimension-10 operators.
Notice that the operators in class ψ2H2D3 contribute to FV (0,0) and δS(a). This can be under-

stood by analyzing one of the operator in this class, e.g. O(1)
q2H2D3 = (q̄iγ

μDνqj)D(μDν)H
†H.

After spontaneous symmetry breaking, this operator gives rise to a modified coupling between
the Z boson and quarks that is proportional to (ŝ mZv/Λ

4)Zμ(q̄iγ
μqj). This interaction enters

neutral Drell-Yan production with an amplitude that scales as A(q̄iqj → −α 
+
β ) ∝ ŝ/(ŝ −m2

Z).
This amplitude can be brought to the form eq. (7-10) by using the partial fraction decomposition
in eq. (5).

2.2 Concrete UV Mediators

We now discuss the effects of new bosonic states exchanged at tree level in Drell-Yan produc-
tion. These states can be classified in terms of their spin and SM quantum numbers, namely

Table 1: Possible bosonic mediators contributing at tree level to Drell-Yan production. In the last column we
provide the interaction Lagrangian where ε ≡ iτ2, ψ

c ≡ iγ2γ0ψ̄
T and H̃ = iτ2H

∗ is the conjugate Higgs doublet.
The right-handed fermion fields are defined as u ≡ uR, d ≡ dR, e ≡ �R and N ≡ νR, and the left-handed fermion
fields as q ≡ (V †uL, dL)

T and l ≡ (νL, �L)
T .

SM rep. Spin Lint

Z ′ (1,1, 0) 1 LZ′ =
∑

ψ [gψ1 ]ab ψ̄a /Z
′
ψb , ψ ∈ {u, d, e, q, l}

W ′ (1,3, 0) 1 LW ′ = [gq3]ij q̄i /W
′
qj + [gl3]αβ l̄α /W

′
lβ

Z̃ (1,1, 1) 1 L
Z̃
= [g̃q1]ij ūi /̃Zdj + [g̃�1]αβ ēα /̃ZNβ

Φ1,2 (1,2, 1/2) 0 LΦ =
∑
a=1,2

{
[y(a)u ]ij q̄iujΦ̃a + [y

(a)
d ]ij q̄idjΦa + [y(a)e ]αβ l̄αeβΦa

}
+ h.c.

S1 (3̄, 1, 1/3) 0 LS1 = [yL1 ]iα S1q̄
c
i εlα + [yR1 ]iα S1ū

c
ieα + [ȳR1 ]iα S1d̄

c
iNα + h.c.

S̃1 (3̄, 1, 4/3) 0 L
S̃1

= [ỹR1 ]iα S̃1d̄
c
ieα + h.c.

U1 (3, 1, 2/3) 1 LU1 = [xL1 ]iα q̄i /U1lα + [xR1 ]iα d̄i /U1eα + [x̄R1 ]iα ūi /U1Nα + h.c.

Ũ1 (3,1, 5/3) 1 L
Ũ1

= [x̃R1 ]iα ūi /̃U1eα + h.c.

R2 (3,2, 7/6) 0 LR2 = −[yL2 ]iα ūiR2εlα + [yR2 ]iα q̄ieαR2 + h.c.

R̃2 (3,2, 1/6) 0 L
R̃2

= −[ỹL2 ]iα d̄iR̃2εlα + [ỹR2 ]iα q̄iNαR̃2 + h.c.

V2 (3̄, 2, 5/6) 1 LV2 = [xL2 ]iα d̄
c
i /V2εlα + [xR2 ]iα q̄

c
i ε /V2eα + h.c.

Ṽ2 (3̄, 2, −1/6) 1 L
Ṽ2

= [x̃L2 ]iα ū
c
i
/̃V2εlα + [x̃R2 ]iα q̄

c
i ε /̃V2Nα + h.c.

S3 (3̄, 3, 1/3) 0 LS3 = [yL3 ]iα q̄
c
i εS3lα + h.c.

U3 (3, 3, 2/3) 1 LU3 = [xL3 ]iα q̄i /U3lα + h.c.
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(SU(3)c, SU(2)L, U(1)Y ) with Q = Y +T3. The possible semi-leptonic mediators are displayed
in Table 1, where we also show the relevant interaction Lagrangians with generic couplings in
the last column. For completeness, we also allow for three right-handed neutrinos, denoted
as Nα ∼ (1,1, 0), with α = 1, 2, 3. b Furthermore, we assume that the masses of these SM
singlets are negligible compared to the collider energies and, if produced, they can escape detec-
tion as missing energy. The possible mediators fall into two broad categories: (i) color-singlets
exchanged in the s-channel, and (ii) color-triplets, i.e. leptoquarks 3,4 exchanged in the t- and u-
channels. If the masses of these states are at the O(TeV) scale their propagators will contribute
to the residues SI (a), TI (b), UI (c) of the pole form-factors in (4). Leptoquarks can be further
classified using fermion number 4, defined as F ≡ 3B + L where B (L) stands for Baryon (Lep-
ton) number. For Drell-Yan production, the leptoquarks with no fermion number F = 0, such
as U1, Ũ1, R2, R̃2 and U3, are exchanged in the t-channel, while the remaining leptoquarks S1,
S̃1, V2, Ṽ2 and S3 carrying fermion number F = −2 are exchanged in the u-channel. Notice that
these last states can also couple to diquark bilinears of the form q̄cq (not included in Table 1),
and pose a potential threat to the stability of the proton unless a stabilizing symmetry is further
introduced, see Ref. 5. Schematically, the matching of the pole residues to the concrete mod-
els in Table 1) take the following form: [SI (a)]αβij = [g∗a]ij [g∗a]αβ , [TI (b)]αβij = [g∗b ]iα[g

∗
b ]jβ and

[UI (c)]αβij = [g∗c ]iβ [g∗c ]jα. Here I ∈ {V, S, T} and g∗a,b,c denote generic couplings of the mediators
to fermions of a given chirality and each index a, b, c labels the possible mediator components
contributing to the s, t and u channels, respectively.

Table 2: ATLAS and CMS searches and their corresponding tail observables available in HighpT package. These
searches have been repurposed for generic New Physics entering Drell-Yan production.

Process Experiment Luminosity Tail observable

pp→ ττ ATLAS 12 139 fb−1 mtot
T (τ1h , τ

2
h , /ET )

pp→ μμ CMS 13 140 fb−1 mμμ

pp→ ee CMS 13 137 fb−1 mee

pp→ τν ATLAS 14 139 fb−1 mT (τh, /ET )
pp→ μν ATLAS 15 139 fb−1 mT (μ, /ET )
pp→ eν ATLAS 15 139 fb−1 mT (e, /ET )

pp→ τμ CMS 16 137.1 fb−1 mcol
τhμ

pp→ τe CMS 16 137.1 fb−1 mcol
τhe

pp→ μe CMS 16 137.1 fb−1 mμe

3 Collider limits with HighPT

The high-energy regime of the dilepton invariant-mass or the monolepton transverse-mass are
known to be very sensitive probes for a variety of New Physics models affecting semi-leptonic
transitions 6,7,8,9,10. In the SM, the partonic cross-section scales as ∼ 1/E2 at high-energies,
leading to a smoothly falling tail for the kinematic distributions of any momentum-dependent
observable. The presence of new particles coupling to quarks and leptons or new semi-leptonic
interactions beyond the SM can modify the shapes of these tails substantially. The most obvious
BSM effect is the appearance of a resonant feature on top of the smoothly falling SM background,
i.e. a peak in the dilepton invariant mass spectrum, or an edge in the monolepton transverse
mass spectrum. This indicates that a heavy colorless particle has been produced on-shell in
the s-channel. On the other hand, non-resonant effects from contact interactions or on-shell
leptoquarks exchanged in the t/u-channels can lead to more subtle non-localized features in
the tails. Indeed, energy-enhanced interactions coming from non-renormalizable operators will

bFor simplicity we assume exactly three RH neutrinos, but this need not be the case.
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modify the energy scaling of the distributions leading to an apparent violation of unitarity in
the tails. The effects from leptoquarks exchanged in the t/u-channels lead to a similar behavior.

We introduce HighPT 11, a Mathematica package for the analysis of high-pT data in semi-
leptonic processes at the LHC. The package is based on the form-factor framework introduced
in Sec. 1. With HighPT, the user can compute Drell-Yan differential cross-sections and event
yields in the tails of experimental distributions in terms of the SMEFT Wilson coefficients at
O(1/Λ4), including operators up to mass dimension-8, or in terms of specific New Physics models
containing the bosonic tree-level mediators in Table 1. The experimental searches implemented
in the package are collected in Table 2. These correspond to data sets from the full Run-II
ATLAS and CMS searches for heavy resonances in dilepton and monolepton production at the
LHC. In the last columns we display the corresponding Drell-Yan tail observable measured in
each search that is available in HighPT. Specific details concerning the definition of the measured
observables, selection cuts and any other inputs used in these experimental analyses are available
in the respective ATLAS and CMS papers listed in second column of Table 2. More importantly,
the user can also extract reliable limits including detector effects on the SMEFT and on mediator
models. For each signal hypothesis, confidence intervals can be easily computed using Pearson’s
χ2 test statistic (ChiSquareLHC) which can then be minimized using the native Mathematica

routines for numerical minimization.

Hi hP Hi hP Hi hP

H P H P H P

H P H P H P

H P H P H P

Figure 2 – LHC constraints at 95% CL on the SMEFT Wilson C(1,3)
lq coefficients with different flavor indices,

where a single coefficient is turned on at a time. Quark flavor indices are denoted by ij and are specified on the
left-hand side of each plot. All coefficients are assumed to be real and contributions to the cross section up to
and including O(1/Λ4) are considered. The NP scale is chosen as Λ = 1TeV.
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3.1 Single-operator limits on the dimension-6 SMEFT

In this Section we present upper bounds on the dimension-6 SMEFT operators using LHC Run-II
data from the pp→ −α 

+
β and pp→ ±α νβ Drell-Yan searches listed in Table 2. Single-parameter

limits are extracted for individual Wilson coefficients by assuming them to be real parameters
and by setting all other coefficients to zero. For the sake of brevity, we only give results for the
left-handed vector operators with the most general flavor structure:

[
O(1)

lq

]
αβij

=
(
l̄αγ

μlβ
)
(q̄iγμqj) (11)[

O(3)
lq

]
αβij

=
(
l̄αγ

μτ I lβ
) (

q̄iγμτ
Iqj

)
. (12)

Limits for any other d = 6, 8 SMEFT operator that directly modify Drell-Yan production can be
extracted with the HighPT package. Our results are derived by keeping the O(1/Λ4) corrections
from the dimension-6 squared pieces assuming flavor alignment in the down sector for the CKM
matrix. The upper limits for the Wilson coefficients are presented in Fig. 2. All limits are given
at 95% CL at a fixed reference scale of Λ = 1TeV. Notice that for fixed leptonic flavors, as
expected, we find that the most constrained coefficients are the ones involving valence quarks,
but useful constraints are also obtained for operators involving the heavier s-, c- and b-quarks

despite the PDF suppression. Overall, the upper limits for O(1,3)
lq for different (i, j) indices

follow approximately the expected hierarchies between the parton-parton luminosity functions.
For fixed quark flavor-indices, we find comparable constraints between the e and μ channels,
with much weaker constraints for τ ’s.

Hi hP i hP i hPT

H g P g P g PT

Hi hP i hP i hPT

Figure 3 – LHC constraints at 95% CL on the coupling constants of several leptoquark states, where a single
coupling is turned on at a time. The masses of all leptoquarks are fixed to 2TeV. The numbers on the left-hand
side of each plot correspond to the respective flavor indices iα. See Tab. 1 for the definition of the couplings.
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3.2 Concrete models: Leptoquarks

We now provide limits on the couplings of leptoquark states. We focus on three examples: the
u-channel scalar singlets S1 and S̃1, the t-channel scalar doublets R2 and R̃2, and t-channel
vector singlets U1 and Ũ1. We consider a single coupling at a time (dropping RH neutrinos as
final states) and take for each leptoquark a benchmark mass of 2 TeV. Our results are collected
in Fig. 3 for the leptoquark couplings that contribute to dilepton and monolepton tails, where
we show the 95% confidence intervals for each individual coupling. For fixed quark flavors,
these results follow the same pattern of the SMEFT results presented above, with the strongest
bounds corresponding to the lightest quark flavors, as they have the largest PDFs.

4 Summary

In this talk we have presented a high-pT analysis of semi-leptonic New Physics entering charged
and neutral Drell-Yan production at the LHC. Starting with a general description of the scat-
tering amplitude in terms of form-factors, we introduced a useful parametrization and discussed
how this framework can be matched to specific BSM models such as the SMEFT truncated at
O(1/Λ4) (including dimension-8 effects), as well as explicit UV models with new (tree-level)
bosonic mediators that can be resolved by the collider energies. Using data from run-II LHC
searches in pp → (′) and pp → ν, we have presented the most stringent high-pT limits
on SMEFT Wilson coefficients, as well as leptoquark models, with arbitrary flavor structures.
These single-parameter limits were extracted with HighPT, a dedicated Mathematica package
for high-pT collider analyses for generic BSM physics entering semi-leptonic transitions.
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Semileptonic B-hadron decays in LHCb

S. Klaver a

Vrije Universiteit Amsterdam and Nikhef,
Science Park 105, 1098 XG Amsterdam

Semileptonic b-hadron decays provide an excellent opportunity to study lepton flavour univer-
sality as well as CKM-matrix elements. This contribution covers recent results from the LHCb
collaboration and presents the first observation of two different decays. The observation of the
Λ0

b →Λ+
c τ
−ντ decay is measured as well as the ratio R(Λ+

c ) which is in agreement with the
SM prediction within one standard deviation. The observation of the B0

s →K−μ+νμ gives an
opportunity to measure the ratio |Vub/||Vcb| and indicates a discrepant result between values
measured at low and high q2.

1 Observation of the decay Λ0
b →Λ+

c τ
−ντ

One of the assumptions in the Standard Model (SM) of particle physics is that each of the three
generations of fermions have the same gauge charge assignments and only differ in mass. This
implies that all leptons couple identically to the gauge bosons, a phenomenon called Lepton
Flavour Universality (LFU). Tests of LFU can be conducted by measuring ratios of decays in
which the decays differ only in lepton flavour. In these types of measurements the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements cancel as well as most of the form factors. Hence,
the uncertainties on the ratio are reduced and are more sensitive to New Physics (NP) at the
tree level.

LFU ratios with semileptonic decays are defined as

R(Hc) =
B(Hc → Hcτ

−ντ )
B(Hc → Hc−ν�)

, (1)

where Hb (Hc) is a b (c) hadron and − can either be an electron or muon.b All measure-
ments of R(Hc) conducted so far were performed with mesons. The combination of all mea-
surements has a discrepancy of over three σ with respect to the SM, hinting for NP, poten-
tially in the form of new force carriers such as leptoquarks. A similar measurement with Λ+

c

aOn behalf of the LHCb collaboration.
bThe inclusion of charge-conjugate processes is implied throughout.
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Figure 1 – (Top) distributions of (left) τ− decay time and (right) BDT output for Λ0
b →Λ+

c τ
−ντ candidates.

(Bottom) distributions of q2 for Λ0
b →Λ+

c τ
−ντ candidates having a BDT output value (left) below and (right)

above 0.66. Projections of the three-dimensional fit results are overlaid. The various fit components are described
in the legend.

baryons, R(Λ+
c ) =

Λ0
b→Λ+

c τ−ντ
Λ0
b
→Λ+

c μ−νμ
, offers complementary constraints to the existing measurements

due to the half-integer spin of the initial state 1,2. In the SM, its value is predicted to be
R(Λ+

c ) = 0.324± 0.004 1,3.
This analysis 4 uses LHCb’s Run 1 dataset, which corresponds to 3 fb−1 of integrated lumi-

nosity of pp collisions with centre-of-mass energies of 7 and 8 TeV. It uses the three-prong τ−

decay, τ− → π−π+π−(π0)ντ , and is normalised to the Λ0
b → Λ+

c 3π decay such that many system-
atics in the reconstruction of the signal and normalisation channel cancel in the ratio. The ratio
R(Λ+

c ) is then determined using external information on the Λ0
b → Λ+

c 3π and Λ0
b → Λ+

c μ
−νμ

branching ratios as follows:

R(Λ+
c ) =

(
B(Λ0

b → Λ+
c τ
−ντ )

B(Λ0
b → Λ+

c 3π)

)
measured

×
(
B(Λ0

b → Λ+
c 3π)

B(Λ0
b → Λ+

c μ−νμ)

)
external

. (2)

The first term in Eq. 2 is referred to as K(Λ+
c ).

To suppress backgrounds coming from b-hadrons decaying to Λ+
c and three charged pions,

the separation between the Λ+
c and three-prong vertices in the signal is exploited, by requiring

the difference in the positions of these vertices along the direction of the beam to be at least
five times larger than its uncertainty. Double charm backgrounds, in particular of the type
Λ0
b → Λ+

c D
+
s (X), where the D+

s meson decays to three pions, comprise another large source
of background. These differ from the signal by the resonant structures in the 3π system, since
τ− → 3πντ decays predominantly through a1(1260)

− → ρ0π−. This difference is used in a
boosted decision tree, BDT, trained to distinguish this background from signal.
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The signal yield is extracted in a three-dimensional binned maximum-likelihood fit, in bins
of the BDT output, the τ− lifetime, tτ , and the square of the four-momentum of the lepton pair,
q2. Results of these fits are shown in Fig. 1. The template shapes come from simulated data
samples, and data-based control samples. The bottom of Fig. 1 shows the fit as a function of q2

in the low- and high-BDT regions. The signal, in red, is clearly more visible in the high-BDT
region. The significance of the signal in the fit is found to be 6.1σ.

To extract the value of K(Λ+
c ), the obtained signal and normalisation yields are corrected

for reconstruction efficiencies derived from simulated data, as well as for the branching fraction
of the τ− → 3π(π0)ντ ) decay:

K(Λ+
c ) =

B(Λ0
b → Λ+

c τ
−ντ )

B(Λ0
b → Λ+

c 3π)
=

Nsig

Nnorm

εnorm
εsig

1

B(τ− → 3π(π0)ντ )
. (3)

Here Nsig (Nnorm) is the yield of the signal (normalisation) channel, and εsig (εnorm) is the corre-
sponding reconstruction efficiency. The value found for K(Λ+

c ) = 2.46± 0.27 (stat)± 0.40 (syst),
where the systematic uncertainty is driven by the uncertainty on the template shapes. The
branching fraction of the Λ0

b → Λ+
c τ
−ντ decay is measured to be B(Λ0

b → Λ+
c τ
−ντ ) = (1.50 ±

0.16 (stat)± 0.25 (syst)± 0.23 (ext))%, where the latter uncertainty is due to external branching
fraction measurements coming from the PDG averages of experimental measurements5. Finally,
the ratio R(Λ+

c ) is found to be R(Λ+
c ) = 0.242± 0.026 (stat)± 0.040 (syst)± 0.059 (ext), which

is in agreement with the SM within 1σ.

2 First observation of the decay B0
s →K−μ+νμ and a measurement of |Vub|/|Vcb|

The CKM matrix, VCKM, is a unitary matrix that defines the coupling of the up- to down-type
quarks through the weak interaction. The elements of the matrix concerning the b quark, |Vxb|,
can be extracted well using semileptonic b decays. Two independent and complementary ap-
proaches are used to extract these. The exclusive approach uses specific decays, has a controlled
amount of backgrounds and relies on input from theory on form factors. The inclusive approach
sums over all possible final states, has large backgrounds and relies on different theoretical
inputs. The two approaches give different results and have a discrepancy of 3σ.
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Figure 2 – |Vub|−2 dΓ(B0
s→K−μ+νμ)

dq2
distribution for different LQCD and LCSR models.
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Figure 3 – Distribution of mcorr for (top) the signal B0
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s →D−s μ+νμ channel. The points represent data, while the
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By extracting the ratio of branching fractions, RBF, of the signal B0
s → K−μ+νμ and

normalisation B0
s → D−s μ+νμ decays, the inclusive ratio of |Vub|/|Vcb| can be extracted as follows:

RBF =
B(B0

s → K−μ+νμ)

B(B0
s → D−s μ+νμ)

=
|Vub|2
|Vcb|2

× FFK

FFD+
s

. (4)

Here FFK (FFD+
s
) are the integrals of the form factors of the B0

s → K−μ+νμ (B0
s → D−s μ+νμ)

decay, defined as

FFY = |Vxb|−2
∫

dΓ(B0
s → Y μ+ν)

dq2
, (5)

where Y = K−, D−s and x = u, c. These form factors are taken from theoretical predictions
based on different models. The light cone sum rule (LCSR) and lattice QCD (LQCD) methods
give complementary predictions for the form factors of the signal decay. The LCSR calculations6

are most precise at low values of q2, while the LQCD calculations 7 are better at high values of
q2. Therefore, in this analysis the data sample is split up into two bins of q2, one below 7GeV2/c4

that uses the LCSR form factors, and one above 7GeV2/c4 using the LQCD form factors. For
the normalisation channel, the LQCD calculation 8,9,10 is precise enough for the entire q2 range.
An overview of the form factor distributions used in this measurement is shown in Fig. 2 8,9,10,6.

The measurement of RBF is also performed using LHCb’s Run 1 data set 11. Instead of
using the reconstructed mass to measure yields, this analysis used the corrected mass, mcorr,
which compensates for the missing momentum carried away by the neutrino. It is defined as

mcorr =
√
m2

Y μ + p2⊥/c2 + p⊥/c, where mY μ is the invariant mass of the visible particles and p⊥
the corresponding momentum transverse to the B0

s flight direction.
For the B0

s → D−s μ+νμ decay, the sample is split in 40 bins of mcorr and in each of these,
the D−s → K−K+π− yield is fit and the result of this is used to build a distribution as function
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of mcorr. This method takes care of suppressing combinatorial background. The signal and
normalisation yields are extracted from templated fits to the mcorr, which are shown in Fig. 3.
The shapes of the signal and normalisation modes are derived from simulated data, while the
shapes of the backgrounds come from simulated data as well as control samples.

The ratio of branching fractions can be derived from the yields using:

RBF =
B(B0

s → K−μ+νμ)

B(B0
s → D−s μ+νμ)

=
NK

ND+
s

εD+
s

εK
× B(D−s → K−K+π−), (6)

where NK (ND+
s
) are the yields of the signal (normalisation) channel, and εK (εD+

s
) the cor-

responding reconstruction efficiencies. The latter are derived from simulation with data-driven
corrections. The branching fraction of the D−s → K−K+π− decay is taken from the PDG 5.

The value of RBF is used to determine the branching ratio of the signal decay as

B(B0
s → K−μ+νμ) = τB0

s
× |Vcb|2 × FFD+

s
×RBF. (7)

The exclusive value of |Vcb| and the B0
s lifetime are taken from the PDG5, and the value of FFD+

s

comes from a recent LQCD computation 8. The value of the signal branching fraction is found
to be B(B0

s → K−μ+νμ) = (1.06 ± 0.05 (stat)) ± 0.04 (syst) ± 0.06 (ext) ± 0.04 (FF)) × 10−4,
where the external uncertainty refers to the uncertainty on the PDG inputs and FF to the
uncertainty on the form factor shape. The dominating systematic uncertainties are those on
the fit templates, and are due to the sample size as well as the uncertainty on the mixture of
exclusive decays.

The values of the ratio |Vub|/|Vcb| are determined separately for the region q2 < 7GeV2/c4

(low) and q2 > 7GeV2/c4 (high). They are

|Vub|/|Vcb| = 0.0607± 0.0015 (stat)± 0.0013 (syst)± 0.0008(D+
s )± 0.0030 (FF), (8)

and

|Vub|/|Vcb| = 0.0946± 0.0030 (stat)+0.0024
−0.0025 (syst)± 0.0013(D+

s )± 0.0068 (FF). (9)

The discrepancy between these two values is due to the different calculation of the form factors.
An overview of the values of |Vub|/|Vcb| found in this analysis, as well as a previous measurement
from LHCb using Λ0

b decays 12, and the PDG average of exclusive measurements, is shown in
Fig. 4 (left). Figure 4 (right) shows an overview of inclusive and exclusive measurements of
|Vub/Vcb| shown in the (|Vcb|, |Vub|) plane. The discrepancy between inclusive and exclusive
measurements persists.

3 Conclusions

The first observation of the Λ0
b →Λ+

c τ
−ντ decay is made using LHCb’s Run 1 data set 4. The

ratio R(Λ+
c ) is in agreement with the SM within 1σ. Many other LFU measurements using

semileptonic decays are ongoing, in addition to angular analyses that can put constraints on
possible types of NP. Moreover, the decay B0

s →K−μ+νμ has been observed for the first time
using LHCb’s Run 1 data set 11. In addition, the ratio |Vub|/|Vcb| is measured. This shows a
discrepancy between high and low values of q2 due to the external input on the integrated form
factors. In the future, this discrepancy can be resolved by making a differential measurement.
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Figure 4 – (Left) Measurements of |Vub|/|Vcb| from the analysis presented here and LHCb’s Λ0
b → pμ−νμ analysis.

Also the ratio inferred from the PDG averages of exclusive |Vub| and |Vcb| measurements is shown, where the
Λ0

b → pμ−νμ result is not included. The form-factor calculation used in each case is mentioned. (Right) PDG
averages (based on exclusive B → π�ν, B → D∗�ν and B → Xu,c�ν inclusive results) and measurements of
|Vub/Vcb| shown in the (|Vcb|, |Vub|) plane.
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B-anomalies may suggest New Physics at the TeV scale breaking flavor universality. In par-
ticular, 4321 gauge models can successfully explain them in a consistent way. In this talk we
explore how to UV complete the 4321 model in a 5D warped background to solve simultane-
ously the Higgs hierarchy problem too, finding interesting connections with the flavor puzzle.
We present a model1 that addresses the B-anomalies, flavor hierarchies, and the Higgs hier-
archy problem, where quarks and leptons are unified à la Pati-Salam in a non-universal way,
and the Higgs appears as a pseudo-Nambu-Goldstone boson.

1 Introduction

Flavor is an intriguing feature of the Standard Model (SM). It is an exact symmetry of the gauge
sector only broken by the Yukawa couplings, which have a very particular hierarchy. Although
the explanation of this structure could be postponed to some very high scale of New Physics, the
observation of the B-anomalies2 in the recent years may suggest hints of New Physics connected
to a flavor hierarchy explanation.3

B-anomalies are deviations in the B-meson semileptonic decays that break lepton flavor
universality, both, in neutral current b → sll, and charge current b → cτν processes. The
neutral current anomalies point to a New Physics effective scale ∼ 40TeV, while for the charge
current ones, the effective scale is much lower ∼ 3TeV. The difference on these scales, together
with the difference on the family number of the fields involved in each process (3q → 2l2l2q versus
3q → 3l3l2q) suggests that a combined explanation should be mainly coupled to the third family.
If we assume that the New Physics has a suppression εq, εl ∼ 0.1 when it is coupled to the second
family, both set of anomalies point to the same scale around the TeV. This structure allows to
design models with an approximate U(2) flavor symmetry in the light families, minimally broken
to reproduce the SM Yukawas. This is useful to protect a model from stringent bounds from
flavor-physics observables in the light families, while keeping a TeV New-Physics scale as needed
for the B-anomalies.

2 4321 model and beyond

The most promising single mediator that can account for both sets of B-anomalies is the U1 vec-
tor leptoquark,4 with quantum numbers (3,1)2/3 under the SM gauge group SU(3)c×SU(2)L×
U(1)Y . The interaction terms with the SM fields we can write up to dimension 4 are

L � gU√
2
Uμ
1

[
βiα
L (q̄ i

Lγμl
α
L + βiα

R (d̄ i
Rγμe

α
R)
]
+ h.c. (1)

where we can choose the basis where the down and right-handed (RH) fields are mass eigenstates.
A good B-anomaly explanation consistent with other flavor observables requires βiα

L ∼ εni
q εnα

l ,
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where ni,α is 0 for the third family, and increases in one unit each time the family number is
decreased. The RH couplings can only be non-highly suppressed for βbτ

R , to forbid dangerous
contributions to some flavor observables as Bs → μμ.2

Such vector field appears as massive gauge boson in the so called 4321 models,3,5,6 based on
the gauge group SU(4)h×SU(3)l ×SU(2)L×U(1)X . Here, h and l denotes the third and light
families respectively. Only the third family is charged under SU(4)h, so third-family quarks and
leptons are unified à la Pati-Salam, and only the first and second families are charged under
SU(3)l. The abelian component of the group is X = Bl − Ll + T 3

R, where Bl, Ll are baryon
and lepton number of the light families, and T 3

R is the RH isospin. This group breaks flavor
universality in the gauge sector, keeping a U(2) symmetry in the light families. If the 4321
gauge symmetry is broken at the TeV scale to the SM gauge group, a massive U1 coupled to the
third family appears, as required to explain the B-anomalies in first approximation, together
with a massive Z ′ and a color octet G′. These extra massive vector bosons do not affect the U1

explanation of the B-anomalies but they provide interesting connections with other observables
in colliders and flavor physics.2

To generate the light-heavy Yukawa mixing, and couplings of the leptoquark with the second
family as required in Eq. (1), we need to include a multiplet of vector-like fermions charged under
SU(4) with the same quantum numbers as the third family SU(2)L-doublets. They can mix
with an O(εq,l) angle with the light families after 4321 breaking, inducing a minimal breaking of
the U(2) flavor symmetry in the left-handed sector that generates the required couplings both
in the Yukawa and leptoquark sectors. Additional breakings of U(2) in the RH sector would
be dangerous for flavor observables as ΔF = 2 processes or Bs → μμ, so RH light family fields
cannot mix with SU(4)-charged fields. This is naturally forbidden by gauge symmetry in the
4321 model with the described matter content.

2.1 Warped extra dimensions and multi-scale origin of the flavor hierarchies

New Physics at the TeV scale invites to look for combined explanations with the Higgs hierarchy
problem. One of the most popular proposals to stabilize the scale of the Higgs potential are
Randall-Sundrum (RS) models,7 or their dual 4D picture: strongly coupled dynamics where the
Higgs is a composite state. RS models are built on warped 5D spacetime with a compact extra
dimension between two 4D branes, with a geometry

ds2 = e−2ky ημν dxμdxν − dy2. (2)

Here, k is the curvature scale, and the branes, called ultraviolet (UV) and infrared (IR) branes,
are localized at different values of the extra dimension y, yUV < yIR. The warping factor produces
a gravitational redshift effect that links the position in the extra dimension to the energy scale,
Λ ∼ ek(y−yIR)ΛIR, where ΛIR = ke−kyIR is the confining scale of the dual strongly coupled theory,
or the Kaluza Klein (KK) scale of the 5D theory. Lower values of y are associated to higher
scales, so the Higgs must be located in the IR brane to solve the large Higgs hierarchy problem.

The most popular approach to flavor in these models is the anarchic partial compositeness
paradigm.8 The hierarchies of masses and mixing angles are achieved due to the different expo-
nential suppression of the fermion zero modes of the SM fields in the IR brane, where the Higgs
is located. However, although these models have an effective U(2) flavor protection at the KK
scale from a GIM-like mechanism in RS,8 the breaking of the U(2) symmetry is not minimal in
general. There may be additional sources of U(2)-breaking in the RH sector, which are specially
dangerous if we want to embed a 4321 model in a RS geometry.

A possible way to improve this situation is to generate the Yukawa couplings of the three
families at three different scales, i.e. different positions in the extra dimension y.9,10 This can
be realized introducing extra intermediate branes where the different families are localized. The
Higgs vacuum expectation value (VEV) profile has a decreasing profile towards the UV, so higher
scales will suppress the resulting Yukawa. In this picture, RH fields can be highly, or completely

336



Figure 1 – Schematic representation of the 5D model. We include fermion zero-modes and scalar VEV profiles.

localized on the branes, so the U(2) breaking in the light-heavy mixing can be generated with
only the light left-handed (LH) fields, protecting flavor bounds.

3 A 5D model

We will now present a workable 5D model1 that combines all these elements commented above
(for more technical details, see the original article1): (i) it stabilizes the Higgs scale à la RS,
(ii) below the KK scale, it reduces to a 4321 model that can explain the B-anomalies, and
(iii) it explains the flavor hierarchies from a multi-scale construction. In Figure 1 we illustrate
the model. The geometry thus consists on three branes (one for each family), with a compact
extra dimension with the RS metric of Eq. (2).a To properly explain the flavor hierarchies, we
need a distance between the first-family brane and the IR brane of kL ∼ 10, and a first- to
second-family brane distance of k ∼ 4.

On top of this, (iv) the Higgs will be realized as a pseudo-Nambu-Goldstone boson (pNGB) of
a global symmetry of the strongly coupled sector in the dual picture. In the 5D description, this
corresponds to the gauge-Higgs unification, where the electroweak (EW) gauge group SU(2)L×
U(1)Y is extended in the bulk to a larger group which is broken by boundary conditions on the
branes. The fifth component of the gauge field associated to the broken generators both in the
UV and IR can be associated to the Higgs.

3.1 Gauge sector

We will assume the following gauge groups on the 23 bulk and IR brane (see Figure 1),

G23
bulk = SU(4)h × SU(3)l × U(1)Bl−Ll

× SO(5) ,

GIR = SU(3)c × U(1)B−L × SO(4) .
(3)

The fifth component of the gauge fields associated to the broken generators in the IR brane
behaves as Nambu-Goldstone bosons (NGBs) of a global symmetry G23

bulk. The coset G23
bulk/GIR

contains 19 NGBs. Among them, 15 will be eaten by the U1 leptoquark, the Z ′ and the color
octet G′ to get a mass M15 ≈ ΛIR

√
2/(kL). A good explanation of the B-anomalies is achieved

aIn general we can use different curvatures ki in the different bulks between the i-th brane and the (i+ 1)-th
brane, with ki ≤ ki+1 to avoid the appearance of ghosts. For simplicity here we will assume all curvatures are the
same ki = k.
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Table 1: Fermion and scalar content of the model. Here, i = 1, 2, 3 and j = 1, 2. The upper block refers to fermion
fields and the lower block to scalar fields.

Field SU(4)h SU(4)l SO(5) U(1)Ψ U(1)S
Ψ3,Ψ3

d,X (′) 4 1 4 1 0

Ψj ,Ψj
u,d 1 4 4 1 0

Si 1 1 1 0 1

Σ 1 1 5 0 0

Ω 1 4 4 1 −1
Φ 1 1 1 0 2

taking M15 ∼ 3 − 4TeV,2 so a good benchmark value is ΛIR ∼ 8TeV. Such a value sets the
first KK states, and first deviations of the 4321 model, for scales � 15TeV. Deviations in EW
precision data from these states is well below the current experimental limits.

The remaining 4 NGBs transform as a 4 of SO(4) = SU(2)L × SU(2)R that we identify
with the Higgs boson. This is similar to the minimal composite Higgs scenario based on the
coset SO(5)/SO(4).11 One advantage of realizing the Higgs as a pNGB is that we can compute
its potential from other parameters of the model. It receives several contributions, at the tree
and one-loop level from the matter content of the theory we discuss below. Assuming the value
for the SO(5) KK coupling g∗ =

√
k g5 ≈ 2.5, where g5 is the 5D gauge coupling, all the

contributions are calculated to be at the correct order, except for a fine-tuning at the per mille
level required to obtain a VEV for the Higgs at the EW scale.

There is some freedom on the gauge groups in the other branes and bulks, but we can choose

G2
brane = G23

bulk ,

G12
bulk = SU(4)h × SU(4)l × SO(5) ,

GUV = SU(4)h × SU(3)l × U(1)Bl−Ll
× SU(2)L × U(1)R . (4)

We promote SU(3)l to SU(4)l in the 12 bulk so we unify quark and leptons of light families
above the second-family brane scale. However, then the gauge group in the UV brane GUV needs
to break SU(4)l to SU(3)l to explain the splitting of the first-family Yukawa couplings. Another
possibility is to choose G12

bulk = G2
brane = G23

bulk, and postpone the quark-lepton unification of light
families to a more UV bulk we may include.

3.2 Matter content

The fermion and scalar fields in the model are given in Table 1, where we indicate their repre-
sentation under the gauge group SU(4)l×SU(4)h×SO(5). The fields Si, Ω and Φ are necessary
to implement an inverse seesaw mechanism to explain the neutrino masses and PMNS matrix.10

The field Σ is included to generate the light-family Yukawas as explained below. The three
scalar fields develop a VEV, and in particular, the VEV of Ω breaks the UV gauge symmetry
GUV to the 4321 symmetry, U(1)Bl−Ll

×U(1)R → U(1)X . The zero modes of the other fermion
fields are exactly the 4321 fermion fields. We have also included in Table 1 the global groups
U(1)Ψ and U(1)S we need to enforce, to forbid baryon and lepton number violation of higher
dimensional operators and to realize the inverse seesaw mechanism, respectively. Alternatively,
they may be gauge symmetries broken in a deeper Planck brane.

The boundary conditions in the UV and IR branes for the 4321 fermions are chosen to be
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SU(4)l,h symmetric, but SO(5)-breaking. They are

Ψ3 =

⎡⎢⎣ψ
3 (+,+)

ψ3
u (−,−)

ψ̃3
d (+,−)

⎤⎥⎦ , Ψ3
d =

⎡⎢⎣ψ̃
3 (+,−)

ψ̃3
u (+,−)

ψ3
d (−,−)

⎤⎥⎦ , X (′) =

⎡⎢⎣χ
(′)(±,±)

χ
(′)
u (∓,±)

χ
(′)
d (∓,±)

⎤⎥⎦ ,

Ψj =

⎡⎢⎣ψ
j (+,+)

ψ̃j
u (−,+)

ψ̃j
d (−,+)

⎤⎥⎦ , Ψj
u =

⎡⎢⎣ψ̃
j (+,−)

ψj
u (−,−)

ψ̂j
d (+,−)

⎤⎥⎦ , Ψj
d =

⎡⎢⎣ψ̂
j (+,−)

ψ̂j
u (+,−)

ψj
d (−,−)

⎤⎥⎦ , (5)

where we are decomposing the 4 of SO(5) into the SU(2)L doublet, and the up-type and down-
type components of the SU(2)R doublet. The sign + (−) stands for a Dirichlet condition in the
RH (LH) chirality of the fermion. Only the components with same boundary condition in the
UV and IR have zero modes, with chirality LH for (+,+) and RH for (−,−).

3.3 Yukawa hierarchies and U(2) breaking

All the hierarchies can be explained choosing the appropriate 5D masses for the fermions. Dif-
ferent 5D masses will translate into different exponential profiles of the fermion zero modes. For
concreteness, we can consider the following 5D masses Mi = kci:

c
(1,2)
Ψ3 ≈ c

(1,2)
X ≈ c

(1)

Ψ3
d
≈ c

(1)
Ψ2 ≈ c

(1)
Ψ2

u
≈ 0 , c

(1,2)
X ′ ≈ −1/2 ,

c
(1,2)
Ψ1 ≈ c

(2)
Ψ2 ≈ −c(2)Ψ3

d
≈ −c(1)

Ψ2
d
≈ 1, c

(1,2)

Ψ1
u,d

, c
(2)

Ψ2
u,d
≤ −2 , (6)

where the superindex (1, 2) refers to the 12 or 23 bulk. The profiles generated are qualitatively
depicted in Figure 1. This choice successfully reproduces all the hierarchies:

• Top Yukawa. It is the only one directly generated in the bulk as a consequence that both
ψ3 (SU(2)L doublet) and ψ3

u (RH top) belong to the same multiplet Ψ3. For cΨ3 ≈ 0,
yt ≈ g∗/(2

√
2), which is compatible with the prediction of g∗ from the Higgs potential.

• Down-type third-family Yukawas. The third family down-type Yukawa are generated
through IR boundary masses we can write given the IR boundary conditions of the fields.
The smallness of the bottom and tau Yukawa couplings versus the top one can be explained

by localizing Ψ3
d (that contains bR and τR) in the second brane (c

(2)

Ψ3
d
≈ 1).

• Light-heavy Yukawa mixing. The Yukawa couplings responsible of light-heavy mixing in
the CKM matrix are also generated in the IR brane by boundary masses. They are
suppressed by the profiles of Ψj , that contain the light-family LH doublets. By localizing

the RH fields on the first- and second-family branes (c
(2)

Ψi
u,d

≤ −2), we suppress any extra

breaking of the effective U(2)-symmetry at the TeV scale.

• 4321 vector like fermions. The IR masses also generate the mass of the vector like fermions
and mass mixing with the SM fields, necessary to successfully explain the B-anomalies.

Due to the profiles of the vector like fermions, c
(1,2)
X ′ ≈ −1/2, and the SM fields, the mixing

is maximal for the third family, and suppressed for the light families by the profile of
the light-family LH fields Ψj . This is a similar suppression than the light-heavy Yukawa
mixing.

• Light-family Yukawas. Since RH fields of light families are very localized on the first-
and second-family branes, light Yukawas can only be generated in those branes. In the
Higgs-gauge unification scenario we are considering, we need to include the Σ field, a 5 of
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SO(5) with a 5D mass close to the Breitenlohner-Freedman stability bound. It develops
a VEV along its singlet component, propagating the breaking of SO(5) into de bulk and
the first- and second-family branes. The resulting Yukawa couplings are suppressed by the
ratio between ΛIR and the i-th brane scale, ΛIR/Λi, for the light family i.

4 Conclusions

The anomalies observed in the B-meson decays hint New Physics at the TeV scale. A quark-
lepton unification of the third family around the TeV scale, as in 4321 models, has a pheno-
menology consistent with the observed B-anomalies and the current experimental constraints.
A completion of 4321 models à la RS points towards a multi-scale origin of the flavor hierarchies,
where a U(2) flavor protection at the TeV scale can be implemented. In this talk we have
presented a 5D model realizing this idea1 where, in addition, the Higgs emerges as a pNGB from
the same dynamics that breaks the 4321 gauge symmetry to the SM group.
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The evidence for Lepton Flavour Universality (LFU) violation in semileptonic B-decays has
been rising over the past few years. Relying on generic effective field theory (EFT) results,
it has been shown that models addressing the B-anomalies necessarily lead, at one-loop, to
deviations from LFU in τ decays at the few per-mil level. Once a (renormalizable) UV model
is specified, the leading-log EFT result receives finite corrections from the matching at the
UV scale. We discuss such corrections in a motivated class of models for the B-anomalies,
based on an extended SU(4)×SU(3)×SU(2)×U(1) gauge sector. In this scenario, we obtain
precise predictions for the effective W -boson and Z-boson couplings to leptons in terms of
the masses and couplings of the new heavy fields. We confirm a few per-mil deviation from
universality, within reach of future high-precision experiments.

1 Introduction

Lepton Flavour Universality tests provide stringent constraints on physics beyond the Standard
Model (SM). In addition to the well-known B anomalies, one can also investigate LFU violation
in other observables, such as leptonic decays. These could then in turn be interpreted as a
deviation from universality of the W boson couplings to leptons. The connection between the
anomaly in b → cτν transitions and leptonic τ decays has been noted for the first time in 1,2.
Basing on EFT arguments only, the authors have shown that, even in a New Physics (NP) model
where τ decays are not affected at tree-level, they necessarily receive a modification at one-loop
level which is of the order of a few per-mil. Although this still lies well within the experimental
precision we have today, it is worth studying the finite corrections to the leading-log EFT
expression, in order to provide a precise prediction that may be tested in future experiments.
In this study we look at the leptonic LFU ratios 3∣∣∣g(τ)e /g(μ)e

∣∣∣2 ≡ Γ(τ → eνν̄)

Γ(μ→ eνν̄)

[
ΓSM(τ → eνν̄)

ΓSM(μ→ eνν̄)

]−1
, (1)

and the analogously defined |g(τ)μ /g
(μ)
e |2 and |g(τ)μ /g

(τ)
e |2, and compute them in a class of UV

models aimed at explaining the B anomalies, while addressing also the flavor puzzle of the SM.

2 EFT description of leptonic decays

The typical scale of leptonic decays of τ leptons or muons lies well below the EW scale, where
both the SM and the NP contributions to the processes are best expressed in the so-called Low-
Energy Effective Theory (LEFT). This is the theory obtained when integrating out the heavy
degrees of freedom of the SM, i.e. W±, Z, h and t, as well as hypothetical new heavy states. It
consists, in general, of all operators invariant under SU(3)c×U(1)Q constructed out of the light
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SM fields. Truncating the expansion at dimension-six, the general Lagrangian can be written
as

LLEFT = − 2

v2

∑
k

CkOk . (2)

In order to describe decays of the type β → ανν̄, however, we only need the following operator,

OV,LL
νe = (ν̄αLγμν

β
L)(ē

γ
Lγ

μeδL) , (3)

where α, β, γ, δ are flavour indicesa. Under the assumption of small NP corrections, we can
define

Rβα =
Γ(β → ανν̄)

ΓSM(β → ανν̄)
≡ 1 + δRβα , (4)

where
δRβα ≈ 2Re[CV,LLνe ]NP

αββα , (5)

and we have used the fact that [CV,LLνe ]SMαββα = 1 in our conventions. Since this operator is not
subject to RGE running, we need to evaluate the coefficient at the electroweak scale in order
to find the contribution we are looking for. In order to do so, the explicit NP model needs to
be matched onto the Standard Model Effective Theory (SMEFT), an effective theory with the
full SM field content and SU(3)c × SU(2)L ×U(1)Y gauge invariance, at the UV scale, and run
down to the electroweak scale. The SMEFT Lagrangian is normalised as

LSMEFT = − 2

v2

∑
k

CkOk , (6)

and at one-loop, the SMEFT-LEFT matching reads

[CV,LLνe ]NP−full
αββα = −2

∑
γ=α,β

[C
(3)
H� ]γγ(μ) + [C��]αββα + [C��]βααβ

− m2
tNc

8π2v2

∑
γ=α,β

[C
(3)
�q ]γγ33

(
1 + 2 log

μ2

m2
t

)
, (7)

where C3
H�, C��, and C

(3)
�q are the coefficients of the operators

[O
(3)
H�]αβ = (̄αγμσ

Iβ)(H†i
←→
DμσIH) , (8)

[O��]αβγδ = (̄αLγμ
β
L)(̄

γ
Lγ

μδL) , (9)

[O
(3)
�q ]αβij = (̄αLσ

Iγμ
β
L)(q̄

i
Lσ

IγμqjL) , (10)

in the Warsaw basis 4, which we will obtain by the one-loop matching of the NP onto the
SMEFT. This way, we capture the important finite terms, in addition to the leading-log correc-
tion originally computed in 1,2, which is model independent and fixed by the RG running of the

semileptonic operator O
(3)
�q .

3 UV model

It has been shown that the U1 vector leptoquark (LQ) provides a good combined solution
for both charged and neutral current B anomalies, provided it has the approximately U(2)-
like flavour structure in the couplings, with dominant couplings to the third generation of
fermions 5. Such a structure can be obtained naturally in the so-called 4321 models, based on an
extended SU(4)× SU(3)′ × SU(2)L ×U(1)X gauge symmetry. These provide a UV completion
for the U1, and the non-universality of the couplings is obtained by charging only the third
fermion family under SU(4), while the light generations are coupled to SU(3)′ (see Table 1).

aNotice that we neglect the operator with a right-handed charged-lepton current since it is zero in the SM.
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Table 1: Minimal field content of the model. Fields added
to the SM matter content are shown in grey.

Field SU(4) SU(3)′ SU(2)L U(1)X

qiL 1 3 2 1/6
uiR 1 3 1 2/3
diR 1 3 1 −1/3
iL 1 1 2 −1/2
eiR 1 1 1 −1
ψL 4 1 2 0
ψ±R 4 1 1 ±1/2
χL,R 4 1 2 0

H 1 1 2 1/2
Ω1 4̄ 1 1 −1/2
Ω3 4̄ 3 1 1/6

The SM gauge group is the subgroup of the
4321, with SU(3)c × U(1)Y ≡ [SU(4) ×
SU(3)′ × U(1)X ]diag, and SU(2)L being the
SM one. The hypercharge is defined in terms
of the U(1)X charge, and the SU(4) genera-
tor T 15

4 = 1
2
√
6
diag(1, 1, 1,−3) by Y = X +√

2/3T 15
4 .

In order to make the LQ couple also to the sec-
ond generation, one needs to introduce vector-
like (VL) fermions. These mix with one of the
light generations, which can be chosen with-
out loss of generality to be the second, through
terms of the form

L ⊃ q̄2LΩ3χR + ̄2LΩ1χR + h.c. , (11)

which after the 4321→ SM breaking give rise to the mixing. Other realizations of the vector-like
states and the mass mixing are possible. However, in the broken phase, all possibilities can be
summarized with the generic mass term 6

Lmass = Ψ̄q ′
L Mq QR + Ψ̄� ′

L M� LR + h.c. , (12)

with the left-handed fermions arranged as

Ψq ′
L =

(
q′ 2L q′ 3L Q′L

)ᵀ
, Ψ� ′

L =
(
′ 2L ′ 3L L′L

)ᵀ
, (13)

and where Mq,� are 3-component vectors. These mass vectors can be written as

Mq = W̃q Oq

(
0 0 mQ

)ᵀ
, M� = W̃�O�

(
0 0 mL

)ᵀ
, (14)

where mQ,L are the vector-like fermion masses. Here, the 3 × 3 orthogonal (unitary) matrices
Oq,� (W̃q,�) parametrize the VL-fermion mixing with the 2nd (3rd) generation, and have the
form

Oq,� =

⎛⎝ cQ,L 0 sQ,L

0 1 0
−sQ,L 0 cQ,L

⎞⎠ , W̃q,� =

(
1 0
0 Wq,�

)
, (15)

with sQ,L (cQ,L) being shorthand for the sine (cosine) of the θQ,L mixing angles, and Wq,� unitary
2× 2 matrices. Once the left-handed fermion fields are redefined to diagonalize the mass terms,
the interactions of the U1 with the left-handed fermion fields read

LU ⊃
g4√
2
Uμ
1 (Ψ̄qβLγμΨ�) , βL = OqW̃qdiag(0, 1, 1)W̃

†
�O

ᵀ
� =

⎛⎝βsμ
L βsτ

L βsL
L

βbμ
L βbτ

L βbL
L

βQμ
L βQτ

L βQL
L

⎞⎠ . (16)

The right-handed couplings of the U1 are not relevant for the current discussion and will therefore
be ignored, except for their impact on the fit to the B-anomalies. This manifests itself in a

different best-fit value for the constant CU =
g24v

2

4m2
U
, which gives the overall size of the semileptonic

operators, once the leptoquark has been integrated out.
Moreover, the field χL couples to the SM Higgs field and the right-handed fermions via a Yukawa
interaction

ΔLY = Y ′−χ̄Lψ
−
RH + Y ′+χ̄Lψ

+
RH̃ + h.c. , (17)

with H̃ = iσ2H
†. In the mass basis before the EW symmetry breaking, it can be expressed as

ΔLY ⊃ cQY−Q̄Ld
3
RH + cQY+Q̄Lu

3
RH̃ − sQY−q̄2Ld

3
RH − sQY+q̄

2
Lu

3
RH̃ + h.c. ,

where the different Y ′± and Y± reflect a possible mixing in the right-handed sector. Additionally,
this implies |Y+| ∼ yt|Vcb|/sQ � |Y−|, where yt is the top-quark Yukawa coupling and Vcb denotes
the element of the CKM matrix, which is why we will neglect Y− in our numerical analysis.
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Figure 1 – 4321-SMEFT matching at 1-loop. ψA,B = QL, qL in the full theory diagrams on the right-hand side.

4 1-loop computation

With all the ingredients introduced so far, the 1-loop computation of the leptonic LFU ratios in
the full model amounts to the computation of the 1-loop matching to the SMEFT coefficients

C
(3)
H� and C��. Diagrammatically, the procedure is summarized in Figure 1, and we report here

only the result b:

[C
(3)
H� ]ττ (μ) = −

1

16π2

NcCU

2

[
|βbτ

L |2|yt|2
(
1 + log

μ2

m2
U

)
+ cQ2Re(β

bτ∗
L βQτ

L Y ∗+yt)B0(xQ) (18)

+ c2Q|β
Qτ
L |2(|Y+|2 + |Y−|2)F (xQ, x

R
Q)
]

(19)

[C
(3)
H� ]μμ(μ) = −

1

16π2

NcCU

2
s2L

[
|βbμ

L |
2|yt|2

(
1 + log

μ2

m2
U

)
+ cQ2Re(β

bμ∗
L βQμ

L Y ∗+yt)B0(xQ) (20)

+ c2Q|β
Qμ
L |2(|Y+|2 + |Y−|2)F (xQ, x

R
Q)
]

(21)

[C��]τμμτ = [C��]μττμ = CU
g24

16π2
s2LB

1212
�� +

3g24v
2

16m2
Z′
s2τ , (22)

where xQ = m2
Q/mU2 and xRQ = m2

Q/m
2
hU

, with hU being the radial scalar-LQ excitations of

Ω1 and Ω3 , and the details about the loop functions B0, F and B�� can be found in 6,7. Notice
that there is also a tree-level contribution to C��, coming from Lepton Flavor Violating (LFV)
couplings of the heavy Z ′ boson. This is suppressed by the angle sτ , diagonalizing the lepton
Yukawa couplings in the 2-3 sector, which is constrained by other observables 8.

5 Numerical analysis

Using the results of the previous section, we can estimate the size of the different contributions
to the leptonic LFU ratios defined in (1). The benchmark point for all 4321 parameters, except
for Y+ and sτ , is fixed by the fit to the B anomalies 5. The two remaining parameters are varied
in the ranges

0.2 < |Y+| < 1 0 < sτ < 0.1 , (23)

where the sign of Y+ is also free. Looking at Figure 2 (left panel), we can see that the con-
tributions coming from C�� and from the tree-level Z ′ exchange are negligible (the latter for

bNote that [C3
H�]ee ≈ 0 in our framework.
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Figure 2 – Numerical analysis of the modifications to leptonic decays. Left : different contributions to δRτμ as
function of xQ = m2

Q/m
2
U . The black line is the contribution from the box diagrams involving SM fermions only.

The red and green bands summarize all contributions involving one or more vector-like quarks for Y+ > 0 and
Y+ < 0, respectively. The grey band is obtained varying sτ , while the blue line comes from the box diagram
with two leptoquarks and four external leptons. Right : Comparison with current experimental determination of
the 4321 prediction for two LFU ratios. Both the hatched and grey bands have been obtained varying CU from
0.005 to 0.01, corresponding to the best-fit value to the B anomalies in the presence or absence of right-handed
currents.

0 < sτ � 0.07). In this approximation, the deviations from lepton universality may directly be
written in terms of modification of the W -couplings. Writing the W Lagrangian as

L(�,W )
eff = −gW�√

2
ν�γ

μPL W
+
μ + h.c. , (24)

we have e.g. ∣∣∣∣∣g
(τ)
e

g
(μ)
e

∣∣∣∣∣
2

≈
∣∣∣∣gWτgWμ

∣∣∣∣2 . (25)

How our predictions compare to the data can be seen in Figure 2 (right panel).
Alongside with the modification of the W -couplings, also the Z-couplings to leptons receive a
modification. A very similar computation to the one described above leads to the result

δgZ�L
∣∣
Y−=0

= 0 ,
δgZν�

gZ,SMν�

∣∣∣∣∣
Y−=0

=
δgW�

gW,SM
�

∣∣∣∣∣
Y−=0

, (26)

where we have defined the Z Lagrangian as

L(�,Z)
eff = − g2

cW

[
gZ�L(̄γ

μPL) + gZν�(ν̄�γ
μPLν�)

]
Zμ . (27)

This implies that the most important constraint on the model from the Z-pole comes from the
invisible width of the Z, i.e. the effective number of light left-handed neutrinos. Since the only
sizeable correction in our framework is the one to δgZντ , we have∣∣∣∣∣ gZντ

gZ,SMντ

∣∣∣∣∣
2

Neff
ν

= N eff
ν − 2 , (28)

where N eff
ν (exp) − 2 = 0.9840 ± 0.0082 . Similar to the case of the W-couplings modification,

we also predict a decrease in the effective couplings of Z-boson to neutrinos, as can be seen in
Figure 3.
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Figure 3 – Number of effective light neutrinos: 4321 prediction vs. experimental determination (from PDG).

6 Conclusion

We have presented the first complete analysis of LFU violation in τ decays within 4321 models
at next-to-leading order in the leptoquark gauge coupling. We found that the current value
of the charged current B anomaly always implies a decrease in the τ decay width at the few
per-mil level. While being in agreement with the more general EFT expectation, the finite
contributions due to the heavy vector-like states can change the effect sizeably and contribute
to the agreement of 4321 models with data from leptonic decays 5. We emphasize that the LFU
tests in τ decays provide a good probe to test the model in the future, subject to a precision of
O(10−4).
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115015 doi:10.1103/PhysRevD.102.115015 [arXiv:2009.11296 [hep-ph]].

7. L. Allwicher, G. Isidori and N. Selimovic, Phys. Lett. B 826 (2022), 136903
doi:10.1016/j.physletb.2022.136903 [arXiv:2109.03833 [hep-ph]].

8. J. Fuentes-Mart́ın, G. Isidori, J. Pagès and K. Yamamoto, Phys. Lett. B 800 (2020),
135080 doi:10.1016/j.physletb.2019.135080 [arXiv:1909.02519 [hep-ph]].

346
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Recent results in the B-physics field achieved using proton-proton collision data at
√
s =

13 TeV by ATLAS and CMS are presented. They include the first observation of B0 →
ψ(2S)K0

Sπ
+π− and B0

s → ψ(2S)K0
S decays at the CMS experiment, and the study of the

B+
c → J/ψD+

s and B+
c → J/ψD∗+s decays at the ATLAS experiment with Run 2 data.

1 Introduction

Even though not originally designed for heavy flavour (HF) physics, the ATLAS 1 and CMS 2

experiments at the LHC 3 can probe the field of HF physics, thanks to the redundant muon sys-
tems and the excellent tracking performance, while benefiting from the large statistics collected
during the Run 2 of the LHC at

√
s = 13 TeV center-of-mass energy. The kinematic region of

the ATLAS and CMS detectors is complementary to that of LHCb 4 .

Both experiments have an extended physics program devoted to HF physics. To this end,
dedicated triggers targeting low-pT dimuon events are used, allowing for spectroscopy studies,
searches for rare decays of HF hadrons into di-muon final states, quarkonia production studies
and measurements of CP violation in B-hadron decays. In this contribution, two recent results
achieved by the ATLAS and CMS experiments in the HF field are presented a.

2 Observation of B0 → ψ(2S)K0
Sπ

+π− and B0
s → ψ(2S)K0

S decays at CMS

Decays of B-hadrons to charmonium resonances are a good playground for testing the Standard
Model (SM) in the HF sector. Moreover, these searches have led to the observation of several
exotic hadrons as intermediate resonances, populating a rich spectrum which is not yet fully
understood 5. Finally, B-hadrons decays can be used for CP-violation measurements 6,7.

The B0 → ψ(2S)K0
Sπ

+π− and B0
s → ψ(2S)K0

S decays have been observed for the first
time 8 by the CMS experiment using proton-proton collision data collected in 2017 and 2018,
accounting for an integrated luminosity of 103 fb−1. Exotic resonances are also searched for as
intermediate states in the B0 → ψ(2S)K0

Sπ
+π− decays. Charge-conjugate states are implied to

be included throughout the paper.

The decay branching fractions (B) of the two signal decays have been measured relative to
the B0 → ψ(2S)K0

S decay, which is chosen as the normalization channel in order to reduce the
systematic uncertainties. The relative branching fractions are measured using the relations:

aCopyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license
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Figure 1 – Measured invariant mass distribution of ψ(2S)K0
S (left) and ψ(2S)K0

Sπ
+π− (right) candidates 8.

Rs ≡
B
(
B0

s → ψ(2S)K0
S

)
B
(
B0 → ψ(2S)K0

S

) =
fd
fs

ε
(
B0 → ψ(2S)K0

S

)
ε
(
B0

s → ψ(2S)K0
S

)N (
B0

s → ψ(2S)K0
S

)
N
(
B0 → ψ(2S)K0

S

) (1)

Rπ+π− ≡
B
(
B0 → ψ(2S)K0

Sπ
+π−

)
B
(
B0 → ψ(2S)K0

S

) =
ε
(
B0 → ψ(2S)K0

S

)
ε
(
B0 → ψ(2S)K0

Sπ
+π−

)N (
B0 → ψ(2S)K0

Sπ
+π−

)
N
(
B0 → ψ(2S)K0

S

)
(2)

where N is the signal yield in data, ε is the reconstruction efficiency and fd/fs is the frag-
mentation fraction ratio given by the ratio of the production cross section of B0 and B0

s mesons.

2.1 Event selection and signal extraction

Data have been collected using a di-muon trigger compatible with ψ(2S) → μ+μ− decays with
pT (ψ(2S)) > 18 GeV. Offline selections are applied to reconstruct the ψ(2S) → μ+μ− decay
vertex in the m(μ+μ−) ∈ [3500, 3950] MeV invariant mass range. The K0

S → π+π− decay
is reconstructed requiring two opposite-signed (OS) tracks forming a displaced vertex with
invariant mass within ±20 MeV of the world average K0 mass 5. The B meson candidate
is then reconstructed by means of a kinematic vertex fit on the ψ(2S) and K0

S candidates
and additional selections on the pointing angles and displacement significances are applied 8.
B0 → ψ(2S)K0

Sπ
+π− events are then reconstructed by requiring two additional charged tracks

in the final state.

Fig. 1 (left) shows the measured ψ(2S)K0
S invariant mass distribution, where the B0

s →
ψ(2S)K0

S signal (right peak) and the B0 → ψ(2S)K0
S reference channel (left peak) are fitted with

double gaussian functions, while the combinatorial background is modelled with an exponential
function. The ratio of the widths of the two signal distributions is constrained from simulation
studies. The B0

s → ψ(2S)K0
S and B0 → ψ(2S)K0

S yields are extracted from the fit and the
B0

s → ψ(2S)K0
S decay is observed with a 5.2σ statistical significance.

Fig. 1 (right) shows the measured ψ(2S)K0
Sπ

+π− invariant mass distribution. A clear peak
stands out on the combinatorial background. The B0 → ψ(2S)K0

Sπ
+π− decay is observed with

a significance exceeding 30σ.

2.2 Search for intermediate states in B0 → ψ(2S)K0
Sπ

+π− decays

The intermediate mass distributions corresponding to the four-body B0 → ψ(2S)K0
Sπ

+π− de-
cay are shown in Fig. 2, where the data points are background-subtracted using the sPlot
technique 10. Two and three-body measured mass distributions are compared to simulation
and signs of the known resonances K∗(892)±, ρ(770)0 and K1(1270)

0 are seen in the K0
Sπ
±,

π+π− and K0
Sπ

+π− mass distributions, respectively. The simulation is reweighted to account
for intermediate structures and no additional exotic states are found.
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Figure 2 – Distributions of 2-body (left) and 3-body (right) intermediate invariant masses from the B0 →
ψ(2S)K0

Sπ
+π− decay. The data distributions (black dots) are background subtracted 8. Overlaid are the predic-

tions of phase space simulations, before (red triangles) and after (grey squares) reweighting.

2.3 Systematic uncertainties and measured branching fraction ratios

The measured signal yields extracted from fitting the ψ(2S)K0
S and ψ(2S)K0

Sπ
+π− invariant

mass distributions are used to measure the branching fraction ratios given by Eq. 1 and 2. The
total reconstruction efficiencies (ε) for the two decay channels relative to B0 → ψ(2S)K0

S are
evaluated from simulations. The fragmentation fraction ratio fs/fd is taken from a recent
measurement by the LHCb Collaboration 11 in the kinematic range of this analysis.

Many systematic uncertainties cancel out in the ratios. The most relevant source of system-
atic uncertainty comes from the reweighting procedure applied to the simulated events to account
for the presence of intermediate resonances. The impact of the reweighting on the reconstruction
efficiencies is found to be 5%, which is taken as a systematic. Since the B0 → ψ(2S)K0

Sπ
+π− and

the B0 → ψ(2S)K0
S only differ from the two pions in the final state, a 4.2% uncertainty is in-

troduced accounting for the tracking efficiency of the two additional charged tracks. Additional
systematic uncertainties come from the choice of the signal and background fit models.

The measured B ratios are found to be:

Rs = (3.33± 0.69(stat.)± 0.11(syst.)± 0.34(fs/fd))× 10−2 (3)

Rπ+π− = 0.480± 0.013(stat.)± 0.032(syst.) (4)

Since the result in Eq. 3 can be updated with future measurements of fs/fd, the measured ratio
is also given as a function of fs/fd:

Rs fs/fd = (0.69± 0.14(stat.)± 0.02(syst.))× 10−2 (5)

The B ratios are found to be compatible with their analogues in the J/ψ channels 12,13.

3 Study of the B+
c → J/ψD+

s and B+
c → J/ψD∗+s decays at the ATLAS experiment

The Bc meson is the lightest particle with two different HF quarks decaying via weak interaction.
Therefore, studies on Bc mesons provide a unique laboratory for heavy-quarks dynamics. B+

c →
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J/ψD
(∗)+
s decays can take place via b̄-transition, with the c-quark as a spectator, or via cb̄

annihilation diagram.

B+
c → J/ψD

(∗)+
s decays have been first observed by LHCb14. The first result by ATLAS was

obtained using data collected during the Run 1 of the LHC at
√
s = 7 and 8 TeV center-of-mass

energy 15. In this contribution the study performed on the full Run 2 dataset is presented 9.

The decay branching fractions of the two signal decays have been measured relative to the
B+

c → J/ψπ+ decay. The ratio of the two signal branching fractions is also measured:

RD+
s /π+ =

B (B+
c → J/ψD+

s )

B
(
B+

c → J/ψπ+
) , RD∗+s /π+ =

B (B+
c → J/ψD∗+s )

B
(
B+

c → J/ψπ+
) , RD∗+s /D+

s
=
B (B+

c → J/ψD∗+s )

B
(
B+

c → J/ψD+
s

)
(6)

The B+
c → J/ψD∗+s is a transition of pseudoscalar meson to two vector states which can

be described in terms of the helicity states of the D∗+s and J/ψ mesons, resulting into three
helicity amplitudes A++, A−− and A00. The A±± amplitudes correspond to the D∗+s and J/ψ
transverse polarisations and its fraction (Γ±±/Γ ) is also measured in this analysis.

3.1 Event selection and signal extraction

The B+
c → J/ψD

(∗)+
s decays are reconstructed using the J/ψ → μ+μ− and D+

s → φ(K+K−)π+

decays, where the D∗+s de-excitates via π0 or soft photon emission, which are not detected. The
D+

s and D∗+s masses are nevertheless resolved, allowing for the reconstruction of the two signal
channels.

Data have been collected using two different sets of triggers. The first set contains di-muon
and tri-muon triggers compatible with J/ψ → μ+μ− decays, while the second set requires four
reconstructed objects, two OS muons and two OS tracks, therefore being not compatible with the
B+

c → J/ψπ+ normalisation decay. The measurement of the RD+
s /π+ and RD∗+s /π+ is performed

using data collected by the first set of trigger paths (dataset 1 ), while data collected exclusively
by the second set (dataset 2 ) are used in the measurement of RD∗+s /D+

s
and Γ±±/Γ .

Offline selections are applied to reconstruct the J/ψ → μ+μ− decay vertex in them(μ+μ−) ∈
[2800, 3400] MeV invariant mass range. D+

s → φ(K+K−)π+ decays are reconstructed by com-
bining two OS tracks having invariant mass within ±7 MeV of the world average φ mass 5, with
an additional track such that 1930 < (K+K−π+) < 2010 MeV.

The B+
c candidates are reconstructed performing a two-vertex fit of the D

(∗)+
s and J/ψ can-

didates. Additional preselection on vertex fit, displacement and impact parameters are applied
aimed at suppressing the combinatorial background. A multivariate classifier is also trained
on displacement and angular variables using signal candidates from simulation and background

candidates from data in the m(D
(∗)+
s J/ψ) mass distribution sidebands.

The cosine of the angle between the μ+ and the D+
s candidate momenta (| cosθ′(μ+) | ) is

used to describe the two helicity components contributing to the B+
c → J/ψD∗+s decays. The

m(J/ψD+
s ) invariant mass and | cosθ′(μ+) | distribution of the selected candidates are shown

in Fig. 3, for the two datasets collected by the two set of triggers described above.

The signal yields and the transverse polarisation fraction are extracted from an extended
maximum-likelihood fit on m(J/ψD+

s ) and | cosθ′(μ+) | . The description of the A±± and A00

amplitudes is taken from simulation studies, where the fraction of the A±± component relative

to the total is a free parameter of the fit. The B+
c → J/ψD

(∗)+
s signal yields and their ratio are

also treated as free parameters and extracted from the fit.

B+
c → J/ψπ+ candidates are reconstructed by combining a charged track with J/ψ → μ+μ−

candidates and in the B+
c → J/ψπ+ yield is extracted from a maximum-likelihood fit on the

m(B+
c → J/ψπ+ ) mass distribution, which is shown in Fig. 4 (left).
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Figure 3 – Distributions of the J/ψD+
s mass (left) and | cosθ′(μ+) | helicity cosine angle (right) in dataset 1

(top) and 2 (bottom) 9. Data are shown with black dots and the total fit is shown by the red curve. The purple
line shows the B+

c → J/ψD+
s signal, while the orange and blue lines show the contributions of the A±± and A00

components of B+
c → J/ψD∗+s .

3.2 Systematic uncertainties and measured branching fraction ratios

The branching fraction ratios in Eq. 6 and the transverse polarisation fraction Γ±±/Γ are
evaluated based on the measured yields and polarisation fraction extracted from the fit, corrected

by the total reconstruction efficiencies of the B+
c → J/ψD

(∗)+
s and B+

c → J/ψπ+ decays.
The most relevant source of systematic uncertainty is the choice of the background fit model

in the B+
c → J/ψD

(∗)+
s and B+

c → J/ψπ+ mass distributions. The branching fraction of
D+

s → φ(K+K−)π+ decays enters in the computation of the R
D

(∗)+
s /π+ ratios. Its uncertainty

is quoted as additional source of uncertainty.
The branching fraction ratios are found to be

RD+
s /π+ = 2.76± 0.33(stat.)± 0.30(syst.)± 0.16(B(D+

s → φ(K+K−)π+ )) (7)

RD∗+s /π+ = 5.33± 0.61(stat.)± 0.67(syst.)± 0.32(B(D+
s → φ(K+K−)π+ )) (8)

RD∗+s /D+
s
= 1.93± 0.24(stat.)± 0.10(syst.) (9)

while the measured transverse polarisation fraction in B+
c → J/ψD∗+s decays is

Γ±±/Γ = 0.70± 0.10(stat.)± 0.04(syst.) (10)

As shown in Fig. 4 (right), the precision of this analysis exceeds all previous experimental
results. Moreover, the branching fraction ratios and Γ±±/Γ are compared with a large set of
theoretical predictions based on different models.
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those of ATLAS Run 1, LHCb and theoretical predictions based on different QCD models 9.

4 Conclusions

In this contribution recent results in the field of HF physics by the ATLAS and CMS experiments
have been presented.

The B0 → ψ(2S)K0
Sπ

+π− and B0
s → ψ(2S)K0

S decays have been observed for the first time
at the CMS experiment and the decay branching fractions relative to the B0 → ψ(2S)K0

S channel
have been measured. Future measurements of the fragmentation fraction will further improve
the result. Moreover, these decays are suitable for CP asymmetry studies. The investigation
on the B0 → ψ(2S)K0

Sπ
+π− four-body decay structure does not reveal the presence of any new

exotic resonance.
The study of B+

c → J/ψD
(∗)+
s with the full Run 2 dataset at the ATLAS experiment

provides the measurement of the decay branching fraction ratios and the transverse polarisation
fraction with unprecedented precision, achieved by the improved analysis strategy and the usage
of multivariate techniques. The results have been compared with a wide spectrum of theoretical
predictions.
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Muon Anomalies: RK(∗) and (g − 2)μ
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University of Bern, CH-3012 Bern, Switzerland

We examine a class of SM extensions with different new lepton-flavored U(1) gauge groups,
which can account for the emerging anomalies in the muon g−2 and b → sμ+μ− decays. These
models allow for the introduction of scalar leptoquarks to accommodate the anomalies without
provoking proton decays or charged lepton flavor violation. Alternatively, the new gauge boson
can be used to resolve the muon g − 2 tension. We find that most of the anomaly-free U(1)
gauge groups are phenomenologically excluded unless the group is a small deviation from
Lμ − Lτ . The key complementary constraints come from non-standard neutrino interactions
and neutrino trident production.

1 Introduction

It is almost poetic that the experimental evidence is now hinting at new physics coupled to the
muon, seeing as it was the very discovery of the muon, which sparked the beginning of modern
particle physics in 1936. While nothing is conclusive, it would indeed be fitting if once again the
muon was a harbinger of a new era in physics, this time the era of physics Beyond the Standard
Model (BSM). In this regard, two (classes of) experimental anomalies now hold our attention.

1.1 The b→ s+− anomalies

Presently, a whole class of rare neutral current B meson decay measurements, seem to deviate
from SM theory predictions. Most prominent among these results are the theoretically clean 1,2

lepton flavor universality ratios, RK(∗) , indicating a deficit of muons compared to electrons 3,4.
Notably, the most recent RK measurement deviates from the SM at the level of 3.1σ 5. Also
the world average of BR(Bs → μ+μ−) 6 and various less theoretically clean angular observables
deviate from the SM 7. A coherent picture emerges from all of these observables, exhibiting a
4.3σ significance for the new physics hypothesis 8. The bulk of this evidence comes from the
LHCb experiment, and independent experimental verification will be crucial to establish whether
the anomaly really is due to new physics.

Assuming a new high-energy physics explanation for the anomalous b→ s+− decays, the
impact at low-energies can be parameterized by effective interactions. A successful description
fitting the data is achieved with the semi-leptonic current 6,9,10,11

LLEFT ⊃
4GF e

2VtbV
∗
ts√

2(4π)2
(bγνs)L(μγ

ν(C9 + C10γ5)μ). (1)

A favored solution in model building is a left-handed lepton current with C9 = −C10 = −0.39.
Several types of new physics (NP) can account for the presence of this operator with new
tree-level mediators. A heavy neutral vector boson coupling to left-handed quark and lepton
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currents can do the trick, but a UV completion is required to generate the off-diagonal quark
couplings. Also a U1 ∼ (3, 1, 2/3) vector leptoquark (LQ) can provide a good description of
the anomaly, although a UV completion with many moving parts is required (on the upside,
it provides an avenue for connecting the neutral and charged current B anomalies). A true
single-field extension of the SM is possible with an S3 ∼ (3, 3, 1/3) scalar LQ; however, this
rather ad hoc explanation might raise more questions than it answers.

1.2 The muon anomalous magnetic moment

The measurement of the anomalous magnetic moment of the muon has long been in tension with
the SM theory prediction. Recently, the first result from the Fermilab Muon g-2 experiment 12

confirms the old Brookhaven result13 and yields a combined tension of 4.2σ (Δaμ = aavgμ −aSM
μ =

(251± 59) × 10−11) with the SM prediction from the Muon g-2 Theory Initiative 14 (a recent
lattice study suggests a significantly smaller tension15 but has yet to be verified by other groups).

Proceeding again under the assumption that the anomaly reflects genuine NP, the required
effective operator (in the lepton mass basis) is

LLEFT ⊃ −
e v

(4π)2
Cij
eγ ē

i
Lσ

μνejRFμν , |Cij
eγ | ∼

1

(14TeV)2

⎛⎝� 10−1 � 2 · 10−5 � 1/4
1 � 1/4

� 2 · 105

⎞⎠ .

(2)
Here the coefficient has been normalized to the best fit for the (g−2)μ discrepancy. The bounds
on the remaining entries are determined by LFV observables and anomalous magnetic moments
of electron and tau 16. Most notably, the limit on BR(μ → eγ) 17 constrains |C12

eγ |, |C21
eγ | �

2 · 10−5|C22
eγ |. Staying at the level of effective field theory (appropriate for high-energy NP

explanations), this suggests a very strong alignment between the various high-energy SMEFT
operators responsible for new contributions to (g− 2)μ (either directly or through running) and
the lepton masses18. NP explanations that conserve lepton flavor, at least approximately, satisfy
this constraint. A good solution is therefore to impose a structure on the new physics couplings.

2 Gauging lepton flavor

Much has been made of the muon anomalies, but just as important, albeit less glamorous, are
all the processes we do not observe.

2.1 Recovering SM symmetries in new physics

The SM has an accidental U(1)B ×U(1)Le ×U(1)Lμ ×U(1)Lτ symmetry, ensuring conservation
of baryon number and individual lepton numbers across all three generations. No violation of
these symmetries has been observed in collider experiments.a As discussed for charged lepton
flavor violation, the resulting bounds impose severe constraints on NP. The non-observation of
proton decay is famously enough to push the GUT scale to 1015GeV in grand unified theories.
An undeniable solution is to equip BSM models with a symmetry that ensures that the resulting
low-energy effective theory possesses the same accidental symmetries as the SM. Our philosophy
here is to construct a simple high-energy model, even an entire class of models, to explain the
muon anomalies while preserving the accidental symmetries.

LQs have long been considered as explanations for flavor anomalies 19,20. They can mediate
the semileptonic transitions at tree-level, whereas the heavily constrained ΔF = 2 transitions
are loop suppressed. Loops with LQs and top quarks can also facilitate lepton dipoles with
chiral enhancement, suggesting a common NP scale for both b→ sμ+μ− and (g−2)μ anomalies
of order 10TeV. The introduction of an S3 ∼ (3, 1, 1/3) can accommodate b → sμ+μ− with

aNeutrino oscillations are the only observed violation, but this comes with very small order parameters.
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no significant impact on (g − 2)μ, as it only couples to left-handed fields. Meanwhile, an S1 ∼
(3, 1, 1/3) or R2 ∼ (3, 2, 7/6) scalar LQ cam separately account for (g − 2)μ

21,22 while only
giving sub-leading corrections to b→ sμ+μ−.

The SM accidental symmetries can be (partially) restored in this context by charging the
LQs under a new lepton-flavored U(1)X gauge symmetry 23,24,25,26. Charging muons differently
from electrons and taus ensures that the LQ charges can be chosen so as to couple exclusively to
muons; they effectively carry muon number and go by the name muoquarks. Furthermore, the
U(1)X group can be chosen to prohibit the baryon number–violating di-quark couplings of S1,3,
which otherwise plague the scalar LQ explanations of the anomalies and mediate proton decays.
It has further been shown that there are classes of these U(1)X symmetries that give rise to an
exact Z9 or Z18 symmetry even after breaking of U(1)X at some high scale to accommodate
neutrino masses and mixings. This preserves baryon number modulo 3 and ensures exact proton
stability beyond perturbation theory, even in the presence of muoquarks or other new particles27.

More generally, there is a plethora of different U(1)X groups that allow for the inclusion
of muoquarks to the SM extended with 3 right-handed neutrinos (for the purposes of anomaly
cancellation). Of the models with integer charges of magnitude less than 10 and uniform quark
charges, this includes 252 models with vector-like lepton charges and another 21 with chiral lep-
ton charge assignments (not counting permutation) 28. Relaxing the condition that the charges
be less than or equal to 10 opens for an infinity of groups.

2.2 Anomaly explanations with S1 and S3 muoquarks

To establish the feasibility of a muoquark solution to the anomalies, Ref. 25 performed a global
fit with a model where the SM was extended by an S1 and an S3 muoquark. Whereas the lepton
couplings to the muoquarks are completely fixed by the U(1)X symmetry, there is no a priori
organization of the quark couplings. A reasonable structure can be motivated by the supposition
that the LQ couplings are generated by some unknown UV physics that is also responsible for the
structure of the SM Yukawa couplings. We proceeded with the assumption that the approximate
U(2)3 symmetry of the SM quark sector 29,30 is broken by the same minimal set of spurions also
in the LQ couplings.

To verify that the S1 + S3 model can accommodate the anomalies without running into
electroweak (EW) or flavor physics constraints, a global fit in a subspace of the Yukawa couplings
was performed. We used the full 1-loop matching of S1 + S3 LQs 31 to obtain the low-energy
effective theory of the model (in the decoupling limit where U(1)X gauge interactions can be
ignored, e.g., if broken at a high scale). The numerical scan was then performed using the
smelli 32,33, wilson 34, and flavio 35 packages, to account for the running of EFT coefficients
and construct a likelihood from a large number EW and flavor observables (see Ref. 36 for
a complete list). The result of a benchmark with muoquark masses M1,3 = 3TeV, showed
an excellent fit to both sets of anomalies with no significant flavor physics constraints from
other observables. These benchmark masses are well beyond current direct searches 37,38 and
constitute a rather pessimistic scenario (from the perspective of NP searches). It is even beyond
the projections for HL-LHC searches in the high-pT lepton tails39. One might of course be lucky
that nature realizes this model with lower LQ masses. The point is that this scenario easily
accommodates all present constraints while explaining the anomalies.

3 (g − 2)μ from the gauged U(1)X

One can imagine a more minimal explanation of the muon anomalies in the context of the gauged
U(1)X scenario where the S1 muoquark explanation of (g − 2)μ is replaced with a light, weakly
coupled gauge boson of the U(1)X symmetry 28,40. This scenario still involves the S3 muoquark
to accommodate b → sμ+μ−. It has been known for a long time that the vector boson of a
gauge Lμ−Lτ group can be used to accommodate the (g−2)μ

41,42 in this manner. The question
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then becomes if any of the hundreds of other U(1)X gauge groups allow for a similar explanation
without running into various experimental constraints.

3.1 Constraints on the light vector boson

The low-energy phenomenology of the U(1)X gauge boson Xμ is described by the Lagrangian

L ⊃ −1
4X

2
μν +

1
2εXμνF

μν + 1
2m

2
XX2

μ + gXXμ
∑
f

xffγμf, (3)

where ε is the kinetic mixing with the photon and xf the U(1)X charges of the SM fermions f .
The mass of Xμ is assumed to be due to spontaneous symmetry breaking from some new SM
singlet condensate, but, otherwise, we remain agnostic to the exact mechanism behind it. For
simplicity, we focus here on the vector-like models (identical charges of left- and right-handed
fermions) with universal quark charges, effectively through charging of the baryon number. The
Xμ contribution to the anomalous magnetic moment of the muon is

Δaμ =
g2X
8π2

(
xμ − ε

e

gX

)2⎧⎨⎩1, mX � mμ,

2

3
m2

μ/m
2
X , mX � mμ,

(4)

in the low and high mass regimes, respectively.
As for complementary constraints, bounds on the neutrino trident production rate from muon

neutrinos scattering on nuclei, νμN → νμNμ−μ+, as measured by the CCFR experiment 43,
limits the neutrino and muon interactions. It is sensitive to the charge combination xμ(xμ −
ε e/gX), as the neutrinos are electrically neutral and do not “see” the kinetic mixing. In the
absence of kinetic mixing, this generically limits (g−2)μ explanations to have mX � 200MeV 44.
The effective electron charge, (xe − ε e/gX), is bounded by limits on dark Xμ radiation in the
NA64 beam dump experiment 45. This charge is further constrained by the elastic scattering of
solar neutrinos on electrons as measured by Borexino collaboration 46,47.

There are two additional constraints on non-standard neutrino interactions (NSI) that are
particularly relevant in the context of non-zero baryon charges, xB. The oscillations of neutrinos
in matter are modified by the effective neutrino interactions generated by the Xμ couplings to
valence quarks and electrons. The global fit to neutrino oscillation data is very sensitive to
NSI 48, which primarily limits the effective X charge density of matter, which is proportional
to 2.05xB + xe in average matter. There are no contributions from the kinetic mixing with the
photon, since ordinary matter is electrically neutral. The second observable sensitive to NSI is
the coherent scattering of neutrinos on nuclei. This process is dependent on the total X charge
of the nucleus AxB + Zε e/gX , where A and Z are the mass and atomic numbers, respectively.
The observation of this scattering by the COHERENT experiment can be used to put a bound
on NSI 49,50.

Finally, a combination of dimuon resonance searches and EW precision data effectively
prohibits mX > 2mμ explanations even when the kinetic mixing is chosen to evade the neutrino
trident bound 40.

3.2 Viable models

With all of the complementary constraints in mind, we were able to explore the full space of
quark flavor–universal vector-like U(1)X models40. The set of inequivalent, non-anomalous such
groups can be parametrized as a continuous two-parameter set with charges

xf ∝ sin(α)
(
Le − Lμ) + cos(α)

(
B/3− Lμ

)
+R

(
Lμ − Lτ

)
. (5)

Here the angle α determines the ratio of baryon and electron charges, while R determines how
close the solution is to the known explanation of (g − 2)μ, Lμ − Lτ , corresponding to R =∞.
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sin(α)(Le − Lμ) + cos(α)(B/3− Lμ) + R (Lμ − Lτ )

Figure 1 – Bounds on vector-like gauge model solutions to (g − 2)μ, at mX = 200MeV. Inside the gray region,
an explanation of (g− 2)μ is excluded by constraints. The blue crosses correspond to models with integer charges
|xf | ≤ 10. Linear and logarithmic scales are used for R < 1 and R > 1, respectively.

A scan over all the models parametrized by Eq. (5) was performed by constructing a Δχ2

function from (g− 2)μ and the constraints from neutrino oscillation data, NA64, and Borexino.
As the most likely candidate mass, mX was taken to 200MeV, below the neutrino trident bound
and direct searches while being as large as possible to best avoid the other constraints. For each
(α, R), the resulting Δχ2 was minimized over gX and ε in an attempt to find viable parameters.
Fig. 1 shows the excluded parts of model space in gray, corresponding to Δχ2 > 4 (the SM
for comparison has Δχ2 = 18.3) 40. We observe that any potential solution requires R > 25—
very close to X = Lμ − Lτ—unless tanα ∼ −2/3. In this one new direction that opens up,
xe = −2xB, which minimizes the NP effects in neutrino oscillation. Further, the figure shows
models with integer charges |xf | ≤ 10 in blue. 11 of these are in the ostensible allowed region,
but further inspection, also taking into account the computationally expensive bounds from
the COHERENT experiments, leaves only 6 such solutions in addition to Lμ − Lτ . These are
X = 3B − 7Le − Lμ − Lτ and X = 3B − 6Le + nLμ − (n + 3)Lτ for n ≥ 3. All the new
solution allow explanations of (g − 2)μ in only a very narrow region of parameter space with
a kinetic mixing parameter to approximately cancel the effective electron charge and minimize
the effective charge of the nuclei used by COHERENT. Overall, the Lμ − Lτ symmetry gives
the best fit to data and allows for a wider mX range than the other models.

4 Conclusion

NP explanations of the muon anomalies, b → sμ+μ− and (g − 2)μ, are severely constrained
by the non-observation of several processes as predicted with the SM. New gauged lepton-
flavored U(1)X symmetries were put forward as an organizing principle for interactions in LQ
explanations for the anomaly, ensuring the recovery of the accidental SM symmetries at low
energies. Such models have relatively loose constraints but are also difficult to probe with the
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current generation of experiments. We also investigated the more minimal possibility of using
the vector boson of the U(1)X gauge symmetry to accommodate the (g − 2)μ anomaly while
removing one of the muoquarks. In the space of all quark flavor–universal vector-like U(1)X
models, the Lμ − Lτ group has the largest parameter space compatible with a solution. The
remaining models are either close to Lμ−Lτ or has xe ∼ −2xB with a very constrained parameter
space.
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Charged current anomalies with baryons

F. Jaffredo, D.Becirevic
IJCLab, Pôle Théorie (Bât. 210), CNRS/IN2P3 et Université Paris-Saclay, 91405 Orsay, France

Motivated by the first observation of Λb → Λcτ ν̄ by LHCb, we discuss various observables that
can be derived from angular distribution of this decay which, if measured, could be essential
for explanation of the b → cτ ν̄ anomalies. Furthermore, we show that the measurement of
RΛc = B(Λb → Λcτ ν̄)/B(Λb → Λcμν̄) does not change the current global picture arising
from RD and RD∗ being larger than predicted in the Standard Model. Finally, we show the
example of a few angular observables, with and without a secondary decay, that could have a
strong discriminating power on New Physics.

1 Introduction

Hints of lepton flavor universality violation (LFUV) have been observed in B meson decay by
measuring the universality ratios RD(∗) and RK(∗)1,2,3,4. Being the simplest in terms of valence
quark content, mesons are hadrons of choice for the precision flavor physics observables both
in experimental studies, due to their abundance in the clean environment of B-factories, and
because of the relatively small theoretical uncertainties associated with the relevant hadronic
matrix elements.

In what follows, we discuss the possibility of observing other hints of LFUV by looking at
the baryon decays. Those decays involve the same b → cν̄ semileptonic transition and are
produced in large quantity at LHCb5.

2 Theory prediction

To describe the charged current mediated semileptonic decay, in addition to the Standard Model
(SM) Lagrangian, we also consider the following New Physics contributions (NP):

LNP ⊃
√
2GFVij

[
gV (uiγμdj)(Lγ

μνL) + gA(uiγμγ5dj)(Lγ
μνL) (1)

+gS(uidj)(RνL) + gP (uiγ5dj)(RνL) + gT (uiσμν(1− γ5)dj)(Rσ
μννL)

]
+ h.c.

The resulting L = LSM +LNP can describe various flavor transitions; including the semilep-
tonic decays of baryons such as Λb → Λcν, Λb → Λ∗cν, Λc → Λν, Λ→ pν. The main obstacles
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to the precision computation of decay rates are the hadronic matrix element of the quark cur-
rents sandwiched by the two hadronic states. Such matrix elements have been computed to a
remarkable accuracy for many processes by means of lattice QCD 6,7,8. For baryons, the results
are expressed in term of 10 form factors, denoted F0, F+, F⊥, G0, G+, G⊥, h+, h⊥, h̃+, h̃⊥ (resp.
3 vector, 3 axial, and 4 tensor form factors). The tensor form factors are not needed for the
SM prediction but they are required in some scenarios of NP. The fact that all of these 10 form
factors are available from lattice QCD for the Λb → Λc ν decay in the full phase space is a
unique situation that makes this study particularly interesting.

By focusing on Λb → Λc ν, we can express the decay distribution as:

d2Γ(Λb → Λλc
c λlν)

dq2d cos θ
= aλl

λc
(q2) + bλl

λc
(q2)cos θ + cλl

λc
(q2)cos2 θ, (2)

where λc and λl are the polarization states of the outgoing Λc and . θ is the angle between the
lepton and the Λc baryon in the dilepton rest-frame. The angular coefficients a, b, and c are
functions of q2 = (pΛb

− pΛc)
2 = (p�+ pν)2, the NP couplings gi, (i ∈ V,A, S, P, T ), form factors

and the polarizations of the outgoing particles. Explicit formulas can be found in Refs.8,9,10,11,12,
from which we can see that

b−± = ±(a−± + c−±). (3)

Contrary to the case of the pseudoscalar to pseudoscalar meson decays where we only have a
single spin-1/2 particle in the final state yielding at most 4 linearly independent observables13,
here we expect 12 observables (4 for each of the a, b, c). Eq. (3) reduces this number to 10.

Setting all gi = 0, we can compute the SM prediction for Λb → Λc τν and Λb → Λc μν, and
combine them to

RΛc =
B(Λb → Λc τν)

B(Λb → Λc μν)
, (4)

in which a bulk of uncertainties on the hadronic matrix elements cancel. Using the lattice QCD
form factors6,8, we get

RSM
Λc

= 0.333(13). (5)

3 New LHCb measurement

LHCb recently reported on the first observation of the semileptonic decay Λb → Λc τν.
5 They

combine it with the old LEP result for B(Λb → Λc μν)
14, and obtain

RLHCb
Λc

= 0.242(76). (6)

The error on this measurement is dominated by the systematics coming from the external
branching fractions: (i) B(Λb → Λc μν)14 (15%), and (ii) from the normalization channel
B(Λb → Λc 3π)

15,16 (23%).
This result is compatible with the SM prediction, merely ∼ 1σ below. Therefore the anomaly

observed with mesons (RExp

D(∗) > RSM
D(∗)) is not yet observed with baryons, which might change

once the more accurate LHCb data become available. We remind the reader that the observed
value of RD and RD∗ are respectively 1.5σ and 3.5σ above their SM predictions 3,4,17. It can
be shown that due to the relatively large uncertainty, RΛc has a small effect on the overall
constraints on NP.

To illustrate the impact of this new measurement, we consider several scenarios in which
NP only involves a single NP coupling (or a combination of two couplings). In particular, we
consider scenarios involving gVL

= (gV − gA)/2 and gSL
= (gS − gP )/2, since they can be

observed in several popular extensions of the SM. We also show the results for gT only and for
the combination gSL

= ±4gT , which is usually evoked in the scenarios involving Low Energy
Scalar Leptoquarks 17. Since gSL

and gT are renormalization scale dependant, after running

362



from the matching scale μ � 1 TeV down to μ = mb, the above relations become gSL
= −8.5 gT

and gSL
= 8.1 gT

18. In the latter scenario we consider only the imaginary values of gSL
since

it has been shown that a real-valued gSL
is not compatible with the observed values of RD and

RD∗
17.

We extracted the preferred value (1σ limit) of the NP couplings for the aforementioned
scenarios, collected in Tab. 1. As expected, the values obtained with RΛc only are compatible
with zero, but the inclusion of RΛc in the fit does not sensibly change the values of gi with
respect to the values obtained using RD and RD∗ .

Table 1: Fits to single Wilson coefficients based on RD and RD∗ , RΛc alone, or all 3 observables.

Wilson Coefficient RD and RD∗ RΛc Combined χ2
min/d.o.f

gVL
0.084± 0.029 −0.15± 0.14 0.077± 0.035 0.06→ 1.3

gSL
−1.47± 0.08 −0.53± 0.54 −1.45± 0.11 0.5→ 2.1

gT −0.027± 0.011 0.13± 0.14 −0.026± 0.013 1.2→ 1.7

gSL
= +4gT ∈ iIR ±0.49± 0.10 0.0± 0.39 ±0.47± 0.13 0.9→ 1.6

gSL
= −4gT 0.16± 0.06 0.0± 0.39 0.15± 0.07 0.7→ 1.0

The effect of inclusion of Rexp
Λc

in the scenario with complex gSL
= 4gT is illustrated in

Fig. 1. We see that the solutions for gSL
to 2σ, as derived from Rexp

D and Rexp
D∗ (left panel)

remain unchanged (right panel). Only the χ2
min value gets a slight shift. Instead, the 3σ region,

after including Rexp
Λ , allows for a pure real solution to gSL

, which nevertheless is not compatible
with SM.

Figure 1 – Fit to the complex Wilson coefficient gSL in the scenario gSL = 4gT using only the constraints from
RD and RD∗ (left) and with adding the constraints from RΛc . The constraint from RΛc alone is also shown at 1
and 2σ in red. The SM is represented by the green point.
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4 Angular observables and secondary decay

LHCb measured one of the 10 observables mentioned in Sect. 2, nameley B(Λb → Λcτ ν̄). By a
simple inspection of Eq. (2), one can immediately see that any physics information contained
in b(q2) is lost when integrating over cos θ. To regain access to this information one considers
angular observables. In particular, the Forward-Backward Asymmetry (Afb) defined as (we
neglect spin indices when summing over all polarization)

Afb(q
2) =

1

Γtot

(∫ 1

0
−
∫ 0

−1

)
dΓ(Λb → Λcν)

dq2dcos θ
dcos θ =

b(q2)

Γtot
, (7)

〈Afb〉 =

∫
Afb(q

2)dq2. (8)

Similarly, we can individually access c(q2) by looking at the so-called “convexity” of the distribution13:

Aπ/3(q
2) =

1

2Γtot

(∫ 1

1/2
+

∫ −1/2

−1
−
∫ 1/2

−1/2

)
dΓ(Λb → Λcν)

dq2dcos θ
dcos θ =

c(q2)

2Γtot
, (9)〈

Aπ/3

〉
=

∫
Aπ/3(q

2)dq2. (10)

Notice that Aπ/3 is obtained experimentally by counting positively events where the outgoing
lepton falls in the cones of radius π/3 with respect to the direction of the outgoing baryon, and
negatively otherwise.

One possibility to access many more angular observables is to consider the secondary baryon
decay. Restricting ourselves to only 2-body decays, there are 2 possibilities Λc → Λπ and
Λc → pKS (the branching fraction of which are 1.30(7)% and 1.59(8)% respectively). The small
branching fraction of the secondary decay certainly reduces the statistics, since the current
measurement is made using the reconstruction channel Λc → pK−π+ for which B = 6.28(32)%
5.

One can express the total angular distribution by introducing only 2 new parameters: the
branching fraction of the secondary decay and an asymmetry parameter α,

α =
〈Λ+π|Λ+

c 〉
2 − 〈Λ−π|Λ−c 〉

2〈
Λ+π|Λ+

c

〉2
+
〈
Λ−π|Λ−c

〉2 , (11)

and similarly for Λc → pKS . The parameter α has only been precisely measured for Λc → Λπ,
which is why we opt for that secondary decay, even though not every angular observable depends
on α.

The full angular distribution for Λb → Λc(→ Λπ) τν involves two new angles: θΛ (between
Λc and Λ in the Λπ rest frame) and φ (between Λπ- and ν-planes). The expression similar to
Eq. (2) now writes:

d4Γλl

dq2d cos θd cos θΛdφ
= Aλl

1 +Aλl
2 cos θΛ +

(
Bλl

1 +Bλl
2 cos θΛ

)
cos θ +

(
Cλl
1 + Cλl

2 cos θΛ
)
cos2 θ

+
(
Dλl

3 sin θΛ cosφ+Dλl
4 sin θΛ sinφ

)
sin θ (12)

+
(
Eλl

3 sin θΛ cosφ+ Eλl
4 sin θΛ sinφ

)
sin θ cos θ.

The expressions for the q2-dependent angular coefficients A1,2, B1,2, C1,2, D3,4 and E3,4 can be
found in in Refs.8,9,10,11,12. The important points can be summarized as follows:

• We can have a Forward-Backward Asymmetry with respect to the lepton (yielding B1),
the baryon (yielding A2 and C2), or both at the same time (yielding B2).
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• The lepton Forward-Backward Asymmetry 〈Afb〉 has a small positive value in the SM due
to the cancellation between the low and high q2 regions. It can thus be very sensitive to
NP, as illustrated in Fig. 2a, because the point at which Afb(q

2) = 0 is shifted with respect
to the SM value.

• There is no equivalent of the convexity Aπ/3 for the baryon since there is no cos2 θΛ term.

• The spin of the outgoing Λ baryon does not bring any new information beyond α. In
other words, the secondary decay encodes information on the polarization into angular
observables and it can actually be used to extract α.

• In addition to A, B, and C, we have other observables sensitive to φ. In particular, E4

and D4 are proportional to the imaginary part of the Wilson coefficients, and thus they
are exactly zero in the SM and the scenarios of NP without a new CP-violating phase.
Therefore their measurement could be a strong zero-test of the NP phase. An example of
a scenario with non-zero D4 is shown in Fig. 2b.

The angular observables exhibit a desired features of cancellation of the CKM elements, a partial
cancellation of hadronic uncertainties, and not requiring any external branching fraction. They
are sensitive to various combinations of NP couplings and form factors and thus could help
discriminate among various scenarios of NP. It is also very important to note that one can
observe discrepancies in angular observables with respect to their SM predictions even if RΛc is
perfectly SM-like.

Figure 2 – (a): Forward-Backward Asymmetry before integration over q2 in the SM (blue) and for the best fit
point in the scenario gSL = 4gT (red). In the SM, we observe a cancellation between the low and high q2, leading
to a good sensitivity of this observable. (b): Fit to the Wilson coefficient gSL in the scenario gSL = 4gT as obtain
in Fig. 1. In the background is plotted the value of D4, which exhibits a vertical gradient due to its dependence
to the imaginary part of gSL .

5 Conclusion

In addition to the semileptonic decays of B mesons, Λb baryons offer interesting opportunities to
look for the presence of NP, beyond the SM. In particular, the measurement of the universality
ratio RΛc can provide an independent test of LFUV since the relevant hadronic uncertainties
are well under control, thanks to Lattice QCD.

The first measurement of RΛc by LHCb was an important feasibility test. The reported
value is compatible with the SM prediction but also with the previously preferred scenarios
of NP selected by RExp

D(∗) . We updated those scenarios including the new observable. RExp
Λc

is
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currently weaker a constraint than those obtained by RExp
D and RExp

D∗ , but could quickly become
competitive since the sensitivity is held back by the systematics in the normalization channel.

We also explored various angular observables to NP, both for the Λb → Λcτν decay and when
including the secondary decay Λc → Λπ, and found interesting properties for many of them. If
measured, these observables could help disentangling among various scenarios of physics beyond
the SM.
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A selection of recent results from the BESIIII experiment is presented. I discuss recent im-
provements in the determination of fDs and |Vcs| from new measurements of leptonic D+

s

decays, improved determinations of strong hadronic parameters of D0 mesons, and the first
observation of an isoscalar JPC = 1−+ state in the decay of J/ψ → γηη′. These mea-
surements are made with data collected by the BESIII experiment at ECM = 3.773 GeV,
ECM = 4.18 − 4.23 GeV, and a sample of approximately 10 billion J/ψ mesons produced at
the J/ψ production threshold.

1 Introduction

The Beijing Electron Spectrometor Mark III (BESIII)1 collects data from symmetric e+e− col-
lisions provided by the Beijing Electron-Positron Collider (BEPCII), on the campus of the
Institute of High Energy Physics in Beijing. As the only experiment actively collecting data at
center-of-mass energes beween 2 and 5 GeV, BESIII is uniquely situated to perform a number of
studies of open-charm and charmonium processes. The BESIII detector is comprised of a gaseous
drift-chamber, a plastic-scintillator Time-of-Flight system, an electromagnetic calorimeter, and a
resistive plate chamber muon system. These systems provide excellent pion/kaon separation and
neutral reconstruction, which are essential in delivering the precision achieved in the discussed
measurements.

2 Improved Precision of fDs and |Vcs|

In 2021, BESIII published a number of improved measurements of D+
s → τ+ντ decays using a

sample of over 11 million D+
s mesons, produced primarily through the process e+e− → D∗+s D−s ,

from 6.32 fb−1 of data collected between center-of-mass energies of 4.18 − 4.23 GeV. The new
measurements of the τ+ → π+ντ

2, τ+ → ρ+ντ
3, and τ+ → e+νeντ

4 final states allow for the
extraction of the product of the D+

s decay constant fDs and the c → s Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcs| from the measurement of the partial width

Γ
(
D+

s → τ+ντ
)
=

G2
F

8π
f2
Ds
|Vcs|2m2

τmDs

(
1− m2

τ

m2
Ds

)
, (1)

where mX refers to the known mass of a particle X.

The recent study of the D+
s → τ+ντ , τ

+ → e+νeντ process allows for the most precise
determination of fDs |Vcs| to date. The analysis employs a double-tag technique with thirteen
different D−s tag modes and determines the number of signal events through a ”cut-and-count“
method. Combinatoric backgrounds are estimated from D−s invariant mass distributions in data,
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while semileptonic D+
s → Xe+νe backgrounds are estimated by fitting to the total energy in

the BESIII calorimeter unused in event reconstruction, referred to as Etot
extra. An additional

contribution from D+
s → K0

Le
+νe is estimated from simulation. An example Etot

extra distribution
for the D−s → K+K−π− tag mode is shown in Fig. 1. This study yields a measurement of
B (D+

s → τ+ντ ) = (5.27 ± 0.10 ± 0.12)%, where the first error is statistical and the second is
systematic (this convention is retained throught these proceedings).
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Figure 1 – Distribution of the total extra energy in D+
s → τ+ντ , τ

+ → e+νeντ vs. D+
s → K+K−π− events. Signal

events peak sharply near the characteristic energy for photons from D∗+s → γD+
s decays, while backgrounds are

concentrated in the higher deposited energy region.

The most recent HFLAV average5 of fDs and |Vcs| was performed in 2016. Since then BESIII
has published a number of measurements which provide signifcantly improved precision on these
quantities, including the three measurements of D+

s → τ+ντ discussed above. In addition, the
HPQCD collaboration also recently published6 an updated determination of fD→K , the form
factor of the D → K+ν� decay. As this was the dominant uncertainty on the extraction of |Vcs|
from the measurement of B (D → Kν�), the updated result for HPQCD allows for additional
improvement in the determination of |Vcs|.

With these recent improvements, updated averages of fDs and |Vcs| are shown in Fig. 2. In
the presented averages, correlations between measurements are neglected. Statistical correla-
tions between results should only enter through common single-tag samples (and so should be
negligibly small), but one may need to consider correlations in systematic uncertainties between
the stated measurements, which one expects to be small, but possibly non-negligible. |Vcs| is
isolated from measurements by taking inputs from the lattice and other theoretical predictions
of decay constants and form factors, while fDs is isolated by taking the 2021 CKMFitter7 global
fit result of |Vcs|, which assumes CKM unitarity. As the figures demonstrate, both quantities
agree well with Standard Model predictions, and it should be noted that the relative uncertainty
on the presented experimental average of |Vcs| is approximately 1%.

3 Observation of a JPC = 1−+ State in J/ψ → γηη′ decays

Studying hadrons which have quantum numbers forbidden by a conventional quark-antiquark
bound state is essential for a robust understanding of the srtong force. The JPC = 1−+ nonet
is predicted to be the lightest set9 of such exotic hadrons. States consistent with a JPC = 1−+

isovector triplet (called π1 states) have been observed. Thus an observation of an isoscalar
JPC = 1−+ state would provide critical evidence to support the existence of this exotic nonet.
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Figure 2 – Experimental averages of |Vcs| (left) and fDs (right). The 2019 FLAG average with a 2 + 1 + 1 flavor
configuration8 and the recent determination of fD→K from the HPQCD collaboration6 are used to extract |Vcs|
results, and the 2021 unitarity-constrained CKMFitter result for |Vcs| is used to extract fDs results. Measurements
included in the most recent average from HFLAV? in 2016 are shown in red, while measurements not included in
that average are shown in orange. The inner error bars show only the statistical uncertainties, whereas the outer
bars show the total uncertainties. The |Vcs| result from CKMFitter is shown in blue (left), as are FLAG averages
of lattice results8 for fDs with various flavor configurations (right).

An ideal environment to search for such a state is in gluon-rich charmonium decays, in
which a JPC = 1−+ isoscalar would decay to ηη′ in a P -wave state. BESIII recently published
a partial-wave-analysis (PWA) of J/ψ → γηη′ decays10 and discovered a state consistent with
the JPC = 1−+ isoscalar. The PWA utilises covariant tensor amplitudes11 and the GPUPWA12

framework. All kinematically allowed known resonances with JPC = 0++, 2++, 4++, 1+−, and
1−− are considered in the analysis, however the addition of a JPC = 1−+ state with a mass of
1855±9+6

−1 MeV/c2 ( referred to as the η1(1855)) is observed with a statistical significance larger
than 19 standard deviations. The result of partial wave analysis is shown in Fig. 3.

Figure 3 – Result of the Partial Wave Analsyis of J/ψ → γηη′ events (left), and the distribution of the sample
that is analyzed (right).

A projection of the η helicity angle is shown in Fig. 4 for three different mass regions–
one containing the newly observed resonance and two others not contaning the resonance. The
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Figure 4 – Distribution of the cosine of the helicity angle cos θη in diferent regions of the reconstructed ηη′ mass.
A significant discrepancy can be seen between the fitted results including or excluding the η1(1855) is observed
in the region where the η1(1855) mass is measured to lie, while the fitted results agree in other mηη′ regions.

P -wave amplitude of the ηη′ system in these decays can be demonstrated by examining the
Legendre polynomial moment,

〈
Y 0
1

〉
, which is directly proportional to the P -wave amplitude.

A comparison of
〈
Y 0
1

〉
from the PWA with and without considering the η1(1855) is shown in

Fig. 5.

Figure 5 – Comparison of the Legendre polynomial moment
〈
Y 0
1

〉
with and without considering the η1(1855)

resonance.

4 Measurements of the strong phase between D0 and D
0

In 2011, BESIII collected 2.93 fb−1 at ECM = 3.773 GeV, just above the production threshold

of the ψ(3770), which decays to and D+D− and D0D
0
meson pairs. As the D0D

0
pairs are

produced through a virtual photon, i.e. e+e− → γ∗ → ... → D0D
0
, and no other particles are

produced in the final state, the D0D
0
pairs are constrained to be in a CP-odd state. For final

states common to both D0 and D
0
, interference between the D0 and D

0
decays to the these final

states can be realised. This interference is senstive to a small number of hadronic parameters,

including the strong phase between D0 and D
0
decay amplitudes, δD. Thus, BESIII’s samples

at ECM = 3.773 GeV can be used to probe the parameters which control this interference. While
these measurements are of great interest in their own right, they also serve as important inputs
to studies of CP violation and mixing in decays of B and D mesons.
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4.1 D0 → K0
Sh

+h−

For the multi-body decays D0 → K0
Sπ

+π− and D0 → K0
SK

+K−, the strong phases vary across
the phase space of the final state. BESIII published updated measurements of the amplitude-
weighted cosines and sines of the strong phases in (ci and si, respectively) of bothD0 → K0

Sπ
+π−

and D0 → K0
SK

+K− in 202013,14. The subscript i of the ci and si parameters corresponds to
the bin of K0

Sh
+h− phase space. For K0

Sπ
+π−, two eight-bin binning schemes developed by the

CLEO collaboration15 are considered, one which minimizes variation of the strong phase across
bins, and one which is constructed to maximize sensitivity to the CKM angle γ based on an
amplitude model. For K0

SK
+K−, only a two-bin binning scheme which minimizes variation of

the strong phase across bins is considered. The interference varies depending on the final state
decaying against the D → K0

Sh
+h−. Seventeen opposite-side decays are studied, and can be

broadly categorized into flavour tags, CP-even tags, CP-odd tags, K0
Lπ

+π−, and the double-tag
K0

Sh
+h−. The measured ci and si parameters are shown in Fig. 6, and compared to previous

results and predictions.
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Figure 6 – Comparison of ci and si parameters between measured CLEO-c results15 (open green squares in the
left two plots), measured BESIII results13,14 (filled red circles in the left two plots), predictions from an amplitude
model using BABAR and Belle data16 for D0 → K0

Sπ
+π− (open black circles in the left two plots), and predictions

from an amplitude model using BABAR data 17 for D0 → K0
SK

+K−. Results are shown for the constant δD
binning scheme of D0 → K0

Sπ
+π− (left) , the optimal γ binning scheme of D0 → K0

Sπ
+π− (center), and the

constant δD binning scheme of D0 → K0
SK

+K− (right).

4.2 D0 → K3π and D0 → Kππ0

For the Cabibbo-favoured D0 → K−π+π+π− and D0 → K−π+π0 decays, intereference is re-

alised with the doubly-Cabbibo-suppressed decays D
0 → K−π+π+π− and D

0 → K−π+π0.
BESIIII published measurements18 of the strong phases δD, the relative amplitude between the

D0 and D
0
decay rD, and the coherence of these parameters integrated across phase space R

are mode for both K3π and Kππ0, shown in Fig. 7. For D0 → K3π, these parameters are
additionally measured in each bin of a four-bin binning scheme19 which has been demonstrated
to significantly increase sensitivity to the measurement of γ.

4.3 Impacts on Measurements of Mixing and CP Violation

These results serve as key inputs to the extracting the CKM angle γ from decays of B → DK.
The LHCb collaboration employed the updated strong phase measurements of D0 → K0

Sh
+h−

in the analysis of B+ → D[K0
Sh

+h−]K+, which provides the world’s most precise determination
of γ to date20 with γ =

(
68.7+5.2

−5.1
)◦
. Uncertainties from the strong phase parameters contributed

approximately 1◦ of uncertainty. Updated measurement with the newly measured strong phase
parameters forD0 → K3π andKππ0 have yet to be published, but estimations from toy studies18

indicate that an updated measurement of B+ → D[K3π]K+ employing the novel binning scheme
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Figure 7 – Measured results of the strong phase vs. the coherence factor integrated over phase spacefor K3π (left)
and Kππ0 (right) .
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with LHCb’s sample from Run 1 and Run 2 of the LHC would produce measurement of γ with a
statistical uncertainty of Δstat. = (+7

−9)
◦ and an uncertainty propogated from imperfect knowledge

of the strong phases of ΔδD(
+5
−7)

◦.
Additionally, LHCb recently employed the updated measurement of strong phase parameters

of D0 → K0
Sπ

+π− to produce the first measurement of a non-zero mass difference in the D0

system21. A summary of these recent results is shown in Fig. 9.

0

0.2

0.4

0.6

0.8

1

C
L

−1

50 60 70 80 90
]° [γ

68.3%

95.5%

LHCb

)o (γ

62 64 66 68 70 72 74 76 78 80

2
χ

Δ

0

0.2

0.4

0.6

0.8

1

 decays B600 

 decays B60,000 

0.3− 0.2− 0.1− 0 0.1 0.2 0.3
 1−|q/p|

0.5−

0

0.5

φ

Current world average

 + this measurement
LHCb

contours hold 68%, 95% CL

Figure 9 – (Left): Measurement of γ from B+ → D[K0
Sh

+h−]K at LHCb20. (Center): Expected uncertainty from
a measurement of B+ → D[K3π]K with novel binning scheme19 with current LHCb data. (Right) Measurement
of charm mixing parameters in D → K0

Sπ
+π− at LHCb 21.

5 Future Prospects and Conclusions

This selection of recent BESIII results highlights the diverse contributions to our understanding
of fundamental interactions that the experiment can contribute. Improved measurements of
pure leptonic decays serve as crucial tests for CKM unitarity and lattice predictions, and the
study of exotic hadrons is necessary to develop a full understanding of hadronization within the
framework of QCD.

The measurements of the strong phases between D0 and D
0
, interesting in their own right

as demonstrations of quantum interfereece, are necessary inputs to studies of CP-violation and
mixing in heavy-quark systems. At present, uncertainties from the measurement of D0 strong
phases contribute subdominant uncertainties to studies of CP-violation and mixing, but further
precision is needed to scale with data collection at other experiments. BESIII has begun the
collection of additional samples at ECM = 3.773 GeV, with the goal of accumulating an addi-
tional 20 fb−1 of data at this energy. This sample will allow for additional precision in studies
of both leptonic and hadronic D meson decays.
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Dineutrino modes offer promising searches for new physics. The potential aspects of these
modes are reviewed in detail. Performing a proper combination of them, novel tests of the SM
symmetries are derived. Different phenomenological applications are worked out, including
charm, beauty and kaons, which result in novel tests of lepton universality and charged lepton
flavour conservation with flavour-summed dineutrino observables, in addition to improved
bounds on τ � couplings with � = e, μ, τ .

1 Introduction

Flavour-changing neutral currents (FCNCs) of qα and qβ quarks driven by |Δ qα| = |Δ qβ | = 1
processes represent excellent probes of physics beyond the Standard Model (SM). In the SM,
FCNCs are forbidden at tree level and are strongly suppressed in loop corrections by the
Glashow–Iliopoulos–Maiani (GIM) mechanism and Cabibbo-Kobayashi-Maskawa (CKM) hier-
archies. This strong suppression, not necessarily present in SM extensions, can result in large
experimental deviations from the SM predictions alluding to a breakdown of SM symmetries.
Further potential SM tests emerge if leptons are involved, such qα qβ 

′+ − and qα qβ ν̄�′ ν� in-
teractions. We exploit the SU(2)L-invariance between left-handed charged lepton and neutrino
couplings. This connection can be established using the Standard Model Effective Field The-
ory (SMEFT) framework 1 and allows to perform complementary experimental tests of Lep-
ton Universality (LU) and charged Lepton Flavour Conservation (cLFC) with flavour-summed
dineutrino observables 2.

These proceedings are organized as follows: In Section 2, we highlight the essential features
of dineutrino modes in the SM and beyond. Some of these aspects are rather simple and well-
known in the particle physics community, however, the proper combination of them leads to
novel phenomenological implications, as shown in Section 3. We conclude in Section 4. The
results are based on Refs. 2,3,4, we refer there for further details and other interesting results.

2 The fingerprints of dineutrino modes

Assuming the same particle content as the SM below the electroweak scale, |Δqα| = |Δqβ | = 1
dineutrino transitions can be described by the following effective low-energy Hamiltonian a

Hν�ν̄�′
eff = −4GF√

2

αe

4π

(
CNαβ��

′
L Q

Nαβ��
′

L + CNαβ��
′

R Q
Nαβ��

′
R

)
+ h.c. , (1)

with only two four-fermion operators

Q
Nαβ��

′

L(R) = (q̄βL(R) γμ q
α
L(R)) (ν̄

�′
L γμ ν�L) . (2)

aWilson coefficients in calligraphic style denote those for mass eigenstates.
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Here, N = U (N = D) represents the up-quark (down-quark) sector, while the indices α, β and
, ′ denote the quark and the neutrino flavours, respectively. For charged dilepton transitions

(where further dimension six operators exist), we use KNαβ��
′

L,R and O
Nαβ��

′
L,R for Wilson coefficients

and operators, respectively. From now on (and if the opposite is not stated), we use the following

shortened notation, Cbs��′L,R = CD23��′
L,R , Qbs��′

L,R = QD23��′
L,R , and similar for other flavour combinations.

2.1 Strong GIM suppression and lepton universality in the Standard Model

Due to the V − A structure of the weak interations, only the operator Qαβ��′
L receives non-zero

contributions in the SM, and Cαβ��
′

L,R, SM become b

Cαβ��
′

L, SM ≈ δ��′
(
λ
(αβ)
3 f(x3) + λ

(αβ)
2 f(x2)

)
, Cαβ��

′
R, SM = 0 , (3)

after applying the unitarity of the CKM matrix. The parameter λ
(αβ)
i = Vαi V

∗
βi encodes the

dependence on the CKM matrix elements, and the function f(xi) ∼ xi/(2 sin
2θW ) with xi =

m2
i /M

2
W parameterizes the quantum effects from the Z-penguin diagram.

Using Eq. (3) together with the branching ratio of a hadron h (with quark content qα, mass
mh and lifetime τh) decaying into a final hadronic state F (with content qβ and mass mF � mh)

and two neutrinos, given by B(h → F ν ν̄) ≈ (τhG
2
F α2

e m
3
h |C

αβ��
L |2)/(16 (2π)5), we obtain the

following estimations for different quark transitions

B(b→ s ν ν̄) ∼ 10−6, B(b→ d ν ν̄) ∼ 10−7, B(s→ d ν ν̄) ∼ 10−8, B(c→ u ν ν̄) ∼ 10−19 . (4)

Eq. (4), although being very näıve, exhibits the strong GIM suppression of dineutrino modes in
the SM, which is particularly efficient for c→ u νν̄ transitions.

In the SM, the leptonic interactions of the three families of fermions are identical, except for
the different masses of the constituent particles. We can observe this pattern in Eq. (3), where
the Z boson couples in the same manner to the three lepton generations (see the Kronecker delta
δ��′). This peculiar aspect of the SM is known as LU, and it is broken at the Lagrangian level
by corrections proportional to the lepton masses (i.e. the Yukawa interaction between the Higgs
field and the lepton fields), or directly in the observables by kinematic differences due to the
masses. To test lepton flavour violation, it is crucial to design observables where such effects are
under control. Thanks to the strong suppression of the neutrino masses, qα → qβ ν ν̄ transitions
provide very clean observables, in contrast to qα → qβ −+ decays where these effects can be
sizeable (specially if τ leptons are involved).

2.2 Lepton flavour inclusiveness

Since the neutrino flavours are experimentally untagged, any dineutrino observable O(ν� ν̄�′)
requires an incoherent sum over lepton flavours, that is

O(ν ν̄) =
∑
��′
O(ν� ν̄�′) = pOmax(ν� ν̄�′) , p =

∑
��′ O(ν� ν̄�′)

Omax(ν� ν̄�′)
≤ 9 . (5)

Here, Omax(ν� ν̄�′) represents the largest contribution among all , ′ configurations. Interestingly,
if LU is preserved, O(ν� ν̄�′)LU = δ��′ Omax(ν� ν̄�′), then the sensitivity of O(ν ν̄) gets enhanced
by a factor p = 3. In contrast if new physics (NP) allows for non-zero values of O(ν� ν̄�′)
with  �= ′, p can get further enhanced (up to p = 9 if O(ν� ν̄�′) = Omax(ν� ν̄�′) for any , ′

combination). Such aspect is absent in charged dilepton observables O(+′−) where the lepton
flavour is experimentally tagged.

bThe convention (1, 2, 3) = (u, c, t) and (d, s, b) is adopted.
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2.3 Correlations between dineutrino observables and EFT tests

Thanks to Lorentz invariance and parity conservation in the strong interaction, any dineutrino
observable O(νν̄) depends on at most two combinations of Wilson coefficients

x±αβ =
∑
��′

∣∣∣Cαβ��′L ± Cαβ��
′

R

∣∣∣2 , (6)

where the different signs between x±αβ reflect the excellent complementarity between both pa-

rameters, xαβ = (x+αβ + x−αβ)/2 =
∑

��′ |C
αβ��′
L |2 +

∑
��′ |C

αβ��′
R |2 ≤ 2x±αβ . In principle, only two

experimental measurements are required to fully describe the short-distance dynamics of dineu-
trino modes. Assuming we have access to three experimental measurements, O1,2,3(νν̄), and
considering that they depend linearly on x±αβ (like in the branching ratios)

Oi(νν̄) = Ai
+ x+αβ +Ai

− x−αβ , i = 1, 2, 3 , (7)

where the parameters Ai± encode the long-distance dynamics and the kinematics of the qα → qβ

transition involved in Oi(νν̄). The three observables lead to an over-constrained system with
more observables than unknown parameters, or in other words to a strong correlations between
them c

δOcorr =
1

2

∑
i,j,k

εijk r(A
i
±, A

j
±)Ok(νν̄) = 0 , (8)

where r(Ai±, A
j
±) = Ai

+Aj
− −Ai−Aj

+. Eq. (8) allows us to test our EFT assumptions, since any
misalignment, δOcorr �= 0, would clearly hint to the presence of additional Wilson coefficients,
not considered in Eq. (1), i.e. scalar and tensor operators built with light right-handed neutrinos.
Another possibility can be an observable where the contributions (2) are highly suppressed by
the mass of the light neutrinos. A clear example is the branching ratio of a meson M0 decaying
into two neutrinos, B(M0 → νν̄) , where the contributions (2) suffer a strong chiral suppression
of two powers of the neutrino masses. Notice that, in the EFT context of Eq. (1), we can use
Eq. (8) to indirectly improve the limits of some observables if others have better limits.

2.4 SU(2)L–link between dineutrino and charged dilepton couplings

The lowest order Lagrangian accounting for semileptonic (axial-)vector four-fermion operators
in SMEFT reads 1

Leff ⊃
C

(1)
�q

v2
Q̄γμQL̄γμL+

C
(3)
�q

v2
Q̄γμτ

aQL̄γμτaL+
C�u

v2
ŪγμU L̄γμL+

C�d

v2
D̄γμD L̄γμL . (9)

Expanding (9) into SU(2)L-components, one obtains the couplings to dineutrinos (CN
L,R) and

charged dileptons (KN
L,R),

C
U (D)
L = K

D (U)
L =

2π

α

(
C

(1)
�q + (−)C(3)

�q

)
, C

U (D)
R = K

U (D)
R =

2π

α
C�u(d) , (10)

Interestingly, CN
R = KN

R holds model-independently. However due to the different relative signs

of C
(1)
�q and C

(3)
�q , the Wilson coefficient CN

L is not fixed by KN
L in general. Writting Eqs. (10)

cNote that Eq. (8) is the cross product of the vectors r(Ai
±, A

j
±) and Ok(νν̄). If these vectors are not linearly

independent, or if either one has zero length, then their cross product is zero. Geometrically, δOcorr can be seen
as the area of the triangle form by the three observables O1,2,3(νν̄) in the plane with x+

αβ– and x−αβ–axes. In our

EFT framework (1) all lines cross in the same (x+
αβ , x

−
αβ) point, and therefore the area is zero.
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in the mass basis (CNL = W †KM
L W +O(λ), CNR = W †KN

R W where W is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix and λ ∼ 0.2 the Wolfenstein parameter) and inserting them
into xαβ , one obtains the following identity between charged lepton couplings KL,R and neutrino
ones CL,R 2

xαβ =
∑
�,�′

∣∣CN��′
L

∣∣2 +∑
�,�′

∣∣CN��′
R

∣∣2 =∑
�,�′

∣∣KM��′
L

∣∣2 +∑
�,�′

∣∣KN��′
R

∣∣2 +O(λ) =
∑
�,�′

r��′ , (11)

where the trace identity Tr(XX†) =
∑

�,�′ |X��′ |2 and the unitarity of the PMNS matrix have

been used. Here, r��′ = |KM��′
L |2 + |KN��′

R |2 + O(λ); we use N,M = U,D (N,M = D,U) when
the link is exploited for neutrino couplings in the up-quark sector (in the down-quark sector).
Eq. (11) allows the prediction of dineutrino rates for different leptonic flavor structures KN ��′

L,R ,

i) KN ��′
L,R ∝ δ��′ , i.e. lepton-universality (LU),

ii) KN ��′
L,R diagonal, i.e. charged lepton flavor conservation (cLFC),

iii) KN ��′
L,R arbitrary,

which can be probed with lepton-specific measurements.

3 Phenomenological applications

In the following, we exploit the exceptional properties of dineutrino modes (presented in Sec-
tion 2) for different phenomenological applications. Consequently, we obtain novel lepton flavour
violation tests and currently the strongest constraints for some charged dilepton couplings.

3.1 Predictions for charm

Due to the efficient GIM-suppression, seen näıvely in Eq. (4), observables from c→ u νν̄ transi-
tions represent exceptional tests for the search for NP. In this section, we study the implications
of the SU(2)L–link (11) in c → u νν̄ transitions. We use the strongest upper limits on KN��′

L,R

from high–pT
5,6 and charged dilepton data 2,7, which allow to set constraints on xcu. Using

Eq. (11), we obtain upper limits on xcu for the different benchmarks i)-iii):

xcu = 3 rμμ � 2.6 , (LU) (12)

xcu = ree+ rμμ+ rττ � 156 , (cLFC) (13)

xcu = ree+ rμμ+ rττ+ 2 (reμ + reτ + rμτ ) � 655 , (EFT), (14)

The LU-limit (12) is set by dimuon limits which are the most stringent ones. Experimen-
tal measurements above the upper limit (12) would indicate a breakdown of LU, while values
above (13) would imply a violation of cLFC. The quantity xcu enters directly in the branching
ratio B(c→ u νν̄) ∝ xcu, as seen in Eq. (7). Translating the limits (12), (13) and (14) in terms
of B(D0 → π0νν̄),d we obtain the following upper limits for the three flavor scenarios,

B(D0 → π0νν̄)LU < 5 · 10−8 , (15)

B(D0 → π0νν̄)cLFC < 2.8 · 10−6 , (16)

B(D0 → π0νν̄)EFT < 1.2 · 10−5 . (17)

A branching ratio measurement Bexp(D
0 → π0νν̄) within 5·10−8 < Bexp(D

0 → π0νν̄) < 2.8·10−6
would be a clear signal of LU violation. In contrast, a branching ratio above 2.8 · 10−6 would
imply a breakdown of cLFC. A very recent search by BES III reported B(D0 → π0νν̄) < 2.1·10−4
at 90% CL 8, which is about one order of magnitude away from our EFT limit (17).

dUpper limits on other decays modes can be found in Ref. 3.
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3.2 Predictions for beauty

In the following we study b → s νν̄ transitions and their interplay with b s + − and t c + −

couplings driven by Eq. (11). First, we exploit Eq. (11) using the complementarity between
B → V (vector) and B → P (pseudoscalar) dineutrino branching ratios, which offers novel tests
of LU. Finally, (11) allows to set improved limits on charged τ couplings from dineutrino data.

The excellent complementarity between the branching ratios of B → V νν̄ and B → P νν̄
decays, B(B → V νν̄) = ABV

+ x+bs + ABV− x−bs and B(B → P νν̄) = ABP
+ x+bs, allows us to write

them in the LU limit as e

B(B → V νν̄)LU =
ABV

+

ABP
+

B(B → P νν̄)LU + 3ABV
−

∣∣∣∣∣
√
B(B → P νν̄)LU

3ABP
+

∓ 2Kbs��
R

∣∣∣∣∣
2

. (18)

The most stringent limits on Kbs��
R are given for  = μμ. Performing a 6D global fit of the

semileptonic Wilson coefficients C(′)(7,9,10),μ to the current experimental data on b → s μ+μ−

data (excluding observables polluted by NP effects in electron couplings), leads to Kbs��
R =

VtbV
∗
ts (0.37 ± 0.28). f Figure 1 displays the correlation between B(B0 → K∗0νν̄) and B(B0 →

K0νν̄), given by Eq. (18). The SM predictions B(B0 → K∗0νν̄)SM = (8.2 ± 1.0) · 10−6,
B(B0 → K0νν̄)SM = (3.9± 0.5)·10−6 are depicted as a black diamond with their 1σ uncertainties

(black bars) 4. The values of Kbsμμ
R , AB0K∗0± , and AB0K0

+ has been scanned within their 1σ
uncertainties, resulting in the dark red region which represents the LU region, numerically 4

1.7 � B(B0 → K∗0νν̄)
B(B0 → K0νν̄)

� 2.6 . (19)

A branching ratio measurement outside the red re-
gion (19) would clearly signal evidence for LU vi-
olation, but if a future measurement is inside this
region instead, this may not necessarily imply LU
conservation. Outside the light green region the va-
lidity of our EFT framework gets broken, see Sec-
tion 2.3. The current experimental 90% CL up-
per limits, B(B0 → K∗0νν̄)exp < 1.8 · 10−5 and
B(B0 → K0νν̄)exp < 2.6 · 10−5 from Ref. 10, are dis-
played by hatched bands. The grey band represents
the improved EFT limit, B(B0 → K0νν̄)derived <
1.5 · 10−5, as already briefly mentioned in Section 2.3.
A measurement between the grey and the hatched
area would infer a clear hint of NP not covered by
our EFT (1). The projected experimental sensitivity
(10% at the chosen point) of Belle II with 50 ab−1 is
illustrated by the yellow box 11.
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Figure 1 – Correlation (18) between B(B0 →
K∗0νν̄) and B(B0 → K0νν̄). Details are given in
the main text.

The combination of the current experimental 90 % CL upper limits on B(B0 → K∗0νν̄)exp <
1.8 ·10−5 and B(B+ → K+νν̄)exp < 1.6 ·10−5 taken from Ref.10, results in the following bounds4

x+bs � 2.9 , x−bs + 0.2x−bs � 2.0 . (20)

Using Eq. (20) together with Eqs. (6), (11) allows us to set bounds on Ktc��′
L and Kbs��′

R depending
on the lepton flavour assumptions. The limits from charged lepton data are stronger or similar

eThe values of ABV
± and ABP

+ (analogous to Ai
± in Eq. (7)) can be found in Ref. 4.

f I am grateful to Rigo Bause for providing me with the updated value of Kbs��
R available in Ref. 9.
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than the dineutrino bounds with the exception of τ couplings,

|Kbsτe
R | � 1.4 , |Kbsτμ

R | � 1.4 , |Kbsττ
R | � 1.8 , (21)

which improve the previous ones from Drell-Yan data 5,6 by a factor ∼ 20 . Constraints on Ktc��′
L

from dineutrino data are available in Table 6 from Ref. 2, and are stronger than those from
collider studies of top plus charged dilepton processes 12,13,14.

3.3 Predictions for kaons

Following a similar analysis as in the previous section for b→ sνν̄ transitions, we obtain limits
on Kcu��′

L and Ksd��′
R from the experimental B(K+ → π+νν̄)exp � 1.7 · 10−10 measurement, 2

−0.019 � Kcu��
L ,Ksd��

R ,� 0.007, |Kcu��′
L |, |Ksd��′

R | � 0.008 , (22)

with  = e, μ, τ and  �= ′. Comparing Eq. (22) with high-pT limits 5,6, we observe that
dineutrino data provides stronger constraints, by several orders of magnitude.

4 Conclusions

Dineutrino modes are potential probes for the discovery of physics beyond the Standard Model.
In the context of SMEFT, we have shown that SU(2)L-invariance relates dineutrinos qα qβ ν̄ ν
and charged dilepton couplings qα qβ 

′+ −, see Eq. (11). This connection (11) provides comple-
mentary tests of lepton flavour violation and improved limits on τ e, τ μ, τ τ couplings, exploited
for different phenomenological applications including charm, beauty and kaons. Our predictions
are well-suited for the experiments Belle II 11, BES III 15, and future e+e−-colliders, such as an
FCC-ee running at the Z mass scale 16.
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Searches for lepton flavour and lepton number violating K+ decays at the NA62
experiment

Joel Swallow, on behalf of the NA62 collaboration
CERN,

Espl. des Particules 1, 1211 Meyrin, Switzerland

The NA62 experiment at CERN collected world’s largest data set of charged kaon decays to di-
lepton final states in 2016-2018, using dedicated trigger lines. Two recent searches are reported
which set upper limits at 90% confidence level on the branching ratios of two lepton number
violating processes: B(K+ → π−e+e+) < 5.3×10−11 and B(K+ → π−π0e+e+) < 8.5×10−10.

1 Introduction

Lepton number and lepton flavour numbers are accidental global symmetries of the Standard
Model (SM) and are therefore expected to be conserved in interactions. However, in several
beyond-the-standard-model (BSM) scenarios lepton number violating (LNV) and lepton flavour
number violating (LFV) processes are predicted. A majorana neutrino, predicted in a minimal
Type-I seesaw model 1, can mediate LNV processes such as neutrinoless double beta decays and
K+ → π−++ decays2,3,4. Other BSM scenarios including leptoquarks5,6, a Z ′ boson7,8, or light
pseudoscalar bosons 9, predict LFV processes involving charged leptons (cLFV). Observation of
LNV or cLFV processes would provide clear evidence for new BSM physics.

2 The NA62 experiment, data set and triggers

A schematic view of the NA62 beamline and detector is displayed in figure 1, and is described
in detail in Ref. 10. A 75 GeV/c secondary hadron beam, composed of π+ (70%) protons (23%)
and K+ (6%), is created when 400 GeV/c protons from the CERN SPS impinge on a beryllium
target. Beam K+ are identified using a differential Cherenkov counter (KTAG), which has a
time resolution of 70 ps. Beam particle positions, momenta and times (with a resolution of 100
ps) are measured by a silicon pixel spectrometer, the GTK, formed of three stations and four
dipole magnets. Following a final collimator, the CHANTI (an array of scintillator hodoscopes)
detects inelastic interactions of beam particles with the final GTK station.

The beam is delivered into a vacuum tank, with a pressure of 10−6 mbar, containing a 75
m long fiducial volume (FV). Products of decays in the FV are detected while undecayed beam

381



0

-1

-2

1

2

100 150 200 2500
Z [m]

Y 
[m

]

GTK

CHANTI

LAV

KTAGTarget

MUV1,2
STRAW

IRC
LKr

Vacuum

MUV3
Iron

RICH

RICH

ump

CHOD

SAC

Magnet

NA48-CHOD

Collimator

Figure 1 – Schematic side view of the NA62 beamline and detector.

particles continue in a vacuum beam pipe. Momenta of chargedK+ decay products are measured
by a magnetic spectrometer (STRAW), consisting of four straw-tube tracking chambers located
within the vacuum tank, with two on either side of a dipole magnet.

A ring imaging Cherenkov detector (RICH), with a Cherenkov threshold of 12.5 GeV/c for
pions, provides information for particle identification (PID), charged particle time measurements
(with 70 ps resolution), and the trigger time. Two scintillator hodoscopes (NA48-CHOD and
CHOD) also provide trigger signals and time measurements with 200 ps resolution. A 27X0

thick quasi-homogeneous liquid krypton electromagnetic calorimeter (LKr) is used for particle
identification and photon detection. In combination with the LKr, the 12 large angle photon veto
(LAV) stations and two lead/scintillator sampling calorimeters (IRC, SAC) provide hermetic
coverage for photons emitted in K+ decays in the FV. Two iron/scintillator hadronic sampling
calorimeter modules (MUV1,2) plus a muon detector, composed of scintillator tiles and located
behind an 80 cm thick iron wall, (MUV3) are used for PID.

The data sample for results presented here was collected in 2016–18. Two trigger chains
were used, Multi-Track (MT) and Multi-Track e (MTe), which were typically downscaled by
factors of 8 and 100, respectively. The MT trigger chain is a minimum-bias 3-track trigger, the
MTe trigger chain contains the same basic criteria plus a requirement for at least 20 GeV energy
deposit in the LKr. For signal-like samples, characterised by high LKr energy deposits, trigger
inefficiencies are approximately 6% 11.

3 Search strategies for LNV decays K+ → π−e+e+ and K+ → π−π0e+e+

By measuring the rates of potential signal decays K+ → π−(π0)e+e+ with respect to the nor-
malisation decay K+ → π+e+e−, both collected with the same MT and MTe triggers, detector
and trigger inefficiencies as well as pileup effects cancel. Full details of the event selection are
provided in Ref. 11 and the key aspects are briefly summarised below.

Exactly one three-charged-track vertex with total charge +1 must be reconstructed within
the FV. Each of the tracks forming the vertex must have a momentum in the range 6–44 GeV/c
and be separated by more than 200 mm at the LKr front plane, to reduce shower overlap effects.
The time measured for each track, using information from the CHODs and RICH, must be
consistent with the trigger time. No signals are allowed in the LAV stations matching in time
with the charged tracks. Charged particles are identified using the E/p ratio, where E is the
energy deposited in the LKr and p is the momentum measured by the STRAW. A π± must have
E/p < 0.85 and an e± must have 0.9 < E/p < 1.1. Normalisation K+ → π+e+e− events are
required to have a reconstructed e+e− mass mee > 140 MeV/c (to remove backgrounds from
π0 → e+e−γ decays), and be in the reconstructed π+e+e− mass signal region 470–505 MeV/c.
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Figure 2 – Left: probability of misidentifying a π± as an e± (Pπe) as a function of momentum, using LKr and
RICH PID criteria applied either separately or together. Right: probability of misidentifying an e+ as a π+ (Peπ)
and e+ identification inefficiency (1− εe) as functions of momentum. Polynomial fits to the measurements, used
in the e+ identification model, are shown.

For signal candidate K+ → π−e+e+ events only an additional RICH-based identification of
the e+ is applied to suppress backgrounds involving misidentifcation. The reconstructed π−e+e+

mass, mπee, has a resolution of 1.7 MeV/c. The signal region for the search for this process
is defined as 488.6 < mπee < 498.8 MeV/c, and the wider mass range 470–505 MeV/c is kept
masked until the selection and background estimates are fixed.

For candidate signal K+ → π−π0e+e+ events a π0 is reconstructed from π0 → γγ decays
with photons identified as LKr clusters with more than 2 GeV, separated by at least 150 mm
from each other and the impact point of charged tracks. The longitudinal position of the neutral
π0 decay vertex is given by zN = zLKr−D12

√
E1E2/mπ0 , where zLKr is the longitudinal position

of the LKr, D12 is the distance between the two photon clusters with energies E1,2 and mπ0 is
the π0 mass. The longitudinal locations of the charged and neutral vertices must be consistent.
The signal region is defined as the reconstructed π+π0e+e− mass, mππee, range 484–504MeV/c2.

4 Backgrounds and Particle Identification Studies

The primary background mechanisms for both searches include misidentification of π± as e± or
vice versa. Detailed studies of PID performance in data were performed and dedicated models
derived from these studies were used in simulations of backgrounds.

The probability to misidentify π± as e± (Pπe) was measured using a pure sample of π± from
kinematically-selected K+ → π+π+π− decays, results are shown in figure 2 (left). The addition
of the RICH-based PID provides an additional rejection factor for e+ of up to 103. Non-zero Pπe

below the Cherenkov threshold for π+ in the RICH is due to additional in-time activity in the
selected K+ → π+π+π− events. The overlap between rings in the RICH creates a dependence
of Pπe with the angle between tracks, and this is accounted for in the model.

The probability to misidentify e+ as π+ (Peπ) and the e+ identification efficiency (εe) were
measured using a sample of K+ → π0e+νe decays, after subtraction of a sub-1% background
contamination. Figure 2 (right) shows measurements of Peπ and 1−εe as functions of momentum.
Differences in the LKr response for e+ and e− are negligible, therefore these measurements are
also used to model e− misidentification.
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are found between the arrows which define the signal region (see section 3). Right: mass spectrum for events
passing the control selection for K+ → π+e+e− using RICH-based e+ PID.

5 Normalisation to the K+ → π+e+e− decay

The mass spectrum of events passing the K+ → π+e+e− selection is shown in figure 4 (left).
The effective number of K+ decays in the FV is given by

NK =
(1− f)Nπee

BπeeAπee
= (1.015± 0.010stat ± 0.030syst)× 1012 , (1)

where Nπee = 11041 is the number of selected normalisation K+ → π+e+e− events (the world’s
largest sample of these decays), Bπee = (3.00 ± 0.09) × 10−7 is the branching ratio for this
decay 12, and Aπee = (3.62 ± 0.02syst)% is the selection acceptance (evaluated with simulations
and accounting for random veto and trigger inefficiencies), and f = 1.0×10−3 is the background
contamination. The systematic uncertainty of NK is dominated by the uncertainty of Bπee.

An additional control sample is selected identically to the normalisation sample but with
the RICH-based PID for e+, the corresponding mass spectrum is shown in figure 4 (right). A
calculation of NK using this control sample is in agreement with the standard calculation to
within 1%. Normalisation of backgrounds is fixed in figure 4 by NK and the good agreement of
data and simulations is used to validate the procedure of modelling π± misidentification.

6 Results of K+ → π−(π0)e+e+ searches

The reconstructed mπee and mππee spectra after the K+ → π−(π0)e+e+ selections are shown in
figure 4 (left and right, respectively).

In the K+ → π−e+e+ search the primary backgrounds in the signal region are from
K+ → e+νe+e− and K+ → π0

De
+ν decays (where π0

D indicates π0 → e+e−γ) with e− misiden-
tification as a π−. The misidentification model for Peπ, figure 2 (right), is used to estimate these
backgrounds. This model is validated using a control sample, requiring missing momentum and
dominated by K+ → π0

De
+ν decays.

In the K+ → π−π0e+e+ search backgrounds arise from K+ → π+π0π0
D, K

+ → π+π0
Dγ

and K+ → π+π0e+e− decays with double misidentification (π+ → e+ and e− → π−) and
K+ → π0

De
+νγ with e− → π− misidentification. Separate simulations of K+ → π+π0

Dγ decays
with Eγ above and below 10 MeV in the K+ rest frame are performed to minimise statistical

384



400 420 440 460 480 500 520 540 560 580 600
]2) [MeV/c+e+e0m(

410

310

210

110

1

)2
E

ve
nt

s 
/ (

2 
M

eV
/c Data

+eD
0+K

>10 MeVE

D
00++K

D
0++K

<10 MeVE

D
0++K

>10 MeVE

200 250 300 350 400 450 500 550
]2) [MeV/c+e+em(

210

110

1

)2
E

ve
nt

s 
/ (

4 
M

eV
/c Data

e+e+e+K
+eD

0+K
+++K

+e++K

Figure 4 – Reconstructed mπee and mππee (left and right respectively) spectra of the data and simulated back-
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uncertainties. Simulated background K+ → π0
De

+νγ events are found only with Eγ > 25
MeV. Control samples are used to evaluate potential backgrounds from pileup. For the K+ →
π−e+e+ search this background is found to be negligible (based on control samples from track
time sidebands) while for the K+ → π−π0e+e+ search the pileup background is found to be
0.020± 0.020 (based on control samples with one or two additional photons).

The total expected background in the signal regions for the two searches are 11

Nπee
B = 0.43± 0.09 and Nππee

B = 0.044± 0.020 .

The signal acceptances are evaluated based on simulations using a uniform phase-space distri-
bution and are found to be

ALNV
πee = 4.32% and ALNV

ππee = 0.271% .

The single event sensitivities are then calculated as

Bπee
SES =

1

NKALNV
πee

= (2.28±0.07)×10−11 and Bππee
SES =

1

NKALNV
ππee Bγγ

= (3.68±0.12)×10−10 ,

where Bγγ = (98.823 ± 0.034)% is the π0 → γγ branching ratio 12. Using the CLS method 13

upper limits are therefore set on the branching ratios of

B(K+ → π−e+e+) < 5.3×10−11 at 90%CL and B(K+ → π−π0e+e+) < 8.5×10−10 at 90%CL .

7 Conclusions

Searches for LNV decays K+ → π−π0e+e− at NA62 have been presented, based on data taken in
2016–18. No evidence for LNV has been found and upper limits have been set on the branching
ratios at 90% confidence level: B(K+ → π−e+e+) < 5.3 × 10−11 and B(K+ → π−π0e+e+) <
8.5× 10−10. The former improves over a previous NA62 result 14 by a factor of 4 and the latter
is the first reported search for this decay. These results complement other searches for LNV and
LFV in K+ decays performed by the NA62 collaboration using the same data set 14,15.

385



References

1. R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980)
2. L.S. Littenberg and R. Shrock, Phys. Lett. B 491, 285 (2000)
3. A. Atre et al, Phys. Rev. D 71, 113014 (2005)
4. A. Abada et al, JHEP 02, 169 (2018)
5. M. Bordone et al, JHEP 10, 148 (2018)
6. J. Pati and A. Salam, Phys. Rev. D 10, 275 (1974)
7. L.G. Landsberg, Phys. Atom. Nucl. 68, 1190 (2005)
8. P. Langacker, Rev. Mod. Phys. 81, 1199 (2009)
9. C. Cornella et al, JHEP 01, 158 (2020)

10. E. Cortina Gil et al, JINST 12, P05025 (2017)
11. E. Cortina Gil et al, arXiv:2202.00331.
12. P.A. Zyla et al, Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
13. A.L. Read, J. Phys. G 28, 2693 (2002).
14. E. Cortina Gil et al, Phys. Lett. B 797, 134794 (2019)
15. E. Cortina Gil et al, Phys. Rev. Lett. 127, 13 (2021)

386



Lepton flavour violation and lepton flavour universality

Boping Chen, on behalf of the ATLAS and CMS Collaborations

Department of Particle Physics, Tel Aviv University, Tel Aviv, Israel

An overview of the recent results of the searches for lepton flavour violation and lepton flavour
universality is presented. The results are based on the data samples of proton-proton collision
collected by the ATLAS and CMS experiments at the LHC for center-of-mass energies of
13 TeV. No experimental evidence for the charged lepton flavour violation from ATLAS and
CMS has been found, and the lepton flavour universality tests are in agreement with Standard
Model.

1 Introduction

In the Standard Model (SM), the lepton flavour is conserved in the interactions, although there
is no fundamental principle to protect this conservation. The lepton flavour violation (LFV)
has been observed in the neutrino sector 1, but no evidence for the charged lepton flavour
violation (cLFV) has been found yet. New sources of the cLFV would indicate physics beyond
the Standard Model (BSM), and searches for such violations can be used to constrain BSM
theories.

Lepton flavour universality (LFU) assumes that the couplings between different flavour lep-
tons and the electroweak gauge bosons are the same in the massless limit. But in the recent
years, there are hints for the LFU violation, for example, the ratio of the branching fraction
of on-shell W to τ and μ: R(τ/μ) = B(W → τντ )/B(W → μνμ), measured by the Large
Electron–Positron Collider 2.

Several studies of the cLFV and LFU from ATLAS 3 and CMS 4 at the LHC are presented,
and the results are consistent with the Standard Model (SM) prediction.

2 cLFV H → ll′, l, l′ = e or μ or τ

Searches for LFV decays of the SM Higgs boson include three different decay channels: H → eτ ,
H → μτ and H → eμ. Both ATLAS 5, using 36 fb−1 of the data, and CMS 6, using 137 fb−1

of the data, studied the H → eτ and H → μτ channels, where τ can decay both leptonically
(τl → l′νν̄) and hadronically (τhad → hadrons + ν). In the final state, for leptonic decay of
τ , it requires an opposite-sign charged e + μ pair, while for the hadronic decay of τ , the final
state contains an opposite-sign charged e/μ + τhad pair. To improve the sensitivity, both the
ATLAS and CMS analyses use several categories targeting different phase space regions, and a
boosted decision trees (BDT) is applied to distinguish signal from background. Figure 1 shows

Copyright 2022 CERN for the benefit of the ATLAS and CMS Collaboration. CC-BY-4.0 license.
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the example BDT score distribution for ATLAS (left) and CMS (right), and the dominant
background are Z → ττ , fake τ and top quark processes.

In the absence of a significant excess, both ATLAS and CMS set an upper limit on the LFV
branching fractions. For ATLAS, the final upper limit results are: B(H → eτ) < 0.47% and
B(H → μτ) < 0.28%. For CMS, the final upper limit results are: B(H → eτ) < 0.22% and
B(H → μτ) < 0.15%.
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Figure 1 – Left: distributions of the BDT score for the non-VBF category after the background+signal fit of the
ATLAS leptonic eτ search, with the LFV signal overlaid 5. Right: BDT discriminant distributions for the 2 jets
VBF category for the data and background processes of the CMS hadronic H → μτhad search, with the LFV
signal overlaid 6.

ATLAS has also performed the study with eμ final state using 139 fb−1 of the data 7. In
the final state, it contains an opposite-sign charged e + μ pair. The signal yield is determined
by a signal+background fit to the meμ invariant mass distribution. Both signal and background
models are using analytical functions. Figure 2 shows the data distribution (left), and the upper
limit for both eμ, eτ and μτ channels (right). For the eμ final state, the final upper limit result
is B(H → eμ) < 6.1× 10−5.
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Figure 2 – ATLAS results of the cLFV H → eμ search. Left: eμ invariant mass meμ compared with the
background-only model 7. The bottom panel shows the difference between data and the background-only fit.
Right: upper limit on the branching fractions of the Higgs boson to various lepton flavour violating decays in
percent 7.
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3 cLFV Z → ll′, l, l′ = e or μ or τ

Similar to the LFV decays of the Higgs boson, searches for LFV decays of the SM Z boson
include three different decay channels: Z → eτ , Z → μτ and Z → eμ. ATLAS measures all of
these three channels with 139 fb−1 of the data 8,9,10. For Z → eτ and Z → μτ , both hadronic
and leptonic decays of τ -leptons are studied. In the final state, for leptonic decay of τ , it requires
an opposite-sign charged e + μ pair, while for the hadronic decay of τ , the final state contains
an opposite-sign charged e/μ+ τhad pair. To improve the sensitivity, neural networks (NN) are
trained and combined to distinguish signal from background. The corrections for the transverse
momentum (pT) and cross-section of the Z bosons, using the measurements in a Z → ll fiducial
volume, are applied to reduce the theory uncertainties.

For Z → eμ, besides the opposite-sign charged eμ pair requirement, the analysis vetoes high
pT jets, high missing transverse momentum (Emiss

T ), and jets identified as originating from a
bottom quark (b-jet). A BDT, with Z pT, jet pT and Emiss

T as input features, is trained and
used to improve the sensitivity.

Figure 3 shows the NN output distribution of the selected signal region for leptonic decays
of τ of Z → μτ (left), hadronic decays of τ of Z → eτ (center) and the eμ invariant mass
distribution for Z → eμ (right). The final upper limits of the branching fraction for Z → eτ ,
Z → μτ and Z → eμ are 5.0× 10−6, 6.5× 10−6, 2.6× 10−7.
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Figure 3 – ATLAS results of cLFV Z → ll′ studies. Left: distributions of the combined NN output of the selected
signal region of the leptonic μτe channel 8. Center: distributions of the combined NN output of the selected signal
region of the hadronic eτhad channel 9. Right: distribution of the invariant mass meμ of the Z → eμ candidates 10.

4 cLFV X → eμ, eτ, μτ

Besides the SM particles, CMS also performed the LFV searches for heavy resonances and
quantum black holes X: X → eμ, eτ, μτ 11. Three theory models are studied: R-parity violating
supersymmetric models τ̃ (RPV), heavy Z ′ gauge boson and quantum black holes (QBH).

For eτ and μτ channels, only the hadronic decaying τ is considered. To increase the statistic,
there is no charge requirement for the lepton pair in the final state. The dominant backgrounds
are tt̄, diboson processes and fake lepton. For eμ channel, the fitted variable is eμ invariant
mass, while for eτ and μτ channels, the fitted variable is collinear mass, assuming the missing
transverse energy is collinear with the pT of τ . Figure 4 shows the eτ collinear mass distribution
(left) and the upper limit for the heavy Z ′ gauge boson model (right).
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5 cLFV interactions in top quark production

Another kind of high-energy charged LFV search process, involving top quark, is studied by
both ATLAS 12 and CMS 13. For ATLAS, using 79.8 fb−1 of the data, the analysis is using the
top-quark pair process, where one t decays into a pair of opposite-sign different-flavour charged
leptons and an up-type quark, while the other decays semileptonically. In the final state, it
contains three charged leptons, a light jet and a b-jet. A BDT is deployed and its distribution
used as input to extract the signal strength. For CMS, using 138 fb−1 of the data, the analysis
searches for either single-top production in association with an eμ pair from the q → eμt process,
q = u, c, or for t→ eμq decays in tt̄ events where the other top quark decays to Wb. A BDT with
five inputs is trained to further improve search sensitivity. Figure 5 shows the BDT discriminant
for ATLAS (left) and the 1 b-jet category of the CMS measurement (right). For ATLAS, the
final limit is B(t → ll′q) < 1.86 × 10−5. For CMS, the final upper limits for different effective
operators are converted to B(t→ eμq): B(t→ eμu) < O(10−7), B(t→ eμc) < O(10−6).
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Figure 5 – Left: BDT discriminant distribution after a background-only fit (post-fit) of the ATLAS result 12.
Right: BDT output distributions for data (points) and backgrounds (histograms) of the CMS result, with the
ratio of data to the total background yield. 13
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6 cLFV τ → 3μ

The last LFV analysis is the low energy LFV search τ → 3μ by CMS14, using 33 fb−1 of the data.
Two τ production channels are studied: heavy-flavour (HF) channel (D+

s → τ+ν, B → τ +X)
and W → τν channel. For the HF channel, around 70% τ leptons are from the D meson
decays. The normalization of the D+

s is determined by the D+
s → φπ+ → μμπ+. A BDT with

10 variables is trained for both signal and D+
s normalization measurement. For the W → τν

channel, there is very little background, and a BDT is trained with 18 variables. The signal yield
is determined by a signal+background fit to the m3μ invariant mass distribution. Both signal
and background models are using analytical functions. Figure 6 shows the 3μ invariant mass
distribution for the HF channel (left) and the W → τν channel (right). The final upper limits
of the branching fraction B(τ → 3μ) for these two channels are comparable, it is 2 × 10−7 for
the HF channel, and 9.2×10−8 for the W → τν channel. The combined upper limit is 8×10−8.
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Figure 6 – CMS results for the cLFV τ → 3μ study. Left: trimuon invariant mass distribution of the HF channel14.
Right: trimuon invariant mass distribution of the W channel 14.

7 LFU W → lν

The tests for LFU are done by ATLAS 15 and CMS 16 using W leptonic decay. For ATLAS,
it is measuring the ratio of the decay rate of W bosons to the τ and μ (R(τ/μ)), using the
tag (e or μ) and probe (μ) technic with the fully leptonic tt̄ sample. The pT and the impact
parameter (d0) of the μ are used as fitted variables to distinguish the prompt μ and the μ from
τ . CMS presents the precision measurement of the branching fractions of the W decaying into
e, μ, and τ , with tt̄, tW , WW and W+jet samples. It is using only the pT as the fitted variable.
Figure 7 shows the dμ0 distribution for ATLAS measurement (left) and pμT distribution for the
CMS measurement. The ratio R(τ/μ) from the ATLAS measurement result is 0.992 ± 0.013,
while for CMS, the results for the ratio are: R(μ/e) = 1.009 ± 0.009, R(τ/e) = 0.994 ± 0.021
and R(τ/μ) = 0.985 ± 0.020. All the results are consistent with the lepton flavour universality
for the weak interaction.

8 Summary

A number of the latest searches for the cLFV and LFU performed by the ATLAS and CMS
Collaborations at the LHC have been shown, using proton-proton collision data at the center-
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of-mass energies of 13 TeV. No significant excess is observed in data over the SM background
prediction for the cLFV searches, and the measurements of the LFU with W → lν decays are
in agreement with the SM.
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It is demonstrated that accounting for lepton flavor universality violating anomalies in B
meson decays via Z′ models implies a Landau pole problem. A family of models is proposed
that resolve both issues simultaneously, fix the metastability of the Higgs and are predictive
up to the Planck scale.

Preprint: DO-TH 22/10

1 Introduction

A key prediction of the Standard Model of Particle Physics (SM) is that the distinctive flavor of
different lepton generations originates only in their Yukawa interactions. Consequently, leptons
are the same up to their masses and couplings to the Higgs. Lepton flavor universality can be
probed with theoretical clean observables 1

RH =

∫ q2
max

q2
min

dB(B→Hμ+μ−)
dq2 dq2

∫ q2
max

q2
min

dB(B→He+e−)
dq2 dq2

with H = K, K∗, φ, Xs, · · · , (1)

featuring branching fractions of flavor changing neutral current (FCNC) transitions and the
dilepton invariant mass squares q2. The SM expectation puts these ratios RH close to unity as
electrons and muons couple lepton universal. However, in recent years this paradigm has been
challenged, most prominently by the measurements of

RK

(
1.1GeV2 < q2 < 6.0GeV2

)
= 0.846+0.044

−0.041, (2)

by the LHCb-collaboration 2, which is at 3.1σ tension with the SM. Further hints of new physics
are also observed in RK∗ 3 and many more branching ratios and angular observables 4,5 in
B → K(∗)μ+μ− processes, which are from here on referred to as B-anomalies. While there is
a long and diverse list of models to account for these anomalies via a SM extension, this work
focuses on a popular approach of heavy Z ′ models. Such models feature a new U(1)′ gauge group
with generation-dependent charges, giving rise to FCNCs after fermion mass rotation. Here we
address a critical issue that is often overlooked with these solutions – the appearance of Landau
poles below the Planck scale.

Landau Pole. In order to explain the B-anomalies a tree-level coupling of Z ′ to quarks and
leptons is necessary. Therefore, Z ′ can be produced and probed at colliders, unless the signature
is suppressed by a heavy mass MZ′ . Current experimental data implies lower mass bounds, one
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obtains MZ′ � 5 TeV for non-vanishing couplings to the first-generation quarks 6. However,
b → s�� amplitudes mediated by Z ′ are always ∝ g2

4/M2
Z′ , where g4 is the U(1)′ gauge coupling.

If MZ′ is heavy, g4 has to be sufficiently large to account for the B-anomalies. This nudges
the g4 towards the non-perturbativity limit, which is manifested by a Landau pole at scale
μLandau. An upper bound for μLandau can be estimated in a model with minimal U(1)′ charges
that still account for the anomalies. In this case, at least the left-handed muon (charge FL2)
and left-handed b quark (FQ3) as well as additional fermions to cancel gauge anomalies, have to
couple to Z ′. The relevant b → sμμ transition

b

s
Z ′

μ

μ

∼ 1
Λ2 � V ∗

tsVtb FL2 FQ3
g4(MZ′)2

M2
Z′

(3)

then points towards a scale of new physics of roughly 7 Λ � 40 TeV. The leading order renormal-
ization group running (4π)2βg4 = 1

2B4 g3
4 yields an estimate of the Landau pole

ln μLandau

MZ′
� (4π)2

B4 g4(MZ′)2 , (4)

where the one-loop coefficient B4 generically increases with the U(1)′ charges and we have
B4 ≥ 16

3

(
F 2

L2 + 3F 2
Q3

)
even in the minimal model described above. Combining this lower bound

with (3) and (4) one obtains

ln μLandau

MZ′
�

√
3π2

2 V ∗
tsVtb

( Λ
MZ′

)2
⇒ μLandau � 1010 TeV , (5)

which is well below the Planck scale μLandau 	 MPl ≈ 1016 TeV. However, as the pole moves
logarithmically, it is many orders of magnitude lower in realistic theories. This phenomenon
occurs generically for all Z ′ models. Moreover, as lower bounds for MZ′ increase in the future,
the situation becomes even direr. For the time being, some models may still escape this problem,
e.g. if MZ′ is significantly lower than 5 TeV as there is no Z ′ coupling to light quarks, or for
large mixing angles in the up- and down sector rotations, see 8 for details.

Planck Safety. The Landau pole issue and the related loss of predictivity suggest that the
majority of Z ′ models are ruled out as proper UV completions. As an effective theory, it has
a short range of validity and is bound to pass on the non-perturbativity problem to the next
theory in its high-energy limit. A true UV completion would have to be theoretically consistent
and free of poles or unphysical parameter regimes at least until the Planck scale, where quantum
gravity enters the game. This is exactly what we will refer to as Planck safety. Note that this
paradigm also includes stability of the scalar potential. In the following, we construct Z ′ models
that explain the B-anomalies, move the Landau pole past the Planck scale, and stabilize the
Higgs and BSM scalar potential altogether.

2 Pole-free Z′ Models

We consider Z ′ extensions of the SM with generation-dependent U(1)′ charges FXi for the SM
quarks (X = Q, U, D), leptons (X = L, E) as well as three right-handed neutrino (RHN) fields
(X = ν). The U(1)′ symmetry is broken spontaneously by a BSM scalar φ, generating a heavy
mass for the Z ′ boson. To avoid interference of U(1)′ and electroweak symmetry breaking, φ is a
SM singlet while the Higgs has no U(1)′ charge: FH = 0. Moreover, a 3×3 completely uncharged
BSM scalar matrix S and 3 generations of vector-like BSM fermions ψL,R are included. The
latter carry universal U(1)′ charges, but are chosen to be invisible under the SM gauge group.
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Table 1: SM and BSM fields with multiplicities (number of generations) and representations under U(1)Y ×
SU(2)L × SU(3)C × U(1)′.

Field Gen. U(1)Y SU(2)L SU(3)C U(1)′

SM fermions Qi 3 +1/6 2 3 FQi

Li 3 −1/2 2 1 FLi

Ui 3 +2/3 1 3 FUi

Di 3 −1/3 1 3 FDi

Ei 3 −1 1 1 FEi

Higgs scalar H 1 +1/2 2 1 0
BSM fermions ν 3 0 1 1 Fνi

ψL 3 0 1 1 Fψ

ψR 3 0 1 1 Fψ

BSM scalars S 3 × 3 0 1 1 0
φ 1 0 1 1 Fφ

All matter fields and representations under the U(1)Y × SU(2)L × SU(3)C × U(1)′ gauge group
are given in Tab. 1. The Yukawa sector

−Lyukawa = Y d
ij QiHDj + Y u

ij QiH̃Uj + Y e
ij LiHEj + Y ν

ij LiH̃νj + y ψLi Sij ψRj + h.c. (6)

consists of the SM interactions and the right-handed neutrino coupling Y ν to the Higgs, as well
as a pure BSM Yukawa vertex described by a single coupling y, protected by a U(3)ψL

×U(3)ψR

BSM flavor symmetry that is only softly brokena. The scalar potential consists of the quartic
terms

V (4) = λ (H†H)2 + s (φ†φ)2 + u tr(S†SS†S) + v tr(S†S)tr(S†S)
+ δ (H†H) tr(S†S) + δ̃ (H†H)(φ†φ) + w (φ†φ) tr(S†S) ,

(7)

featuring scalar self-interactions (first line) and portal couplings (second line). Further massive
terms are present, see 8 for details.

Constraints. There are many U(1)′ charges in our models, which are however constrained
by theoretical requirements and experimental measurements. This includes the cancellations
of gauge anomalies, which arise from U(1)′3, U(1)Y × U(1)′2, U(1)2Y × U(1)′, SU(2)2L × U(1)′,
SU(3)2C × U(1)′ and U(1)′ – gravity fermionic triangles. These six lengthy conditions are listed
in 8. Moreover, for each component of the SM and RHN Yukawa couplings to be non-zero, a
condition on U(1)′ charges is implied. Overall, there would be too many constraints to fulfill
for all couplings. The top Yukawa is most important due to its size, but we choose to account
for at least all diagonal quark Yukawas, leading to the six conditions 0 = FQi + FH − FUi and
0 = FQi − FH − FDi . Further, due to strict constraints from electroweak measurements 9, our Z ′

does not couple to electrons FL1 = FE1 = 0. To avoid constraints from K0–K̄0–oscillations 10,
off-diagonal Z ′ couplings to s- and d-quarks are switched off via FQ1 = FQ2 and FD1 = FD2 .
There is a similar constraint from Bs-mixing which has been taken into account, along with an
upper bound for the gauge-kinetic and scalar mixing parameters, see 8 for further details.

Global Fit. The impact of our Z ′ model below the electroweak scale is estimated using the
weak effective field theory framework, where the following (axial)-vector dimension-six operators

Hbsμμ
eff ⊃ − 4GF√

2
αe

4π

[
sL (V ∗

tsVtb) γν bL

][
μ γν

(
cbsμμ

9 + cbsμμ
10 γ5

)
μ

]

− 4GF√
2

αe

4π

[
sR (V ∗

tsVtb) γν bR

][
μ γν

(
cbsμμ ′

9 + cbsμμ ′
10 γ5

)
μ

]
,

(8)

aFurther terms coupling φ with νi and generating a Majorana mass after U(1)′ breaking may be possible but
are excluded here by the choice of U(1)′ charges.
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relevant for b → s μ+ μ− transitions are induced from integrating out the Z ′. Splitting the
Wilson coefficients into a SM and new physics part c

bsμμ (′)
9,10 = C

SM μ (′)
9,10 + C

μ (′)
9,10 , the latter can be

fitted to experimental data. We have employed the global fit from 11, see there for a detailed

Table 2: Best fit values for the Wilson coefficients C
μ (′)
9,10 in different new physics scenarios and their respective pull

from the SM hypothesis.
Dim. Fit for Cμ

9 Cμ
10 Cμ ′

9 Cμ ′
10 PullSM

1d Cμ
9 −0.83 ± 0.14 – – – 6.0σ

1d Cμ
9 = −Cμ

10 −0.41 ± 0.07 −Cμ
9 – – 6.0σ

2d Cμ
9,10 −0.71 ± 0.17 0.20 ± 0.13 – – 5.9σ

4d C
μ (′)
9,10 −1.07 ± 0.17 0.18 ± 0.15 0.27 ± 0.32 −0.28 ± 0.19 6.5σ

discussion. Several fit scenarios are collected in Tab. 2. It is apparent that only Cμ
9 is vital

to explain B-anomalies, while the other Wilson coefficients are consistent with zero. In this
spirit, we focus on the new physics scenarios with Cμ

10 = 0, Cμ
9 = −Cμ

10 as well as Cμ
9 and Cμ

10
matched independently, while switching off the couplings to right-handed quarks Cμ ′

9,10 = 0. To
that end, we make the following assumptions for the mass rotations of up/down type singlets
Uu,d and doublets Vu,d. Firstly, the CKM rotation of quarks is solely in the down-sector, while
the up-type quarks are mass-diagonal: Vd ≈ VCKM and Vu, Uu ≈ 1. This disallows large mixing
angles in the flavor rotations between the up- and down-type sectors. Moreover, we also assume
that flavor-changing Z ′ couplings to the right-handed quarks are negligible, which are generated
by off-diagonal elements of Ud. Hence, we obtain for the matching of the new-physics Wilson
coefficients Cμ

9,10

Cμ
9,10 = − π√

2GF αe

(
g4

MZ′

)2
(FQ3 − FQ2) (FE2 ± FL2) , (9)

which can be fixed according to the global fit scenarios in Tab. 2, yielding constraints on U(1)′
charges and gauge coupling g4 at the matching scale. In our analysis, we consider 4 benchmark
models featuring the distinctive NP scenarios Cμ

10 = 0 with either no RHNs (BM1) or lighter
Z ′ that does not couple to first and second-generation quarks (BM4), Cμ

10 = −Cμ
9 (BM2) or

both Wilson coefficients being fitted independently (BM3). We have listed the U(1)′ charge
assignment of each benchmark model in Tab. 3.

Table 3: U(1)′ charge assignments FX , X = Qi, Ui, Di, Li, Ei, ψ, H, φ in the four benchmark models.

Model FQi FUi FDi FLi FEi Fνi FH Fψ Fφ

BM1
1
20

1
20 − 1

10
1
20

1
20 − 1

10
1
20

1
20 − 1

10 0− 9
10

9
10 0− 9

10
9
10 0 0 0 0 1 1

5

BM2 −1
4 −1

4
1
6 −1

4 −1
4

1
6 −1

4 −1
4

1
6 0 1 0 0 0 1 1

12 − 1
12 1 0 11

12
1
9

BM3 −1
8 −1

8 0 −1
8 −1

8 0 −1
8 −1

8 0 0 1
2

1
4 0 1

4
1
2 0 1

4
1
2 0 1 1

8

BM4 0 0 1
9 0 0 1

9 0 0 1
9 0 1

3 −2
3 0 1

3 −2
3 0 1

3 −2
3 0 1 1

6

3 Planck Safety

In spite of their differences, BM1...4 share many characteristics regarding Planck safety. Ex-
plaining the B-anomalies typically requires α4(μ0) � O(10−2) around the BSM scale μ0 � MZ′ ,
which implies a U(1)′ Landau poles in the 10 . . . 105 TeV range which is well below our bound
(5). In order to obtain a QFT that is well-defined and predictive up to quantum gravity effects,
this pole has to be moved past the Planck scale. For the same reason, the scalar potential has to
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Figure 1 – Example renormalization group evolution of gauge couplings αi = g2

i /(4π)2, Yukawa αy = y2/(4π)2

and quartic interactions αu = u/(4π)2 as well as gauge-kinetic mixing parameter η for BM1 from the initial scale
μ0 = 5 TeV to the Planck regime (gray area).

remain stable up to MPl. Both stipulations can be fulfilled in tandem due to Yukawa and scalar
portal couplings (6), (7).

The running of gauge couplings is slowed down significantly by the BSM Yukawa interactions
αy = y2/(4π)2, requiring

F 2
ψ αy(μ0) � O(10−1) (10)

to make the U(1)′ Landau pole appear only after the Planck scale. At the same time, the absolute
values of all other U(1)′ charges (cf. Tab. 3) have to be sufficiently small relative to |Fψ| in order
to help slow down the growth of α4 = g2

4/(4π)2. This is particularly critical for FQi,Ui,Di , as
quarks contribute to the growth of α4 with their color and isospin multiplicities. In turn, FEi,Li

have to remain sizable enough to accommodate for B-anomalies and cancel gauge anomalies.
On the other hand, the scalar potential – including the metastable Higgs sector – is stabilized

through the portal couplings αδ = δ/(4π)2 and α
δ̃
= δ̃/(4π)2 that mediate the interactions

between the SM Higgs as well as BSM scalars S and φ, see (7). A rough estimate yields

10−3 � αδ(μ0), α
δ̃
(μ0) � 10−1 (11)

for either one or both of the couplings. Interestingly, the stabilization of the potential and slowing
of the U(1)′ gauge running are realized collaboratively. For BM1, this is depicted exemplarily in
Fig. 1. The sizable Yukawa and scalar portals often generate walking regimes, where the evolution
of couplings is dramatically slowed down due to the proximity of a pseudo fixed point. This locks
the running of U(1)′ gauge and scalar self-interactions into a physical regime for many orders of
magnitude. Other couplings, e.g. SM gauge interactions are not affected by the walking. The
RG trajectory is bound to eventually escape this regime, which may happen before or after the
Planck scale. At any rate, this phenomenon enables many such trajectories to pass through the
MPl safely, without encountering instabilities or poles along the way. It is possible to determine
the BSM critical surface, i.e. the parameter ranges of BSM couplings at the matching scale that
allow for Planck-safe RG trajectories. This is done exemplarily in Fig. 2, where the blue area
represents a slice of the BSM critical surface in accord with (10) and (11).

4 Conclusion

In this work, we have demonstrated a systematic Landau pole problem with resolving B-anomalies
via Z ′ models. We have proposed a solution 8 that accounts for many new-physics scenarios
explaining the anomalies. These theories also well-defined and predictive until the Planck scale,
and resolve the metastability of the SM Higgs.
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Figure 2 – Critical surface of parameters for BM1 with matching scale μ0 = 5 TeV, projected onto the portal-
Yukawa plane {αy, α

δ̃
}|μ0 (left) and the portal-portal plane {αδ, α

δ̃
}|μ0 (right) while other BSM parameters are

fixed to exemplary values. The black cross corresponds to the trajectory in Fig. 1. The color coding indicates
if the vacuum at the Planck scale is unstable (gray) or stable (blue), whether the Higgs is unstable (brown) or
metastable (−10−4 < αλ < 0, yellow), or whether poles have arisen (red).
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Closing in on open questions a

Monica Pepe Altarelli 1 and Ulrich Ellwanger 2

1 CERN, Geneva, Switzerland
2 IJC Lab, Orsay, France

Around 140 physicists convened for one of the first in-person international particle-physics
conferences in the COVID-19 era. The Moriond conference on electroweak interactions and
unified theories, which took place from 12 to 19 March on the Alpine slopes of La Thuile in
Italy, was a wonderful chance to meet friends and colleagues, to have spontaneous exchanges,
to listen to talks and to prolong discussions over dinner.

The LHC experiments presented a suite of impressive results based on increasingly creative
and sophisticated analyses, including first observations of rare Standard Model (SM) processes
and the most recent insights in the search for new physics. ATLAS reported the first observation
of the production of a single top quark in association with a photon, a rare process that is
sensitive to the existence of new particles. CMS observed for the first time the electroweak
production of a pair of opposite-sign W bosons, which is crucial to investigate the mechanism of
electroweak symmetry breaking. The millions of Higgs bosons produced so far at the LHC have
enabled detailed measurements and open a new window on rare phenomena, such as the rate of
Higgs-boson decays to a charm quark–antiquark pair. CMS presented the world’s most stringent
constraint on the coupling between the Higgs boson and the charm quark, improving their
previous measurement by more than a factor of five, while ATLAS measurements demonstrated
that it is weaker than the coupling between the Higgs boson and the bottom quark. On the
theory side, various new signatures for extended Higgs sectors were proposed.

Of special interest is the search for heavy resonances decaying to high-mass dijets. CMS
reported the observation of a spectacular event with four high transverse-momentum jets, form-
ing an invariant mass of 8 TeV. CMS now has two such events, exceeding the SM prediction
with a local significance of 3.9σ, or 1.6σ when taking into account the full range of parameter
space searched. Moderate excesses with a global significance of 2–2.5σ were observed in other
channels, for example in a search by ATLAS for long-lived, heavy charged particles and in a
search by CMS for new resonances that decay into two tau pairs. Data from Run 3 and future
High-Luminosity LHC runs will show whether these excesses are statistical fluctuations of the
SM expectation or signals of new physics.

The persistent set of tensions between predict ions and measurements in semi-leptonic b→
s+− decays ( = e, μ) were much discussed. LHCb has used various decay modes mediated by
strongly suppressed flavour-changing neutral currents to search for deviations from lepton flavour
universality (LFU). Other measurements of these transitions, including angular distributions and

aThis article appeared in CERN Courier May/June 2022 p10-11

401



decay rates (for which the predictions are affected by troublesome hadronic corrections) as well as
analyses of charged-current b→ cτ−ν̄ decays from BaBar, Belle and LHCb also show a consistent
pattern of deviations from LFU. While none are individually significant enough to constitute
clear evidence of new physics, they represent an intriguing pattern that can be explained by
the same new-physics models. Theoretical talks on this subject proposed additional observables
(based on baryon decays or leptons at high transverse momenta) to get more information on
operators beyond the SM that would contribute to the anomalies. Updates from LHCb on
several b → s+− related measurements with the full Run 1 and Run 2 datasets are eagerly
awaited, while Belle II also has the potential to provide essential independent checks. The
integrated SuperKEKB luminosity has now reached a third of the full Belle dataset, with Belle
II presenting several impressive new results. These include measurements of the b → s+−

decay branching fractions with a precision limited by the sample size and precise measurements
of charmed particle lifetimes, including the individual world-best D and Λ+

c lifetimes, proving
the excellent tracking and vertexing capabilities of the detector.

The other remarkable deviation from the SM prediction is the anomalous magnetic moment
of the muon (g–2)μ, for which the SM prediction and the recent Fermilab measurement stand
4.2σ apart – or less, depending on whether the hadronic vacuum polarisation contribution to
(g–2)μ is calculated using traditional “dispersive” methods or a recent lattice QCD calculation.
The jury is still out on the theory side, but the ongoing analysis of Run 2 and Run 3 data at
Fermilab will soon reduce the statistical uncertainty by more than a factor of two.

The hottest issues in neutrinos – in particular their masses and mixing – were reviewed. The
current leading long-baseline experiments – NOνA in the US and T2K in Japan – have helped
to refine our understanding of oscillations, but the neutrino mass hierarchy and CP-violating
phase remain to be determined. A great experimental effort is also being devoted to the search
for neutrinoless double-beta decay (NDBD) which, if found, would prove that neutrinos are
Majorana particles and have far-reaching implications in cosmology and particle physics. The
GERDA experiment at Gran Sasso presented its final result, placing a lower limit on the NDBD
half-life of 1.8×1026 years.

Another very important question is the possible existence of “sterile” neutrinos that do
not participate in weak interactions, for which theoretical motivations were presented together
with the robust experimental programme. The search for sterile neutrinos is motivated by a
series of tensions in short-baseline experiments using neutrinos from accelerators (LSND, Mini-
BooNE), nuclear reactors (the “reactor antineutrino anomaly”) and radioactive sources (the
“gallium anomaly”), which cannot be accounted for by the standard three-neutrino framework.
In particular, MicroBooNE has neither confirmed nor excluded the electron- like low-energy
excess observed by MiniBooNE. While tensions between solar-neutrino bounds and the reactor
antineutrino anomaly are mostly resolved, the gallium anomaly remains.

The status of dark-matter searches both at the LHC and via direct astrophysical searches
was comprehensively reviewed. The ongoing run of the 5.9 tonne XENONnT experiment, for
example, should elucidate the 3.3σ excess observed by XENON1T in low-energy electron recoil
events. The search for axions, which provide a dark-matter candidate as well as a solution to
the strong-CP problem, cover different mass ranges depending on the axion coupling strength.
The parameter space is wide, and Moriond participants heard how a discovery could happen at
any moment thanks to experiments such as ADMX. The status of the Hubble tension was also
reviewed.

The many theory talks described various beyond-the-SM proposals – including extra scalars
and/or fermions and/or gauge symmetries – aimed at explaining LFU violation, (g–2)μ, the
hierarchy among Yukawa couplings, neutrino masses and dark matter. Overall, the broad spec-
trum of informative presentations brilliantly covered the present status of open questions in
phenomenological high-energy physics and shine a light on the many rich paths that demand
further exploration.
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Observation of vector boson scattering in W+W− events at CMS

M. Lizzo
on behalf of the CMS collaboration

Department of Physics and Astrophysics, Via G. Sansone 1,
Sesto Fiorentino, 50019, Italy

The first observation of Vector Boson Scattering (VBS) in the W+W− channel is presented.
The analyzed data sample corresponds to an integrated luminosity of 138 fb−1 of proton-
proton collisions at

√
s = 13 TeV, collected by the CMS detector 1 at the CERN LHC.

Fully leptonic final states have been considered, selecting events with exactly two opposite-
sign leptons (either electrons or muons) and missing transverse energy due to the escaping
neutrinos. Additionally, at least two jets with large pseudorapidity gap (Δηjj) and high
invariant mass (mjj) are required, which are produced in association with the two W bosons.
A signal is observed with a significance of 5.6 standard deviations (5.2 expected) with respect
to the background-only hypothesis. The measured fiducial cross section is 10.2 ± 2.0 fb and
is consistent with the standard model (SM) prediction (9.1± 0.6 fb).

1 Introduction

VBS processes are purely electroweak (EW) interactions at leading order (LO) which involve
scattering diagrams among gauge vector bosons, i.e. VV′ → VV′ amplitudes with V and V′

being W, Z or γ bosons. At the LHC, they manifest in association with two hadronic jets (VBS
jets), coming from the interacting quarks of the proton-proton (pp) collision. The two outgoing
jets are well separated, resulting in a wide pseudorapidity gap (Δηjj) and a large dijet invariant
mass (mjj).

The discovery of the Higgs boson by the ATLAS 2 and CMS 3,4 collaborations and the ever
increasing amount of data collected by the LHC have provided fertile ground for the flourishing
of precise measurements in the EW sector of the SM. In this context, VBS processes are of great
interest because of the role of the Higgs boson in preventing the unitarity violation of their cross
sections. For this reason, they allow to probe in detail the EW spontaneous symmetry breaking
mechanism and complement direct Higgs boson measurements.

This analysis reports the first observation of the EW production of W+W− bosons in as-
sociation with two jets 11. The case where the two W bosons have the same electric charge
has been extensively studied by both the ATLAS 5,6 and CMS 7,8,9,10 collaborations, and it is
often referred as the ”golden channel” for studying the VBS mechanism, because of its favorable
signal-to-background ratio. On the contrary, the EW W+W− production has to cope with a
huge background contamination, mainly due to the high tt̄ production cross section and to the
QCD-induced W+W− process, which constitutes an irreducible background. Nevertheless, the
large amount of data collected by CMS in Run 2, corresponding to an integrated luminosity of
138 fb−1, and the precise determination of all background sources have allowed analazyers to
reach enough sensitivity for observing such a rare process.
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2 Event selecion

Signal candidates are selected by looking for W bosons decaying into leptons, either electrons
or muons, and the final state requirements are the following:

• Two opposite-sign leptons, electrons (e) or muons (μ), with dilepton mass m�� > 50 GeV
and transverse momentum p��T > 30 GeV. The thresholds for the highest and second-
highest pT leptons are 25 and 13 GeV, respectively. Events with an additional lepton with
pT > 10 GeV are rejected;

• Missing transverse energy pmiss
T > 20 GeV;

• At least two jets with pT > 30 GeV, mjj > 300 GeV, and Δηjj > 2.5.

Tighter signal regions (SRs) are outlined to have VBS enriched categories where to measure
the EW W+W− production; they differ in the flavor composition of the final state, that can be
either ee, eμ, or μμ. A b jet veto, based on the tight working point of the DeepJet algorithm12, is
required to suppress the tt̄ contribution in each SR. Other selections are applied to reduce specific
backgrounds, in particular the m�� and pmiss

T thresholds are raised in same-flavor SRs because
of the otherwise overwhelming Drell-Yan (DY) production. Eventually, a further optimization
is performed to increase the signal-to-background ratio: this is based on the centrality of the
dilepton system with respect to the two VBS jets, which is defined as Z�� = 1

2 |Z�1 + Z�2 |,
where Z� = η� − 1

2(ηj1 + ηj2). Therefore, SRs are split in two sub-categories as a function of
the Z�� variable, and a better sensitivity is found in those with Z�� < 1. Leptons from signal
events are indeed expected to be mostly produced within the two VBS jets and so they tend to
populate low values of the Z�� distribution, whereas backgrounds are evenly spread across these
sub-categories.

Additional control regions (CRs) are defined to precisely constraint the normalization of the
major backgrounds entering the signal selection, such as tt̄ and DY, whereas the QCD-induced
W+W− background is estimated from SRs. The non-prompt lepton contribution, either due
to leptons produced in heavy hadrons decay or jets misidentified as leptons, is also measured
in data. Minor backgrounds (Higgs boson and multiboson production) are taken from Monte
Carlo simulation.

3 Results

The signal extraction is performed by a simultaneous fit to data of all categories, using a max-
imum likelihood template fit, where systematic uncertainties are also taken into account. In
different-flavor SRs, a deep neural network (DNN) is employed to separate the VBS signal from
the tt̄ and QCD-induced W+W− backgrounds; in same-flavor SRs, the shape of the mjj distri-
bution is instead used as discriminating variable. Single-bin CRs are included in the likelihood
function to determine background normalizations. Post-fit distributions in Z�� < 1 SR categories
are shown in Fig. 1.

The observed (expected) significance for the signal is 5.6 (5.2) standard deviations with re-
spect to the only-background hypothesis. The EW W+W− production cross section is measured
in a fiducial volume close to the region where signal candidates are selected, in order to reduce
extrapolation errors. A detailed summary of all kinematic requirements defining the fiducial
volume is reported in Table 1. The measured (expected) cross section is 10.2± 2.0 fb (9.1± 0.6
fb) and the result is compatible with the SM prediction within one standard deviation.
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Figure 1 – Post-fit DNN output distribution in different-flavor (left) SR and mjj distribution in same-flavor (right)
SR for Z�� < 1 categories 11. The signal template is shown both stacked on top of the backgrounds as well as
superimposed (violet line); systematic uncertainties are plotted as dashed gray bands.

Table 1: Definition of the fiducial volume close to the reconstructed SR.

Objects Requirements

Leptons

eμ, ee, μμ final state, opposite charge
p�T = pbare �T +

∑
i p

γi
T if ΔR(, γi) < 0.1

p�1T > 25 GeV, p�2T > 13 GeV, p�3T < 10 GeV
|η| < 2.5

p��T > 30 GeV, m�� > 50 GeV

Jets

pjT > 30 GeV
ΔR(j, ) > 0.4

At least 2 jets, no b jets
|η| < 4.7

mjj > 300 GeV, Δηjj > 2.5

Missing transverse momentum pmiss
T > 20 GeV
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SMEFT: Quest for Uniqueness

M. West

Institute for Particle Physics Phenomenology, Durham University, Durham, DH1 3LE, UK

The Effective Field Theory (EFT) landscape in the electroweak symmetry breaking sector of
the Standard Model (SM) remains largely unexplored. A great deal of effort has gone into
developing and understanding the Standard Model EFT (SMEFT); while the more general
Higgs EFT (HEFT) still remains largely obscured. In this contribution, we consider the limits
of theory space: recent work indicates that the Standard Model EFT offers a unique path to
the SM, while the ‘quotient’ theories lying outside of this class keep their distance. We are
offered the intriguing opportunity to experimentally distinguish between such theories and the
SM, with some assistance from electroweak amplitudes.

1 Introduction

Before the discovery of the Higgs boson in 2012 1,2, there were two glaring (and related) holes in
the Standard Model (SM). First, the SM did not obey unitarity : some SM amplitudes involving
W and Z bosons grew with energy, yet within a self-consistent theory this is not allowed as
amplitudes are directly related to probabilities and so cannot grow uncontrollably. Second,
the W and Z bosons are measured to have masses, and yet in pure gauge theory there are no
mass terms for the gauge bosons. These two holes are filled simultaneously if the Higgs boson
transforms as part of a complex scalar doublet with a vacuum expectation value (vev) v ∼ 246
GeV,

H = U(ϕ)

(
0

v + h

)
(1)

where the Higgs singlet field is denoted h, and the Goldstones swallowed by the W and Z bosons
as ϕa, a = 1, 2, 3. The mechanism of electroweak symmetry breaking (EWSB) lends mass to the
W and Z gauge bosons, and the Higgs field generates new diagrams to cancel those which grew
with energy.

With this, we arrive at the SM as it is today: a self-consistent and predictive theory of
particle physics. Despite its successes, however, these are certainly not the only holes in the SM;
many still exist. To proceed further, we might propose new particles to add to the SM (though
the space of possibilities is vast, and without directly measuring a new particle it will likely
remain so); or look at Effective Field Theories (EFTs). EFTs can be thought of as the low-
energy limit of a UV theory (a well-defined, high-energy theory) where the new, heavy physics is
integrated out. We are left with the SM, and a series of higher-dimensional ‘effective’ operators
built of SM fields, suppressed by the characteristic energy scale of the new physics. However,
we do not need to constrain ourselves to a single UV theory; instead we can write down a series
of effective operators, leaving couplings free. The advantage here is we are able to interpret
high-precision measurements of SM-like couplings without directly measuring a new particle.
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In this contribution, based on previous work 3, we are interested in particular if EFTs in the
EWSB sector can approach the limiting case of the SM. In order to define this problem more
clearly, we must briefly (review 4) map out the EFT landscape.

We begin with the Standard Model Effective Field Theory (SMEFT), the EFT generalisation
of the SM built using the SM Higgs doublet H. In the EWSB sector the SMEFT Lagrangian
including two derivatives has the form

LSMEFT = G

(
H†H
Λ2

)
(∂μH)†(∂μH) +

1

Λ2
K

(
H†H
Λ2

)
∂μ(H

†H)∂μ(H†H), (2)

where K,G must be analytic about h = 0 and Λ the energy scale of new physics. Notice, by the
decoupling theorem 5, taking the limit Λ→∞ recovers the SM.

Higgs Effective Field Theory (HEFT) differs from SMEFT in that h and U enter the La-
grangian independently. In the realm of EFT, amplitudes cannot grow uncontrollably with
energy as energy itself cannot grow uncontrollably. As such we can drop the requirement from
unitarity that the Higgs comes in a doublet a:

LHEFT =
1

2
∂μh∂

μh+
1

2
v2F (h)2〈∂μU †∂μU〉 = 1

2
∂μh∂

μh+
1

2
v2F (h)2gab(ϕ)∂

μϕa∂μϕ
b, (3)

where on the right we have extracted the Goldstone derivatives, and gab(ϕ) can be thought of
as a metric. The function F (h)2 is defined in terms of a Taylor expansion in h/v about zero,

F (h)2 = 1 + 2a
h

v
+ b

h2

v2
+O(h3). (4)

Any SMEFT theory can be written as a HEFT, perhaps requiring a field redefinition to put into
the form Eq. 4, but the reverse is not guaranteed 6. We term HEFTs that cannot be written as
SMEFT quotient theories.

2 Geometry and Amplitudes

Treating EFTs geometrically illuminates their structure and as such is considered extensively in
the literature 6,7,8,9 and for good reason as we will motivate. Consider the O(4) ⊃ SU(2)×U(1)
(ungauged) global custodial symmetry in the EWSB sector and treat the four scalar fields as
coordinates: φ = (h, ϕa=1,2,3), h radial and ϕa angular, in a 4-dimensional space. We can
re-express the HEFT Lagrangian in terms of the metric Gij(φ) for i, j = h, 1, 2, 3:

LHEFT =
1

2
∂μφ

iGij(φ)∂
μφi, Gij(φ) =

(
1

v2F 2(h)gab(ϕ)

)
, (5)

with gab(ϕ) the metric on the 3-sphere. Amplitudes are invariant under field redefinitions that
excite the same particle out of the vacuum 10 and, by analogy with general relativity, it is not
surprising that they can be written in terms of geometric invariants such as the Riemann tensor.
For example b,

AW+
1 W+

2 →WW = sRϕ, AW+
1 W−

2 →hh = −sRh, (6)

where s is the centre-of-mass energy of the incoming particles, Rh, Rϕ are related to components
of the Riemann tensor11, and the couplings a, b from Eq. 4 by v2 (Rϕ, Rh) =

(
(1− a2),−(b− a2)

)
.

To order 1/Λ2, these amplitudes are correlated in SMEFT 3, Rh = Rϕ, and both amplitudes
vanish in the SM. As such, they provide a useful test for the curvature of field-space, which we
will demonstrate in the following section.

aWe emphasise that, as an EFT, SMEFT does not have to obey unitarity either, only that its construction
requires the Higgs coming as the doublet H.

bNote here we have taken the high energy limit and used the equivalence theorem.
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Figure 1 – Theoretically (grey), and experimentally (present, up to blue; HL-LHC, up to green; FCC, up to
orange) excluded regions of the curvatures Rh, Rϕ, which relate to electroweak amplitudes as in Eq. 6. See text
for details. The black diagonal line shows the space of SMEFT theories; the yellow region is the quotient theory
example from Sec 3.1. The plot scales linearly within the dashed box, and logarithmically outside.

3 Experimental and Theory Constraints on Curvature

The consesus of several works investigating whether the SM is a limit of a quotient theory 3,8,12

is no: SMEFT is the unique path to the SM, and for any quotient theory the curvatures Rh, Rϕ

lie a finite distance from zero. Thereby, measuring the amplitudes from Eq. 3 could provide
significant insight into the EFT landscape. We show this in Fig. 1, where we have translated
bounds on couplings a, b into curvature. From the outer-most to inner-most region of Fig. 1:
the grey region is excluded by unitarity; up to blue region by LHC bounds (a 13, b 14); finally,
up to the green and orange regions are expected exclusion limits for HL-LHC (a 15, b 16) and
FCC (a 17, b 16), respectively. All uncertainties and projected sensitivities are displayed at the
95% confidence level. HL-LHC projections used here predate the LHC measurements so that
the seemingly marginal improvement is likely an underestimation.

3.1 Example Quotient Theory

Consider adding a field Φ to the SM: a traceless symmetric representation of O(4), with a vev
vΦ. Along with Φ acquiring the usual kinetic term, we modify the potential to:

V (Φ,h) =− �m2

2
·
(

h2

Φ2

)
+

(
h2

Φ2

)T
λ

8

(
h2

Φ2

)
− λ̃

8
hTΦΦh+

λ̃Φ

8
Tr (ΦΦΦΦ) , (7)

with �m2 a 2-vector and λ a 2 × 2 symmetric matrix (we index its components with the corre-
sponding field, such as . We take λ̃ > 0 which triggers O(4) → O(3) and preserves custodial
symmetry. The would-be SM Higgs doublet H is written here in vector form, h, with vev vh.
The radial singlet modes of h,Φ: δh, δΦ respectively couple to the ϕa:

L =
1

2

(
(vh + δh)2 +

8

3
(vΦ + δΦ)2

)
gab
v2

DμϕaDμϕ
b, (8)

and they mix among themselves to h, h̃ (with masses mh,mh̃ respectively):(
δh
δΦ

)
=

(
cosω − sinω
sinω cosω

)(
h

h̃

)
. (9)
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To match the HEFT Lagrangian in Eq. 3, we require that v2h + 8
3v

2
Φ = v2 ∼ (246 GeV)2.

Additionally, we define sinβ =
√

8
3
vΦ
v and shift the matrix λ to λ̂ = λ+ (

0 −3λ̃/8
−3λ̃/8 7λ̃Φ/12

), then:

sin(2ω) =
2mhmh̃

m2
h −m2

h̃

λ̂hΦ√
det(λ̂)

, sin(2β) =

√
8

3

2mhmh̃

v2
√
det(λ̂)

. (10)

Taking h̃ to be the heaviest singlet and integrating it out, leaving h with mh ∼ 125 GeV, results
in a quotient theory: we can freely take ω → 0 with λ̂hΦ → 0, but β cannot be arbitrarily close
to zero with h̃ massive and respecting unitarity. The couplings for this theory are,

a = cωcβ +
√

8
3sβsω, b =c2ω + 8

3s
2
ω. (11)

We have a minimum attainable curvature:(
v2Rϕ ≥

3m2
hm

2
h̃

8π2v4
, v2Rh ≤ −

3m2
hm

2
h̃

8π2v4

)
. (12)

The area in quotient space spanned by this theory is shown in yellow in Fig. 1, where we have
taken the minimum mass of the heavy singlet to be mh̃ � 350 GeV 18.

4 Summary

We have shown that experimental measurements of electroweak amplitudes WW → hh and
WW → WW will illuminate the space of quotient theories, which we illustrate in Fig. 1. This
is particularly intriguing as previous works 3,8,12 demonstrate that quotient theories have a finite
cutoff, and no limit can be taken within them which yields the SM. This opens up the possibility
to experimentally distinguish UV complete quotient theories from SMEFT, which we exemplify
with the UV complete model presented in Sec 3.1.
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Energy scale calibration of b-tagged jets
with ATLAS Run 2 data using tt̄ lepton+jets events

Romain Bouquet, on behalf of the ATLAS Collaborationa

APC, Université Paris Cité, CNRS/IN2P3, Paris, France

A feasibility study is presented for an in situ measurement of the energy scale of jets recon-
structed from the hadronisation of b-quarks (b-jets) and passing flavour-tagging requirements
in the ATLAS experiment. Proton–proton (pp) collisions collected in 2015–2018 during the
second data-taking period of the Large Hadron Collider (LHC) at CERN are used. A sample
enriched in b-jets is selected in events with a tt̄ lepton+jets signature consistent with the pro-
cess pp → tt̄ → �νqq̄bb̄ (� = e, μ). The measurement is both performed inclusively for b-tagged
jets transverse momenta above 20 GeV, and for the first time, differentially as a function
of the b-tagged jet transverse momentum between 30 and 500 GeV. The b-tagged jet energy
correction is consistent with unity, with an uncertainty of 2.5% for the inclusive measurement,
and decreasing from 4% to 1.9% for b-tagged jet transverse momenta increasing between 30
and 500 GeV for the differential measurement.

1 Introduction

Jets of hadrons are produced abundantly in the pp collisions at the LHC 1, and many signatures
of interest include at least one b-jet in the final state as for example top-quark production and
heavy flavour decays of Z and Higgs bosons or of hypothetical new resonances. To properly
reconstruct processes involving b-jets, an accurate calibration of their energy is important.

Jets are reconstructed with the ATLAS detector2 and their direction, energy and momentum
are then determined using a sequence of corrections 3. Discrepancies between the data and the
simulation are accounted for by jet energy scale (JES) and resolution (JER) corrections that are
only applied in data (the JES ones) or simulation (the JER ones) in a final calibration step.

Currently ATLAS prescribes an additional constant uncertainty to b-jets based on differ-
ences in response between different simulated samples to cover possible differences between the
modeling of the response of b-jets compared to jets originating from light-quarks and gluons.

A measurement of a residual differential correction on top of the default JES calibration, for
b-tagged jets, is presented 4. Hereafter it is referred to as b-JES, and is measured using the b-jets
produced by the process pp → tt̄ → νqq̄bb̄,  = e, μ. A template method is used to determine
multiplicative factors, 1/(1+α), which need to be applied to the data to calibrate these jets. The
templates are based on the reconstructed distribution of the difference between the invariant
mass mqqb of the jets produced by the top quark decaying hadronically (t → Wb → qq̄b) and
the invariant mass mqq of the two jets from the light-quarks in the same decay, exploiting the
measured values of the top-quark and W -boson masses.

Previously, inclusive factors for the JES scaling of b-jets have been determined in the specific
context of top-quark mass measurements by ATLAS with uncertainties of 2.4% 5 and 2% 6.

aCopyright 2022 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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2 Event selection

The event selection is fully detailed in Ref. 4. Jets are reconstructed using the anti-kt clustering
algorithm 7 with a radius parameter R = 0.4. Events are required to have exactly one electron
or muon passing a tight identification algorithm, missing transverse energy, exactly four jets
among which two are b-tagged using a boosted decision tree (MV2) tagger 8 with a 70% b-
tagging efficiency. Cuts on the leptonic decay of the top-quark (t → Wb → lνb) are applied to
suppress multijet hadronic background. The b-tagged jet candidate for the top hadronic decay
is selected by choosing, out of the two b-tagged jets, the one for which mqqb is the closest to the
top-quark mass mtop = 172.5GeV. Finally the mqq and mqqb masses are required to be close to
the W -boson and top-quark masses: 60GeV ≤ mqq ≤ 110GeV and 130GeV ≤ mqqb ≤ 210GeV.

3 Template method and b-JES uncertainties

For the b-JES calibration, the invariant mass mqqb is used, exploiting the fact that the top-quark
mass has been measured by both the ATLAS 6 and CMS 9 collaborations with a 0.3% (0.5 GeV)
uncertainty. To reduce the impact on the result of the uncertainty in the untagged jet calibration,
the difference between mqqb and mqq is used instead. Both mqq and mqqb are computed using
the nominal ATLAS jet energy scale calibration. The b-JES correction determined is therefore
a residual energy scale correction to be applied on top of the default JES calibration.

In order to determine the b-tagged jet energy scale factor α, the data mqqb−mqq distribution
is compared to several distributions of simulated events corresponding to different energy-scale
factors αi. For each value of αi the b-tagged jet energy, as well as the other four-momentum
components, is rescaled as:

E′MC
b (αi) = (1 + αi)E

MC
b , (1)

Shifting the b-jet energy and momentum induces a shift of themqqb−mqq distribution as shown in
Figure 1. A chi-squared χ2(αi) between the mqqb−mqq MC and data distributions is calculated,
and a continuous χ2(α) curve is obtained by means of an interpolation technique. The value
αmin corresponding to the minimum of the χ2(α) curve yields the best estimate of the relative
energy shift of b-tagged jets between the data and the simulation. It is taken as the nominal
b-JES of the data, i.e. the energy (and momentum) of the b-tagged jets in the data should be
corrected as

EData corrected
b = EData

b /(1 + α), (2)

to match the particle-level energy scale of the simulation.
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Figure 1: Example of templates built from the nominal simulation for the mqqb − mqq distribution for a few
illustrative values of α: −10%,−5%, 0,+5%,+10% (plot from Ref. 4).

For the statistical uncertainty, the ±1σ confidence interval for α is that for which χ2(α) −
χ2(αmin) ≥ 1. For the systematic uncertainties, the same χ2 procedure is performed with
alternative simulations, the associated systematic uncertainty is obtained from the difference
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between the alternative and the nominal αmin values. Several sources of systematic uncertainties,
detailed in Ref.4, are taken into account: experimental uncertainties (JER, light-JES and flavour-
tagging efficiency) and theoretical uncertainties (PDF, ISR, FSR, top-quark mass (±0.5GeV),
hard process renormalisation μR and factorization μF , matrix element, parton showering and
residual background uncertainties).

4 Results

The b-JES is measured for jets with pseudorapidity |η| < 2.5. The differential measurement
is performed for b-tagged jet transverse momenta (pbT) between 30 and 500 GeV in eight pbT-
regions in bins of increasingly wider width as summarized in Table 1. An inclusive measurement
is also performed, including also b-tagged jets with transverse momenta down to 20 GeV. The
templates are built for values of α in the range [−10%,+10%] with a step of 0.1%.

Table 1: Number of bins and range for the mqqb −mqq templates as a function of the pbT region under study for
the differential b-JES measurement (table from Ref. 4).

pbT regions
Number of bins for the Bounds for the

mqqb −mqq distribution mqqb −mqq distribution

[30, 50) GeV 25 [65, 110] GeV

[50, 75) GeV 25 [65, 110] GeV

[75, 100) GeV 20 [70, 110] GeV

[100, 130) GeV 20 [75, 110] GeV

[130, 160) GeV 20 [75, 110] GeV

[160, 200) GeV 20 [80, 110] GeV

[200, 250) GeV 15 [80, 110] GeV

[250, 500) GeV 10 [80, 110] GeV

For the inclusive measurement 25 bins are used withmqqb−mqq ∈ [65, 110] GeV as bounds for

the distribution. The b-JES factor measured in the data is αmin = 0.7%±0.1%(stat)+2.5%
−2.5%(syst).

The statistical uncertainty is negligible compared to the systematic component, which is dom-
inated by parton showering, matrix element uncertainties and the top-quark mass uncertainty.
The Figure 2 shows a comparison of the mqqb − mqq distribution in data versus the nominal
MC sample before (Figure 2a) and after (Figure 2b) the b-JES correction is applied to the data
(Eq. (2)). As expected, the slight lack (excess) of events in data at low (high) mqqb−mqq values
before the correction is removed once the correction is applied.
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Figure 2: Distribution of mqqb − mqq in data (black dots with error bars) compared to the nominal simulated
event samples generated with POWHEG+Pythia8 (a) before and (b) after applying the b-JES correction to the
data. The uncertainty band around the MC prediction includes the theoretical and experimental uncertainty
sources described in Section 3 (plots from Ref. 4).
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For the differential measurement, the measured energy scale factor as a function of pbT is
shown in Figure 3a. In each pbT bin the b-JES correction (1/(1 + αmin)) is consistent with
unity within uncertainties, which are dominated by the systematic component. For increasing
transverse momentum the best-fit value of the b-JES factor decreases from around 1.8% to 0.5%,
while the total uncertainty decreases from around 4% to 2%. Figure 3b presents the contribution
to the b-JES uncertainty, as a function of pbT, of the various sources of systematic uncertain-
ties, grouped in seven categories: matrix element, parton showering, top-quark mass, other
modelling uncertainties (ISR and FSR, hard process renormalization and factorization scales,
PDFs), background normalization, JER uncertainties and the other experimental uncertainties.
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Figure 3: (a) Measured b-tagged jet energy scale as a function of the jet transverse momentum. The black
dots correspond to the best-fit value of the b-JES while the hatched (solid) red (grey) area corresponds to the
systematic (total) uncertainty. The blue histogram shows the sum in quadrature of the b-jet specific uncertainties
derived from the comparison of the response in different generators, and all other jet energy scale uncertainties
including those from the in situ calibration of light jets. (b) Contribution to the b-JES uncertainty as a function
of pbT from the systematic uncertainties, grouped in seven categories (plots from Ref. 4).

5 Conclusion

This study demonstrates it is possible to measure b-JES using tt̄ lepton+jets events in ATLAS
Run 2 data collected at the LHC. Both for the inclusive and differential measurement the b-
JES correction is consistent with unity within uncertainties. A decrease of the best-fit value
of the b-JES factor of the order of 1% for increasing b-tagged jet transverse momentum, with
an uncertainty decreasing from 4% to 1.9%, is observed. The uncertainties are dominated
by modelling systematic uncertainties, demonstrating the importance of work to reduce these
sources of uncertainty in the future.
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Search for direct production of supersymmetric charginos with mass splittings
close to the electroweak scale in

√
s = 13 TeV collisions with the ATLAS detector
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A new search for the direct production of charginos, each decaying into a neutralino via the
emission of a W boson is presented. The search targets a phase space where the mass differ-
ence between the chargino and the neutralino is close to the electroweak scale. Such a signal
might be hiding behind look-alike Standard Model processes and, having a low production
cross section, it has evaded all searches conducted so far at the Large Hadron Collider. In this
new analysis, which considers a final state with two leptons from the W boson decays, missing
transverse momentum and no hadronic activity, advanced machine learning techniques are
adopted to enhance the supersymmetric signal from the backgrounds and achieve unprece-
dented sensitivity. Results obtained with 139 fb−1 of proton-proton collision data collected
by the ATLAS detector at a centre-of-mass energy of 13 TeV are reported.

1 Introduction

Supersymmetry (SUSY) 1 is an extension of the Standard Model (SM), which introduces a
new fermionic/bosonic supersymmetric partner to each boson/fermion in the SM. In SUSY
models with R-parity conservation, SUSY particles must be produced in pairs and the lightest
supersymmetric particle (LSP) is stable and weakly interacting, thus a candidate for dark matter.
The superpartners of the SM Higgs and the electroweak gauge bosons, known as electroweakinos,
mix to form chargino (χ̃±i , i = 1, 2) and neutralino (χ̃0

j , j = 1, 2, 3, 4) mass eigenstates.

The search targets the direct production of χ̃+
1 χ̃

−
1 , where each chargino decays into the LSP

via the emission of a W boson that decays leptonically, as shown in Figure 1. A signature with

Figure 1 – Diagram of the χ̃+
1 χ̃

−
1 production with W -boson-mediated decays. In the final state, � stands for an

electron or muon.

two charged leptons (electrons and/or muons), Emiss
T (defined as the magnitude of the missing

Copyright 2022 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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transverse momentum pmiss
T ) and low hadronic activity is considered. The search uses 139 fb−1

of protonproton (pp) collisions recorded by the ATLAS detector 2 at the Large Hadron Collider
(LHC) at

√
s = 13 TeV. A previous search 3 considering the same model was performed but it

was optimized to target a phase space with a large mass difference between chargino and the
LSP. This new search 4 targets a phase space where this mass difference is close to or below the
electroweak scale, Δm(χ̃±1 , χ̃

0
1) ≤ mZ , something that is usually referred to as ‘compressed mass

splitting’. The gain in sensitivity is reached thanks to a new dedicated analysis strategy based
on machine learning (ML) techniques.

2 Analysis strategy

2.1 Preselection

Events are preselected requiring to have two oppositely charged leptons with transverse momenta
p�1T > 27 GeV and p�2T > 9 GeV. The invariant mass of the two leptons is required to be
m�� > 11 GeV to remove low mass resonances. Events are separated into ‘same flavour’ (SF)
events, i.e. e±e∓ and μ±μ∓, and ‘different flavour’ (DF) events, i.e. e±μ∓, since the two classes
of events have different background compositions. SF events are required to have a dilepton
invariant mass far from the Z boson mass peak, |m�� − mZ | > 15 GeV, to reduce V Z (with
V = W orZ) and Z+jets backgrounds. Events are further required to have no more than one
jet, njet < 2, and to satisfy Emiss

T significance > 3.

2.2 Training strategy

A ML technique based on the Gradient Boosted Decision Tree (BDT) is exploited5. Events pass-
ing the preselection cuts are separated into two categories, SF and DF, and for each category the
signal and SM background simulated event samples are split into two sets: the training and test
sets. The BDT classifier is trained on the training set, and tested on the statistically indepen-
dent test set. The test set is used to measure and optimize the classifier performance depending
on the parameters which are defined in the ML procedure, and to derive the final results. Signal
samples with Δm(χ̃±1 , χ̃

0
1) = 90 and 100 GeV were found to be the best optimization bench-

mark across the signal grid. Multiclass classification is performed, i.e. the classifier is trained
to separate events into four classes: signal, V V , top (tt̄ and Wt) and all other backgrounds
(Z/γ+jets, V V V and other minor backgrounds). For each event, the four scores BDT-signal,
BDT-VV, BDT-top and BDT-other, corresponding to the four classes, provide the probability
for the event to belong to each class, and sum to one. This technique is found to be more
effective than a simpler binary classification in discriminating signal from background. The set
of variables used in the training was optimized in the analysis through an iterative procedure
which started from a larger set of variables, removed the variables one by one and retrained
until no gain in performance was observed.

2.3 Signal region

The signal region (SR) is defined using the BDT-signal score, which separates the signal from
all the backgrounds. High values of BDT-signal score correspond to a better signal significance
so a selection of BDT-signal > 0.81 in the DF channel and BDT-signal > 0.77 in the SF
channel is adopted for the SR. Two additional selections are used to enhance the sensitivity,
Emiss

T significance > 8 and mT2 > 50 GeV, where the stransverse mass mT2 is the maximal lower
bound on the mass of each of the two identical particles produced in the pp collision and each
decaying into a visible and invisible particle. A shape-fit in BDT-signal bins is performed to
increase sensitivity and a set of SRs ‘binned’ in BDT-signal is defined.
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2.4 Background estimation

The main backgrounds are estimated in dedicated control regions (CRs). Two CRs are used,
CR-VV to target the V V background and CR-top to target the top-quark backgrounds. The
strategy to define the CRs relies on reversing the BDT-signal cut applied to the SRs or selecting
events with nb−jets = 1 for the CR-top to ensure orthogonality with the SRs and low signal
contamination. The selections Emiss

T significance > 8 and mT2 > 50 GeV applied in the SR are
also used in CRs to have a similar kinematic phase-space. Upper limits on BDT-signal score are
exploited to ensure orthogonality with the SRs while strategic cuts on BDT-VV, BDT-top and
BDT-others are performed to achieve high purity of each specific background in its corresponding
CR. V V and top-quark backgrounds are normalised to the data observed in CR-VV and CR-
top in a simultaneous likelihood fit, using a normalization factor for each background (μV V and
μtop). The normalisation factors are found to be μV V = 1.38 ± 0.08 and μtop = 1.09 ± 0.03
and are applied to the V V and top-quark backgrounds in all SRs. The shapes of kinematic
distributions are well reproduced by the simulation in each CR, as shown in Figure 2. The fake
and non-prompt (FNP) lepton background is calculated using the data-driven matrix method.
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Figure 2 – Distributions of BDT-VV in CR-VV (left) and Emiss
T significance in CR-top (right) for data and the

estimated SM backgrounds 4. The uncertainty band includes systematic and statistical errors from all sources
and the final bin in each histogram includes the overflow. The lower panels show the ratio of data to the SM
background estimate.

3 Results

The results of the search are interpreted in the context of the charginos simplified model shown
in Figure 1. The predicted numbers of background events obtained applying the results of the
background fit in the binned SRs are shown together with the observed data in Figure 3. No
significant deviations from the SM expectations are observed in the SRs considered.

Exclusion limits at 95% confidence level (CL) are set, using the CLs prescription, on the
masses of the chargino and the LSP neutralino. The exclusion limits are shown in Figure 4:
chargino masses up to 135 GeV are excluded at 95% CL in the case of a mass splitting between
chargino and neutralino up to 100 GeV.

4 Conclusions

The results of a search for the electroweak production of charginos decaying into final states
containing two leptons with opposite electric charge and missing transverse momentum are
presented. The search uses 139 fb−1 of

√
s = 13 TeV pp collisions collected by the ATLAS

experiment at the LHC during Run 2 (2015-2018). Data are found to be consistent with the
SM predictions and limits at 95% CL are set on the masses of supersymmetric charginos. The
results extend the previous exclusion limits for the same scenario in the regions with a mass
difference between chargino and neutralino close to the W boson mass.
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Figure 3 – Observed and SM predicted number of events in the SRs obtained after the background fit in the
CRs 4. The uncertainty band includes systematic and statistical errors from all sources. Distributions for three
benchmark signal points are overlaid for comparison. The lower panel shows the significance.
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Search for electroweak production of charginos and neutralinos in all hadronic
final states at the CMS experiment

Ankush Reddy Kanuganti
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Baylor University, Department of Physics, Waco, USA

The results from a search for chargino-neutralino or chargino pair production via electroweak
interactions are summarized. The results are based on a sample of

√
s = 13 TeV proton-

proton collisions from the LHC, recorded with the CMS detector 1 and corresponding to
an integrated luminosity of 137 fb−1. The search considers final states with large missing
transverse momentum and pairs of hadronically decaying bosons WW, WZ, and WH, which
are identified using novel algorithms. No significant excess of events is observed relative to the
expectation from the standard model. Limits at the 95% confidence level are placed on the
cross section for production of mass-degenerate wino-like superpartners of SU(2) gauge bosons,
χ̃±1 /χ̃

0
2. In the limit of nearly-massless neutralinos χ̃0

1, χ̃±1 /χ̃
0
2 with masses up to 870 and

960 GeV are excluded in the cases of χ̃0
2 → Zχ̃0

1 and χ̃0
2 → Hχ̃0

1, respectively. Interpretations
for other models are also presented.

1 Introduction

Supersymmetry2 (SUSY) proposes the addition of a new symmetry to the standard model (SM)
of particle physics and proposes for each boson (fermion) in the SM, there is also a fermionic
(bosonic) superpartner (sparticle). The results presented here search for electroweak production
of sparticles under the assumption that strongly-coupled sparticles are too massive to be pro-
duced at the LHC. Assuming that the superpartners of the SM leptons, the sleptons, are much
heavier than the charginos and neutralinos, the decays of charginos and neutralinos proceed
through W, Z and Higgs (H) bosons. Using simplified models 3 of χ̃±1 χ̃

0
2 and χ̃±1 χ̃

∓
1 production,

where the χ̃±1 always decays to the W boson and the χ̃0
1, χ̃

0
2 decays 100% of the time to either

a Z or H plus the χ̃0
1. In χ̃±1 χ̃

0
2 production, the χ̃±1 and χ̃0

2 are considered to be the wino-like
mass-degenerate next-to-lightest supersymmetric particles (NLSPs), while in χ̃±1 χ̃

∓
1 production,

the χ̃±1 is the wino-like NLSP. Assuming that R-parity is conserved and that the χ̃0
1 is a bino-like

lightest supersymmetric particle (LSP) which escapes the detector unobserved. Targeted final
states are WH, WZ, or WW together with a large transverse momentum imbalance. The corre-
sponding simplified models are referred to as TChiWH, TChiWZ, and TChiWW respectively.
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4.

2 Event Selection

All events in the four signal regions (SRs) are required to pass a common set of baseline selection
criteria. Each event is required to have a primary vertex and no isolated leptons, photons, or
isolated tracks . Few other selections include pmiss

T > 200 GeV and HT > 300 GeV. Large
pmiss
T and HT are typical of chargino and neutralino production when a high-momentum boson

is present. For signal events we require at least two AK8 jets and 2–6 (inclusive) AK4 jets.
Within this baseline phase space, four SRs are defined. Three SRs require at least one b-tagged
AK4 jet (nb ≥ 1), referred to as the b-tag regions. The remaining SR requires zero b-tagged
AK4 jets (nb = 0), referred to as the b-veto region. In addition to these SRs, there are several
control regions (CRs), which are used to help constrain the background estimates.

2.1 The b-veto search region

The b-veto SR seeks to isolate events that are consistent with the production of WW, WZ pairs
of bosons plus large pmiss

T . In addition to the baseline event selection described above, the b-veto
SR requires that at least two AK8 jets satisfy 65 < mJ < 105 GeV. At least one AK8 jet must
be W tagged, and at least one other AK8 jet must be V tagged.

2.2 The b-tag search region

The main b-tag SR which is most sensitive is the WH signal region. The WH SR requires at least
one W boson candidate ΔR(b–jet,AK8 jet) < 0.8 with the AK8 jet mass 65 < mJ < 105 GeV
and W-tagged and at least one Higgs boson candidate ΔR(b–jet,AK8 jet) > 0.8 with the AK8
jet mass 75 < mJ < 140 GeV that is bb tagged.

3 Background Estimation

For the b-veto SR, the background yields in the b-veto SR are estimated using two sets of transfer
factors derived from simulation, Ri, defined as the ratio of the summed 0- and 1-res event yields
in the SR with respect to either the zero-tag or one-tag CR. The values of Ri are computed
separately for each pmiss

T bin and typically range between 0.2 and 0.3. The contributions of rare
processes to the SRs and CRs are taken from simulation with appropriate data-to-simulation
corrections applied. The total background prediction is given by:

Ndata
SR = Ri(N

data
CRi

−NMC
CRi,rare) +NMC

SR,rare (1)

where Ri = NMC
SR,0&1-res/N

MC
CRi,0&1-res and CRi is either the zero-tag or one-tag CR. The final

background predictions for the SR are determined by a simultaneous fit of the two CRs.
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For the WH SR, the background yield is estimated for top and non-resonant processes sepa-
rately. A transfer factor, R0l/1l, is used to provide an estimate of the number of top background
events in either the SR or the 0l antitag CR. The values of R0l/1l are computed from simulation,
including all corrections to the lepton reconstruction efficiencies, b-tagging efficiencies, and AK8
jet tagging efficiencies. The predicted number of top background events in either the SR or the
0l antitag CR is given by:

Npred,0l
i,top =

NMC,0l
i,top

NMC,1l
i,all

Ndata,1l
i = R0l/1lN

data,1l
i (2)

where NMC denotes the number of events expected from simulation, Ndata denotes the number
of observed events, and Npred denotes the number of events predicted via this method. Addi-
tionally, the subscript i denotes the tagging region, tag or antitag. The subscript “all” refers to
all of the SM backgrounds, while “top” refers to only the top background.
Using Rp/f and the prediction of top backgrounds described above, the predicted 0-res back-
ground contribution to the SR is given by:

Npred,0l
0-res = Rp/f

(
Ndata,0l

antitag −Npred,0l
antitag,top −NMC,0l

antitag,rare

)
(3)

where Ndata,0l
antitag denotes the number of observed events in the 0l antitag CR, Npred,0l

antitag,top denotes

the predicted number of top background events from Eq. (2), and NMC,0l
antitag,rare denotes the num-

ber of rare background events, such as diboson and triboson events, expected from simulation.

4 Results

Fits to the SRs and CRs are performed using a statistical model of our SM background pre-
dictions. This fitting procedure further constrains the predictions and the uncertainties in the
predictions. The predicted SM backgrounds based on this procedure, the observations, and the
predicted signal yields in each of the SRs are shown below. No statistically significant excess of
events is observed in the data with respect to the SM background predictions.
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Figure 2 – Prediction vs. data in the b-veto SR (left), the WH SR (right). The filled histograms show the SM
background predictions, and the open histograms show the expectations for selected signal models, which are
denoted in the legend by the name of the model followed by the assumed masses of the NLSP and LSP. The
observed event yields are indicated by black markers 4.

423



5 Summary

Using wino-like pair production cross sections, 95% confidence level (CL) mass exclusions are
derived. For signals with WW, WZ, or WH final states, the NLSP mass exclusion limit for
low-mass LSPs extends up to 670, 760, and 970 GeV, respectively. When we consider models
including both wino-like NLSP χ̃±1 χ̃

0
2 and χ̃±1 χ̃

∓
1 production with either χ̃0

2 →Z χ̃0
1 or χ̃0

2 →H χ̃0
1,

the NLSP mass exclusion extends up to 870 and 960 GeV, respectively. These mass exclusions
are the most stringent constraints to date set by CMS at high NLSP masses.

200 300 400 500 600 700 800 900 1000

GeV)±
1

χ∼m(

100

200

300

400

500

600

G
eV

)0 1χ∼
m

(

3−10

2−10

1−10

1

10

210
 (13 TeV)-1137 fbCMS

0
1

χ∼± W→±
1

χ∼,

±

1
χ∼±

1
χ∼→pp

theoryσ 1 ±Observed
NLO+NLL Exclusion

experimentσ 1 ±Expected

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

200 300 400 500 600 700 800 900 1000 1100 1200

GeV)0
2

χ∼/±
1

χ∼m(

100

200

300

400

500

600

700

G
eV

)0 1χ∼
m

(

3−10

2−10

1−10

1

10

210
 (13 TeV)-1137 fbCMS

0
1

χ∼ Z →0
2

χ∼,0
1

χ∼± W→±
1

χ∼,0
2

χ∼±
1

χ∼→pp

theoryσ 1 ±Observed
NLO+NLL Exclusion

experimentσ 1 ±Expected

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

200 400 600 800 1000 1200

GeV)0
2

χ∼/±
1

χ∼m(

100

200

300

400

500

600

700

800

G
eV

)0 1χ∼
m

(

3−10

2−10

1−10

1

10

210
 (13 TeV)-1137 fbCMS

0
1

χ∼ H →0
2

χ∼,0
1

χ∼± W→±
1

χ∼,0
2

χ∼±
1

χ∼→pp

theoryσ 1 ±Observed
NLO+NLL Exclusion

experimentσ 1 ±Expected

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

Figure 3 – The 95% CL upper limits on the production cross sections for χ̃±1 χ̃
∓
1 assuming that each χ̃±1 decays to

a W boson and χ̃0
1 (left) and χ̃±1 χ̃

0
2 production assuming that the χ̃±1 decays to a W boson and χ̃0

1 and that the
χ̃0
2 decays to a Z boson and χ̃0

1 (middle) or that the χ̃0
2 decays to a H and χ̃0

1 (right). The black curves represent
the observed exclusion contour and the change in this contour due to variation of these cross sections within their
theoretical uncertainties (σtheory). The red curves indicate the mean expected exclusion contour and the region
containing 68% (±1σexperiment) of the expected exclusion limits under the background-only hypothesis 4.

Results are also shown using the higgsino-like NLSPs χ̃±1 , χ̃
0
2, and χ̃0

3. NLSP masses between
300 and 650 GeV are excluded for low mass LSPs at 95% CL under the standard model hy-
pothesis; however, the observed cross section upper limits lie mostly below the theoretical cross
section because of a modest excess in data.
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Figure 4 – Expected and observed 95% CL exclusion for mass-degenerate higgsino-like χ̃±1 χ̃
∓
1 , χ̃

±
1 χ̃

0
2, χ̃

±
1 χ̃

0
3, and

χ̃0
2χ̃

0
3 production as functions of the NLSP and LSP masses. The 95% CL upper limits on the production cross

sections are also shown. The χ̃±1 , χ̃
0
2, and χ̃0

3 are considered to be mass degenerate 4.
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Search for long-lived particles decaying to a pair of muons in proton-proton
collisions at

√
s = 13 TeV

Mangesh Sonawane
On behalf of the CMS Collaboration

Institute of High Energy Physics (HEPHY), Vienna, Austria

An inclusive search for long-lived exotic particles decaying into a pair of muons is presented.
The experimental signature is a pair of oppositely charged muons originating in a common
secondary vertex displaced from the proton-proton collision point by distances ranging from
several hundred micrometers to several meters. The search is conducted using data collected
in 2016 and 2018 by the CMS experiment at the LHC in proton-proton collisions with a center
of mass energy

√
s = 13 TeV in 2016 and 2018, corresponding to an integrated luminosity of

97.6 fb−1. The results are interpreted in the framework of the Hidden Abelian Higgs Model,
and a simplified model in which Long Lived Particles are produced in the decay of an exotic
heavy neutral scalar boson.

1 Introduction

Long-lived particles (LLPs) are predicted by many extensions of the standard model (SM), in
particular by various supersymmetric scenarios 1,2, and “hidden sector” models 3. Such particles
could manifest themselves through decays to SM particles at macroscopic distances from the
proton-proton (pp) interaction point (IP).

The search presented here is an inclusive search for exotic massive LLPs decaying to a
pair of opposite-sign muons that are observed to originate from a common secondary vertex
spatially separated from the IP. It is based on the analysis of pp collision data collected with
the CMS detector 4 at

√
s = 13 TeV during Run 2 of the LHC, corresponding to an integrated

luminosity of 97.6 fb−1. The results are interpreted in the framework of two benchmark models:
the Hidden Abelian Higgs model in which displaced dimuons arise from decays of hypothetical
dark photons 5 ZD, and a simplified model in which a non-SM Higgs boson Φ decays to a pair
of long-lived exotic heavy neutral scalar bosons X, at least one of which further decays into a
pair of muons 6. The Feynman diagram for these models is shown in Figure 1. Sampling the
LLP mass mLLP and LLP lifetimes cτLLP allow various kinematic and topological scenarios of
the model to be explored.

This search is a continuation and extension of two CMS analyses performed with data taken
at
√
s = 8 TeV during Run 1 of the LHC 7,8. This analysis improves on the Run 1 searches
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Figure 1 – Feynman diagrams of the HAHM model (left), showing the production of ZD via the Higgs portal with
the ZD further decaying via the vector portal, and the heavy scalar model (right). The symbols f and f̄ represent,
respectively, fermions and antifermions lighter than half the LLP mass10.

due to refined event selection, improved background evaluation, and a dataset almost five times
larger collected at a higher center-of-mass energy.

2 Analysis Strategy and Event Selection

A long-lived particle produced at the pp interaction point will travel some distance in the detector
before decaying into muons. If these muons are produced within the silicon tracker, they can be
reconstructed by both the tracker as well as the muon system. However, muons produced in the
outer tracker layers or beyond can only be reconstructed by the muon system. The dimuon vertex
resolution and background composition differ significantly depending on whether the muon is
reconstructed in the tracker or not. Thus, reconstructed dimuon events are classified into three
mutually exclusive categories : a) both muons are reconstructed using information from both the
tracker and the muon system (TMS-TMS category); b) both muons are reconstructed using only
the muon system, as “standalone” muons (STA-STA category); c) one muon is reconstructed
only in the muon system, while the other is reconstructed using both the tracker and muon
system (STA-TMS category). These categories are analysed separately using dedicated event
selection criteria and background evaluation, and the results are statistically combined.

To suppress background in each category, several quality and kinematic requirements are
applied to the muons, as well as the reconstructed dimuon vertices. Dedicated triggers were used
to record events with two muons reconstructed in the muon system alone, without requiring that
they originate from the IP or any information from the tracker. The muons are required to have
pseudorapidity |η| < 2.0 and transverse momentum pT > 28 GeV in 2016, and 23 GeV in
2018. Further requirements are imposed on the number of segments and hits that the muon is
composed of to reduce trigger rate from poorly measured muons.

Muons produced close to the IP (TMS muons) are reconstructed using “global” or “tracker”
muon reconstruction algorithms, while muons produced in the outer tracker layer or beyond
(STA muons) are reconstructed using only information from the muon system9. To benefit from
both types of reconstruction, the most efficient standalone muons are matched and replaced
with the more accurately reconstructed global and tracker muons. This is called STA-TMS
association, and is done either on the basis of geometry, or segment-matching. The STA-TMS
matching suppresses pp collision background, and greatly increases sensitivity to LLP decays in
the tracker. The effect of this matching is shown in Figure 2.

The STA and TMS muons are then subject to additional selection criteria optimized with the
help of simulated signal and background samples, as well as samples of dimuons misreconstructed
as displaced in the signal-free regions in data. Various handles are used to suppress backgrounds
due to poor quality or misreconstructed muons, cosmic muons, and jets, such as requirements on
the relative pTuncertainty, the quality of muon track fit, and the number of hits, muon timing
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Figure 2 – Fraction of signal events with zero (green), one (blue) and two (red) STA muons matched to TMS
muons by the STA-to-TMS muon association procedure, as a function of true Lxy in all simulated Φ → 2X → 2μ
samples combined10.

and isolation.

Dimuon candidates are then formed from pairs of STA and TMS muons passing the above
requirements. All possible combination of muons (STA-STA, STA-TMS and TMS-TMS) are
considered. Up to two dimuons are selected and saved depending on the quality of the dimuon
vertex fit, while requiring that no STA or TMS muon is included in more than one dimuon.
To suppress backgrounds from cosmic rays reconstructed as back-to-back dimuons, Drell-Yan
dimuon production, dijet/multijet events or low mass SM resonances, requirements are applied
on the 3D opening angle between the muons, dimuon invariant mass mμμ > 10 GeV, the

transverse collinearity angle ΔΦ between the dimuon pT vector �pμμT and the �Lxy, and requiring
the two muons to be opposite sign (OS).

To ensure that the dimuons are displaced with respect to the primary vertex, requirements
are imposed on the Lxy significance, Lxy/σLxy , and on the TMS muon d0 significance, d0/σd0 .
In the TMS-TMS category, due to the background having a falling d0/σd0 distributions, the
signal region is subdivided into three bins according to the minimum of the two d0/σd0 values
(min(d0/σd0)), 6-10, 10-20, and > 20. Finally, to test for the existence of an LLP with a given
mass, dimuons satisfying the selection criteria are required to havemμμ within a specified interval
containing the probed LLP mass. The width of the intervals is chosen according to the mass
resolution and the expected background. The mμμ bins are smaller in the TMS-TMS category
due to the superior resolution of TMS muons.

3 Results

The predicted background yields in the representative mμμ intervals and the corresponding
numbers of observed events are shown for 2018 data in Figure 3 (upper) for the STA-STA and
STA-TMS categories. For the TMS-TMS category, the predicted and observed background
in bins of mμμ and min(d0/σd0) are also shown in Figure 3 (lower). The observed events in
the STA-STA and STA-TIMS categories are predominantly at low masses - characteristic of
QCD background events. The observed TMS-TMS events have a steeply falling min(d0/σd0)
distribution and cluster at mμμ values of a few tens of GeV, consistent with the characteristics of
expected background. The number of observed events is consistent with predicted background
in all dimuon categories and mμμ intervals in both 2016 and 2018 datasets. No excess of events
above the SM background is observed.

For each of the benchmark models, upper limits on the product of the signal production cross
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Figure 3 – Comparison of the observed number of events in 2018 data to the expected background in the the STA-
STA (upper left), STA-TMS (upper right) and TMS-TMS (bottom left) categories in representative mμμ bins,
and in min(d0/σd0) bins (bottom right) for the TMS-TMS category. The last bin includes events in the overflow.
The uncertainties shown are statistical only. The signal contributions expected from simulated H → ZDZD with
m(ZD) of 20 and 50 GeV are shown in red and blue respectively. Their yields are set to the corresponding median
expected exclusion limits at 95% CL and scaled up to improve visibility. The legend for the mμμ distributions
include the integrated number of expected background events10.
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Figure 4 – The 95% CL upper limits on σ(Φ → XX)B(X → μμ) as a function of cτ(X) in the heavy scalar model
(left) for m(Φ) = 125 GeV and m(X) = 50 GeV, and on σ(H → ZD)B(ZD → μμ) in the HAHM model (right) for
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expected limits are shown as dashed black curves; the combined observed limits are shown as solid black curves.
The green and yellow bands correspond, respectively, to the 68% and 95% quantiles for the combined expected
limits10.
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section and the branching fraction to two muons is computed as a function of mass and mean
proper lifetime. For each signal model, the limits are first computed separately in each dimuon
category and for each year of data taking, and are then combined to obtain the combined
exclusion limit. The observed and expected 95% Confidence Level (CL) upper limits on the
benchmark models as a function of the LLP cτ for a representative sample of each are shown in
Figure 4. The search is sensitive to a broad range of cτ from 30 μm to more than 1 km. The three
dimuon categories reach maximum sensitivity at different cτ values, and give complementary
contributions to the overall sensitivity of the search.

The event selection, background estimation techniques and the full results are detailed in
depth in the Physics Analysis Summary 10. The full paper has also been submitted to JHEP 12.

4 Summary

An inclusive search for long-lived exotic neutral particles (LLPs) decaying to a pair of muons
is presented. It is conducted with data collected by the CMS experiment in proton-proton
collisions at

√
s = 13 TeV in 2016 and 2018, corresponding to an integrated luminosity of 97.6

fb−1. The search is largely model-independent and is sensitive to a broad range of LLP lifetimes
and masses. No excess of events above Standard Model predictions is observed. The results are
interpreted as upper limits on the parameters of the Hidden Abelian Higgs Model, in which the
the Higgs boson decays into a pair of long-lived dark photons ZD, and of a simplified model,
in which LLPs are produced in decays of an exotic heavy neutral scalar boson. The branching
fraction of the Higgs boson to dark photons of 1% is excluded at 95% confidence level in the
m(ZD) range between 20 and 60 GeV and for cτ(ZD) from a few tens of μm to approximately
100m. The results of this search provide the best limits to date for the Hidden Abelian Higgs
model with ZDmasses larger than 20 GeV and all cτ(ZD) values except those between about 0.5
and 200 mm, where the search is complemented by the CMS search using data collected with
high-rate triggers 11. For exotic scalar boson masses larger than the Higgs boson mass, these
results represent the best current constraint for all considered LLP masses and lifetimes.
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Heavy neutral leptons (HNL) constitute the building blocks of several neutrino mass generation
mechanisms. Experimental searches depend on their masses and mixings with the active
neutrinos, and exclusion regions in the plane of mass and mixing rely most of the time on
two assumptions: (i) the existence of one HNL, which (ii) mixes dominantly with only one
lepton flavor. In this work we discuss how to reinterpret the limits from collider searches
relaxing these assumptions, providing a simple recipe to recast the bounds in models with
generic mixing patterns, and in which at least two HNLs are coupled to the active sector.

1 Introduction

The generation of neutrino masses and mixings, as observed in neutrino oscillation phenomena,
demands for an extension of the Standard Model (SM) that generally includes new fermions
which, for masses above the MeV, are denoted as heavy neutral leptons (HNL). The presence
of HNLs modifies the SM weak currents with a leptonic mixing matrix U , encoding the PMNS
mixing matrix 1,2 and the active−sterile mixings. Depending on the mass regimes of the HNL,
one expects impacts on numerous observables that give rise to a plethora of constraints (see
Ref. 3 and references therein).

The relevant parameters entering in any process involving HNLs are their mass MN and
mixings with the active sector (UαN , α = e, μ, τ). Generally, the exclusion regions are given
in the plane (MN , |UαN |2) and rely on the assumption of the existence of one HNL which
mixes dominantly with only one lepton flavor. However, from neutrino oscillations experiments
we know that at least two right−handed neutrinos are required in order to accommodate data.
Moreover, bounds on the active−sterile mixings (UeN , UμN , UτN ) in scenarios with three or more
HNLs are very relaxed 4 , encouraging to push HNL searches beyond the simplified scenarios. It
is the purpose of this work to show how the bounds on HNL from collider searches are recast
in realistic setups with more than one HNL, and with general mixings patterns to the active
flavors.

In the following we will remain agnostic about the mechanism of neutrino mass generation,
considering the most generic case with masses and mixings as free parameters. In Section 2
we will briefly overview collider searches in the mass regime where HNLs decay promptly into
four leptons or two leptons and jets, while in Section 3 we will describe the recasting procedure
focussing on the leptons plus jets channel. We focus here on the MN < MW regime, although
it can also be applied to heavier masses7.

aSpeaker
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2 Collider Searches

In the mass range MN ∈ [6, 80]GeV, HNL can be produced in p-p collisions via on-shell W
decay. The relevant processes are (along with the charge conjugated channels)

pp→ X +W+ → X + 	+α +N →
{
X + 	+α , 	

±
β , 	

∓
γ , νγ

X + 	+α , 	
±
β , nj

, α, β, γ = e, μ, τ (1)

which can be Lepton Flavor Violating (LFV) and, if neutrinos are Majorana particles, Lepton
Number Violating (LNV) processes. The bounds on (MN , |UαN |2) are extracted under the
assumptions that a single HNL interacts mainly with one of the active flavors, namely UeN �= 0
or UμN �= 0. However, as described in Sec. 1, realistic models require at least two HNLs to
explain neutrinos oscillation data, with generic mixing patterns to the three families of active
flavors. As a matter of fact, as shown in Ref.5 for the 3	+ /E searches at ATLAS6, in the generic
3active+2steriles models (named 3+2) bounds on HNLs parameters are strongly model dependent
and can be relaxed by orders of magnitude in some specific implementations aimed to explain
neutrino oscillation data. In the following, we will focus on the 2	+nj channels, showing how the
bounds extracted in the simplified scenarios can be significantly altered once recast in realistic
models 7.

3 Recasting the Bounds

For MN < MW , the sterile neutrino is produced on-shell (narrow width approximation), thus
the decay rate can be factorized as

Γ(W+ → 	+α 	
±
β qq̄

′) = Γ(W+ → 	+αN) × Br(N→ 	±β qq̄′) . (2)

The total rate scales as |UαN |2|UβN |2/Γtot
N , which in the single mixing approximation α = β

reduces to |UαN |2 since Γtot
N ∝ |UαN |2. Under these assumptions experimental collaborations

put bounds on the single mixing |UαN |2, with α = e or μ, with the only exception of CMS 8

that considered the combination UeN , UμN �= 0. However, in the generic 3+2 setup that we
consider here, two effects can modify the W decay rate: (i) fixing the final states targeted
by the experiment (generally e+e± and μ+μ±), the total cross section will depend on all the
active−sterile mixings through Γtot

N , and (ii) if the two sterile neutrinos are almost degenerate
in mass ΔM � MN1,2 and have similar mixings to the active sector U�N1 ∼ U�N2 , they can
interfere producing a modulation effect depending on ΔM/ΓN and the CP phases of the U�N

matrix elements. In the following, we will analyze the two cases separately.

3.1 Generic Mixing Pattern (one HNL)

In this case, fixing the active−sterile mixings in a given model, the total decay width of the
sterile neutrino will be

Γtot
N = |UeN |2 Γ̃e

N + |UμN |2 Γ̃μ
N + |UτN |2 Γ̃τ

N , (3)

with Γ̃�
N = Γ�

N/|U�N |2. Thus, in order to recast the bounds on |U�N |2 ontained in the single
mixing approximation, one has to rescale it by

|U�N |2 → |U�N |2 ×
Γtot
N

Γsing
N

. (4)

with Γsing
N = |U�N |2 Γ̃�

N . A straightforward generalization applies to the case where two mixings

are considered simultaneously (Γsing
N → |UeN |2 Γ̃e

N + |UμN |2 Γ̃μ
N ), like in the W+ → e+μ±qq̄′

channel explored by CMS 8.
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Figure 1 – Rescaling of the bounds on |UμN |2 from CMS8 (solid red line) and LHCb9 (solid blue line), fixing the
active−sterile mixings to the values corresponding to the green points 1− 4 in the ternary plot on the left. The
orange squared point represents the single mixing case.

Notice that since Γtot
N > Γsing

N , the bounds in the generic case will be less stringent. To see the
effect of the rescaling, we consider the bounds on |UμN |2 from CMS8 and LHCb9, and appliy
Eq. (4) for different combinations of the active−sterile mixings (Figure 1). Moreover, we observe
that unlike the case 3	 + /E, we do not need to reassess the signal efficiency as done in Ref 5,
because in the generic mixing case no new processes can arise that contribute to the same final
state 2	+ nj.

3.2 Two HNL’s interference

If the two sterile neutrinos N1,2 are almost degenerate in mass, they contribute coherently to
the same final state 2	 + nj. Assuming MN1 � MN2 ≡ MN , ΓN1 � ΓN2 ≡ Γ and ΔM ≡
MN2 −MN1 > 0, the decay rate in the case of only one sterile neutrino factorizes as

Γ(W+ → 	+α 	
±
β qq̄

′)|N1&N2 = Γ(W+ → 	+α 	
±
β qq̄′)|N1 × 2K(y, δφ±) , (5)

and is modulated by a function K(y, δφ±), which in the limit |U�N1 | ≈ |U�N2 | is given by

K(y, δφ±) ≡
(
1 + cos δφ±

1

1 + y2
− sin δφ±

y

1 + y2

)
, (6)

and where we have defined U�αNj
= |U�αNj

|eiφαj , δφ± =
(
φα2 − φα1

)
±

(
φβ2 − φβ1

)
and y =

ΔM/Γ. Therefore to recast the bounds we need to rescale the mixing to the flavor 	 as

|U�N |2 → |U�N |2 × 2K(y, δφ±) . (7)

Limiting to the case in which 	α = 	β (notice that δφ− = 0), in Figure 2 we rescaled the bounds
provided by LHCb9 for the LNV and LNC searches, for several values of y and δφ+.

4 Conclusions

We conclude that the bounds on HNLs in the simplified scenarios are often over-constraining if
naively applied to realistic models explaining neutrino masses and mixings. The bounds are in
fact model dependent and must be recast in order to be applied to such generic models.
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Figure 2 – Rescaling of the bounds on |UμN |2 from LHCb9 in the presence of two HNLs. Dark blue line is the
LHCb bound in the LNC searches, while in lighter blue (lower curve) is the rescaled bound for y < 1. The
dark green line is the bound in the LNV searches, which can be relaxed (upper green region) if the N1,2 form a
pseudo−Dirac pair (δφ+ = π, y 	 1), or strengthened (lower green region) if δφ+ = 0.
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Muon g-2 in SUSY scenarios with and without stable neutralinos
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We investigate a possibility to explain the discrepancy between the Standard Model predictions
and the observed value of the anomalous magnetic moment of the muon within unorthodox
SUSY scenarios in which neutralinos are unstable. We start by reviewing the muon g-2
calculations in the MSSM and confront it with the most up-to-date experimental constraints.
We find out that the next generation of direct detection DM experiments combined with the
current LHC results will ultimately test the parameter region that can explain the (g − 2)μ
anomaly in the MSSM. Next, we study R-parity violating and gauge-mediated SUSY-breaking
scenarios with unstable neutralinos. These models do not provide a viable DM candidate,
which allows them to evade the DM constraints. We find that in RPV and GMSB with
slepton NLSP the LHC constraints are weaker, and a large region of parameter space can
explain the observed anomaly and evade experimental limits.

1 Introduction

One of the most interesting anomalies observed in the recent years is a 4σ discrepancy between
the anomalous magnetic moment of the muon calculated theoretically within the Standard Model
(SM) and the value measured experimentally at the Brookhaven National Laboratory 1 and
confirmed in 2021 at the Fermilab2. Taking the average of the two measurements and comparing
it to the SM prediction taken from the white paper 3 a , one obtains:

Δaμ = aBNL+FNAL
μ − aSMμ = (25.1± 5.9)× 10−10, (1)

where aμ = (gμ − 2)/2.

The anomaly can be explained by the Beyond the Standard Model (BSM) Physics scenarios,
e.g. models with leptoquarks, axion-like particles, vector-like leptons or Dark Matter (DM).
One of the other explanations is Supersymmetry (SUSY), which already in its simplest form,
the Minimal Supersymmetric Standard Model (MSSM) 5, not only solves the anomaly, but also
provides cadidate for DM particle, coupling unification and radiative breaking of the electroweak
symmetry.

Within the MSSM, the anomaly can be explained at the one loop level using six parameters:
tanβ, M1, M2, μ, m̃lL , m̃lR , where tanβ = 〈H0

u〉 / 〈H0
d〉 is the ratio of vacuum expectation

values of the two Higgs doublets, and other parameters are soft SUSY breaking masses of Bino,
Wino, Higgsino, left-handed and right-handed slepton, respectively. In this study we postulate
universal slepton masses in order to reduce the number of free parameters and to avoid strong
constraint from the flavour violating processes, e.g. μ→ eγ.

aThere are, however, new lattice-based results differing from the previous theoretical calcullations 4 for which
the discrepancy with the experiment is much smaller.
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At the one loop level, we can approximate the SUSY contribution to the anomalous magnetic
moment of a muon by:

aSUSY
μ ≈ aWHL

μ + aBHL
μ + aBHR

μ + aBLR
μ , (2)

where each term corresponds to the appropriate loop diagram depicted in Fig. 1. The labels
represent SUSY particles entering the loop, e.g. WHL stands for Wino and Higgsino and left-
handed slepton. When masses of the three relevant particles are of order of O(100 GeV) and
other mass parameters are large, then contribution from the appropriate loop diagram dominates
other terms in Eq. 2.

Figure 1 – One-loop diagrams in SUSY contributing to aμ. Red dots represent interactions responsible for the
tanβ enhancement.

Numerous studies targeting the SUSY contribution to aμ have already been conducted 6,
but most of them assume one of the neutralinos to be the lightest SUSY particle (LSP) and
stable due to the R-parity conservation. Such scenarios identify the LSP as a DM candidate and
suffer from tight constraints coming from measurements of the spin-independent DM-nucleon
scattering cross-section. In this study we aim at performing an analysis of SUSY scenarios in
which neutralino is unstable, establishing viable SUSY (g−2)μ parameter region, and confrotning
it with current experimental constraints.

2 Analysis

Results of the full study are described in the main article 7, where we have introduced eight
two-dimensional parameter planes, two per each term in Eq. 2. In this paper we discuss
only WHLμ plane, where M2 and μ are parameters of interest; m̃lL = min(M2, μ) + 20 GeV,
M1 = m̃lR = 10 TeV and tanβ = 50.

We begin by reviewing the viable (g − 2)μ parameter region in the MSSM with neutralino
LSP and checking for constraints from the LHC analyses and direct DM detection experiments.
Next, we break the R-parity by introducing a baryon number violating UDD operator. Breaking
of the symmetry causes the LSP to decay to 3 (anti)quarks, and by the price of loosing a DM
candidate, allows to evade all DM constraints. Finally, we investigate a gauge-mediated SUSY-
breaking (GMSB) scenario, in which the LSP is not neutralino, but very light (1 eV) gravitino.
We take the next to the lightest SUSY particle (NLSP) to be slepton/stau/sneutrino, because
for neutralino NLSP the interesting parameter region is already totally excluded 7.

In order to perform the analysis, we generate over 900 SUSY mass points per plane using
SUSY-HIT and SDECAY, and for each of them we calculate the SUSY contribution to the aμ
using GM2Calc. In order to recast the LHC analyses we use CheckMATE2. For the MSSM we
calculate the neutralino relic density and spin-independent DM-nucleon scattering cross-section
using MicrOmegas5.

3 Results

Figure 2 presents results of the analysis for the WHLμ plane and three SUSY scenarios: MSSM
(left), R-parity violation (RPV) through UDD operator (center), and GMSB (right) with neu-
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tralino NLSP. Each of the plots contains a green and yellow bands corresponding to 1σ and
2σ agreement between the value of the anomaly in Eq. 1 and SUSY contribution to aμ. The
beige region in the lower left corner of the plot corresponds to parameters for which the SUSY
contribution to aμ exceeds the global average of experimental measurements. The hatched con-
tour corresponds to DM overproduction. It is present only for the MSSM case, because in the
RPV scenario there is no DM candidate, and in the GMSB the abundance of the gravitino
is tiny. The gray contour shadows parameter region for which the predicted spin-independent
neutralino-nucleon scattering cross-section is larger than current limit from the Xenon1T ex-
periment. In addition, contours representing expected constraints from the next-generation DM
direct detection experiments are shown, heavily constraining the MSSM plane. Other contours
correpond to LHC contraints, which are listed in Tab. 1.

Table 1: The experimental analyses and simplified models used in the inspection of the MSSM, RPV and GMSB
scenarios. The colour indicates to the region where the simplified model limit provides 95% CL exclusion in Fig.
2. The number of considered analyses was much larger, only the relevant ones are included.

Scenario Analysis E/TeV L/fb−1 Colour

MSSM
CMS 	+	− 8 13 137 Red
ATLAS soft-	 9 13 139 Blue
ATLAS DT 10 13 136 Orange

RPV
ATLAS multijet+	 11 13 139 Red
CMS multilepton 12 13 35.9 Blue
ATLAS jets+met 13 13 139 Green

GMSB
CMS multilepton 12 13 35.9 Blue
CMS soft 	+	− 14 13 35.9 Orange

One can see that current experimental limits rule out a possiblity to explain the observed
anomaly within the MSSM, except for two small regions around (M2 = 400 GeV, μ = 700 GeV)
and (M2 = 1000 GeV, μ = 300 GeV). However, both of these regions will be completely tested
by the next generation of the direct DM detection experiments. The situtation is much more
interesting for the R-parity violating scenario. In this theory there is no DM candidate, hence
all DM limits are gone, but some of the LHC analyses are sensitive, however, the parameter
regions where one of the mass parameters is larger than 1 TeV, are uncostrained and still able
to explain the measured value of the anomalous magnetic moment of the muon. Similarly to
the RPV case, the gauge-mediated SUSY-breaking scenario is also free from DM constraints.
In this model, parameter region with M2 < 450 GeV is excluded for all interesting values of
the μ parameter, because of the CMS soft lepton search 14. For larger values of the Wino mass
parameter, GMSB SUSY scenario with stau NLSP can easily explain the latest Fermilab result.

Figure 2 – Results for the MSSM (left), R-parity violating (center), and GMSB (right) SUSY scenarios. Green
and yellow bands correspond to 1σ and 2σ agreement with the value of the anomaly in Eq. 1. Shaded and hatched
regions correspond to parameters excluded by current experimental results, see description in the text for details.
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4 Conclusions

In this article we discuss a part of the result presented in the main paper 7, aiming at providing
an explanation of the observed value of the anomalous magnetic moment of the muon in the
MSSM and SUSY scenarios without stable neutralinos. We concentrate on a plane, where we
vary Wino and Higgsino mass parameters, assuming a 20 GeV mass degeneracy between the
left-handed slepton and the lightest out of M2 and μ. While the most popular scenario, which is
the MSSM with nautralino LSP being a natural DM candidate, is almost completely excluded
by current experimental constraints, RPV and GMSB models with unstable neutralinos can
explain the observed anomaly and evade experimental limits. The main reason is that these
models lack the DM candidate, hence DM constraints do not apply. The other reason is that for
the SUSY scenarios with unstable neutralino the region, which is interesting from the point of
view of muon g-2 anomaly, is less constrained by the LHC analyses. We hope that our work will
attract more attention to unorthodox SUSY scenarios with unstable neutralinos, and encourage
experimental collaborations to improve collider limits.
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We consider the complete leading-order –dimension five– effective linear Lagrangian for ALPs.
The full set of one-loop contributions to ALP-SM effective couplings are derived, including
all finite corrections. A few phenomenological consequences of these computations are also
explored as illustration, with flavour diagonal channels in the case of fermions: in particular,
we explore one-loop constraints on the coupling of the ALP to top quarks. Additionally, we
propose a new search for ALPs, targeting VBS processes at the LHC. For this, we consider the
tree-level diboson production in VBS, where the ALP participates as an off-shell mediator.
Upper limits on ALP EW couplings are obtained from a reinterpretation of Run 2 public
CMS VBS analyses. Simple projections for LHC Run 3 and HL-LHC are also calculated,
demonstrating the power of future dedicated analyses at ATLAS and CMS.

1 Introduction

Here we summarize the works presented in Refs. 1,2, in which we explore the phenomenological
implications on axion-like-particles (ALPs) couplings: 1) from one-loop corrections and 2) in
nonresonant processes at the LHC, respectively.

In particular, in Ref. 1 we explore at one-loop order all possible CP-even operators coupling
one pseudoscalar ALP to SM fields at next-to leading order of the linear effective field theory
formulation, i.e. mass dimension five operators. The complete one-loop corrections, i.e. diver-
gent and finite contributions, for an off-shell ALP and on-shell SM fields is provided and the
phenomenological impact is discussed.

In Ref.2 we consider the possibilty of measuring an ALP signal at the LHC. In particular, we
explore nonresonant dibson production in vector-boson-scattering (VBS) processes mediated by
an ALP, which allow us to explore ALP couplings to EW gauge bosons. New bounds on these
couplings are reported by making a reinterpretation of Run 2 CMS analysis on VBS channels.

The results are timely because the level of experimental sensitivity to several ALP-SM
couplings has reached a level where 1) one-loop corrections are necessary, and in some cases
they are the best tool to constraint some couplings and 2) LHC and other collider experiments
can now explore regions of the ALP parameter space which are otherwise inaccessible by other
low-energy experiments.
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Figure 1: One-loop diagrams contributing to bosonic and fermiones ALP interactions at one-loop (the correspond-
ing diagrams with Goldstone bosons and the diagrams exchanging the gauge boson legs are left implicit). V and
V ′ are either a gluon, a photon, a Z boson or a W boson. The wavy lines denote all gauge bosons, including
gluons. In the last diagram all SM fermions participate in the loop.

2 Effective Lagrangian

A complete and non-redundant ALP effective Lagrangian is given at O(1/fa) by LALP = LSM +
Ltotal
a , where LSM denotes the SM Lagrangian. The most general CP-conserving ALP effective

Lagrangian Ltotal
a , including bosonic and fermionic ALP couplings 3,4, admits many possible

choices of basis. A complete is that defined by the Lagrangian

Ltotal
a =

1

2
∂μa∂

μa+
m2

a

2
a2 + cW̃OW̃ + cB̃OB̃ + cG̃OG̃ +

∑
f=u, d, e,Q, L

cfOf , (1)

where OX̃ = −a/faXX̃ and Oij
f = ∂μa/fa

(̄
f
i
γμf

j
)
. The three coefficients cX̃ of the gauge-

anomalous operators are real scalar quantities, while cf are 3x3 hermitian matrices in flavour
space. In addition, because of the assumption of CP conservation, they obey cf = cTf . Moreover,
in our calculation we neglect flavor mixing (assuming CKM = �). In this limit, the 6 flavor-
diagonal degrees of freedom in the left-handed fermion operators are redundant and are therefore
excluded. If CKM mixing is restored, 2 of the diagonal elements for left-handed quarks need to
be reintroduced.

3 Complete one-loop contributions to ALP couplings

We compute the one-loop contributions to the phenomenological ALP couplings, including all
finite corrections. One-loop diagrams contributing to bosonic and fermionic couplings are rep-
resented in Fig. 1.

The ALP field is left off-shell (which is of practical interest for collider and other searches
away from the ALP resonance), while the external SM fields are considered on-shell. For chan-
nels with external fermions, we only provide corrections to the flavour diagonal ones. CKM
quark mixing’s disregarded in the loop corrections to all couplings. All computations have been
carried out in the covariant Rξ-gauge, with the help of the Mathematica packages FeynCalc and
Package-X 5,6.

The complete analytic results are lengthy and are not shown here. They are provided in
NotebookArchive in addition with some useful intermediate steps. In the next section we present
an example on their use to set new bounds on the ALP parameter space, in particular, to the
ALP-top quark interaction.

3.1 Some phenomenological consequences: bounds on the ALP-top quark coupling

We present a example of a situation in which experimental test are able to probe loop corrections:
very precise low-energy searches for ALPs which rely on ALP couplings to electrons.
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Figure 2: Limits on fa/|ct| as a function of the ALP mass, extracted rescaling existing constraints on the ALP-
electron coupling, taken from Ref. 7.

Here we assume that the ALP only couples to top quarks at tree level, so that ALP-electron
interactions emerge at one-loop by top-quark mediated processes depicted in the last diagram
in Fig. 1. Then, we consider the current limits on the axion-electron coupling collected in
Ref. 7, that include results from solar axions searches, ALP DM searches as well as astrophysical
bounds. At one-loop level, the ALP-electron interaction is given by (see also Ref. 8):

ceffe � 2.48 ct αem log

(
Λ2

m2
t

)
, (2)

where we take Λ = 106TeV in this equation, to extract the bounds on fa/ct shown in Fig. 2.

4 Nonresonant searches for ALPs in VBS processes at the LHC

We have considered the production of a diboson pair in VBS processes mediated by a nonresonant
ALP. Typically, ALPs mediating nonresonant processes are assumed to be much lighter than
the energy of the process (ma �

√
ŝ), so they cannot be produced resonantly. In this limit, the

cross sections happen to be independent of the mass and decay width of the ALP, which allows
us to explore vast areas in the ALP parameter space (for a wide range of ALP masses). Typical
suppression in the propagator of an off-shell mediator is compensated here due to the derivative
nature of the ALP, that leads to an enhancement of the partonic cross sections as: σ ∼ ŝ/f4

a .
The original idea of exploring nonresonant ALP-mediated channels at colliders was proposed

in Ref. 10, where the authors considered the nonresonant production of a diboson pair in gluon-
fusion iniciated processes. In particular, stringent bounds on the product of the ALP-gluon and
EW couplings (cG̃ × cṼ=B̃, W̃ ) were derived.

In our work we performed a similar analysis but considering the production of dibosons in
VBS processes mediated by a nonresonant ALP. As an advantage, these allow us to explore
the EW ALP parameters with very reduced dependence on the ALP-gluon coupling, which is
of interest for some ALP models in which this coupling is not present (or very suppressed),
e.g. the Majoron. By making a reinterpretation of Run 2 CMS measurements of several VBS
diboson production channels (ZZ, Zγ, W±γ, W±Z and same-sign W±W±) we have extracted
the bounds on cB̃/fa and cW̃ /fa shown on Fig. 3. We determined these bounds are valid up to
values of ma � 100 GeV. Projections for Run 3 and HL-LHC are also computed.

5 Conclusions

Here we have summarized the work in Refs. 1,2. In Ref. 1 we computed the complete one-loop
corrections –thus including all divergent and finite terms– to all possible couplings in the CP-
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diboson production channels. The limits have been calculated individually for the five different experimental
channels considered and for their combination.

even base for the d = 5 ALP linear effective Lagrangian, for a generic off-shell ALP and on-shell
SM particles. These results are publicly available at NotebookArchive.

In Ref. 2 we propose a new search for ALPs, targeting Vector Boson Scattering (VBS)
processes at the LHC. We consider nonresonant ALP-mediated VBS, where the ALP participates
as an off-shell mediator. This process occurs whenever the ALP is too light to be produced
resonantly, and it takes advantage of the derivative nature of ALP interactions. Upper limits on
ALP EW couplings are obtained from a reinterpretation of Run 2 public CMS VBS analyses.
Simple projections for LHC Run 3 and HL-LHC are also calculated.
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Axion-like Dark Matter Mediators
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During the last decades, experimental advances have significantly constrained the standard
electroweak-scale WIMP produced via thermal freeze-out, leading to a shift away from this
standard paradigm. Here we explore the possibility of an axion-like particle (ALP), the
pseudo-Goldstone boson of an approximate U(1) global symmetry spontaneously broken at
a high scale fa, acting as a mediator between the Standard Model (SM) particles and the
dark matter (DM) particles. We focus on the case where the couplings are too small to allow
for DM generation via freeze-out and the DM is thermally decoupled from the SM particles.
However, alternative mechanisms like freeze-in and freeze-out from a decoupled dark sector
can still reproduce the observed DM relic density. Having determined the region of parameter
space for these scenarios, we then revisit experimental constraints on ALPs from electron
beam dump experiments, astrophysics and rare B and K decays.

1 Introduction

Recent experimental advances now severely constrain models in which the DM particle is di-
rectly charged under the SM gauge group via renormalisable interactions. The standard WIMP
produced via thermal freeze-out is, for instance, challenged by the fact that - despite experimen-
tal searches for decades - it has not been detected so far. Hence, one might wonder if different
scenarios and different candidates are also possible. In fact, the QCD axion is itself a pioneering
example of a non-thermally produced DM candidate. In this work, the axion does not constitute
the DM but we explore the possibility of a DFSZ-like ALP acting as a mediator between the DM
particle and the SM. The size of the new couplings is driven by the new symmetry breaking scale
fa which should be large enough to be in accord with collider experiments today. Therefore the
new couplings are small and we focus on regions where the DM particles are out-of-equilibrium
from the SM particles.

2 The Model

In our model, we extend the SM by a Dirac fermion χ and a DFSZ-like ALP a, by which we mean
the pseudo-Goldstone boson of an additional approximate U(1) global symmetry spontaneously
broken at a high scale fa. The ALP acts as a mediator between the SM and the dark sector.
Below the electroweak scale, the ALP couples effectively only to SM fermions at tree-level via
Yukawa-like interactions and interacts with gauge/Higgs bosons via fermion loops. If there are
no heavy vector-fermions integrated out, i.e. if the fermion content comes only from the SM, the
anomaly cancellation requirements automatically imply that the contributions from dimension-5
terms cancel to leave only dimension-4, mass-dependent terms1. We hence consider the following
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Figure 1 – ALP-DM coupling gaχχ as a function of the product of the ALP-DM and the ALP-fermion coupling,
gaχχ · gaff , for mχ = 10 GeV and ma = 1 GeV. The dashed line corresponds to the combination of couplings
which give the correct DM relic density ΩDMh2 = 0.12 as measured by the Planck telescope.

relevant new terms in the effective Lagrangian

L ⊃ 1

2
∂μa∂

μa− 1

2
m2

aa
2 +

∑
f

mf

fa
Cf f̄γ5f +

mχ

fa
Cχχ̄γ5χa . (1)

Here, f is any Standard Model fermion with mass mf , the masses of the χ and of the ALP are
mχ and ma, respectively. Furthermore, we define gaχχ ≡ mχCχ/fa as the hidden sector coupling
and gaff ≡ Cf/fa as the connector coupling. This Lagrangian is valid below the electroweak
symmetry breaking scale.

3 Dark Matter Genesis Scenarios

Deducing the interactions amongst the SM, DM particles and the ALPs from the Lagrangian
in eq. 1 allows us to write down the most general, complete set of coupled differential equations
governing the evolution of the a and χ number densities

dnχ

dt + 3Hnχ =
∑

f

〈
σχχ̄→ff̄v

〉 (
neq
χ (T )2 − n2

χ

)
+ 〈σaa→χχ̄v〉n2

a − 〈σχχ̄→aav〉n2
χ ,

dna
dt + 3Hna =

∑
i,j,k 〈σia→jkv〉 (neq

a (T )neq
i (T )− nan

eq
i (T )) + 〈Γa〉 (neq

a (T )− na)

−〈σaa→χχ̄v〉n2
a + 〈σχχ̄→aav〉n2

χ,

(2)

with i, j, k SM particles which participate in the ALP number changing processes (the dominant
contribution coming from the t-channel process i = g, j = k̄ = t). The 2 → 2 processes enter
via the typical thermally averaged cross section 〈σv〉 and the (inverse) decay of the pseudoscalar
via the thermally averaged decay rate, 〈Γa〉 2. We have applied the principle of detailed balance
where appropriate. Solving this set of equations for a range of hidden sector and connector
couplings gives the phase diagram in figure 1 with the dashed line indicating the combination of
couplings which lead to the observed DM relic density for mχ = 10 GeV and ma = 1 GeV. For a
particular theory with some particle content and various interactions it is generic that different
types of mechanisms can set the DM relic abundance depending on which type of interaction is
more important; our model thus gives rise to a rich phenomenology. In fact, as pioneered in 3

and later shown in 4, the massive mediator case leads to five different dynamical DM production
mechanisms. In this work we will focus on scenarios where the DM particles are thermally
decoupled from the SM bath. At the lower left of the phase diagram in figure 1, corresponding
to small gaχχ and a small product gaff · gaχχ, the DM particles are not in equilibrium, neither
with the SM particles nor with the ALPs. However, the ALP fermion coupling is large enough

for the ALPs and the SM to equilibrate, a
T←→ SM. DM is produced directly from collisions

444



QC
D

relic den
sit
y

g a
χ
χ

a↔SM

10−14
GeV−1

10−12
GeV−1

10−10
GeV−110−8

GeV−1

10
−2 Ge

V
−1

10−4 10−3 10−2 10−1 100 101 102

10−14

10−12

10−10

10−8

10−6

10−4

10−2

100

ma (GeV)

g a
f
f
(G

eV
−
1
) SN1987A

HB stars

B+ → K+a (→ μ+μ−)
K+ → π+inv

K+ → π+ e+e−

K+ → π+a (→ μ+μ−)
SLAC E137
decay into γγ
SLAC E137
decay into e+e−

freeze-in from SM
freeze-in from ALPs
FODDS

Figure 2 – ALP-fermion coupling gaff as a function of ma for lines of constant hidden sector coupling, gaχχ

(plotted in dashed grey), which give the observed DM relic density via freeze-in from the SM (yellow region),
freeze-in from ALPs (dark yellow region) and freeze-out from a decoupled dark sector (red region). We fixed the
ratio mχ/ma = 10. We have included the relevant constraints on our ALP model on the connector coupling gaff
in this parameter region.

of SM fermions, ff̄ → χχ̄. This regime is therefore called freeze-in from SM. Increasing gaχχ
while keeping the product gaff · gaχχ fixed, aa ��� χχ̄ becomes the dominant process. Being
conceptually very similar to the previous mechanism, this mechanism is dubbed freeze-in from
the mediator. If we continue decreasing the ALP fermion coupling gaff , ALP-SM interactions
become too rare for both sectors to thermalize. Yet, the amount of produced ALPs is sufficient
to obtain the correct DM relic density via the chain of sequential out-of-equilibrium productions
SM→ ALPs and aa → χχ̄; DM is produced via sequential freeze-in. However, as the ALPs
are not in kinetic equilibrium, the unintegrated Boltzmann equations describing the evolution
of the ALP’s phase space distribution should be studied for a reliable quantitative analysis
5, rendering the calculation of the final DM abundance non-trivial. By further increasing the
hidden sector coupling gaχχ, at some point, the DM-ALP interaction becomes so strong that
they will thermalize among each other. In particular, the DM and the ALPs will share a
common temperature T ′ which is different from and in general much smaller than the photon
temperature T . Hence, we need to evaluate their interaction cross-section at their common
temperature. More precisely, we calculate the hidden sector temperature T ′ from its energy
density ρ′ which can be obtained by solving an additional Boltzmann equation describing the
amount of energy transfer from the SM bath to the hidden sector. Hence, we numerically need
to solve a system of three coupled (stiff) differential equations. The DM relic density is set by
aa↔ χχ̄ interactions and the mechanism resembles ordinary freeze-out but occurs at a different
temperature. We therefore call this regime freeze-out from a thermally decoupled dark sector
(FODDS). Finally, on the right side of the phase diagram all three sectors share a common
temperature and DM is produced via thermal freeze-out.

4 Phenomenological Implications

Last not least, we explore the phenomenological implications for our model by comparing it to
experiments. In figure 2 we show the ALP fermion coupling as a function of the ALP mass
with the lines of constant hidden sector couplings gaχχ which give the correct relic density in
the freeze-in and FODDS regimes. We keep the ratio between the mass of the ALP and the
mass of the DM mχ/ma = 10 fixed. We also show the exclusions from beam dump, astrophysics
and flavour physics which we calculated for our specific model, namely where the ALP only
couples to SM fermions at tree-level and ALP-gauge boson couplings are induced by fermion
loops. Astrophysical constraints coming from the neutrino burst from SN1987A or the ratio
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of the number of horizontal branch stars to red giants in globular clusters rely on energy loss
arguments 7,8. The SLAC electron beam dump experiment searched for axions and observed
no events 6. For the flavour constraints, we derive bounds for the most constraining channels:
K+ → π+a(a→ inv.) from NA62, K+ → π+a(→ μ+μ−) and K+ → π+e+e− from NA48/2 and
B+ → K+a(→ μ+μ−) from LHCb. The freeze-in mechanism is possible in a large parameter
space in the gaff −ma plane. The connector coupling is comparably large since the ALPs and
the SM particles are in equilibrium and is therefore likely in reach for detection experiments.
For gaff above ∼ 10−6−10−5 GeV−1 and ma below a few GeV, our model is ruled out by flavour
constraints and the electron beam dump experiment at SLAC. For masses below ∼ 0.2 GeV, the
remaining parameter space is covered by the SN constraint. In the FODDS regime, contrarily
to the freeze-in regimes, gaχχ is large to ensure equilibrium among the hidden sector particles.
However, it appears to be extremely challenging to test the FODDS region with collider searches
for ALPs. Yet, due to the tiny coupling between the SM particles and the ALP, the ALP is
long-lived. Since the ALPs are abundantly produced along with the DM particles their decay
has important implications for the cosmological history at the time of big bang nucleosynthesis,
resulting in big bang nucleosynthesis constraints.

5 Conclusion

Our model of an ALP acting as a mediator between the SM particles and the DM particles
engenders a rich phenomenology: Depending on the ALP and DM masses and couplings, various
mechanisms which reproduce the DM relic density measured today are possible. The calculation
of the relic density in the FODDS region is particularly non-trivial. We performed a detailed
calculation of this region in this ALP mediated DM model. Note that here we considered IR-
dominated contributions to the final relic density. In general, there could also be UV-dominated
contributions from higher dimensional operators since the Yukawa-type terms merely represent
effective interactions. These should however not change the qualitative conclusions. To apply
existing constraints to our model we have revisited astrophysical and collider constraints on our
ALP. We look forward to seeing the impact of future experimental results on our model.
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Constraints on spin-0 dark matter mediators and invisible Higgs decays using
ATLAS 13 TeV pp collision data with two top quarks and missing energy in the

final state

Marianna Liberatore, on behalf of the ATLAS Collaboration

Deutsches Elektronen-Synchrotron DESY, Hamburg and Zeuthen, Germany

The statistical combination of searches targeting final states with two top quarks and invis-
ible particles and characterised by the presence of zero, one or two leptons, at least one jet
originating from a b-quark and missing transverse momentum is presented. The analyses are
performed with the ATLAS detector using 139 fb−1 of pp collisions at a centre-of-mass energy
of 13 TeV at the LHC and search for beyond the standard model phenomena consistent with
the production of dark matter particles at colliders. The results are interpreted in terms of
simplified dark matter models with a spin-0 scalar or pseudoscalar mediator particle. In addi-
tion, the results are interpreted in terms of upper limits on the Higgs boson invisible branching
ratio, where the Higgs is produced according to the Standard Model in association with a pair
of top quarks.

1 Introduction

Despite compelling astrophysical evidences supporting the existence of a non-luminous compo-
nent of matter in the universe, dark matter (DM), its nature remains largely unknown 1,2.

In this proceeding, models where the DM candidate is a weakly interacting massive particle
(WIMP) are considered. At the Large Hadron Collider (LHC), pair-produced WIMP DM does
not interact with the ATLAS detector 3 and it can be detected only if produced in association
with Standard Model (SM) particles, leading to signatures with missing transverse momentum
(Emiss

T ). This proceeding focuses on simplified dark matter models characterised by the intro-
duction of a spin-0 particle mediator. Due to the Minimal Flavour Violation assumption 4, the
interaction between any new neutral spin-0 state and SM quarks is proportional to the fermion
masses via Yukawa-type couplings. In this configuration, DM pairs produced in association with
the heaviest SM particle, the top quark, is the dominant production mode.

The results of the statistical combination of three searches 5 targeting events with two top
quarks and invisible particles are presented. These searches consider either zero- (tt0L 6), one-
(tt1L 7) or two-lepton (tt2L 8) final states, using 139 fb−1 of pp collisions data recorded by
the ATLAS detector at a centre-of-mass energy of

√
s = 13 TeV. The associated production of

spin-0 mediators with a single top quark is also considered since it presents a sizeable, albeit
non-dominant, cross section especially for higher mediator masses 9,10,11.

The specific case where the mediator corresponds to the SM 125 GeV Higgs boson is also
considered to interpret the results presented in this paper. In the SM, the invisible Higgs boson
branching ratio, BH→inv, is 0.12% from H → ZZ → 4ν decays 12 and higher branching ratios to
invisible particles are predicted by Higgs-dark matter portal models 13,14,15.
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2 Analysis strategy

The analyses considered in this paper rely on a set of regions defined to obtain maximal sig-
nificance for the targeted signal events (referred to as signal regions, SR). They all require the
presence of at least one b-tagged jet and Emiss

T in the event.
Two analyses target leptonic final states. The tt1L analysis 7 selects events with exactly one

lepton (e or μ) and it is based on the Emiss
T triggers. The tt2L analysis 8 targets events with

exactly two opposite-charge leptons (e or μ) in the final states selected with dileptonic triggers.
In both analyses no significant excess was found and constraints were set respectively up to 200
GeV and 250(300) GeV for scalar(pseudoscalar) mediator masses.

The tt0L analysis on the other hand targets decay chains with no leptons in the final state.
The original analysis, referred to in this proceeding as tt0L-high MET, was previously published
in Ref. 6, with a 2σ excess observed in one of its SRs. It uses the Emiss

T triggers to select events
with large missing transverse momentum (Emiss

T > 250 GeV and S = Emiss
T /σ(Emiss

T ) > 14)
and requires at least one highly energetic, hadronically decaying top quark candidate. In this
proceeding this analysis is extended and improved with an additional tt0L-low MET selection,
benefiting from the Run-2 improvements in the trigger selection of jets containing b-hadrons
(b-jets). The tt0L-low MET relies on a combination of Emiss

T and b-tagged jet triggers to retain
events with lower-momentum objects that fail one of the tt0L-high MET analysis criteria and
have either Emiss

T ∈ [160, 250] GeV or Emiss
T > 250 GeV but softer objects. The tt0L-low MET

selection is therefore designed to maximise the sensitivity to DM+tt̄ signals with low mediator
masses (m(φ),m(a) < 100 GeV).

For the statistical combination, common event-quality criteria and object reconstruction and
identification definitions for leptons, jets, b-tagged jets and Emiss

T are applied in all analyses.The
requirements on lepton multiplicity guarantee that the three channels are by construction non-
overlapping. Further kinematics, isolation and identification requirements are applied to each
object in the individual analysis channels and specifically optimised for each topology.

For all analyses in this paper, background-enriched selections (control regions, CR) are
defined to aid with data the estimation of the dominant SM backgrounds and validation regions
(VR) are used to verify the robustness of this estimate. In these regions, the background
prediction agrees with the data within 1 σ.

Observed and expected event yields in the signal and control regions are used in Poisson
probability functions to build a likelihood function and combined into a profile likelihood fit.
A profile likelihood ratio is employed to exclude at 95% Confidence Level (CL) the signal-plus-
background hypothesis using the CLs method 16 for the considered signal models.

3 Results

Exclusion limits at 95% CL are presented in Figure 1a and 1b for DM models with a spin-0
scalar mediator particle for tt0L and total combinations respectively and compared to the single
channels, assuming a coupling of g = gq = gχ = 1 and a DM mass of 1 GeV. Top quark pair final
states (DM+tt̄) and single top quark final states (DM+tW and DM+tj) are both considered.
The tt0L-low MET selection improves the expected scalar (pseudoscalar) mediator standalone
cross section limit of the tt0L-high MET by up to 15% (5%) and it is strongest for mediator
masses values around 10 GeV.

For scalar (pseudoscalar) DM models, the combination extends the excluded mass range by
100 (30) GeV with respect to the best of the individual analyses, excluding mediator masses up
to 370 GeV. In addition, the combination improves the expected cross section limit by 14% and
24%, for low-mass scalar and pseudoscalar DM mediators, respectively.

The negative logarithmic profile likelihood ratios −2Δln(Λ)(BH→inv; θ) as a function of
BH→inv from the individual analyses and of their combination are shown in Figure 2. The sta-
tistical combination of the three analyses yields a best-fit value of BH→inv = 0.08+0.16

−0.15, consistent

448



8 910 20 30 40 50 210 210×2
) [GeV]φm(

1−10×3

1

2
3
4

10

20
30
40th

eo
ry

σ/σ

tt0L-high
tt0L-low
tt0L combination

expected limits
observed limits

 PreliminaryATLAS

All limits at 95% CL
-1=13 TeV, 139 fbs

DM+tt and DM+t

χχ→φ,φScalar
= 1χ= gqg

 = 1 GeVχDirac DM, m

(a)

8 910 20 30 40 50 210 210×2
) [GeV]φm(

1−10

1−10×2

1−10×3

1

2
3
4

10

20
30

th
eo

ry
σ/σ

tt0L
tt1L
tt2L
combination

expected limits
observed limits

 PreliminaryATLAS

All limits at 95% CL
-1=13 TeV, 139 fbs

DM+tt and DM+t

χχ→φ,φScalar
= 1χ= gqg

 = 1 GeVχDirac DM, m

(b)

Figure 1: Exclusion limits for colour-neutral scalar mediator dark matter models for (a) the tt0L and (b) the
total combinations as a function of the mediator mass m(φ) or m(a) for a DM mass mχ = 1 GeV. Associated
production of DM with both single top quarks (tW and tj channels) and top quark pairs is considered 5.
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Figure 2: (a) The expected negative logarithmic profile likelihood ratios −2Δln(Λ) as a function of BH→inv for
the each of the three channels and their statistical combination. (b) Shown are the same distributions for the
observed curves 5.

with the SM prediction of 0.12%. The combined observed 95% CL upper limit on BH→inv is 0.40
while the expected value is 0.30+0.13

−0.09. The individual analysis results are presented in Table 1.

Table 1: Summary of results from direct searches for invisible decays of the 125 GeV Higgs boson in the tt̄H
topology using 139 fb−1 of Run 2 data, and their statistical combination 5.

Analysis
Best fit Observed Expected

ReferenceB(H → inv) upper limit upper limit

tt0L 0.48+0.27
−0.27 0.95 0.52+0.23

−0.16
6, this document

tt1L −0.04+0.35
−0.29 0.74 0.80+0.40

−0.26
7, this document

tt2L −0.09+0.22
−0.20 0.39 0.42+0.18

−0.12
8, this document

tt̄H comb. 0.08+0.16
−0.15 0.40 0.30+0.13

−0.09 This document

4 Conclusion

In summary, a statistical combination of three analyses using 139 fb−1 of pp collisions delivered
by the LHC at a centre-of-mass energy of 13 TeV and collected by the ATLAS detector has been
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presented. The three analyses all select events with two top quarks and invisible particles and
consider all possible light lepton multiplicities arising from the decays of the two top quarks.

The statistical combination is used to set 95% confidence level constraints to spin-0 simplified
dark matter models. All production modes with top quarks in the final state (DM+tt̄, DM+t)
are considered. For scalar (pseudoscalar) dark matter models, the combination extends the
excluded mass range by 100 (30) GeV with respect to the best of the individual channels,
excluding mediator masses up to 370 GeV for unitary couplings assumptions. In addition, the
combination improves the observed coupling exclusion limit by 24%, assuming a pseudoscalar
mediator of 10 GeV.

The specific case where the mediator corresponds to the SM 125 GeV Higgs boson is also
considered to interpret the results presented in this paper. An upper limit on the Higgs boson
invisible branching ratio of 0.40 (0.30+0.13

−0.09) is observed (expected) at 95% confidence level.

© 2022 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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Asymmetric Accidental Composite Dark Matter
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The goal of this work is to find the simplest UV completions of Accidental Composite Dark
Matter models that can dynamically generate an asymmetry for the Dark Matter candidate,
the lightest dark baryon, and simultaneously annihilate the symmetric component. In this
framework Dark Matter is an accidentally stable bound state of a confining SU(N)DC gauge
group that can interact weakly with the visible sector. The generation of asymmetry for such
candidate happens via the out-of-equilibrium decay of two flavors of a heavy scalar φ, with
mass Mφ > 1010 GeV. Below such scale, the models recover accidental stability, or long-
livedness, of the Dark Matter candidate. The symmetric component is annihilated by residual
confined interactions provided that the mass of the dark baryon mDCb < 75 TeV.

1 Introduction

The nature of Dark Matter (DM) is unknown, and its understanding is one of the major problems
of fundamental physics. Current experiments indicates that its abundance ΩDM is close to the
baryonic one (Ωb)

1:

ΩDMh2 = 0.11933± 0.00091s � 5Ωbh
2 . (1)

Despite the huge experimental effort, little is known about DM properties, except that it must be
stable (or very long-lived at least), and interacting weakly with Standard Model (SM) particles.
Stability of DM can be explained by replicating the success of the SM in predicting proton
stability. If the DM is a composite particle charged under a new gauge interaction, gauge
invariance can lead to the existence of an accidental symmetry that stabilizes the DM, like the
dark baryon number U(1)DB. This suggests to explore models of Composite DM, in which the
DM is a composite object stabilized by an accidental symmetry of the low energy theory.
In recent years, Composite DM models have been studied in their asymmetric version2,3 (ADM).
In ADMmodels only the DM particles make up the observed abundance, while their antiparticles
are absent. This scenario has a distinct phenomenology with respect to the symmetric case.
Indeed the absence of residual annihilations and the presence of extra intractions in the Dark
Sector (DS) can lead to the formation of bound states (BSF) of DM particles like dark nuclei,
both in the early 4,5 and late universe. BSF has peculiar Indirect Detection signatures if the
DS has electroweak interactions under the SM 6,7. ADM models can also shed light on the
coincidence between the visible and DM energy density of Eq.1, by relating the baryon and DM
asymmetry via some mechanism, like the decay of a heavy particle.
However, as pointed out by Sakharov8, in order to generate an asymmetry in the DS the U(1)DB
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responsible for stabilizing the DM must be broken. This can potentially make the DM decay
too fast, especially for multi-TeV masses. The goal of this work 9 is to explore how the ADM
paradigm can be reconciled with the accidental stability found in Composite DM models.

2 Accidental Composite Dark Matter models

Our starting points are Accidental Composite Dark Matter models10. These models feature new
vector-like fermions, the dark quarks Ψ (DCq), with mass mΨ and charged in the fundamental
of a new QCD-like confining gauge group SU(N)DC, the dark color (DC). Below the DC con-
finement scale ΛDC � mΨ, the DCq’s bind into stable dark baryons (DCb) and unstable light
dark pions (DCπ ). The DCb stability is ensured by the accidental dark baryon number U(1)DB

under which each DCq is charged by one unit.
Yukawa interactions between DCq’s and the Higgs break the species number of the various DCq
and allow the decay of DCπ ’s. Notice that in general the DCq’s will be charged under the
SM. The only requirement is that their SM charges are such that the DM particle (i.e. the
lightest stable DCb) is neutral, or at most weakly charged. This implies that light, unstable,
SM-charged DCπ ’s can be produced at colliders. This sets a lower bound on the DCb mass
mDCb > O(1) TeV, except for the model containing only the SM singlet DCq N .
The mass of the DCb is set by matching the observed relic abundance. The DCb is kept in chemi-
cal equilibrium with its antiparticle (DCb) via non-perturbative annihilations. This cross section
can be parametrized as 〈σv〉 ≈ 100/m2

DCb. The observed ΩDM is obtained for mDCb ≈ 100 TeV.

3 Asymmetric Accidental Composite Dark Matter models

3.1 Asymmetric abundance

Consider now a scenario with a primordial asymmetry of DCb ηDM ≡ (nDCb − nDCb)/s, where
nDCb, nDCb are the number densities of the DCb and its antiparticle respectively, and s is the
entropy density. The DM abundance is set only by the DCb’s provided nDCb � nDCb:

ΩDM ∝ ηDMmDCb . (2)

In this scenario the annihilation cross section must be larger than in the symmetric case in
order to annihilate the residual symmetric component. While in other models in the literature
this condition requires extra interactions, in the framework of ACDM the non-perturbative
annihilations can provide such large cross sections. By properly solving the Boltzmann equations
for the symmetric and asymmetric components 11, it is possible to show that if mDCb < 75 TeV,
the former drops below 1% of the total observed density, making the model asymmetric.

3.2 Generating the asymmetry

The models still lack a way to generate the asymmetry ηDM. Any UV completion aiming at
doing so must break the stabilizing U(1)DB. In the UV theory, restricting to renormalizable
terms, no U(1)DB-breaking operator can be written by adding only fermions. This forces to add
a new scalar φ charged under SU(N)DC. The possible scalar interactions can be classified in
three categories:

φΨψSM , φΨΨ , V (φ,H) , (3)

where ψSM is a generic SM fermion, and in the second Yukawa the two DCq’s are contracted so
that the bilinear carries a net U(1)DB charge. V is a potential term that contains interactions
violating φ-number:

V (φ,H) ⊃ φ3 , φ4 , φ3H∗ . (4)

452



If only a single term of the one in Eq.3 is present, it is always possible to consistently assign
a U(1)DB charge to φ such that U(1)DB is conserved, thus preventing the production of a net
asymmetry. Therefore the presence of at least two of such operators is required. From this,
together with the assumption that the DCq’s are in the fundamental of SU(N)DC, it follows
that NDC = 3, 4. Out of all the possibilities, we found two viable classes of models:

• φΨΨ + V (φ). The interactions require φ to be in the 2-symmetric representation of
SU(N)DC. The models predict an exactly stable DCb via an accidental Z2 symmetry
under which the DCb is charged. There is no link with the baryonic asymmetry ηb. The
DCb’s can oscillate into their antiparticles, provided Mφ < 1013 GeV.

• φΨψSM + V (φ). The scalar is in the (anti)fundamental of SU(N)DC. The models predict
unstable, but very long-lived DCb’s. Since in the model ηb ∼ ηΨ, a simultaneous explana-
tion of the two abundances is possible only for mDCb � 5 GeV. This is allowed by collider
bounds only if the DCq is the SM singlet N . By properly charging φ under the SM it is
possible to obtain the needed interactions for this case:

λφ3H∗ + yφ†qLN + h.c. (NDC = 3) . (5)

Models realizing the breaking of U(1)DB via two Yukawas lead to DCb decay faster than the
bounds on DM lifetime 12 τ−1 ≤ 10−53 GeV, provided mDCb � O(10) TeV, O(1) couplings and
Mφ lower than the Planck scale.
The next step is to show that the interactions introduced are enough to generate the proper
amount of asymmetry ηDM needed to satisfy Eq.2. By introducing two flavors of the scalar
φH,L with similar masses MφH

� MφL
= Mφ, there is enough CP violation to guarantee that

the out-of-equilibrium decays of the φ’s, shown in Fig.1 (left and center), will produce enough
asymmetry for masses in themDCb < 75 TeV range. The wash-out of the asymmetric component
can be avoided for technically natural values of the couplings starting from Mφ > 1010 GeV.

φH

Ψ

Ψ

φH

φL

Ψ

Ψ

Ψ

Ψ

Ψ

Ψ

Ψ Ψ

Figure 1 – Examples of U(1)DB-violating processes involving the scalar φ in the φΨΨ+V models. Arrows denote
U(1)DB-number flow. Dashed (solid) lines indicate scalars (fermions). Left and Center: decays of the scalars
into the DCq’s, responsible for generating ηDM. Right: process responsible for the oscillation-inducing Majorana
mass of the DCb (Ψ3 in this case).

4 Phenomenology

As remarked before, Composite Asymmetric Dark Matter models have peculiar phenomenolog-
ical signatures that distinguish them from their symmetric counterpart: BSF 7 leads to specific
γ-lines, and mDCb is lighter in the ADM case. Compositeness in principle can be probed via
gravitational waves coming from the confinement phase transition 13. Their typical frequencies
will be different with respect to the symmetric case due to the smaller ΛDC. Compositeness also
implies that the DM has magnetic (and possibly electric) dipoles that can be tested at Direct
Detection experiments such as XENON.
The asymmetry generation mechanism i.e. the scalar φ, can be probed in the φΨΨ+ V model.
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Indeed the low energy theory includes a U(1)DB-violating DCb Majorana mass, shown in Fig.1
(right). If Mφ < 1013 GeV, this term can induce oscillations between the DCb and its an-
tiparticle, and lead to detectable late time residual annihilations. This process can in principle
wash-out the asymmetry of free DCb’s. The fraction of DCb’s that are bound in dark nuclei
will not oscillate: the binding energies inside a dark nucleus are different between the DCb and
DCb.

5 Conclusions

In this work we built UV completions of Accidental Composite Dark Matter models that lead
to an Asymmetric Dark Matter scenario. In order to do so, the stabilizing U(1)DB must be
broken. This is done by introducing a heavy scalar, whose decay generates the correct DM
asymmetry. The symmetric component is annihilated by residual confined interactions between
the DCb’s and their antiparticles. We found two possible classes of models. The first predicts
a stable DCb, that can oscillate into its antiparticle (provided it is not bound in dark nuclei).
The second class predicts unstable but long-lived DM. A simultaneous explanation of Ωb implies
mDCb in the GeV range, which is allowed only in the Ψ = N model, with suitable SM charges
for φ. We briefly discussed the phenomenology of Asymmetric ACDM models, pointing out that
they can be distinguished from other DM scenarios.
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New topological analysis of the SoLid data
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The SoLid experiment is a very short-baseline (< 10m) reactor-neutrinos detector installed
at the BR2 research reactor of SCK·CEN (Mol, Belgium). It is aimed at searching for active-
to-sterile antineutrino oscillations to apprehend the so-called reactor antineutrino anomaly
(RAA). An innovative detector concept was developed based on a sandwich of composite
polyvinyl-toluene and 6LiF:ZnS(Ag) scintillators. We present a novel method to select the
antineutrino candidates based on the analysis of the electromagnetic part of the inverse beta
decay signal. Selection employs categorizing the events according to its geometry in the
detector (topologies). The analysis has been developed in a blind way and the method is
validated with a small fraction of the data sample.

1 Introduction

The reactor anti-neutrino anomaly has been massively revisited since its first occurrence in
2011 1. With updated nuclear models and the latest results from the reactor experiments, the
significance of the deficit of the measured anti-neutrino flux with respect to the predicted one
has decreased from 2.5σ to 1σ or even completely disappeared 2. On the other hand, Gallium
anomaly along with a ”5 MeV bump” remains unexplained 3. However, even with the current
very tight constraints, it still can be accounted for with the existence of an additional light sterile
neutrino state, mixing with the 3 known active neutrinos. Since the largest oscillatory behavior
is predicted at the very short distances from the reactor, the reactor experiments with a very
short baseline are one of the cleanest ways to address the question. Proper background rejection
is of uttermost importance to ensure the proper flux and energy spectrum measurements.

2 SoLid detector

The SoLid detector is capable of performing the measurements at distances between 6.7 and 9.2
meters. The very short baseline of this highly segmented detector is reducing the amount of
the reactor background. The fuel of the reactor core, 95% enriched in 235U , simplifies further
the spectrum modeling. The physics mean to detect the anti-neutrinos is Inverse Beta Decay
(IBD):
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ν̄e + p→ n+ e+(γγ) (1)

There are 12800 cubes with a side size of 5 cm in the SoLid detector. They are distributed
in 50 planes of 16×16 cubes each. In order to be able to detect both positron and neutron of
the IBD signal, each detection cell employs the double scintillation technique. The cube itself
is made out of polyvinyl-toluene (PVT) plastic scintillator. This hydrogen-rich material is used
not only as a target for the anti-neutrino, but also to detect the positron and the two subsequent
back-to-back annihilation γ. The high granularity allows to precisely determine the position of
the interaction and distinguish the ionisation and annihilation contributions of the positron.
Such a feature permits to create a very strong signature of the signal to keep the background at
an acceptable level. In addition, each cube is wrapped from two sides with 6LiF:ZnS(Ag) layers.
6Li is used to capture the thermalized neutron, while the inorganic ZnS scintillator allows to
detect the products of the following reaction:

n+6 Li→ α+ T (2)

The short prompt part of the signal from the positron (ES) and the long delayed part
from the neutron (NS) are correlated with the neutron moderation time (around 65μs). This
complements the signature of the process. The obtained light is transported to the read-out
system using wavelength-shifting optical fibres (2 vertical and 2 horizontal in each cube). And
converted afterwards into an electrical signal proportional to the number of detected photons
by the silicon photo-multipliers (SiPM). This readout information becomes the raw response of
the detector.

3 CCube algorithm & Topologies

The signal candidates, and singularly its ES part, must be defined from the raw information.
The most natural and convenient way to present the data and use maximally the granularity
of the detector is to apply the reverse-engineering approach to define the list of the scintillating
cubes involved in the event. This is the purpose of the CCube algorithm. In a simplified form
the reconstruction problem looks like the following:

AE = p , (3)

where E is the set of unknown energy contributions, p the values readout by the SiPMs and
A is a system matrix (SM) which acts as a projector of the deposited energy to the SiPMs. This
matrix must take care of multiple aspects: light leakages (the fact that the fraction of light from
the cube also contributes to the neighboring cubes); the fraction of the scintillating photons
reaching the SiPMs depending on the position of the cube in the detector; the scaling factor to
convert the energy into MeV etc. The SM is determined from horizontal muons, described in the
following subsection. Let us focus here on the solving of the equation itself. It has been widely
studied in medical imaging science and lately in high-energy physics 4. The current baseline
method in SoLid is employing a hybrid of the simplified Orthogonal Matched Pursuit (sOMP)
with the Maximum-Likelihood Expectation-Minimization method (ML-EM). The preference for
the initialisation point is given to the cubes which are at the cross of the fibers having read out
the largest number of photons. This choice makes the ML-EM algorithm to converge efficiently.
ML-EM itself has been chosen since SiPM readouts are following the Poisson distribution. The
combined methods allows to maximize the reconstruction efficiency of the cubes and minimize
the creation rate of the mistakenly assigned cubes.

Once the list of cubes is defined we proceed with the categorisation of events according to
their geometrical properties (topologies). The most complicated patterns correspond to events in
which one can reconstruct three electromagnetic clusters (1 from e+ annihilation + 2 annihilation
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γ). Such patterns are not likely to be reproduced by background events. Thus, focusing on the
events, where the 2γ have been reconstructed provides a set of clean signal candidates. Moreover,
dedicated background samples can be satisfactorily understood.

4 Calibration with horizontal muons

Cosmic muons are a common and practical source of calibration in physics. Selecting horizontal
muons (i.e. crossing only one cube in the z plane of the detector) can provide even further
advantages in the context of the SoLid experiment. As each plane is optically decoupled due to
HDPE sheets it can be treated as a separate reconstruction problem. It is tackled in two steps.
Firstly, despite that horizontal muon hits one cube by definition, according to the Figure 1
there is more than one cube involved in each plane. That is happening because the scintillation
photons are leaking to the neighboring cubes and readout by the neighboring fibers in the end.
Since muons are depositing about 2 MeV per cm, this effect is accurately measured.
Secondly, by construction, energy in each plane is solely provided by the muon crossing the
cube. In addition, the muon track length is reconstructed as well. Thus, both components for
quantification of the dE

dx fraction are available. The distribution is obtained on cube per cube
basis. The following step is to align the mean values of all the cube responses to the overall
one (including dE

dx from each cube). As such, the calibration is relative, and the individual
characteristics of each cube are encoded inside the SM. Finally, with such an approach it is
enough to absolutely calibrate only one cube. The method is flexible, so different references
(calibration sources, average dE

dx expectation value,...) can be used for the absolute calibration.
Another advantage of this method is that it embodies the entire readout within the SM and
avoids to rely on specific assumptions in the simulation. The precision of the calibration is
limited by the muon statistics (e.g. 10 days are providing 1% stat unc.). It provides a further
handle to check the evolution of the detector response in time. The right plot at the Figure 1
is summarizing the mean detector response with the calibration procedure performed with the
10 days statistics of horizontal muons. The contributions of the light to each fiber in the main
and the neighboring cubes is displayed. The method allows to measure the asymmetry between
light leakages between horizontal and vertical fibers.

Figure 1 – Left: an event display showing the reconstructed track of the horizontal muon from the reactor off
data in the y-z plane. Right: Average fractions of the scintillation light distribution between the fibers of the hit
cube and the neighboring ones. The results are obtained with the horizontal muon calibration.

5 Analysis of the open dataset

Even for the cleanest events with the most complicated patterns the level of the background
is still high. Thus, the multivariate approach is in order to reject the background in the most
efficient way. The boosted decision trees (BDT) trained with Geant4 MC IBD simulation against
reactor off data are employed. Since one type of the background is dominant, training against
the whole reactor off sample it is not the most proper way to proceed. The dedicated enriched
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sample for the two the most toxic considered sources of background are composed. In the end,
there are 3 BDTs (two based on the electromagnetic characteristics of the events and 1 based
on the geometrical) in work. To suppress background even more the BDT response is combined
with the 1-D convolutional neural network response based on the pulse-shape discrimination.
The 5 dimensional (3 BDTs responses + pulse-shape discrimination tool + EES) optimization
is performed to maximize the statistical significance (S/

√
S +B) of the signal.

The final signal and background discrimination is provided with the simultaneous unbinned
maximum likelihood fit. Characteristics used in fit are the distance in space (ΔR) and the
time (ΔT ) between NS and ES signals. It is impossible to provide the complete discrimination
by fitting the distance in time only since signal is sharing the same moderation time with an
atmospherics background contribution. The output of the (ΔT ) fit part can be seen at the right
plot of the Figure 2 with the signal component in dark blue.

Figure 2 – Left: Performance predictions wrt modifying one BDT cut in the 5D optimization (red), chosen working
point (blue) and obtained result (green). Right: Example of the ΔT fit part of the simultaneous ΔT -ΔR fit

The full analysis chain is done without looking on the reactor on data. The predictions are
checked with the control variables (i.e. the ones, which hasn’t participated in the BDT training).
An example of another type of the control plot is represented on the left in the Figure 2. The
possibles performances (with 4 out 5 cuts fixed and varying one BDT cut) are displayed in red,
chosen working point in blue and the result obtained from the open data set in green.

6 Conclusions

Novel reconstruction method (CCubes) is implemented to project optimally the measured fiber
energy into the list of cubes. Detector response is calibrated by using the horizontal muons. The
blind analysis has been developed to maximally use the granularity of the detector. Focusing
on the most complicated topologies (with 2 reconstructed γ) is providing a descent S/B. The
analysis strategy is validated with three weeks of the reactor on open dataset. Around 7k of
anti-neutrinos are expected for the SoLid Phase I. The sensitivity study to oscillation parameters
has to be conducted.

Optimized 2γ S/B = 1.2 (21.8 ± 2.1 ± 1.5 ν̄/d)
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LUXE: A new experiment to study non-perturbative QED in e−-laser and γ-laser
collisions
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The LUXE experiment (Laser Und XFEL Experiment) is a new experiment in planning at
DESY Hamburg using the electron beam of the European XFEL. At LUXE, the aim is to
study collisions between a high-intensity optical laser and up to 16.5GeV electrons from
the Eu.XFEL electron beam, or, alternatively, high-energy secondary photons. The physics
objectives of LUXE are to measure processes of Quantum Electrodynamics (QED) at the
strong-field frontier, where QED is non-perturbative. This manifests itself in the creation of
physical electron-positron pairs from the QED vacuum. LUXE intends to measure the positron
production rate in a new physics regime at an unprecedented laser intensity. Additionally, the
high-intensity Compton photon beam of LUXE can be used to search for physics beyond the
Standard Model.

1 Strong-field QED

The theory of Quantum Electrodynamics (QED) has been tested with unrivalled precision. Most
experimental tests of QED to this day, however, consider QED only in the perturbative regime.
LUXE 1 aims to probe QED in a new regime of strong fields, created in interactions between the
16.5GeV Eu.XFEL electron beam and a 40TW optical laser, as well as a secondary high-energy
gamma photon beam and the laser. The Lorentz boost of the electrons in conjunction with the
high-intensity laser create an electromagnetic field strength above the Schwinger limit 2 (in case
of an electric field Ecr = m2

ec
3/(e�) ≈ 1.32×1018V/m)a, where QED becomes non-perturbative.

Above the Schwinger limit, the work by the field over one Compton wavelength λ̄ = �/(mec)
of the probe electron is larger than the rest mass me. As a result, the QED vacuum becomes
polarized and processes to all orders of the electron-laser coupling contribute to the scattering
amplitude 3.

Two parameters govern the strong-field QED physics of LUXE: The classical nonlinearity
parameter ξ = mec

2E/(�ωLEcr), where ωL is the laser wavelength, E is the electromagnetic field

aHere, me denotes the electron mass, c the speed of light in vacuum, e the electron charge and � the reduced
Planck constant.
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Figure 1 – Feynman diagrams of strong-field QED processes at LUXE, showing non-linear Compton scattering
(left) and non-linear Breit-Wheeler pair production (right).

strength, and Ecr is the Schwinger critical field, quantifies the coupling between the laser back-
ground field and the probe particle. The probability of an n-th order electron-laser interaction
process is therefore proportional to ξ2n. The quantum non-linearity parameter χ = eEλ̄/(mc2)
characterizes the field strength experienced by the probe particle in its rest frame in relation to
the Schwinger critical field, as well as the recoil experienced by the probe particle emitting a pho-
ton. The two parameters are related via the equation χ = ξη, where η = γ�ωL(1+cos θ)/(mec

2)
is the energy parameter, γ is the relativistic Lorentz factor, and θ is the electron-laser crossing
angle (θ ≈ 17.2◦ in LUXE).

The main processes of strong-field QED probed by LUXE are non-linear Compton scattering
(see fig. 1 (left)) and non-linear Breit-Wheeler pair creation (see fig. 1 (right)). In non-linear
Compton scattering, the probe electron absorbs multiple laser photons and emits a single high-
energy photon. The distinct feature of non-linear Compton scattering is the displacement of
the Compton edge as function of the laser intensity parameter ξ, due to the fact that the probe
electron acquires a larger effective mass m∗e = me

√
1 + ξ2 in the laser field. Figure 2 (left) shows

the Compton electron energy spectrum for different values of ξ simulated with the Ptarmigan
strong-field QED generator package 5.

Breit-Wheeler pair production is the field-induced creation of a physical electron-positron
pair from the QED vacuum. In this process, a high-energy photon, produced in the LUXE e−-
laser collision mode via non-linear Compton scattering, or, in the LUXE γ-laser mode, stemming
from a secondary high-energy photon beam, absorbs multiple laser photons and produces an
electron-positron pair. This process has no classical equivalent, unlike the Compton process,
therefore it is a direct probe of non-perturbative QED. The positron production rate, ΓBW is
one of the main quantities of interest for LUXE. Figure 2 (right) shows the behaviour of ΓBW
as a function of the laser intensity ξ. For ξ � 1 the positron rate ΓBW follows a power law
ΓBW ∼ ξ2n. In the regime ξ � 1, a departure from the power-law characteristic occurs, where,
for χ� 1, ΓBW scales according to:

ΓBW ∝ exp

[
−3

8

1

ωγ(1 + cos θ)

Ecr
EL

]
. (1)

In the fully non-perturbative regime, where ξ � 1 and χ� 1, radiative quantum corrections
to all orders contribute to ΓBW. An equivalent to eq. 1 in the case where χ � 1 can be found
in the following article 4.

2 LUXE experimental setup

Figure 3 shows the LUXE experimental setup for the e−-laser collision mode (left) and the γ-
laser collision mode (right). In the e−-laser mode, the 16.5GeV electron beam directly travels
to the interaction point where it collides with the high-intensity laser. In the γ-laser mode, a
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Figure 2 – Left: Simulated Compton electron energy spectrum for one electron-laser bunch crossing as a function
of the laser intensity ξ in the LUXE e−-laser mode. Right: Breit-Wheeler positron rate as a function of ξ in the
LUXE γ-laser mode. Uncertainty corresponds to one week of data-taking.

secondary high-energy photon beam is created by impinging the electron beam on a Tungsten
Bremsstrahlung target, or, alternatively,by colliding the beam electrons with a low-intensity
laser pulse to produce Compton photons with a narrow energy bandwidth.

The laser system foreseen for LUXE is a commercially sourced titanium-sapphire (λ =
800 nm) 40TW pulsed laser system (LUXE phase-0), which is upgradeable to 350TW (LUXE
phase-1). The parameter space in terms of the nonlinearity parameters ξ and χ that is acces-
sible with the phase-0 (phase-1) laser setup is ξ < 7.9 (ξ < 23.6) and χ < 1.5 (χ < 4.45).
One of the main challenges of LUXE is the required shot-to-shot stability of the laser (< 1%
variation, < 5% intensity uncertainty), which is ensured by a dedicated suite of laser diagnostics.

The particle detectors in LUXE are used to detect electrons, positrons and photons and
to measure their energy based on the transverse displacement in a dipole spectrometer. Since
the particle rates per bunch-crossing (BX) in LUXE are vastly different, depending on the
run mode, location in the experimental setup and laser intensity, dedicated technologies are
used for each system. For the positron detection (10−3 < Ne+/BX < 104) a 4-layer silicon
tracker in combination with a high-granularity electromagnetic calorimeter is used. For the
Compton electron detection system the challenge is to reconstruct extremely high electron rates
(103 < Ne−/BX < 108). A finely segmented air-filled Cherenkov detector in combination with
a scintillator screen read out by an optical camera system provides a robust solution. Finally,
the photon energy spectrum is measured by a combination of three complementary detectors
in the forward region of the experiment. Firstly, the gamma spectrometer partly reconverts
the photon beam on a target into electron-positron pairs, which are subsequently analysed in
a dipole spectrometer using a scintillator and camera system similar to the one used for the
Compton-scattered electrons. Secondly, the gamma beam profiler studies the beam distribution
in the transverse plane using sapphire strip detectors, in order to precisely determine the laser
intensity ξ. Finally, a lead-glass calorimeter monitors backscattered particles from impinging
the photons on the final dump, thereby measuring the total photon flux. In general, at least two
complementary detector technologies are foreseen for each location in LUXE, to enable cross-
calibration and the reduction of systematic uncertainties.

In addition to the LUXE strong-field QED program, the experimental setup can be extended
to probe physics beyond the Standard Model (BSM) coupling to photons 6. Rare BSM particles,
such as axion-like particles (ALPs) could be produced in the interaction of the LUXE high-
intensity Compton photon beam with the photon beam dump material, for example via Primakov
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Figure 3 – Left: Schematic of the LUXE experimental setup in e−-laser mode. Right: LUXE experimental setup
in γ-laser mode.

production. A photon detector placed in a well-shielded area behind the beam dump can be
used to search for ALPs decaying to two photons in the volume between the dump and the
detector. The expected sensitivity of the LUXE extended setup is comparable to ongoing and
planned experiments searching for ALPs.

3 Conclusion

The aim of LUXE is to probe QED in a new regime of strong-fields, by studying collisions between
the EU.XFEL electron beam, or a high-energy secondary gamma photon beam, with a high-
intensity optical laser. Running LUXE as a collision experiment in continuous data-taking mode
will enable precision measurements of strong-field QED processes, such as non-linear Compton
scattering and Breit-Wheeler pair production. The laser system and particle detectors in LUXE
are custom-designed in order to meet the physics goals. LUXE will likely be the first experiment
to take precision measurements in a regime of QED never before explored in clean laboratory
conditions and to study high-intensity laser collisions with real high-energy gamma photons.
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Constraining pseudo-Dirac neutrinos from a galactic core-collapse supernova

Manibrata Sen
Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

Neutrinos can be pseudo-Dirac in nature – Majorana fermions behaving as Dirac fermions for
all practical purposes. In such a scenario, active and sterile neutrinos are quasi-degenerate in
mass, and hence oscillations between the two, due to their tiny mass-squared difference (δm2),
can develop only over very long baselines. Under this hypothesis, we analyze the neutrino data
from SN1987A, and find a mild preference for a non-zero mass-squared difference. The same
data can also be used to exclude values of δm2 ∼ 10−20eV2 – the smallest constrained so far.
We also discuss how next-generation experiments like the DUNE and Hyper-Kamiokande can
probe this scenario for a future galactic supernova.

1 Introduction

The origin of neutrino masses has been eluding the particle physics community for decades.
Broadly, neutrino masses can either be categorized into Dirac, or Majorana, according whether
lepton number is a conserved symmetry of the Standard Model (SM) or not. In fact, probing
lepton number violation is one of the very few ways to distinguish between these two hypothesis,
since in the relativistic limit, Dirac and Majorana neutrinos behave identically in oscillation
experiments. However, it is also possible that while lepton number is violated in the SM, it
happens in a controlled, soft manner, such that for all practical purposes, neutrinos behave
as Dirac fermions, although they are originally Majorana fermions. These pseudo-Dirac (PD)
fermions are characterized by a maximal mixture of almost degenerate active and sterile states.
Such a tiny mass-squared difference δm2 allows for the possibility of oscillations between active-
sterile neutrinos over very long baselines.

Since these active-sterile oscillations take place over a long distance ∝
(
Eν/δm

2
)
, the

strongest bounds come from astrophyical sources like solar neutrinos 1(δm2 � 10−12eV2), atmo-
spheric neutrinos 2(δm2 � 10−4eV2), and even smaller values (δm2 ∼ 10−24eV2) can be probed
by a measurement of the diffuse supernova background neutrinos 3. Of particular interest to
this scenario is a galactic core-collapse supernova (SN), which emits almost all of its energy in
the form of O(MeV) neutrinos. The relatively small energy of the neutrinos, coupled with the
baseline of around O(kpc), makes it a natural laboratory to test oscillations driven by tiny δm2.

In this proceeding based on 4, we will discuss how one can use neutrino observation data
from SN1987A by the Kamiokande-II (KII) collaboration 5, the IMB collaboration 6 and the
Baksan collaboration 7 to probe active-sterile oscillations arising in the PD hypothesis. Using
an unbinned likelihood analysis, we find that the combined data from all the three experiments
have a slight preference for active-sterile oscillations, over the no-oscillation hypothesis. On the
other hand, one can use the same observations to constrain a mass-squared difference, δm2 ∼
10−20eV2, the smallest value probed so far. Finally, we also discuss how future experiments like
the Hyper-Kamiokande (HK) and the Deep Underground Neutrino Experiment (DUNE) can
utilize a galactic SN to constrain even tinier values of δm2, thereby providing stringent bounds

463



on the PD hypothesis.

2 Pseudo-Dirac Neutrinos

The SM can be minimally extended by adding three right handed neutrinos (N). After elec-
troweak symmetry breaking, the neutrino mass matrix (Mν) consists of a Dirac mass term,
given by Y v/

√
2 (where v/

√
2 denotes the Higgs vacuum expectation value, and Y refers to the

Yukawa matrix), and a Majorana mass (MN ) term. The limit of soft lepton-number violation
is achieved by setting MN � Y v, such that MN breaks the degeneracy between the masses of
the left and right handed states. In such a limit, Mν can be diagonalized by a 6 × 6 unitary
matrix, consisting of two diagonal unitary matrices: the PMNS matrix U , and another unitary
matrix UN that diagonalizes the sterile sector 8. A neutrino flavor field νβL (β = e, μ, τ) can be
written as a superposition of an active and a sterile field, such that νβL = Uβk(νks + i νka)/

√
2

for k = 1, 2, 3. Note that due to the smallness of MN , the states are maximally mixed, and
have quasi-degenerate masses m2

ks,ka = m2
k±δm2

k/2. Henceforth, for simplicity, we will drop the

subscript k, and assume that the mass difference is the same for all states, given by δm2.

If the δm2 is much smaller than the mass-squared differences associated with the solar
and atmospheric differences, oscillations due to the latter are averaged out over astrophysical
distances, whereas those due to δm2 survive. The oscillation probability between νβ and νγ ,
driven by δm2, can be computed as,

Pβγ =
1

2

(
1 + e

−
(

L
Lcoh

)2

cos

(
2πL

Losc

))
×
∑
k

|Uβk|2 |Uγk|2 , (1)

where Losc = (4πEν)/(δm
2) indicates the oscillation length for a neutrino of energy Eν . Neu-

trinos traversing astrophysical baselines can be sensitive to decoherence due to separation of
wavepackets after a certain distance, given by Lcoh = (4

√
2E2

νσx)/(|δm2|), where σx measures
the size of the neutrino wave-packet.

3 Application to neutrino data from SN1987A

The neutrino fluence from a SN at a distance d can be approximated by the alpha-fit spectra 11,

φβ(Eν) =
Etot
E0β

1

4πd2
(1 + α)1+α

Γ(1 + α)

(
Eν

E0β

)α

e
−(1+α) Eν

E0β , (2)

where E0β is the average energy for νβ , and Etot gives the total energy emitted in ergs. Here,
α = 2.3 determines the width of the distributions, and we fix d = 50 kpc.

To test our hypothesis, we consider that the fluence in Eq. 2 gets processed by the PD
probability in Eq. 1, and fit it to the O(30) events observed in KII, IMB and Baksan in total.
We perform an unbinned extended likelihood (L ) analysis for each experiment, by carefully
adopting the background treatment 9. We take effectively two flavors e, and x, which can be a
linear combination of μ and τ . We fit the parameters {Etot, E0e, E0x, δm

2}, while σx = 10−13 m
is kept fixed 10.

In the left panel of Fig. 1, we demonstrate the results of our fit through Δχ2 ≡ −2(lnL −
lnLmax), which is calculated as a function of δm2, by marginalizing over the other parameters.
In this analysis, values of δm2 < 10−21eV2 correspond to no active-sterile oscillations, as the
oscillation lengths are longer than what is relevant for a galactic SN. We find that KII (light-
blue dashed) prefers a non-zero δm2 at a Δχ2 ≈ 1.1 over the non-oscillation hypothesis. This
is primarily because KII observed zero events in the energy range between (21MeV, 31MeV),
which is better explained in the PD hypothesis due to the presence of an oscillation minima.
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Figure 1 – Left: Plot showing marginalized Δχ2 as a function of δm2 for KII, IMB, Baksan, and the combined set
of three experiments. Right: Sensitivity plot on the δm2 − σx plane for DUNE and HK, along with the exclusion
contours from SN1987A for comparison.

Similarly IMB (green dotted) and Baksan (orange dot-dashed) also prefer the PD scenario by a
Δχ2 ≈ 1.7, although there is some tension between their best fit values.

Finally, the combined data from all three experiments prefer a non-zero value of δm2 = 6.31×
10−20eV2, disfavoring the no-oscillation scenario with Δχ2 ≈ 3. This is primarily dominated
by the tension in data between KII and IMB. Active-sterile oscillations due to δm2 allow to
reconcile this difference, by predicting a broader spectra for IMB, while leading to a suppression
of events observed in KII. Furthermore, the data can be used to exclude values 2.55×10−20eV2 �
δm2 � 3.0× 10−20eV2 with a Δχ2 > 9. This makes it the lowest values of δm2 constrained by
experiments till date, and provides the strongest constraints on the PD hypothesis. However,
one needs to do a more dedicated Monte-Carlo analysis, before assigning a statistical significance
to the exclusion region.

3.1 Sensitivity studies for a future galactic supernova

This brings us to an important question – in the event of a future galactic SN, where we are
far better prepared to detect thousands of events, how will the bounds on δm2 improve? For
the analysis, we consider DUNE and HK, because of their large fiducial volume, and excellent
energy reconstruction. We assume the SN to take place at 10kpc. For the analysis, we treat
Etot and E0 as free parameters, while δm2 is varied for a series of values of σx. This allows us
to get the sensitivity to both oscillations over large distances, as well as to decoherence due to
wave-packet separation.

Our results are depicted in the right panel of Fig. 1, which shows the 95% sensitivity contours
for DUNE (purple) and HK (green). We find that, for the baseline chosen, the maximum
sensitivity appears around δm2 ∼ 10−20eV2. For smaller values of δm2, oscillation baselines are
longer than 10kpc, and hence sensitivity decreases. However, for σx ≤ 10−14m, some sensitivity
still exists since a lower value of σx cancels the effect of low δm2. On the other hand, for
a larger δm2, decoherence nullifies the effect of rapid oscillations. Furthermore, for values of
σx > 10−13m, there is little sensitivity to values of σx since the coherence length remains larger
than the relevant baseline. We find that HK and DUNE results can be complementary, since
HK can probe smaller values of δm2 due to its massive size, whereas DUNE has more sensitivity
to larger values of δm2 due to its good energy resolution. To compare with existing results, the
region which can be explored using data from SN1987A is shown in blue. Both DUNE and HK
can easily probe a large chunk of the excluded region from SN1987A, and therefore, will be able
to strengthen the results significantly.
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4 Conclusion

The signatures of pseudo-Dirac neutrinos can be manifested through active-sterile oscillations
over long baselines. In this respect, we explored the scenario that neutrinos are pseudo-Dirac,
and studied the impact on the neutrino fluence from SN1987A. Curiously, we found that the
existing data from SN1987A presents a mild preference for the pseudo-Dirac hypothesis. Further-
more, using the same data, we excluded the tiniest values of mass-squared differences considered
so far, 2.55 × 10−20eV2 � δm2 � 3.0 × 10−20eV2, with a Δχ2 > 9. Finally, we used next gen-
eration experiments like DUNE and HK to study the constraints that can be imposed on this
scenario from a future galactic core-collapse supernova. Needless to say, the occurrence of a
galactic supernova will open up a plethora of avenues for exploration in neutrino physics.
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n− n′ oscillations: sensitivity of a first UCN beam experiment
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Oscillations of the neutron into a hidden sector particle are processes predicted in various
Standard Model extensions. This extra channel for neutron disappearance has not been tested
experimentally in large portions of the oscillation parameter space. Several efforts have been
recently made on revising the oscillation time limits at low mass-splitting in ultra-cold neutron
(UCN) storage experiments, and at larger mass-splitting in passing-through-wall experiments.
In this work, we present the expected sensitivity of an experiment searching for neutron hidden
neutron oscillations at intermediate mass-splitting via the application of magnetic fields in
the range B0 = 30− 1100 μT. This experiment was performed at the Institut-Laue-Langevin
using a novel UCN counter to monitor the beam flux. The measured UCN rate and the data
collection technique predict a sensitivity on the oscillation time at the level of a couple of
seconds.

1 Introduction

Models predicting the existence of hidden matter have gained special interest since they address
several yet unsolved problems in particle physics and cosmology simultaneously 1. One of these
models presents hidden matter as an exact copy of all known particles and their interactions,
named mirror matter. Particles in this extra sector, which were originally proposed as a solution
to the P-violation observed in the weak interaction 2, could mix with ordinary particles through
non-standard model interactions 3. Such processes could lead to new channels of CP and baryon
symmetries violation, and therefore shed light on the baryogenesis problem 4. In addition, it has
been argued that both sectors also interact through gravity, allowing to present mirror matter
as a natural candidate for dark matter.

The mixing of the neutron (n) with its hidden counterpart (n′) is described a by the Hamil-

aUsing natural units h̄ = c = 1
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Figure 1 – UCN beam setup for testing n− n′ oscillations at the PF2/EDM beam port at ILL reactor.

tonian 5

Ĥ =

(
mn +ΔE εnn′

εnn′ mn + δm

)
, (1)

with ΔE the neutron energy due to its interaction with environment, δm = mn′ −mn the mass-
splitting between the neutron and the hidden neutron masses, and εnn′ = 1/τnn′ the mixing
parameter accounting for the briefness of the oscillations. The general purpose of n−n′ probing
experiments is to trigger the n − n′ oscillations by canceling the energy degeneracy, i.e. by
matching ΔE and δm. This has been done via small magnetic fields (ΔE = μnB0 ∼ 10−3 neV)
in UCN storage experiments 6, and through material Fermi potentials (ΔE = VF ∼ 102 neV) in
regeneration experiments7. Apart from the 5σ anomaly reported by Berezhiani8 in UCN storage
experiments, no confirmation of n− n′ oscillations has been reported so far. The present work
targets scanning n− n′ oscillations on the yet unexplored energy range ΔE = 10−3 − 10−1 neV
via magnetic fields in the range B0 = 30 − 1100 μT. Moreover, inspection of this energy range
permits the reexamination of the intervals in the mass-splitting favored by the 5σ anomaly.

2 Experimental setup

At the EDM port of the PF2 instrument at the ILL we studied n − n′ oscillations by direct
measurement of the UCN flux. Unlike past UCN experiments, the setup did not include a
storage chamber. Instead, we searched for oscillations during the UCN passage across a 6-
m-long guide connecting the EDM beam port to an UCN counter. In order to scan the δm
parameter in the targeted range, a static magnetic field generated by a 5-m-long solenoid is
applied along the main guide (Figure 1). If the degeneracy cancels for a given magnetic field
(|δm| = μnB0), a signal of n− n′ oscillations would be observed as a drop of the detected beam
flux. Two correction coils were added at the solenoid edges to extend the magnetic-field coverage
and increase its uniformity. In addition, a 4.5-m-long cylindrical mu-metal shield was placed
around the solenoid to improve the magnetic-field uniformity.

3 UCN counting and background analysis

For the measurement of the UCN beam flux we used a novel gaseous UCN detector (GADGET).
This fast counter, specially developed by us for the n2EDM project 9, was essential at the ILL
EDM beam port where UCN fluxes can reach up to 106 s−1. The fast performance of GADGET
is based on its detection principle. After crossing a 30-μm-thick entrance window, UCNs enter
the detector sensitive volume filled with a gas-mixture of 3He and CF4 at 15 and 500 mbar,
respectively. Following the UCN absorption by the 3He nuclei, the emitted reaction products,
1H and 3H, induce scintillation on the CF4 molecules whose decay times are of 6 ns 10. A set of
three photo-multiplier tubes (PMT) optically coupled to the gas chamber convert the scintillated
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Figure 2 – Pulse shape analysis from GADGET counter measuring in normal conditions (left) and with no 3He
gas absorber (right). The total counting rates are 280 kHz and 1 kHz, respectively.

light into voltage pulses lasting up to 30 ns. These signals were read and filtered with a triple
coincidence window by the FASTER digital acquisition system, capable of sampling at 500 MHz
with 12 bits.

Background discrimination was based on pulse shape analysis (PSA) constructed with the
total integrated charge (Qtot) and amplitude (Atot) over the three PMT signals. Figure 2 shows
the PSA maps measured for two detector configurations during UCN delivery: 200 s of ordinary
detection (left side) and 3 hours recording with only CF4 gas filling at 500 mbar, i.e. no 3He (right
side). This last configuration allows the identification of three light-emitting processes different
from the main UCN detection. First, events produced from γ and β environmental backgrounds
interacting with the CF4 molecules are mostly contained in category ‘γ + β’. Second, events
created from the γ interaction with electrons of the chamber’s quartz windows are enclosed by the
‘Cherenkov’ category. Finally, ambiguous events also including UCN capture on nuclei different
from 3He build up a region mainly contained by category ‘UCN2’. This partitioning allows
defining the ‘UCN1’ category essentially free of background. Taking into account the counting
rates of both measured configurations, background contamination in ‘UCN1’ during ordinary
detection is estimated to be 0.04%, which is 5 times smaller than the statistical fluctuations.

4 Data taking and expected sensitivity

We formulate a self-normalized measurement of the UCN by counting the number of neutrons
(N) at three magnetic fields A, B and C. Performing a double counting at B, the normalized
ratio sensitive to n− n′ oscillations was defined as

RABC =
NB +N ′

B

NA +NC

⎧⎨⎩
= 1, if no oscillations
< 1, if oscillations at field B
> 1, if oscillations at field A or C.

(2)

Single measurements of RABC were obtained from the counting of UCN passing through the
experimental setup in cycles lasting 200 s. Few seconds of every cycle were discarded to ramp
the magnetic field and the rest was divided into 4 batches of 44 s where the magnetic field values
followed the sequence

{A,B,B,C} = {B0 − 20μT, B0, B0, B0 + 20μT}. (3)

The 20 μT magnetic field step inside a cycle was chosen larger than the resonance width (∼ 2.4
μT) so that oscillations would occur at only one of the field configurations. Correspondingly,
the magnetic field shifting step (ΔB0) in between cycles was set in ΔB0 = 3 μT to guarantee
that all the intermediate values were covered by the scanning process.
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Figure 3 – Expected sensitivity of the UCN beam experiment. The upper envelope is built with the 95% C.L.
exclusion regions between 125 and 215 μT. Individual contributions of three cycles are displayed with colored
regions to better illustrate the upper envelope shape. The same pattern extends over the full |δm|/μn range.

According to Eq. 2, a n− n′ oscillation signal is identified if |RABC − 1| > ζΔRABC , with ζ
a coefficient depending on the confidence level (CL), and ΔRABC the uncertainty of RABC . In
contrast, if all measurements of |RABC − 1| are contained within their uncertainties, the model
parameters τnn′ and δm can be bounded. Figure 3 shows the exclusion regions expected from the
‘no-signal’ scenario assuming RABC = 1 and an UCN flux ΦUCN ∼ 280 kHz, with uncertainties
purely derived from statistical fluctuations, i.e. ΔRABC ∼

√
4/(ΦUCN · 44 s) ∼ 2.7×10−4. Every

cycle measurement determines an exclusion region characterized by three maxima located at
|δm|/μn = A,B and C. The sensitivity at B is two times larger than the one at A or C due to
the larger counting time at the former (2 × 44 s). After scanning the triplet ABC every 3 μT
and overlapping the resulting exclusion regions, the upper envelope shows that τnn′ > 4 s for
any |δm|/μn contained in the targeted interval [30− 1100] μT.

5 Outlook

Given that no measurement has constrained δm in the targeted interval at the scale of few
seconds, this sensitivity analysis shows that the chosen scanning technique can result on a
new experimental limit of τnn′ . A later publication will be dedicated to the actual exclusion
obtained from the measured RABC points while considering extra model refinements such as the
field uniformities, UCN velocity distributions, and fluctuations of the neutron flux.
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We present some applications of the unitarity-based Dispersion Matrix (DM) approach to
the extraction of the CKM matrix element |Vcb| from the experimental data on the exclu-

sive B(s) → D
(∗)
(s)�ν� decays. The DM method allows to achieve a non-perturbative, model-

independent determination of the momentum dependence of the semileptonic form factors.
Starting from lattice results available at large values of the 4-momentum transfer and imple-
menting non-perturbative unitarity bounds, the behaviour of the form factors in their whole
kinematical range is obtained without introducing any explicit parameterization of their mo-
mentum dependence. We firstly illustrate the effectiveness of the method by considering
the case of the semileptonic B → π decay, which is a good benchmark since the kinematic
range is large. Then, we focus on the four exclusive semileptonic B(s) → D

(∗)
(s)

�ν� decays

and we extract |Vcb| from the experimental data for each transition. The average over the
four channels is |Vcb| = (41.2 ± 0.8) · 10−3. We find, for the first time, an exclusive value
which is compatible with the latest inclusive determination at 1σ level. We address also the
issue of Lepton Flavour Universality by computing pure theoretical estimates of the τ/� ra-
tios of the branching fractions for each channel. In the case of a light spectator quark we
obtain R(D∗) = 0.275(8) and R(D) = 0.296(8), which are compatible with the correspond-
ing experimental values within 1.3σ. In the case of a strange spectator quark we obtain
R(D∗s ) = 0.2497(60) and R(Ds) = 0.298(5).

1 The importance of the study of semileptonic B decays

B decays are very challenging processes from a phenomenological point of view, principally
because of two issues. The first one is the |Vcb| puzzle, namely the observation of a tension
between the exclusive 1 and the inclusive 2 determination of |Vcb| at the level of � 2.7 standard
deviations. The second one is the discrepancy between the Standard Model predictions and
experiments in the determinations of the τ/μ ratios of the branching fractions, the so called
R(D(∗)) anomalies, which represent an important test of Lepton Flavour Universality (LFU).
According to HFLAV 3 the discrepancy is of � 3.08σ.

†speaker
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2 The Dispersive Matrix Method

Having these two issues, we need to investigate their nature more deeply. In this sense, it is
fundamental to improve the precision with which we compute the form factors entering the
hadronic matrix elements. Thus, we introduced a new method, the so called Dispersive Matrix
(DM) method 4 based on an existing work 5, whose main features we briefly recall here. Let
us consider a generic form factor, f(t), entering the hadronic matrix element of a generic B →
Y (∗)	ν� decay, where Y is generic a meson. Once the following quantities are given, namely

1. The values of momentum transfer t1, ..., tN at which the form factor f have been computed
(e.g. on the lattice),

2. the correspondent f1, ..., fN values of the form factors in that points,

3. the susceptibility χ that are computed on the lattice 4,6,

then the properties of the method allow us to find bounds on the value of the form factor at
a generic value of the momentum transfer. In particular, by defining z1, ..., zN where z(t) =√

t+−t

t+−t−−1√
t+−t

t+−t−+1
with t± = (mB ± mY )

2, the form factor in the point z is bounded by unitarity,

analyticity and crossing symmetry to be inside the interval

β(z)−
√
γ(z) ≤ f(z) ≤ β(z) +

√
γ(z) (1)

where

β(z) ≡ 1

φ(z)d(z)

N∑
j=1

φjfjdj
1− z2j
z − zj

, γ(z) ≡ 1

1− z2
1

φ2(z)d2(z)
(χ− χDM ), (2)

χDM =
N∑

i,j=1

φifiφjfjdidj
(1− z2i )(1− z2j )

1− zizj
. (3)

Here, d(z) ≡ ∏N
m=1(1 − zzm)/(z − zm), dj ≡

∏
m =j=1(1 − zjzm)/(zj − zm) and the φj ≡ φ(zj)

are the values of the kinematical function appropriate for the given form factor 7 containing
the contribution of the resonances below the pair production threshold t+. The obtained band
of values represents the results of all possible BGL fits satisfying unitarity by construction
and passing trough the known points. The results do not rely on any assumption about the
functional dependence of the form factors on the momentum transferred. Then, in this sense,
they are model independent. Furthermore, the method is entirely based on first principles, the
susceptibilities are non perturbative and we do not have series expansions.

3 The effectiveness of the method: an illustrative example

As an example that fully illustrates the effectiveness of the method, we discuss the case of
the reconstruction of the form factors entering the semileptonic B → π matrix element 8. The
Figure 1 shows the bands, covering the whole kinematic range, obtained using as inputs only the
red (RBC/UKQCD) 9 and the blue (FNAL/MILC) 10 points. These results show that the DM
method allows to make predictions in the whole kinematical range with a quality comparable to
the one obtained by the direct calculations, even if only a quite limited number of input lattice
data are used. The bands are completely theoretical and come from a non-perturbative and
model independent analysis, since no truncated z-expansion are present and no perturbative
bounds are used. The method allows us to keep theoretical calculations and experimental data
well separated in our analysis, since we do not want to introduce any bias that affects the shape
of the form factors.
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Figure 1 – The DM bands for the form factors entering the hadronic matrix element of the semileptonic B → π
decay. Note that the only inputs used to build these bands are respectively the red (RBC/UKQCD) and blue
(FNAL/MILC) points.

4 Main results

At this point we adopted the DM method to analyse the semileptonic B(s) → D
(∗)
(s) decays

11,12,13.
As in the B → π case, the method allows us to extract the relevant hadronic FFs in the whole
kinematic range using only LQCD results available at large values of the 4-momentum transfer
without making any assumption on their momentum dependence. The experimental data are
never used to constraint the shape of the FFs but only to extract a determination of |Vcb|. This
allows us also to extract pure theoretical estimates of R(D) and R(D∗). In Table 1 we show
the DM results for |Vcb| for different channels and the correspondent average. As can be seen,
for the first time there is an indication of a sizable reduction of the |Vcb| puzzle. In Table 2,
moreover we show our fully theoretical results for LFU and polarization observables. It can be
observed also in this case that, for the first time, the R(D∗) anomaly results to be lighter than
the 2.5σ discrepancy stated by HFLAV 3. Our findings are graphically collected in Figure 2,
where it is also presented the estimate of |Vub| 14.

Figure 2 – The left panel shows the DM values of |Vub| and |Vcb| compared with the last results of the FLAG report.
The right panel shows the pure theoretical estimates of the ratios R(D(∗)) compared with the latest averages of
HFLAV.
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Table 1: DM results for |Vcb| for different channels. In the last row we show the corresponding average.

Process Reference |Vcb| × 103

Inclusive b→ c Bordone et al., arXiv:2107.00604 42.16± 0.50

B → D DM method 41.0 ± 1.2
FLAG 2021, arXiv:2111.09849 40.0± 1.0

B → D∗ DM method 41.3 ± 1.7
FLAG 2021, arXiv:2111.09849 39.86± 0.88

Bs → Ds DM method 41.7 ± 1.9

Bs → D∗s DM method 40.7 ± 2.4
HPQCD Coll., arXiv:2105.11433 42.2± 2.3

Total Mean DM method 41.2± 0.8

Table 2: Fully theoretical results for LFU and polarization observables.

Observable DM method Measurements Difference
R(D) 0.296(8) 0.340(27)(13) � 1.3σ
R(Ds) 0.298(5) — —
R(D∗) 0.275(8) 0.295(11)(8) � 1.3σ
R(D∗

s) 0.2497(60) — —

Pτ (D
∗) -0.529(7) −0.38(+21

−16) < 0.3σ
Pτ (D

∗
s) -0.520(12) — —

FL(D
∗) 0.414(12) 0.60(8)(4) � 2.0σ

FL(D
∗
s) 0.440(16) — —
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Keeping decay times under control: decay time resolution for CP-violation in
B0
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Correct determination of decay time resolution ensures the most precise measurement of CP-
violating parameters in LHCb collaboration. The most common way to estimate the time
resolution value is to fit the reconstructed decay time of particle decaying directly in the
protons interaction point. In this young scientist forum talk, we discuss an alternative solution
and compare it to a more common fit solution, using B0

s → J/ψφ(1020) decay as an example.

1 Introduction

The CP-violation in B0
s → J/ψφ(1020) decay, where J/ψ decays into two muons and φ(1020)

decays into two kaons, originates from the interference between two Feynman diagrams shown
in Fig. 1.

The decay time and angular differential decay rate of B0
s → J/ψφ(1020) is directly dependent

on the CP-violating phase φs. Due to the low backgrounds, this decay is known as a ”golden
mode” for measuring the CP-violating phase φs

1. Two Standard Model contributions enter φs:
one from the tree diagrams (φSM,tree

s ) and one from the penguin diagrams (ΔφSM,penguins
s ). In

case Beyond the Standard Model effects exist, they would modify the Standard Model φs by
ΔφBSM

s :

φs = φSM,tree
s +ΔφSM,penguins

s +ΔφBSM
s . (1)

b

s s

c
c

s

W

φ(1020)

J/ψ
s

b s

c

c

s

u,c,t b

u,c,t

W

W W

φ(1020)

J/ψ

Figure 1: Feynman diagram of a direct B0
s → J/ψφ(1020) decay.
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Figure 2: The HFLAV 2021 combination of φs and ΔΓs. ΔΓs is defined as a difference between lifetimes of light
and heavy B0

s mesons.

In Fig. 2 the latest world combination of φs and ΔΓs from HFLAV2 is shown. As one can see,
the previous LHCb result3 dominates the world average.

Eq. 2 shows the decay time and angular dependent decay rate definition, where ε(t) is decay-
time acceptance; FT (B0

s ) is the fraction of a measured B-meson that were produced as either B0
s

or B
0
s; fk(Ω)hk(t|B0

s ) is CP-violating decay time-dependent angular decay rate; G(t|σt) is the
decay time resolution and N is an overall normalisation factor which contains corrections to the
angular acceptance. Here, t denotes decay time, Ω - three helicity angles that describe the decay
and σt is the decay time uncertainty. Directly entering Eq. 2, the decay time resolution G(t|σt)
plays crucial part in the measurement, since the B0

s −B
0
s oscillation frequency Δms � σt.

d4Γ(B0
s → J/ψφ)

dtdΩ
=

1

N

10∑
k=1

fk(Ω)ε(t)(FT (B0
s ) · hk(t|B0

s ) + FT (B
0
s) · hk(t|B

0
s))⊗G(t|σt) (2)

hk(t|B0
s ) ∝ a · cos(Δmst) + b · sin(Δmst) (3)

2 Decay time resolution

The decay time pull of a prompt decay (i.e. decay with average lifetime τtrue = 0 ps) collected
using a perfect detector with infinite resolution is a Dirac delta-function, as illustrated in Fig. 3.
After turning on the finite resolution of the detector, the decay time pull would be Gaussian
shaped, as shown in Fig. 4. From negative entries in the decay time pulls of the prompt sample,

−3 −2 −1 0 1 2 3
tobs − ttrue [ps]

0.0

0.2

0.4

0.6

0.8

1.0

a.
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Figure 3: Decay time pull for prompt decays with
the infinite resolution.
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Figure 4: Decay time pull for prompt decays with
the finite resolution..
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one can see that the finite decay time resolution results in the negative observed decay time.
One can also measure the decay time uncertainty directly using kinematics of the decay. It
is not guaranteed, however, that the measured decay time uncertainty corresponds to the true
decay time resolution. Therefore, a way to estimate the decay time resolution independently
is necessary. For this purpose, a promptly decaying combinations of two muon and two kaon
tracks that pass B0

s → J/ψφ(1020) selection are collected. In Fig. 5 one can find the decay
time pull for the prompt B0

s → J/ψφ(1020) toy model. The distribution in Fig. 5, representing
the decay time resolution, is neither Gaussian nor symmetric. The asymmetry comes from the
long-lived background in the prompt B0

s → J/ψφ(1020) sample, as seen in blue in Fig. 6. Very
long non-Gaussian tails in red are coming from the wrongly assigned origin vertex component
(WAOV). For those events the wrong origin vertex was chosen and therefore, the decay time
was estimated incorrectly. The rest of events can be described by a double-Gaussian resolution
function, shown in green.

Figure 5: Toy model of the prompt B0
s → J/ψφ(1020)

sample.

Figure 6: Components of the prompt B0
s →

J/ψφ(1020) decay time pull.

Figure 7: Illustration of the numerical decay time res-
olution procedure. In red - the part of the distribution
used for numerical estimator.

Figure 8: Illustration of the correction to the numer-
ical dilution. The long-lived component is shown.

The true decay time resolution can be extracted from the observed decay time pulls of the
prompt sample. First, one can fit the measured decay time distribution, as seen in Fig. 6. In
case the underlying physics can be easily modelled, fitting gives very precise results. However,
modelling is not trivial, especially for the WAOV. This component is a resolution effect and
should be added to the true resolution function. The details of the shape for the WAOV
component are hard to resolve and simulate.

Second, one can use a numerical approximation for the decay time resolution4, as seen in
Fig. 7. Due to its periodic nature, the decay of B0

s → J/ψφ(1020) can be described using the
Fourier transformation. The decay time resolution becomes a damping factor for the oscillation
amplitudes, called dilution. Dilution D can be computed numerically using negative discrete
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Fourier transformation:

D =
1

Sw

N∑
i=1

ωicos(ΔmsΔti), if Δti < 0 (4)

where Sw is the sum of event weights, ωi are even weights, Δms is the oscillation frequency
between light and heavy B0

s and Δt = tobs − ttrue is the decay time pull. To avoid including
events from the physical long-lived background in the dilution, only the negative tail of the
decay time pull should be used. This ensures that the events in the sum have a non-zero decay
time pull due to the pure resolution effect. However, a small number of long-lived background
events will also enter on the left-side due to the finite decay time resolution.

To overcome the limitation of the numerical method, one can correct for the long-lived
background, as seen in Fig. 8. The total dilution of the sample is just a sum of the per component
dilutions:

D =
N∑
i=1

fiDi (5)

where i is the index of the component in the decay time distribution, fi is the fraction of the
corresponding component and Di is its dilution. One can subtract the per component dilutions
from the total to correct for that particular component. The per component dilution Di can
be extracted from the fit. The smaller dependence on the model description reduces systematic
uncertainty and allows including non-Gaussian effects into the resolution. In Fig. 9 you can
see a comparison of all three methods using a toy model. Note that only statistical errors are
shown. Evidently, the numerical dilution with correction can give a very close central value,
while avoiding the model ambiguity and assure that all resolution effects are included.

Figure 9: Comparison of three time resolution methods using prompt B0
s → J/ψφ(1020) toys. Only statistical

errors are shown.
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Spontaneous CP violation
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Models of spontaneous CP violation can solve the Strong CP problem without the need of
an anomalous Peccei-Quinn symmetry. In this work we review the Nelson-Barr approach,
quantifying a peculiar coincidence between unrelated mass scales that these models must
satisfy in order to correctly reproduce the Standard Model quark masses and CP violation. We
investigate the compatibility between this requirement and the induced radiative corrections
to the neutron electric dipole moment, and with bounds coming from collider, electroweak
and flavor observables.

1 Introduction

The colored sector of the Standard Model (SM) features two fundamental sources of CP viola-
tion. The first is the irreducible phase of the CKM matrix, which shows up in flavor-violating
observables and whose experimental value is of order one, δCKM � 1.2 1. The second one is
the coefficient of the QCD topological term (g2s/32π

2) GG̃, given by θ̄ = θQCD + arg detYuYd.
This angle is relevant only in the strongly coupled phase of QCD and can be related to the
neutron, atoms and molecules electric dipole moments, whose measurements 2 set the bound
θ̄ <∼ 10−10. The Strong CP problem can then be formulated as a fine-tuning problem of ten
orders of magnitude between two parameters sharing a common origin, the SM Yukawas. Many
solutions have been proposed to solve this puzzle, relying on anomalous continuos symmetries 3

or on the discrete symmetries P 4 or CP 5. Since P and CP can be exact symmetries of the
UV lagrangian, these solutions are not subject to the problem of the quality of the underlying
symmetry principle. As such P or CP models are fundamentally different from the QCD axion
solution, where this might become an issue 6. In this work we analyse CP scenarios which fall
in the class of Nelson-Barr models, in which the spontaneous breaking of CP, ultimately needed
in order to reproduce δCKM, is obtained in a hidden sector and mediated to the SM through a
fermionic messenger. In particular we focus on a simple but effective model 7, dubbed hereafter
as d−mediation. For a more general analysis we refer to other works 8,9,10.
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2 The Nelson-Barr d−mediation

In the minimal model of d−mediation the down-quark Yukawa sector of the SM lagrangian is
modified by the addition of a pair of complex scalar singlets Σ and a fermionic mediator ψ as

−Ld
Yuk = yd Q̄Hd+ y ψ̄Σd+mψ ψ̄ψ (1)

where ψ,Σ are assumed to be charged under some U(1) to avoid additional couplings with other
SM fields. Due to CP invariance all the couplings and the masses can be taken as real. The
field Σ breaks CP spontaneously by acquiring a complex vacuum expectation value, such that
ξ ≡ y〈Σ〉 is the effective order parameter of CP violation from the SM perspective . After CP
breaking the lagrangian (1) can be put in the following form by means of a flavor SU(4) rotation
of (d, ψ):

−Ld
Yuk = Yd Q̄Hd+ Y Q̄Hψ +M ψ̄ψ ,

⎧⎪⎪⎨⎪⎪⎩
Yd = yd

[
1− ξξ†

|ξ|2
(
1− mψ

M

)]
M = (|ξ|2 +m2

ψ)
1/2

Y = yd
ξ
M = Yd

ξ
mψ

. (2)

From the explicit form of the lagrangian above it is easy to check that the determinant of the
four-dimensional mass matrix is real, so that θ̄tree = 0, while at the same time the physical
Yukawa Yd has inherited CP violation by becoming complex.

2.1 Quark masses and the CKM phase

After the SU(4) rotation, the physical Yukawa Yd in (2) is given by a particular combination of
yd and ξ. The first thing to notice is that detYd = det yd (mψ/M), so that mψ � |ξ| is forbidden
if one wishes to obtain a realistic mass spectrum. The parametersmψ, |ξ| are further constrained
by the requirement of reproducing the CKM phase. In the basis where Yu is diagonal, the CKM

matrix diagonalises the combination YdY
†
d = yd(1 − ξξ†

M2 )y
t
d, which has O(1) complex entries if

|ξ| ∼ mψ. A careful analysis 10 reveals that δCKM ∼ 1.2 only for |ξ|/mψ >∼ 2. At the same
time the coupling Y in (2) is constrained by the requirement of perturbativity to be � 4π,
which in turn forces |ξ|/mψ � 4π/yb. In this way we can summarize the viable window for the
parameters as

2 <∼
|ξ|
mψ

� 103. (3)

This puzzling coincidence of CP-even and CP-odd mass scales can not be addressed in an effective
framework, but requires an explicit UV construction of the CP breaking sector.

2.2 Radiative corrections to θ̄

Given the strength of the experimental constraint on θ̄, it is extremely important to check that
direct (to the topological parameter) and indirect (to the quark masses) radiative corrections
are under control. At 1-loop, by diagrammatic inspection it is clear that these must involve
the scalar mixing λab|H|2Σ†aΣb, with the external Σ and H set on their vev. This mixing is
related to the hierarchies of the scalar sector (i.e. the Naturalness problem) and thus its size
is model-dependent, even though its contribution to θ̄ is typically under control 7. At 2- and
3-loops there are contributions which involve only the SM quarks and the fermionic mediator
ψ. Interestingly, these are directly related to the mediation of CP violation to the SM and thus
are irreducible 10. In this class a distinction can be made between non-analytical and analytical
contributions. The former involve logs of the physical quark massesmq, are suppressed by powers
of (mq/M) and are under control for M >∼ TeV. The analytical ones involve only analytical
functions of the Yukawas. In this case the only appearing mass ratio is |ξ|/mψ, which is already
constrained by the reproduction of the physical CKM phase (3). The compatibility of this
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constraint with the bounds from θ̄ is non-obvious and a crucial aspect of these models. For
one family of mediators, the first irreducible contribution appears at three loops and results
in θ̄ ∼ (1/16π2)3 ImY †(YdY

†
d YuY

†
u )Y . This can be evaluated plugging the expression in (2)

for Y and the numerical values of Yu, Yd in the physical basis, and gives a milder bound on
|ξ|/mψ with respect to (3). For more families of mediators, flavor violation in the mediator
sector opens the possibility for more CP-violating structures which give stronger constraints: an
example is θ̄ ∼ (1/16π2)3 Im tr(Y †YuY †uY Y †Y F (M †M)), where M and Y are the generalizations
of the quantities in (2) to more families of mediators and F a generic dimensionless function
of the mediators’ masses. Inserting the experimental values, this contribution results in a θ̄ ∼
6× 10−18(|ξ|/mψ)

4 which gives an upper bound on |ξ|/mψ stronger than (2).

2.3 Constraints on the mediator

The mediator ψ is a vector-like copy of the down-quarks, and as such a pletora of direct and
indirect constraints are available 11. Direct searches set the bound M >∼ 1.4 TeV. Low-energy
flavor and CP observables lead to constraints on the Yukawa interaction Y Q̄Hψ, translating in
turn to bounds on the mediation of CP violation. Since Y ∼ Yd(ξ/mψ), the most important
constraints come from processes involving the heaviest down quarks. At tree-level the new
Yukawa modifies the coupling of the b quarks to the Z boson, accurately measured at LEP.
Constraints from ΔF = 2 transitions are described in terms of four-fermions operators involving
left-handed down-quarks, which are induced both at tree-level, suppressed by (v/M)2, and at 1-
loop through box diagrams with virtualH and ψ. Due to the hierarchies in Y the most important
bound comes from B0

s − B̄0
s oscillations. ΔF = 1 transitions are captured by semileptonic

four-fermions operators induced at tree-level and are bounded by rare B0
s meson decays as

B0
s → 	̄	,X0

s 	̄	. Other ΔF = 1 observables (e.g. B0
s → X0

sγ) are induced at 1-loop and are
subleading.

In figure 1 we summarize the constraints discussed in section 2.1, 2.2 and 2.3 for the case
of one and two families of mediators. While the lower bound on |ξ|/mψ is set by the CKM
phase, the interplay between direct and indirect observables has just started to fill the upper
part of the plot, leaving a large portion of the parameter space still available. For more families
of mediators the most important upper bound comes by the non-observation of the neutron
electric dipole moment.

Figure 1 – Summary of the constraints discussed in section 2.1 (CKM, Perturbativity), 2.2 (nEDM) and 2.3
(Direct searches, EW and FV) for the case of one and two families of mediators. In the latter case we assume
M1 = M2 and no hierarchies in the mediators’ sector, as discussed in footnote a.

a For the sake of clarity, here and in the following we employ a slight abuse of notation by keeping on calling
|ξ|/mψ the relevant parameter for CP violation even in the case of more families of mediators. More correctly
we should refer to Y −1

d Y , which is of order |ξij |/|mψ,ij | if no strong hierarchies or accidental cancellations in the
mediator sector are present. For a more detailed treatment see ref. 10.
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3 Conclusion

The Strong CP problem is one of the most interesting challenges for BSM physics. In this work
we reviewed the Spontaneous CP violation approach, specialising to Nelson-Barr d−mediation
models. In these scenarios the requirement of reproducing the quark masses and the CKM phase
forces the non-trivial coincidence 2 <∼ |ξ|/mψ � 103. This viability range must be confronted
with bounds coming from radiative corrections to θ̄ and from the new Yukawa coupling Y , both
regulated by the very same ratio |ξ|/mψ. While in models of d−mediation these constraints are
typically compatible, as shown in fig. 1, this is not true for the cases of q− and u−mediation
(for more families of mediators), where corrections to θ̄ are unacceptably large 8,10.

The peculiar coincidence between a priori unrelated CP-even (mψ) and CP-odd (ξ) param-
eters must be addressed in any completion of this effective framework if one wishes to really
solve the Strong CP problem without barely transmuting it into another hierarchy problem.
Explicit UV constructions which succeed in facing this issue require either supersymmetry 12 or
a strongly-coupled sector 13. Indeed, in four dimensions these are virtually the unique options
able to generate non-trivial coincidences of mass scales in a natural way.
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Search for the lepton-flavour violating decays
B0

s → K∗0μ±e∓ and B0
s → φμ±e∓

J.M. Basels
on behalf of the LHCb collaboration

I. Physikalisches Institut B, RWTH Aachen University,
Sommerfeldstraße 14, Turm 28, 52074 Aachen, Germany

A search for the lepton-flavour violating decays B0 → K∗0μ±e∓ and B0
s → φμ±e∓ is pre-

sented, using data collected by the LHCb experiment at the LHC in pp collisions, correspond-
ing to an integrated luminosity of 9 fb−1. No significant excess is observed and upper limits
are set, constituting the world’s most stringent limits to date. The reported limit on the decay
B0

s → φμ±e∓ is the first being set. In addition, exclusion limits are presented for scalar and
left-handed lepton-flavour violating New Physics scenarios.

1 Introduction

The conservation of lepton-flavour in interactions involving charged leptons is a central property
of the Standard Model (SM). Thus, any discovery of lepton-flavour violation (LFV) would entail
a discovery of New Physics (NP).

Recently, studies of rare b → s	+	− and semileptonic b → c	−ν̄� transitions of b-hadrons
have shown tensions with the SM predictions. These so called flavour anomalies encompass
apparent deviations from the expectation in μ − e lepton-flavour universality (LFU) tests in
b→ s	+	− decays, as well as τ − μ and τ − e LFU tests in b→ c	−ν̄� transitions. Furthermore,
hints for suppressed exclusive branching fractions and deviations in angular observables emerge
in b → sμ+μ− decays. The most precise studies of LFU are the RK and RK∗0 measurements
by the LHCb collaboration, which show tensions of up to 3.1 standard deviations with the SM
prediction 1,2. Combinations of RD(∗) measurements show deviations of a similar magnitude 3.
Any discovery of lepton-flavour non-universality could generally imply the existence of LFV 4.

LFU can be violated in several beyond SM theories, like models with scalar or left-handed
leptoquarks 5,6,7 or models including additional Z ′ bosons 8. These NP scenarios also induce
LFV decays and predict branching fractions for b → sμ±e∓ processes like B0 → K∗0μ±e∓ of
up to O(10−7), close to the currently best limit of B(B0 → K∗0μ±e∓) < 1.8 × 10−7 at 90%
confidence level (CL) by the Belle collaboration 9.

Designed to study the decays of heavy flavour hadrons, such as particles containing b or
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c quarks, the LHCb detector at the Large Hadron Collider (LHC) at CERN allows for the
search for LFV in b→ s	+	′− decays of B-mesons with unprecedented sensitivity. Based on the
LHCb Run 1 (2011-12) data samples, corresponding to an integrated luminosity of 3 fb−1, the
LHCb collaboration has performed searches for b→ sμ±e∓ transitions in the decays B0

s → e±μ∓

and B+ → K+μ±e∓ 10,11. Exclusion limits are derived to be B(B0
s → e±μ∓) < 5.4 × 10−9,

B(B+ → K+μ+e−) < 6.4× 10−9 and B(B+ → K+μ−e+) < 7.0× 10−9 at 90% CL.
Here, a search for the LFV decays B0 → K∗0μ±e∓ and B0

s → φμ±e∓ is presented a, where
the intermediate states K∗0 and φ refer to the K∗(892)0 and φ(1020) vector mesons. The
analysis is based on a dataset taken with the LHCb detector during Run 1 and Run 2 (2015-18)
of the LHC that corresponds to an integrated luminosity of 9 fb−1. The presented results are
preliminary, the paper is currently in preparation 12.

2 Analysis overview

The analysis is performed with respect to the tree-level decays B0 → J/ψ(→ μ+μ−)K∗0 and
B0

s → J/ψ(→ μ+μ−)φ, which comprise large yields and similar final states compared to the
signal decays. The signal branching fraction Bsig is derived by normalising the signal yield Nsig

and selection efficiency εsig to the normalisation modes according to

Bsig =
Bnorm

Nnorm
× εnorm

εsig
×Nsig, (1)

where Bnorm, Nnorm and εnorm denote the normalisation channel branching fraction, yield and
selection efficiency.

Signal candidates for the decays B0 → K∗0μ±e∓ and B0
s → φμ±e∓ are reconstructed in

the K+π−μ±e∓ and K+K−μ±e∓ final states. The reconstructed B0
(s) mass is required to be

in the range [5300, 6700]MeV/c2. The event selection is optimised to select the decays of
interest by exploiting unique decay properties of B-mesons within the LHCb detector, as well as
selecting the intermediateK∗0 and φmesons in theK+π− andK+K− mass spectrum. Stringent
particle identification criteria are applied in order to reject any potential contribution from
misidentified backgrounds. In addition, dedicated vetoes are applied to suppress backgrounds
from misidentified B-meson decays and b→ c(→ s	′+ν�′)	−ν̄� semileptonic cascade processes.
Background from random combinations of tracks (combinatorial background) is reduced using
a boosted decision tree. The event selection is aligned best possible between the normalisation
and signal modes.

The normalisation channel yields are determined using an unbinned maximum-likelihood
fit to the reconstructed B0

(s) mass distribution, where the invariant mass of the dimuon sys-

tem is constrained to the known J/ψ mass. In order to suppress partially reconstructed
backgrounds at low invariant masses, the fit range is limited to [5150, 5900]MeV/c2 in the
B0 and [5250, 5900]MeV/c2 in the B0

s mode. Fig. 1 shows the invariant m(J/ψK+π−) and
m(J/ψK+K−) distributions and the fit projections, integrated over the different data taking pe-
riods. Small remaining background contributions are accounted for in the fit, including combina-
torial background and contributions from Λb → J/ψpK− with misidentification. In the fit of the
decay B0 → J/ψK∗0, the CKM-suppressed mode B0

s → J/ψK̄∗0 is included, as well as misiden-
tified background from B0 → J/ψK∗0 (with K ↔ π double misidentification) and B0

s → J/ψφ.
The B0

s → J/ψφ normalisation channel fit comprises contributions from B0 → J/ψK+K− and
the misidentified background B0 → J/ψK∗0.

The signal branching fraction is obtained using an unbinned maximum-likelihood fit to the
invariantm(K+π−μ±e∓) andm(K+K−μ±e∓) distributions, translating the fitted signal yield to
the signal branching fraction according to Eq. 1. The background model includes contributions
from remaining combinatorial background, as well as semileptonic cascades involving higher

aCharge conjugation is implied throughout.
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Figure 1 – Reconstructed B0
(s) mass distributions for the normalisation channels (left) B0 → J/ψ(→ μ+μ−)K∗0

and (right) B0
s → J/ψ(→ μ+μ−)φ. The full LHCb Run 1 and 2 data set is overlaid with the fit projections.

excited D−(s) mesons. For the B0 decays, an additional background contribution originates from

semileptonic B+ → D̄0(→ K+	−ν̄�)	′+ν�′ cascades, which are combined with one random π−

from the underlying event. The reconstructed B0
(s) mass distributions, overlaid with the fit

projections and integrated over the data taking periods, are given in Fig. 2.
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Figure 2 – Reconstructed B0
(s) mass distributions for (top left) B0 → K∗0μ+e−, (top right) B0 → K∗0μ−e+,

(bottom left) B0 → K∗0μ±e∓, and (bottom right) B0
s → φμ±e∓ candidates. The full LHCb Run 1 and 2 data set

is overlaid with the fit projections of (red) the signal-plus-background model, (blue) the total background model
and (green, magenta, orange) the individual background components. For illustration, the signal shape is drawn
as red dashed line, scaled to a branching fraction of 5× 10−8 for the B0 modes and 1× 10−7 for B0

s mode.

485



3 Results and conclusion

No significant signal is observed and upper limits on the branching fraction are determined using
the CLs method 13, utilising a one-sided test statistics 14. Based on a uniform phase space signal
decay model, preliminary exclusion limits are determined to be

B(B0 → K∗0μ+e−) < 5.7× 10−9 (7.0× 10−9),
B(B0 → K∗0μ−e+) < 6.7× 10−9 (7.9× 10−9),
B(B0 → K∗0μ±e∓) < 9.9× 10−9 (12 × 10−9), and

B(B0
s → φμ±e∓) < 16 × 10−9 (19 × 10−9)

at 90% (95%) CL.
In comparison to the nominal uniform phase space decay model, NP scenarios can lead

to significant differences in the distributions of the three decay angles cos θ�, cos θK and φ, as
defined in Ref. 15, and q2. Here, q2 refers to the invariant mass of the dilepton system squared.
Given that the reconstruction and selection efficiencies are not flat in these four observables, the
total signal efficiency can differ for NP models and the exclusion limits have to be re-evaluated.
This is studied in particular for a left-handed (Cμe

9 = −Cμe
10 �= 0) and scalar (Cμe

S �= 0) NP
scenario, where Cμe

i denotes the LFV Wilson coefficients 16. The evaluated limits are given in
Tab. 1.

Table 1: Preliminary exclusion limits [10−9] for a scalar (Cμe
S 
= 0) and left-handed (Cμe

9 = −Cμe
10 
= 0) NP

scenario at 90% (95%) CL.

mode left-handed scalar

B(B0 → K∗0μ+e−) 7.0 (8.3) 8.4 (10)
B(B0 → K∗0μ−e+) 8.2 (9.5) 9.8 (12)
B(B0 → K∗0μ±e∓) 12 (14) 15 (17)
B(B0

s → φμ±e∓) 17 (21) 19 (23)

These preliminary results are the world’s most stringent limits on semileptonic LFV b-hadron
decays to date. In comparison to previous searches 9, the limits on the decay B0 → K∗0μ±e∓

improve by more that one order of magnitude. The presented limit on the decay B0
s → φμ±e∓

constitutes the first constraint of a semileptonic LFV B0
s decay.
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A search for CP violation in B0 → pp̄K+π− decays is performed using triple-product asymme-
try observables.It is based on proton-proton collision data collected by the LHCb experiment
at centre-of-mass energies of 7, 8 and 13, corresponding to a total integrated luminosity of
8.4fb−1. The CP - and P -violating asymmetries are measured both in the integrated phase
space and in specific regions.

1 Introduction

The observation of CP violation is well established in many B decays, but it is yet to be
confirmed in decays with half-spin particles in the final state. Baryonic decays like B → pp̄M (∗),
where M (∗) denotes a pseudoscalar (vector) meson, mediated through internal W emission,
can be very promising process to study CP violation 1. Although the LHCb collaboration
reported the first evidence of CP violation in the charmless decay B+ → pp̄K+ 3, the number
of experimental results is still limited. It is therefore of great interest to search for further
manifestations of CP violation in baryonic B decays.
In the following a search for CP violation in the baryonic meson decay B0 → pp̄K+π− is
presented. The study is performed for proton-antiproton invariant mass mpp̄ < 2.85 GeV/c2,
corresponding to a region below the charmonium resonances. In this region the decay proceeds
through many intermediate K(∗) resonances and is governed mainly by tree-level b → uūs and
loop-level b → sūu transitions. Violation of the CP symmetry can arise from the interference
of these two amplitudes, whose weak-phase difference is given by arg(VubV

∗
us/VtbV

∗
ts), and is

approximately equal to the CKM angle γ in the SM 2.
The three-momenta of the final-state particles in the B0 and B̄0 rest frame are used to build
the triple-products CT̂ for B0 and C̄T̂ for B̄0, which are odd under the operator T̂ that reverses
the momentum of the particles, and thus acts similarly to the P -parity operator. These triple
products are defined as

CT̂ = �pK+ · (�pπ− × �pp), C̄T̂ = �pK− · (�pπ+ × �pp̄). (1)

where �p denotes vector momentum of the final-state particle indicated in the subscript. The two
T̂ -odd triple product asymmetries are defined as

AT̂ =
N(CT̂ > 0)−N(CT̂ < 0)

N(CT̂ > 0) +N(CT̂ < 0)
, ĀT̂ =

N̄(−C̄T̂ > 0)− N̄(−C̄T̂ < 0)

N̄(−C̄T̂ > 0) + N̄(−C̄T̂ < 0)
, (2)
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Figure 1 – Distributions for combined Run 1 and Run 2 data of the pp̄K+π− invariant mass in the four samples
defined by B0 (B̄0) flavour and the sign of CT̂ (C̄T̂ ). The results of the fit are overlaid on the data.

where N and N̄ are the numbers of B0 and B̄0.
The CP - and P -violating observables are then constructed as

aT̂ -odd
CP =

1

2
(AT̂ − ĀT̂ ), aT̂ -odd

P =
1

2
(AT̂ + ĀT̂ ). (3)

A significant deviation from zero in these two observables would indicate CP violation and P
violation, respectively. In contrast to the asymmetry between the phase-space integrated rates,
triple-product asymmetries are sensitive to the interference of P̂ -even and P̂ -odd amplitudes
and thus have a different sensitivity to strong phases 4. By construction, such asymmetries are
also largely insensitive to particle-antiparticle production and detector-induced asymmetries.

2 Measurement of asymmetries

The B0 → pp̄K+π− candidates are formed by combining four charged hadron candidates: a
proton, an antiproton, as well as a kaon and a pion of opposite electric charges. The intermediate
charm resonances D0 and Λ+

c are removed. In order to exclude charmonium contributions, the
pp̄ invariant mass is required to be less than 2.85 GeV/c2. The asymmetries for B0 → pp̄K+π−

decays are measured using an extended maximum likelihood fit to the mpp̄K+π− distributions;
the selected data sample is split into four subsamples according to the B0 (B̄0) flavour and the
sign of CT̂ (C̄T̂ ).
Two different approaches are followed: a measurement integrated over the full phase space, with
the charmonium region removed, and measurements in different regions of the phase space. In
multi-body decays, CP asymmetries may vary over the phase space due to interference effects
from many resonant contributions, possibly canceling when integrated over the whole phase
space. The result of the fit is shown in Fig. 1

The measurements in different regions of phase space are performed by dividing the sample
using a binning scheme based on the invariant masses of the K+π− and pp̄ combinations, mK+π−

and mpp̄, the cosine of the angle of the K+ (p) with respect to the opposite direction to the B0
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Figure 2 – The aT̂ -odd
CP (left) and aT̂ -odd

P (right) asymmetry parameters in each region of the phase space for Run 1
and Run 2 data combined for binning scheme A. The error bars represent the sum in quadrature of the statistical
and systematic uncertainties.
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Figure 3 – The aT̂ -odd
CP (left) and aT̂ -odd

P (right) asymmetry parameters in each region of the phase space for Run 1
and Run 2 data combined for binning scheme B. The error bars represent the sum in quadrature of the statistical
and systematic uncertainties.

momentum in the K+π− (pp̄) rest frame, cos θK+π− (cos θpp̄), and the angle between the planes
defined by the K+π− and pp̄ tracks in the B0 rest frame, φ. Two different schemes are used. The
former, scheme A, is chosen to enhance the contribution from the K∗(892)0 and K∗

2 (1430) states.
The latter, scheme B, is similar, but with the boundaries of the bins placed at the resonance mass
pole of the two main peaks, where the strong phase changes sign. This choice further enhances
the sensitivity to CP violation 4. The compatibility with the CP (P ) conservation hypothesis is
tested by means of a χ2 test, where the χ2 is defined as XTV −1X, with X denoting the array

of aT̂ -odd
CP (aT̂ -odd

P ) measurements, V −1 is the inverse of the covariance matrix V , defined as the
sum of the statistical and systematic covariance matrices. The asymmetries in the many regions
of the phase space are shown in Fig. 2 and Fig. 3 for scheme A and scheme B respectively.

3 Conclusions

In conclusion, the measured phase-space integrated asymmetries are

aT̂ -odd
P = (1.49± 0.85± 0.08)%,

aT̂ -odd
CP = (0.51± 0.85± 0.08)%,

where the uncertainties are respectively statistical and systematic. Both are consistent with P
and CP conservation.

Measurements in specific regions of the phase space are consistent with the CP -symmetry
hypothesis with a p-value of 0.28 (0.24), according to χ2 = 27.4/24 (χ2 = 45.7/40), corre-
sponding to 1.1σ (1.2σ) deviation for scheme A (scheme B). For P -symmetry, a p-value of
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6.1×10−9 (1.1×10−9) is found, according to χ2 = 86.2/24 (χ2 = 118.5/40), corresponding to
5.8σ (6.0σ) deviation for scheme A (scheme B). Significant P -asymmetries are observed in the
region of low pp̄ mass and near the K∗(892)0 resonance. However, a full amplitude analysis of
the B0 → pp̄K+π− decay would be needed to associate the observed P -parity violation with
any underlying resonance amplitude.
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Search for lepton flavour universality violation in B0 → K∗0ee

A. Biolchini, on behalf of the LHCb collaboration

Nikhef and Vrije Universiteit, Amsterdam, Netherlands

Hints of new physics can be found in semileptonic decays of B particles that occur via loop-
level processes. Indeed, several results in high energy physics experiments point towards the
violation of the lepton flavour universality, stated in the Standard Model of particle physics.
A confirmation of these results would pave the way to the discovery of new physics scenarios
in these decays, such as heavy mediators. The rare B0 → K∗0ee decay is one of the golden
channels for such studies. This decay only proceed through loop-level processes, therefore
it is sensitive to possible contributions from heavy mediators, inaccessible to direct searches.
However, the presence of electrons in the final state together with the low available statistic
make this channel extremely challenging. In this document the ongoing activities about the
B0 → K∗0ee angular analysis will be discussed. Improved analysis tecniques with respect the
previous analysis are being currently developed, and the full Run1 and Run2 LHCb datasets
is used.

1 Flavour anomalies in LHCb

The Standard Model (SM) of particle physics states that the coupling of leptons to vector
bosons is flavour-independent, a concept known as lepton flavour universality (LFU). A very
good laboratory to probe this SM concept are the semileptonic decays of the B mesons. Indeed,
decays involving a b → sll transition are flavour changing neutral currents (FCNC) processes
that occur only through a loop1, which makes them to be suppressed in SM. For this reason, they
are suitable environments where to probe SM: as-yet undiscovered particles may contribute to
the decay process and cause observables to deviate from their predicted values2,3,4,5. A pattern of
anomalies has been observed so far within the LHCb collaboration, using mainly two observables:
the angular coefficients of the decay and the ratios of branching fractions (R) between the
semileptonic decays involving electrons and muons. The angular analysis B0 → K∗0μμ reported
a tension with the SM predictions in the central q2 bins of the dilepton system invariant mass (q2)
in the P ′5 angular coefficient, shown in Fig. 1 on the left6. Branching fraction ratio measurements
that showed a tension with the SM are listed in Fig. 1 on the right. In particular, the first two
lines of this plot show the result for the B0 → K∗0ee/B0 → K∗0μμ semileptonic decay in
different q2 regions. In the framework of the effective field theory, these kinds of anomalies can
be explained by the same new physics hypothesis. See, for instance, the following contributions
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to this conference (Rencontres de Moriond 2022 - QCD and High Energy Interactions): Nico
Gubernari, “b → sμμ: Standard Model predictions and Global Fits”; Ben Allanach, “Simple Z ′

responsible for b → sμμ”; Mohamed Amine Boussejra, “Flavour anomalies in supersymmetric
scenarios with non-minimal flavour violation”. The missing piece of this puzzle of anomalies is
the counterpart of the plot on the left: the angular analysis of the B0 → K∗0ee decay.

Figure 1 – Left: P ′5 angular coefficient from the latest LHCb B0 → K∗0μμ angular analysis. Right: ratios of
branching fraction of semileptonic decay of the B0, between electron and muon channels, performed by the LHCb
collaboration. Only the measurements that showed a tension with the SM are reported (credits to M.Borsato, U.
Heidelberg (main) and Kirchhoff Inst. Phys.).

2 The angular analysis of the B0 → K∗0ee decay

The final state of the B0 → K∗0ee decay is composed by 4 particles Kπee, since the K∗0

immediately decays into a pair of K and π. The angles θl, θk and φ can be reconstructed from
those particles and describe the decay through the following CP averaged angular distribution:

1
d(Γ+Γ)/dq2 = 9

32π

[
3
4(1− FL) sin

2 θk + FL cos2 θk

+ 1
4(1− FL) sin

2 θk cos 2θl

−FL cos2 θk cos 2θl + S3 sin
2 θk sin

2 θl cos 2φ

+S4 sin 2θk sin 2θl cosφ+ S5 sin 2θk sin θl cosφ

+ 4
3AFB sin2 θk cos θl + S7 sin 2θk sin θl sinφ

+S8 sin 2θk sin 2θl sinφ+ S9 sin
2 θk sin

2 θl sin 2φ

]
(1)

The goal of the analysis is to measure the coefficients of function (1), performing an angular
fit to the data, and compare the result with the B0 → K∗0μμ angular analysis and with the SM
prediction. In order to achieve these physics goals, the analysis has to face important challenges,
such as the presence of the electrons in the final states. While muons are nearly unhindered by
the LHCb detector material, electrons suffer from energy loss via bremsstrahlung. If this happens
before the magnet, the electron curves in the magnetic field and ends up in a different position
with respect to the emitted photon, or in some cases, the energy loss affects the trajectory to
such a degree that the electrons no longer traverse all tracking detectors 7. This is reflected in a
worse mass resolution and reconstruction efficiency of the electrons with respect to the muons.
Furthermore, the B0 → K∗0ee decay is extremely rare, 1 B0 every million is expected to decay
in a K∗0 and two electrons 8. The expected spectrum of the branching ratio in function of q2 is
showed in Fig. 2. The analysis will be performed in bins on q2: a low bin [0.1, 1] GeV2/c4 with
about 250 expected events, the central bin from [1,7] GeV2/c4 with about 500 expected events
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Figure 2 – B0 → K∗0�� expected spectrum as a function of q2. The dominant Wilson coefficients contributing in
each q2 region are displayed, as well the possible cc resonances: J/Ψ and Ψ(2S) around about 9 and 13 GeV2/c4

respectively.

and the high bin from [15, 19] GeV2/c4 with again 500 expected events. The gray areas are the
cc resonances J/Ψ → 		 and Ψ(2S) → 		, high statistic channels that are used as validation
metrics in the analysis. Every bin needs to be analysed separately, in particular because of
the different background contributions. This leads to the last biggest challenge of this analysis:
besides a few signal events, a lot of background is expected to contribute in the B0 → K∗0ee
decay. A powerful signal to background separation criteria is needed, therefore a new boosted
decision tree (BDT) is being developed.

2.1 BDT training and selection

The main sources of backgrounds that contribute to the distribution of the final state particles
invariant mass are shown by the sketch in Fig. 3. The combinatorial is shown as a green line,
and it contributes all over the mass spectrum. While, the orange curve represents the partially
reconstructed (PR) background, mainly due to B → Kππee decays where a π has not been
reconstructed by the detector. The purple line shows the trend of the double semileptonic (DSL)
background, which arises from a double decay of the B0, that first decay into a D(∗)eν and then
the D(∗) goes into a pair of K and π. The PR and the DSL backgrounds contribute mainly at
the left sideband of the B0 mass peak, since some particles of the decay are not reconstructed or
detected (a pion and two neutrinos respectively), while the combinatorial background survives
also at the right sideband of the peak. Previous analyses 9,10, performed within the LHCb
collaboration, trained the BDT against the combinatorial background using the right sideband
of the B mass peak in the data. The study discussed in this section aims at training the BDT also
against PR and DSL. Therefore, the left sideband, together with the right sideband of B mass
peak, are used to train the BDT against all the backgrounds contributing to the data. As a result,
the signal to background ratio is expected to be improved with respect to the previous analyses,
allowing to gain in precision on the final measurement. However, those physical backgrounds are
very signal like, therefore, the challenge of this method is to achieve a selection that brings to
a good compromise between background removed and signal retained. Monte Carlo simulated
samples are used in order to validate this method: it is very important to check that the BDT
selection does not bias the signal. Furthermore, a special attention is also needed on the angles:
the cut on the BDT variable must not sculpt their distribution, since afterwards an angular
fit will be performed in order to measure the angular coefficients. Promising results have been
obtained so far: the new BDT selection, compared to the standard method, preserves the signal
events and cut more background events without sculpting the angular distribution nor biasing
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the signal.

Figure 3 – Sketch of the backgrounds contributions to the final state particle’s invariant mass, between 4.6
GeV/c2and 5.6 GeV/c2. The drawing is not in scale.

3 Conclusion and outlook

The angular analysis of the B0 → K∗0ee decay is being developed using the full available
statistical power, hence LHCb Run 1 and Run 2 datasets. Improved techniques with respect to
the previous analyses, such as a new BDT training and selection, are being developed aiming at
reaching such an accuracy to compare the final result with that from the B0 → K∗0μμ. This is
a very important SM test given the latest lepton flavour universality tensions observed so far.
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