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2021 RENCONTRES DE MORIOND

The 55th Rencontres de Moriond were initially scheduled to be held in La Thuile, Valle d’Aosta, Italy
in March 2020. Unfortunately the Covid-19 pandemic led us to cancel all these events for the first
time. In 2021 the sanitary situation did not allow in-person meetings and we have decided to go for
an online edition of these Rencontres, trying to keep as much as possible the “Moriond spirit” under
these unexpected conditions.

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 55th Rencontres de Moriond in 2021 comprised three physics sessions:

• March 9 - 11: “Gravitation”

• March 20 - 27: “Electroweak Interactions and Unified Theories”

• March 27 - April 3: “QCD and High Energy Hadronic Interactions”
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Vera de Sá-Varanda

The Rencontres were sponsored by the Centre National de la Recherche Scientifique. We would like
to express our thanks for their encouraging support.

It is our sincere hope that a fruitful exchange and an efficient collaboration between the physicists
and the astrophysicists will arise from these Rencontres as from previous ones. But we really hope to
be able to go back to in-person Rencontres in 2022!
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Implications of b → s�+�− constraints on b → sνν̄ and s → dνν̄ Mart́ın Novoa-Brunet 401
Physics reach of D(s) → π(K)�� and other charming null test opportunities Marcel Golz 405
Precision measurement of the B0

s −B0
s oscillation frequency Δms with

B0
s → D−s π

+ decays at LHCb
Kevin Heinicke 409

IV



Time dependent CP violation in Charm decays at LHCb Roberto Ribatti 413
Inclusive determination of |Vcb| using a new method Kevin Olschewsky 417
Inclusive determination of |Vcb| at Belle Raynette van Tonder 421
Search for τ → �γ in the Belle experiment Kenta Uno 425
Precision measurement of the ratio B(Υ(3S) → τ+τ−) /B(Υ(3S) → μ+μ−) Caleb Miller 429
Neutrino constraints to scotogenic dark matter interacting in the sun Raffaela Busse 433
GeV-scale neutrinos: meson interactions and DUNE sensitivity Manuel González-López 437
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New electroweak vector boson measurements

P. Calfayan, on behalf of the ATLAS and CMS Collaborations
Indiana University, USA

Recent measurements of electroweak vector bosons carried out by the ATLAS and CMS ex-
periments are reported. Inclusive jet and electroweak productions, as well as rare decays
were scrutinized. Results are based on datasets with different luminosities and center-of-mass
energies, up to the full dataset of Run 2 and 13TeV, respectively.

1 Introduction

At the Large Hadron Collider (LHC), measurements of the production cross section of elec-
troweak (EW) vector bosons (V) have been performed in the context of inclusive jet production,
which is dominated by quantum chromodynamics (QCD) processes. Rarer production mecha-
nisms involving the association of heavy flavour quarks have also been investigated, along with
EW production and exclusive V hadronic decays. These measurements are essential to the LHC
physics program in that they provide important input to simulation, allow to understand key
backgrounds to searches beyond the Standard Model (SM), but also enable to study Parton
Density Functions (PDF) and explore the gauge structure of the SM.

2 Transverse momentum of Drell-Yan lepton pairs

The measurement of the transverse momentum (pT) of Drell-Yan (DY) lepton pairs has been
achieved by ATLAS1 using 36.1 fb−1 of data at 13TeV 3, allowing to probe perturbative QCD at
a high center-of-mass energy (

√
s). Differential production cross sections have been computed by

combining events from the electron and muon decays of the Z boson, and were further unfolded
for detector effects. The associated uncertainty mostly arises from lepton calibration, which can
be reduced down to 0.2% at low pT of the dilepton system (p��T ) by normalizing the differential
cross sections by the total integrated cross section.

Figure 1 shows the measured differential cross section as function of p��T , which is compared
to theoretical predictions from NLOjet 4 with or without next-to-leading order (NLO) EW
corrections. Both cases agree well with data for p��T > 20GeV. The differential cross section is
also determined as function of an alternative observable, φ∗η a, which only relies on the angular
quantities of the leptons. As illustrated in Figure 2, predictions using parton shower (PS) tunes
based on 7TeV data prove able to describe 13TeV data well for φ∗η < 0.5, while high-order
matrix element (ME) calculations are needed at higher values. The use of resummation via
radish turns out to provide the best agreement with data over the complete spectrum.

aφ∗η = tan(π−Δφ��

2
) × sin(θ∗η), with Δφ�� the azimuthal angle difference (in radians) between the two leptons

from the Z decay, and θ∗η the scattering angle of the leptons relative to the proton beam direction in the rest
frame of the dilepton system.

c© Copyright 2021 CERN for the benefit of the ATLAS and CMS Collaborations. CC-BY-4.0 license.
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Figure 1 – [ATLAS DY p��T analysis 3] Measured dif-
ferential cross section as function of p��T , normalized
by the total cross section, and compared to simulation
with or without NLO EW corrections.

Figure 2 – [ATLAS DY p��T analysis 3] Measured dif-
ferential cross section as function of φ∗η, normalized by
the total cross section, and compared to simulations
with different showering tunes and ME accuracies.

3 Angular distance and momentum ratio in 3-jet and Z+2 jets events

The angular distance between jets and their momentum ratio have been analysed by CMS 2 in
3-jet and Z+2 jets events. Unfolded differential cross sections have been measured relying on
19.8 fb−1 of data at 8TeV, as well as on an additional dataset of 2.3 fb−1 at 13TeV for the 3-jet
analysis, leading to compatible results6. Events with three jets were selected via a high-pT single
jet trigger, requiring a dijet topology plus at least one jet, while Z+2 jets events were analysed
in the muon channel. The main experimental uncertainty is due to the jet calibration, and is
below 1% and up to 10% in the 3-jet and Z+2 jets analyses, respectively.

The measured differential cross section of 3-jet events as function of the pT ratio of the third
and second jet is shown in Figure 3, which confirms that predictions with a ME-approximation
approach (pythia7 and powheg8) describe hard and large-angle jet radiations well, in contrast
to a PS-approach (madgraph 9). Z+2 jets events appear to be better modelled for both hard
and large-angle as well as collinear and soft patterns, with, however, an underestimation of the jet
emission at large pT ratio, as depicted in Figure 4. Additional tests using pythia demonstrated
that the simulation of multiple parton interactions is crucial to correctly describe these events.

4 Measurement of Z+jets and γ+jets productions

The first differential cross section measurement of the Z/γ ratio in association with jets at
13TeV, as well as the first direct measurement of a Z boson emitted collinearly with a jet have
been performed by CMS using 35.9 fb−1 of data 10. The Z boson was reconstructed using the
muon channel only, such that the main experimental uncertainties for the Z/γ analysis are due
to the muon and γ calibrations, with relative values of 1.7 to 22% and 0.5 to 8.6%, respectively.
The uncertainty due to the multijet background estimate dominates in the Z boson emission
measurement, and ranges from 0.9 to 11%.

The measured ratio of the unfolded production cross sections of Z over γ proves to be well
modelled over the complete pVT spectrum by the NLO prediction from madgraph, as shown
in Figure 5. The unfolded Z boson production cross section has been determined as function
of the angular separation between the Z and the closest jet, which is presented in Figure 6.
The Z-emission is characterized at values below 2.5, and the NLO prediction from madgraph
provides the best agreement with data overall.
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Figure 3 – [CMS 3-jet analysis 6] Measured and pre-
dicted differential cross sections of 3-jet events as func-
tion of the pT ratio of the third and second leading jets,
given a large angular separation between them.

Figure 4 – [CMS Z+2 jets analysis 6] Measured and
predicted differential cross sections of Z+2 jets events
as function of the angular separation between the two
leading jets (labelled 2 and 3), given a large pT3/pT2.

Figure 5 – [CMS Z+jets and γ+jets analyses 10] Mea-
sured differential production cross section of Z over γ
as function of pVT . Results are compared to simulations.

Figure 6 – [CMS Z+jets analysis10] Measured and pre-
dicted differential cross section of the Z boson produc-
tion as function of the angular distance between the Z
and the closest jet.

5 Measurement of Z boson production via its invisible decay

The Z boson production followed by its invisible decay is an important background to searches
involving non- or weakly-interacting particles. It has been determined by CMS in bins of pZT,
using 35.9 fb−1 of data at 13TeV 11. The main systematic uncertainties arise from the jet and
unbalanced pT scales, amounting to 6% on the integrated fiducial cross section.

The measured differential cross section of the “invisible” Z production is unfolded and
combined with that of the leptonic Z production 12, the latter being constrained by the lepton
identification and limited statistics at low and high pZT, respectively. The resulting measurement,
provided in Figure 7 together with theoretical predictions, is the most precise one to date in
proton-proton collision at 13TeV.
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6 Search for W rare decay into a pion and a photon

The rare hadronic decays of the W boson enable to probe strong interactions, and could con-
stitute a new way to measure the W mass at future colliders. The search for the W decay
into a pion (π) and a photon has been performed by CMS using the complete statistics of Run
2, namely 137 fb−1 of data at 13TeV 13. Due to the high threshold of the photon trigger, the
analysis relies on tt̄ events with one leptonic W decay utilized as a tag, and the other one used
to probe the πγ decay. The search focuses on a final state composed by an isolated track and a
photon with a large pT, and the event selection is achieved by Boosted Decision Trees.

While the main uncertainty is due to the limited sample size (80%), the data and background-
only expectation agree well, as illustrated in Figure 8. An upper limit on the branching ratio of
a W decaying to πγ is thus set to 1.5× 10−5 at 95% CL.

Figure 7 – [CMS invisible Z analysis 11] Measured dif-
ferential cross section of the Z boson production as
function of its pT. Results for its leptonic and invisible
decays are combined, and compared to simulations.

Figure 8 – [CMS W → πγ search 13] Invariant mass of
the πγ system in data, compared to the expectation
from the SM. The W → πγ signal is represented.

7 Measurement of Z+bottom-jets production

The production cross section of the Z boson in association with at least one or two b-jets has
been measured by ATLAS, combining both the electron and muon channels, and using 35.6 fb−1

of data at 13TeV 14. The main background, namely the Z boson production in association
with c or light jets, is simulated and constrained from data using flavour-sensitive distributions
constructed from different b-tagging qualities, with an uncertainty of up to 25% at high Z pT.
The other main systematic uncertainty originates from the b-tagging efficiency, and is 7% and
14% for final states with at least one and two b-jets, respectively.

Unfolded differential cross sections are computed as function of various observables related
to the Z boson and b-jet kinematics, as well as their angular separations. Results are compared
to leading-order (LO) and NLO predictions considering either a 4 or 5-flavour scheme for the
initial-state partons. While the 5-flavour scheme proves to better describe data, the 4-flavour one
tends to underestimate it in the phase space with at least one b-jet, as highlighted in Figure 9.

8 Measurement of Z+ charm-jets production

The production cross section of the Z boson in association with at least one c-jet has been
measured by CMS, considering both the electron and muon channels, and depending on 35.6 fb−1

of data at 13TeV 15. The main background is Z boson production in association with b or light
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jets. It is simulated and constrained from data by exploiting the invariant mass of tracks
associated with the secondary vertex of the highest-pT c-tagged jet. The main experimental
uncertainty, due to the jet calibration and heavy flavor tagging, amounts to 6% on the total
cross section.

Unfolded differential cross sections are determined as a function of the leading c-jet and Z
boson pT. The latter is shown in Figure 10, and provides no indication of intrinsic c-quark, which
would cause an enhancement at high energy compared to the theoretical predictions. By contrast
to the measurement of the inclusive Z boson production cross section16, the LO prediction better
agrees with data than the NLO one, which can suggest that the PDF overestimates the c content.

Figure 9 – [ATLAS Z + b analysis 14] Measured dif-
ferential cross section of the Z boson production in
association with at least one b-jet as function of the pT
of the leading b-jet. Results are compared to LO and
NLO predictions, with a 4 or 5-flavour PDF scheme.

Figure 10 – [CMS Z+ c analysis 15] Measured differen-
tial cross section of the Z boson production in associa-
tion with at least one c-jet as function of the pT of the
Z. Results are compared to LO and NLO predictions.

9 Measurement of electroweak Z+2 jets production

Z boson production in association with two jets has been measured by ATLAS relying on the
complete dataset of Run 2 17. The analysis, sensitive to EW Z production via Vector Boson
Fusion (VBF), has been performed by combining the electron and muon channels. QCD Z
production is the dominant background process, and its simulation is constrained from data,
leading to a subsequent modelling uncertainty on the measured EW production cross section
ranging from 12 to 17% across the dijet invariant mass (mjj) spectrum.

Unfolded Z production cross sections for EW and EW+QCD processes have been evaluated
as a function of various observables. An example for the case of the azimuthal angle difference
between the two leading jets (Δφjj) is shown in Figure 11. This observable proved to be the
most sensitive to constrain CP-odd and CP-even coefficients of a dimension-6 Effective Field
Theory (EFT) that extends the SM with anomalous V self interactions. The limits derived at
95% confidence level on these parameters are reported in Table 1.
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Figure 11 – [ATLAS EW Z+2 jets 17] Measured dif-
ferential cross sections of the EW and EW+QCD Z
boson production in association with two jets. Results
are compared to different theoretical predictions.

Table 1 – [ATLAS EW Z+2 jets 17] 95% confidence
level limits on the CP-odd (cX) and CP-even (c̃X) co-
efficients of a dimension-6 EFT of anomalous V self
interactions.

10 Conclusion

Unfolded differential production cross sections have been estimated for various key processes of
the SM. The observables were chosen to be sensitive to specific QCD and EW properties, and
to the EW gauge structure. Various final states were analysed, requiring accurate techniques to
enhance rare signals, and to constrain backgrounds when simulation was not sufficient.
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Revisiting the number of light neutrino types

Georgios Voutsinas
CERN, EP Department, 1 Esplanade des Particules CH-1217 Meyrin, Switzerland

In these proceedings, we discuss two papers 1 2 that suggest a correction to the measurement
of the number of light neutrino families performed at LEP. The motivation for this work arose
as a by–product of the FCCee luminosity measurement studies 3, where it was found out that
beam-beam interactions impact the effective acceptance of the luminometers, and therefore
the measured luminosity. These effects were not accounted for by the LEP experiments,
which introduced a systematic underestimation of the luminosity, significantly larger than the
quoted systematic uncertainty. Additionally, there has been a number of improvements since
LEP times in the theoretical calculation of the Bhabha cross section, used in the luminosity
measurement. We will discuss how these corrections in the determination of the luminosity
affect the extraction of the number of light neutrinos species, and we will give an updated
number.

1 Introduction

The most precise measurement of the number of light neutrino species Nν to date was performed
at the Large Electron Positron collider (LEP) at CERN 4. The observable most sensitive to Nnu

is the hadronic peak cross section, sigma0had, at the top of the Z resonance:

σ0
had =

12π

m2
z

ΓeeΓhad

Γ2
Z

(1)

Indeed, sigma0had is inversely proportional to the square of the Z total width ΓZ , itself linearly
increasing with Nnu, as the sum of the partial widths:

NνΓνν = ΓZ − Γee − Γμμ − Γrmττ − Γhad (2)

From Eqs. 1 and 2 one can take the expression that gives Nν

Nν

(
Γνν

Γll

)
SM

=

(
12π

m2
z

R0
l

σ0
had

) 1
2

−R0
l − 3− δτ (3)

where the ratio of hadronic to leptonic width R0
l , the Z peak cross section σ0

had and the mass of
Z mz are calculated through the Z lineshape fit, while by the LEP times the Standard Model
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(SM) predicted for
(
Γνν
Γll

)
SM

to be equal to 1.99125±0.00083a. The factor δτ expresses the effect

of the τ mass on the Z → ττ partial width and amounts to ∼ −2.263× 10−3. The combination
of the measurements made by the four LEP experiments led to

Nν = 2.9840± 0.0082 (4)

Eq. 4 tells us that there are 3 families of light neutrinos. Nevertheless, there is an observed deficit
of two standard deviations from 3. This (statistically weak) discrepancy from the expected value
of 3 has raised a discussion whether it arises due to some new physics or it is just a statistical
fluke. It has become the subject of theoretical investigation 5 6.

The determination of Nν , via its dependence on σ0
had, depends on the precise measurement

of the integrated luminosity. In fact, the integrated luminosity uncertainty is the dominant
contribution to the systematic uncertainty on Nν .

2 Luminosity measurement at LEP

The luminosity was determined by measuring the low-angle Bhabha scattering (e+e− → e+e−)
process

L =
NBhabha

σBhabha
(5)

where the rate of Bhabha events NBhabha was measured in a dedicated set of luminosity monitors
while the cross section σBhabha is well understood theoretically and can be calculated precisely.
The counting of Bhabha events was based on the concept of asymmetric acceptance: an event
is counted when there is a particle inside the narrow acceptance in one luminometer arm and
inside the wide in the other. This ensures that the luminosity measurement depends only to
second order on effects modifying the acollinearity distribution. For the precise measurement
of the luminosity it is crucial to know precisely the effective acceptance of the luminometers.
Typical acceptance of LEP luminometers (narrow) were 30mrad ≤ θ ≤ 50mrad (40-110 mrad
for DELPHI), where θ is the polar angle with respect to the electron beam direction. The
uncertainty of the luminosity measurement (OPAL) was ±0.054%(the) + 0.034%(exp).

In these proceedings, we investigate two factors that alter the integrated luminosity mea-
surement. In the first part we focus on the first factor, the beam-beam effects, that modify
the absolute value of the numerator of Eq. 5. In the second part the focus is on the updates
on the theoretical calculation of the Bhabha cross section, that improves the accuracy of the
denominator, and may change its absolute value. We therefore expect both a different and a
more precise luminosity value.

3 Beam-beam effects on the luminosity measurement at LEP

The beam-beam effects impact the measured Bhabha rate NBhabha by focusing the final state
Bhabha particles. This is equivalent to an increase of the minimum polar angle of the luminome-
ters. These effects are illustrated in Fig. 1. The outgoing electron is attracted by the opposite
positron bunch (and vice versa). Their polar angle becomes smaller, thus particles emitted with
polar angles slightly larger than the θmin of the luminometer’s acceptance might be deflected
outside the acceptance. On the other hand, particles emitted with polar angles slightly larger
than the θmax of the luminometer’s acceptance might jump in. Overall the effect is negative due
to the θ−3 dependence of the cross section.

This led to an underestimation of NBhabha and therefore of the integrated luminosity. In
order to quantify the relative effect, we simulated Bhabha samples with BHLUMI 4.04 7 and
then fed them to Guinea Pig software 8 which emulate the impact of the beam-beam effects.

aThe SM prediction currently is 1.99060± 0.00021
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Figure 1 – Illustration of the focusing electromagnetic force that is experienced by the charged leptons emerging
from a Bhabha interaction. The dashed lines show the original direction of the leptons, while the full lines show
their direction after the electromagnetic deflection induced by the opposite charge bunch. The yellow and cyan
rectangulars depict respectively the wide and narrow acceptance of the luminometers.

The average focusing angle, defined as the difference between the polar angles before and after
the deflection from the opposite bunch, is ∼ 12μrad. It will result to a bias in the luminosity
measurement. The bias depends on the beam parameters, the acceptance of the luminometers
and the selection criteria of each experimeny in order to count a Bhabha even. The resulting
bias was found to be ∼ −0.1%, larger than the quoted experimental uncertainty (0.034%).

The luminosity measurement bias at the Z peak yielded an overestimation of σ0
had. Moreover,

the smaller biases off peak, result to a slight increase of the Z boson width. After correcting for
these bias, the LEP-combined value of Nν becomes

Nν = 2.9919± 0.0081 (6)

within ∼ 1 standard deviation from 3 1.

The result of Eq. 6 has been obtained after following a number of shortcuts. In these
proceedings, due to the limited space, we will only discuss the impact of variations of the LEP
beam parameters as an example. We assumed stable beam parameters over each year of LEP
operation, which is of course a simplification. We obtained the luminosity-weighted average for
the bunch population from measurements taken every 15 minutes with a ±2% precision, while
the bunch length (σz) and the horizontal bunch size (σx) were measured by the experiments
with ±5% precision. To assess the effect of small changes in beam parameters during operation,
several scenarios were examined in GP, where in each one of them one of the beam parameters
was varied (Fig. 2).

The bias was found to be proportional to the bunch population, so a 2% precision in the
latter directly translates to a 2% precision in the knowledge of the bias. No strong dependence
of the bias on variations of σz and σy was found. As far as it concerns (σx), it scales as ∼ σ−0.8x ,
thus a precision of 5% in σz results to 2% precision in bias. A full account of the simplifications
used in this study is given in Table 1.

4 Improved Bhabha cross section at LEP

Updates in the theoretical calculation of the Bhabha cross section will modify the denominator
of Eq. 5. LEP experiments used BHLUMI (in various versions) and BABAMC 9 (during 1990-
1992) in order to calculate the Bhabha cross section inside the acceptance of their luminometers.

11



Figure 2 – Left: dependence of luminosity bias on variations of various beam parameters. Right: dependence of
luminosity bias on σx. It scales as ∼ σ−0.8

x .

Table 1: Summary of systematic corrections and uncertainties relative to the luminosity bias.

Source Systematic effect

Bunch currents ±2.0%

e+/e− imbalance −0.6% ±0.1%

Horizontal bunch size ±2.0%

Bunch length ±0.4%

Vertical bunch size +0.8% ±0.4%

Time dependence −0.7% ±0.4%

Technical accuracy ±0.6%

β functions at IP small

Bunch profiles small

e+/e− bunch overlap small

Luminometer acceptance ±0.2%

Averaging procedure ±0.5%

1990-1992 data −0.1% ±0.0%

Other effects ±5.0%

Total −0.6% ±5.8%

The theoretical uncertainty on luminosity measurement was 0.061% (0.054% for OPAL). The
main areas of improvement since LEP times include:

• Z exchange contribution

• Hadronic component of vacuum polarisation in t-channel γ propagator

• Full inclusion of fermion pair production (e+e− → e+e−f+f−)

For the purposes of the study, over a billion of Bhabha events were generated with BHLUMI
4.04. Concerning the Z exchange contribution, till 1993 LEP experiments were using BHLUMI
2.01, where it was implementing in tree level. They were correcting with BABAMC. From 1993
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and on, they moved to BHLUMI 4.x. OPAL reweighted their 1990-1992 results with BABAMC.
We did the same for the other 3 experiments. The cross section was found to be smaller up to
a factor of ∼ 0.1%, however the overall effect is small since it affects only the 1990-1992 data.

The abundance of electron-positron annihilation to hadrons data from B and Φ factories
allowed a better determination of the R factor. These new results have implemented into a
number of data-driven methods that resulted to a more precise estimation of the hadronic
component of the vacuum polarisation in Bhabha t-channel. Three independent algorithms
were used 10 11 12, all providing consistent results. This update brings an improvement in the
precision of the calculation of the Bhabha cross section. Taking into account this modification,
the cross section appears to be smaller by 0.015-0.030% for the first generation of luminometers,
and 0.022% for the second.

Finally, the contamination of the Bhabha events selection from 4-fermion processes was
fully evaluated for three out of four experiments and was complemented for OPAL b. All leading
order diagrams and all fermions were considered. Both real production and virtual vertex
correction have to be taken into account. The real part was evaluated with the FERMISV 13

and KORALW 14 codes, while the virtual part was calculated according to Ref. 15. The result
was again an improvement in the precision of the calculation of the Bhabha cross section. The
updated cross section found to be smaller. The decrease is ranging between 0.03-0.05% for the
four LEP experiments.

5 Combined results

It is remarkable that all updates, both the correction of the beam-beam effects and the im-
provements in the calculation of the Bhabha cross section point to the same direction, towards
an increase of the integrated luminosity. A refit of the Z lineshape was performed, using the
same way of combining the results of the four experiments as in Ref. 4. First it was verified
that starting with the original LEP values we end up in the same results as Ref. 4. Then the
updates were added one by one, performing a fit after each addition. The impact of each update
in Nν is depicted in Fig. 3. Nν becomes 2.9963 ± 0.0074. The largest contribution in absolute
value comes from beam-beam effects. The precision improvement (the uncertainty decreased
from 0.0082 to 0.0074) is mostly a result of the updates in the calculation of the Bhahba cross
section.

Figure 3 – Cumulative change on Nnu with the addition of each update.

bOPAL had already included light fermion pair production, thus it stated 0.054% theoretical uncertainty
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6 Conclusion

The beam-beam interaction induced bias on the luminosity measurement and the precision
improvements in the calculation of the Bhabha cross section have been quantified for the LEP
experiments. The number of light neutrino species becomes

2.9963± 0.0074 (7)

well within one standard deviation from 3. The Z hadronic cross section decreases from 41.540±
0.037 to 41.4737 ± 0.0326. We also find a slight increase of ΓZ , from 2.4952 ± 0.0023 to
2.4955 ± 0.0023. Finally, the theoretical uncertainty in the luminosity measurement decreased
from 0.061% to 0.037%.

References

1. G.Voutsinas, E.Perez, M.Dam and P.Janot, Phys. Lett. B 800, 135068 (2020).
2. P. Janot and S. Jadach, Phys. Lett. B 803, 135319 (2020).
3. G.Voutsinas, E.Perez, M.Dam and P.Janot, JHEP 10 (2019) 225.
4. ALEPH, DELPHI, L3, OPAL, SLD, LEP Electroweak Working Group, SLD Electroweak

Group, SLD Heavy Flavour Group, S. Schael et al., Precision electroweak measurements
on the Z resonance, Phys. Rept. 427 (2006) 257454.

5. W. Loinaz, N. Okamura, T. Takeuchi and L.C.R. Wijewardhana, Phys. Rev. D 67, 073012
(2003).

6. A. Gouvea, G.F. Giudice, A. Strumia and K. Tobe, Nucl. Phys. B 623, 395 (2002).
7. S. Jadach et al, Comput. Phys. Commun. 70 (1991) 305344 52 p.
8. D. Schulte, CERN-PS-99-014-LP, http://cds.cern.ch/record/382453 (1999).
9. F.A. Berends, R. Kleiss and W. Hollik, , Nucl. Phys. B 304, 712 (1988).
10. F. Jegerlehner, Hadronic contribution to the photon vacuum polarization as

a function of s. Updated code hadr5x.f taken from http://www-com.physik.hu-
berlin.de/ fjeger/software.html.

11. A. Keshavarzi, D. Nomura and T. Teubner, Phys. Rev. D 97, 114025 (2018) [1802.02995].
12. M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, arXiv:1908.00921v3 [hep-ph].
13. J. Hilgart, R. Kleiss and F. Le Diberder, Comput. Phys. Commun. 75 (1993) 191218.
14. S. Jadach, W. Placzek, M. Skrzypek, B. F. L. Ward and Z. Was, Comput. Phys. Commun.

119 (1999) 272311, [hep-ph/9906277].
15. S. Actis, M. Czakon, J. Gluza and T. Riemann, Phys. Rev. D 78, 085019 (2008).

14



Global vision of precision measurements

Jens Erler
PRISMA+ Cluster of Excellence, Institute for Nuclear Physics,

Johannes Gutenberg-University, 55099 Mainz, Germany

I summarize recent developments in electroweak precision physics and global fits. Expectations
for future measurements, both at lower energies and the energy frontier, are also discussed.

1 Introduction

The electroweak (EW) precision program started about half a century ago, and it was very
successful in that it predicted the masses of the W , Z, and Higgs bosons, and also of the top
quark, well before their respective discoveries. In 2012 the Standard Model (SM) was completed
with the discovery of the Higgs boson, and it is as successful as it is unsatisfactory, in that Dark
Matter finds no explanation and there are the problems of naturalness and arbitrariness. Since
no new states have been discovered so far at the LHC, it is possible that history repeats itself,
and that new physics shows up in EW precision measurements first.

As a general remark, the precision in this program has become very high, and the higher
it gets, the more physics issues enter in the interpretation of any given precision measurement.
This can be an obstacle when one is looking at only one observable at a time, but it may become
a feature in global analyses, where one looks across different observables and different subfields
of particle, nuclear and atomic physics at the same time, and one persons uncertainty induced
by some subfield of physics may be another persons physics target. Right now there are some
tensions in the anomalous magnetic moment of the muon, the W boson mass, MW , and the
unitarity of the first row of the CKM matrix, but by and large the SM is still in excellent shape.

2 Key observables

As can be seen from the left plot of Fig. 1, the MW measurements from different colliders and run
periods are in very good agreement with each other. Their average, MW = 80.379± 0.012 GeV,
however, deviates at the 2 σ level from the SM prediction, MW = 80.357 ± 0.006 GeV. From
the right plot of Fig. 1 one observes that the situation is somewhat reversed in the case of weak
mixing angle measurements, where the individual determinations are quite scattered, while
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Figure 1 – Left: Measurements of MW from LEP, the Tevatron and the ATLAS Collaboration at the LHC. Right:
Measurements with sub-percent precision of the effective leptonic weak mixing angle, sin2 θ�eff . The world average
and the SM prediction are also shown in each plot.

the common average, sin2 θ�eff = 0.23148 ± 0.00013, is in perfect agreement with the value,
sin2 θ�eff = 0.23153 ± 0.00004, preferred by the SM. The most precise measurements are from
the forward-backward asymmetry for b quark final states at LEP, and the left-right asymmetry
from the SLC, while the determinations from lower energies shown in blue near the bottom of
the plot currently show larger uncertainties. However, there are upcoming experiments at low
momentum transfers, such as the MOLLER experiment 1 in polarized e− scattering, and the P2
experiment in polarized elastic e−p scattering 2, both of which aiming to measure sin2 θW with
a precision comparable to that at LEP and the SLC, as I will discuss in Section 3.

The left plot of Fig. 2 compares two different definitions of the weak mixing angle and
how well they can be measured. One is the effective leptonic weak mixing angle, sin2 θ�eff , as
determined mostly from cross section asymmetries, while the vertical axis hosts the on-shell
weak mixing angle, given in terms of the ratio of the W and Z boson masses. Since these
quantities coincide at the tree level, they may be properly normalized with respect to each
other, and comparing their values one observes that the radiative corrections are quite large,
and very interesting as they arise from all SM particles and perhaps hitherto unknown ones. The
right plot of Fig. 2 summarizes the current situation in terms of the Higgs boson and top quark
masses, MH and mt, including the direct measurements as the horizontal line and the vertical
band, respectively. One observes that the asymmetries are in very good agreement with these
direct measurements, but that MW prefers lower values of MH . One can remove the kinematic
mt determination from the hadron colliders, and determine 3,

mt = 176.4± 1.9 GeV, (1)

which is 1.9 σ higher than the average 3 of the direct measurements, mt = 172.9± 0.6 GeV.
Similarly, if one removes the direct measurements of MH from Higgs decays at the LHC from

the global fit it returns somewhat lower MH . As can be seen from the left plot of Fig. 3 this
is only a � 2 σ effect, and again a consequence of the measured MW . The right plot of Fig. 3
shows the impact of the projected FCC-ee precision, assuming that the central values of the
observables would stay where they are today. In that case, the uncertainty in the indirect MH

would be only ±1.4 GeV, and the discrepancy of many standard deviations would allow to claim
the discovery of new physics. This assumes, however, the absence of any theory uncertainties.
Assuming instead the opposite (and unrealistic) extreme of no theory improvement between
now and the conclusion of such a lepton collider, the uncertainty in the indirect MH would
be ±5.7 GeV. This would still signal a significant discrepancy, but it would be just shy of a
discovery.
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Figure 2 – Left: On-shell vs. effective leptonic weak mixing angle. The wide bands represent the situation today,
while the thin lines in the center are the projections of what a future lepton collider such as the FCC-ee might be
able to achieve. The medium-wide bands indicate what we expect before the start of a new lepton collider, i.e.,
perhaps within the 15 years ahead of us, namely from further measurements at the LHC but also from low-energy
experiments. The red ellipse represents the current global fit result. Right: Indirect constraints 3 on MH and mt

from various Z lineshape observables, Z pole asymmetries, and MW . The direct determinations are also shown.

3 Parity-violating electron scattering

The left plot of Fig. 4 shows that there is more to the weak mixing angle than just averaging
different measurements, as they may derive from different energy regimes. Most of them have
been obtained from a window around the Z boson mass, including the currently most precise ones
from LEP, the SLC, the Tevatron, and the LHC. There is also a smaller number of determinations
at lower energies, such as from atomic parity violation (APV), ν scattering, and polarized e−

scattering. Thus, one can test the running of sin2 θW in the SM, and if there is a new degree
of freedom somewhere below the Z scale, say with a mass of the order of 100 MeV such as a
dark Z boson 8, then the running would change and the lower energy measurements would move
together away from the predicted curve. It is also possible that there is some other kind of new
effect, such as additional amplitudes, in which case only some of the low-energy measurements
would tend to deviate, and one might be able to deduce the presence of new physics in this way.

In parity-violating electron scattering (PVES) experiments one directs an e− beam onto
a fixed target, and measures the difference in cross sections for left-handed and right-handed
polarized beams normalized to the sum. In proton scattering one needs to work with very low
momentum transfers, |Q2| � m2

p, in order to scatter elastically from a proton as a whole and
to keep hadronic uncertainties under control. Such asymmetries filter out the EW interaction
as QED and QCD conserve parity. The challenge is that they are proportional to GFQ

2, with
GF the Fermi constant, and therefore tiny. To leading order, PVES asymmetries arise from the
interference of photon and Z boson exchange amplitudes, and since for both, e− and p scattering,
it is proportional to 1− 4 sin2 θW (similar to leptonic asymmetries near the Z pole) this results
in an enhanced sensitivity to sin2 θW . Using this strategy, the Qweak Collaboration 9 was able
to extract,

sin2 θW (0) = 0.2383± 0.0011, (2)

i.e., with 0.5% precision, from a 4.1% asymmetry measurement at an average |Q| = 158 MeV. In
the future this kind of low-energy experiment will allow per mille level sin2 θW determinations.

Assuming that there are no new particles with masses near or below the EW scale, one
can describe physics Beyond the Standard Model (BSM) in a completely model-independent
way in terms of the SM effective field theory (SMEFT). This is because the SM is really just
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Figure 3 – Left: Δχ2 ≡ χ2 − χ2
min computed 5 with the EW packages Gfitter and GAPP as a function of MH . A

modest tension with the kinematic MH determination at the LHC is visible. Right: Same as on the left, but for
a fit 6 assuming the projected FCC-ee errors.

the collection of the operators above the double line in Table 1 which are the interactions with
the nice property of being renormalizable, but there is no known physics principle which would
imply a restriction to operators of dimension D ≤ 4. Indeed, the operators at the D = 5 level
account for neutrino oscillations, and these days one is looking in particular at D = 6 operators.

Let us now focus on the 38 types of four-fermion operators (NF = 1). They may be catego-
rized as purely leptonic (3 L4), semi-leptonic (13 L2Q2), baryon number-violating (8 LQ3), and
purely hadronic (14 Q4), where the latter are difficult to constrain with precision due to strong
interaction uncertainties. Abbreviating, ψV ≡ ψ̄γμψ and ψA ≡ ψ̄γμγ5ψ, the three leptonic ones
break further down into eV eV , eAeA, and eV eA, where the first two have been studied at LEP
and the SLC, while the last one is parity-odd and can be directly probed by MOLLER (and its
precursor experiment 11 E–158 at SLAC).

Likewise, the 13 semi-leptonic operators include 4 scalar and 2 tensor structures, which do
not interfere with photon or Z exchange amplitudes. The other 7 correspond to the vector- and
axial-vector combinations, eV qV , eAqV , eV qA, and eAqA (with q = u or d), which we will also call
C0, C1, C2, and C3, respectively. Thus, it would seem there are 8 possibilities, but there is one
constraint, (ūLγ

μuL − d̄Lγ
μdL)ēRγμeR = 0, because one operator is ruled out by SU(2)L gauge

invariance. The C1 can be determined in APV and elastic PVES (Qweak and P2), while for the

Table 1: Classification 10 of SMEFT operators with D ≤ 8. To calculate the numbers of independent operators,
partial integrations, algebraic identities, and the equations of motion have been used, but not re-phasings or other
field re-definitions. Hermitian conjugate operators are counted separately so that their coefficients may be taken
as real parameters. Kinetic terms have not been counted and topological terms may be misidentified. The first
column is for NF = 3 families of fermions, while all other columns assume NF = 1 for simplicity.

Nf = 3 Nf = 1 bosonic ψ2 ψ4 (ΔB = 0) ψ4 (ΔB �= 0) effect

D = 0 1 1 1 — — — ΛC �= 0

D = 1 — — — — — —

D = 2 1 1 1 — — — MH �= 0

D = 3 — — — — — —

D = 4 55 7 1 6 — —

D = 5 12 2 — 2 — — mν �= 0

D = 6 3045 84 15 31 30 8

D = 7 1542 30 — 10 12 8

D = 8 44807 993 89 386 420 98

SM

BSM
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Figure 4 – Left: Scale dependence of the weak mixing angle in the MS renormalization scheme 7 together with
the measurements. Notice, that the associated β-function changes sign near MW , where the theory effectively
switches from non-Abelian to Abelian in character. The lower part shows expectations from the next-generation
experiments, MOLLER, P2, and SoLID, building on E–158 (e− PVES at SLAC), Qweak, and PVDIS (JLab),
respectively. Right: Current constraints 3 on the oblique S and T parameters. Further oblique parameters, such
as U , have been set to zero, as they enter the SMEFT not before the D = 8 level.

C2 one needs to explore PVES in the deeply-inelastic regime (eDIS), such as in the experiment
by the PVDIS Collaboration 12 or with the future SoLID apparatus 13 at Jefferson Laboratory
(JLab). Unlike the C1 and C2, the C3 are parity-even and may be studied by comparing e− and
e+ cross sections 14. Current constraints on the C1 and C2 coefficients are shown in Fig. 5.

4 Some more recent results and conclusions

The only determinations of the strong coupling, αs, that come with almost negligible QCD
uncertainties are those from Z pole measurements at LEP, most importantly from the Z width,
ΓZ , the hadronic Z peak cross section, σ0

had, and from the ratios of hadronic-to-leptonic Z boson
decay rates, R�. This is an old topic, but there was a very recent re-analysis 15 of the luminosity
at LEP, partly due to a new calculation of the small-angle Bhabha scattering cross section which
is needed to measure it, and there were other refinements, as well. As a result, the number of
active neutrinos, Nν , extracted mostly from ΓZ and σ0

had changed 16 from what it was at the
times of LEP. But there is another consequence, which is that the combination,

αs(MZ) = 0.1228± 0.0028, (3)

of the EW Z pole determinations is now roughly 2 σ higher than genuine QCD extractions. As
a conclusion, the previous 2 σ deficit in Nν compared to the SM prediction Nν = 3 has migrated
to αs. An FCC-ee might be able to measure αs(MZ) to ±5× 10−5 from these observables 6.

The S and T parameters correspond to the leading new physics contributions to the W and
Z boson self-energies. They present a nice and illustrative way to constrain BSM physics, where
the right plot of Fig. 4 summarizes the current situation. It is amusing to note that if one allows
these two extra parameters, then the minimum χ2 of the global fit drops by 3.9 units, which is
quite unusual and perhaps this is telling us something, even though this is not very significant,
yet. Again, the FCC-ee would provide a tremendous improvement in precision, and the errors
in S and T could drop by as much as a factor of twenty 6.

In conclusion, there is no conclusive evidence for new physics at the LHC so far, which is
why there is a focus on the systematic SMEFT approach which is entirely model-independent,
provided there are no new states with masses near the EW scale or below. The recent LEP
luminosity update confirmed that there are exactly 3 active neutrinos, but αs is now slightly
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Figure 5 – Results from APV and PVES. Left: C1 couplings. Right: Electric charge-weighted C1 and C2 couplings.

higher than expected. Later in this decade we will witness many precise and complementary
measurements of sin2 θW , including ultra-high precision experiments at JLab and the MESA
accelerator under construction in Mainz. These will be competitive with the precision achieved
by LEP and the SLC. And in more future decades we hope to see next-generation lepton colliders
like the ILC, the CEPC, the FCC-ee, CLIC, or a muon collider.
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This article summarises the recent highlights in top cross-section and rare top processes at
ATLAS and CMS, including measurements from precision to rarity over five orders of magni-
tude apart. No significant deviations from the Standard Model (SM) predictions are observed.
Notably, the first evidence of the four-top quark production was established at ATLAS.

1 Introduction

The top quark, which was discovered at the Tevatron in 1995, is the heaviest elementary particle.
It has the strongest interaction with the Higgs boson. Over 200 million top quark pairs are
produced at

√
s = 13 TeV at the LHC in Run II, which are mostly created in the gluon-initiated

processes. A number of cross-section measurements involving top quarks from tt̄ to tt̄tt̄ were
performed at ATLAS 1 and CMS 2. A personal selection of these results is highlighted in these
proceedings.

2 tt̄ precision measurements

Precision measurements in tt̄ production are an essential part of the LHC top physics program,
providing a model-independent way to probe new physics. Inclusive and differential tt̄ cross-
section measurements are used to test state-of-art theory predictions to the next-to-next-to
leading order (NNLO) in QCD and to constrain parton distribution functions (PDFs). They
provide an alternative approach to extract SM parameters such as αS and the top mass.

Table 1 shows the inclusive cross-section with one or two leptons in the final state at
√
s =

13 TeV and
√
s = 5 TeV 3,4,5,6,7. The NNLO predictions are consistent with data. For the

13 TeV measurement, an unprecedented precision of 2.4% in the eμ channel, dominated by
the luminosity uncertainties, is reached. For 5 TeV tt̄ cross-section, both ATLAS and CMS
measurements are statistically limited.

c○ Copyright 2021 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.

21



Table 1: Inclusive tt̄ cross section measurements at
√
s = 13 TeV and

√
s = 5.02 TeV in lepton+jets (l = e, μ)

and dilepton channels 3,4,5,6,7. The NNLO+NNLL predictions are σ13TeV
NNLO = 832+20

−29(scale) ± 35(PDF + αS) and

σ5TeV
NNLO = 68.2+5.2

−5.3(theory).

Channel cross section (pb) Data set
√
s

1l 3 830± 0.4 (stat.) ±36 (syst.) ±14 (lumi) ATLAS 139 fb−1 13 TeV
eμ 4 826.4± 3.6 (stat.) ±11.5 (syst.) ±15.7 (lumi) ±1.9 (beam) ATLAS 36 fb−1 13 TeV
lτhad

5 781± 7 (stat.) ±62 (syst.) ±20 (lumi) CMS 36 fb−1 13 TeV
2l 6 66± 4.5 (stat.) ±1.6 (syst.) ±1.2 (lumi) ±0.2 (beam) ATLAS 257 pb−1 5 TeV

eμ + 1l 7 62.6± 4.1 (stat.) ±3.0 (syst.+lumi) CMS 304 pb−1 + 27.3 pb−1 5 TeV

Figure 1 presents the shape measurement 4 in the azimuthal angle difference between the
electron and muon, Δφeμ, which is particularly sensitive to the spin correlation of the tt̄ system.
The precision in this differential spectra is limited by the MC modelling and available statistics.
The tt̄ cross-section is also measured in the all-hadronic channel. CMS uses large-radius jets to
reconstruct two highly-boosted top quarks to probe the tt̄ invariant mass up to 4 TeV shown in
Figure 1 8. The observed cross section is significantly below the NLO predictions. ATLAS mea-
sures the cross-section in the resolved all-hadronic channel and the transverse momentum of the
tt̄ is presented in Figure 2 9.PowhegHerwig7 provides the best description of the data shape.
The precision in the all-hadronic channel is dominated by the jet energy scale and b-tagging
uncertainties. CMS measures the tt̄cc̄ cross-section for the first time. A simultaneous extraction
of the cross section of the tt̄ pair in association with two additional bottom (tt̄bb̄), charm (tt̄cc̄),
and light-flavour or gluon (tt̄LL̄) jets is performed using a template fit procedure 10. The ratio
in the cross section of tt̄bb̄ (tt̄cc̄) to that of inclusive tt̄ + jets is presented in Figure 2. The
theoretical predictions are consistent with the measurements within two standard deviations.

Figure 1 – The Δφeμ distribution in the eμ channel 4 (left) and the mtt̄ distribution in the boosted all-hadronic
channel 8 (right).

3 Single top production

Measurement in the single top production provides insight into the electroweak processes and
Vtb in the CKM matrix. The t−channel single top production leaves a distinct signature in the
detector with a top quark and a forward jet. The CMS experiment measures both inclusive
and differential cross section in the t−channel of the single top production as well as relevant

22



Figure 2 – The ptt̄T distribution in the resolved all-hadronic channel 9 (left) and the ratio in cross-sections of tt̄bb̄
(y axis) and tt̄cc̄ (x axis) to those with inclusive tt̄ + jets 10 (right).

ratios in the cross-section of top to that of anti-top. Taking the ratio in the cross-section of
top to that of anti-top, sensitive to the parton distribution functions (PDFs), largely cancels
experimental uncertainties. It is measured differentially as a function of top pT presented in
Figure 3 11. The precision in the ratio measurement is limited by the PDF uncertainties and
available MC statistics. The tW channel of the single top production gives rise to 1 (3) jets
including 1 b-tagged jet in the dilepton (single lepton) channel. ATLAS claims the first evidence
of the tW production in the single lepton channel with an observed (expected) significance of 4.5
(4.1) standard deviations12. CMS measures the tW differential cross section in the eμ channel13

as a function of Δφ(e±, μ∓) (Figure 3), which is sensitive to the coupling between the top quark
and the W boson. The uncertainty in the shape measurement is dominated by the statistical
uncertainty.

Figure 3 – Measurement of the ratio in the cross section of the top to that of anti-top in the t−channel 11 (left)
and the distance between the electron and the muon in the tW channel 13 (right).
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4 Rare top processes

Precision measurements of rare top processes are sensitive to new physics effects and such pro-
cesses present dominant backgrounds to searches beyond the SM and t(t̄)H measurements. Both
ATLAS and CMS claim discovery of the tZq process. They focus on the trilepton channel, in
which two leptons arise from a Z boson decay, with at least two jets with 1 or 2 b-tagged jets. The
dominant backgrounds in this channel are non-prompt leptons (data-driven), WZ + b jets and
tt̄Z. Advanced machine learning techniques were applied to distinguish the signal from the back-
ground. The extracted cross section from ATLAS 14 and CMS 15 is 111±13 (stat.) +11

−9 (syst.) fb
and 97 ± 13 (stat.) +7

−7 (syst.) fb using 77.4 fb−1 and 139 fb−1 data, respectively. The system-
atic uncertainty is dominated by the description of the non-prompt/fake backgrounds, jet and
missing transverse momentum.

The tt̄Z production was measured differentially for the first time at ATLAS and CMS ex-
periments. The measurement targets three- or four-lepton channel with Z → l+l−. Figure 4
shows the transverse momentum distribution of the Z boson 16 and the cos θ∗Z distribution 17,
where θ∗Z is the polar angle between the negatively charged lepton in the rest frame of the Z
boson and the Z boson in the detector reference frame. ATLAS measures the tt̄γ + tWγ cross
section in the eμ channel 18 whilst CMS performs the tt̄γ measurement in the single lepton
channel 19. Figure 5 shows the transverse momentum distribution of the photon from ATLAS
and the distance between the photon and the lepton from CMS. For both tt̄Z and tt̄γ the NLO
predictions can provide a good description of data within uncertainties. The precision for these
two measurements is limited by signal/background modelling.

Figure 4 – Measurement of the tt̄Z differential cross section as a function of the Z boson transverse momentum
at ATLAS 16 (left) and cosθ∗Z at CMS 17 (right).

The production of the four-top quark represents a most massive final state, clocking in at
around 700 GeV. It is a rare process sensitive to the magnitude and CP nature of top-Higgs
coupling. The current best theoretical prediction at NLO QCD and EW accuracy yields a
cross section of 12 ± 2.4 fb. The four-top process produces four W bosons and four b jets,
leaving a distinct signature in the detector. Both one and two-opposite lepton (1LOS) and
two same-sign and multi-lepton (SSML) decay channels have been explored at the LHC. The
1LOS channel has large branching ratio ( 57%) but suffers from the substantial background of
tt̄ production associated with additional heavy or light flavour jets. The SSML channel has
a small branching ratio ( 12%) and the relatively minor backgrounds arise from tt̄V (V =
W,Z,H), non-prompt leptons and wrong charge assignment. The wrong charge assignment
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Figure 5 – Measurement of the tt̄γ differential cross section as a function of the photon transverse momentum at
ATLAS 18 (left) and ΔR(γ, l) at CMS 19 (right).

Figure 6 – The BDT output in the signal region of the four-top searches in the SSML at ATLAS 20 (left). The
combined observed (expected) significance between 1LOS and SSML channels in the four-top search 22(right).

can arise from photon Bremsstrahlung and mis-measured curvature, which is estimated using
a control sample from around the Z-mass peak. The non-prompt leptons may originate from
photon conversion or semileptonic b decay. Dedicated control regions are used to constrain
the normalisation of tt̄W and non-prompt backgrounds using MC templates. The remaining
backgrounds including tt̄Z and tt̄H are predicted using simulations. In order to distinguish the
signal from these backgrounds, advanced machine learning techniques using boosted decision
trees (BDT) were applied shown in Figure 6 20. ATLAS claims the first evidence of four-top
production in the SSML channel with a measured cross section of 24+7

−6 fb, corresponding to an
observed (expected) significance of 4.3 (2.4) standard deviations. CMS has obtained an observed
(expected) significance of 2.6 (2.7) standard deviations 21 in the same channel. The systematic
uncertainty is dominated by the signal modelling and tt̄W modelling at high (b-)jet multiplicity.
The slight difference in the significance between ATLAS and CMS is mainly due to the different
background models. ATLAS further consolidates the four-top evidence by combining the SSML
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result with the updated 1LOS results in Figure 6, corresponding to an observed (expected)
significance of 4.7 (2.6) standard deviations 22.

5 Conclusion

A number of measurements using LHC Run II data in the top quark sector, from precision to
rarity, is presented in these proceedings. No significant deviations from SM predictions have
been observed. Unprecedented precision has been reached in the tt̄ and single top cross-section
measurements. The tt̄cc̄ cross-section measurement was performed by the CMS for the first time.
As for the top rare process, both ATLAS and CMS claim the discovery of the tZq process. In
addition, the tt̄Z cross section was measured differentially for the first time. Notably, ATLAS
has found evidence for the SM four-top production, paving the way to discovery of this rare
process, as LHC collects more data in the coming years.
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Top quark electroweak interactions
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London WC2R 2LS, UK

I discuss how modified EW interactions lead to energy growth in 2 → 2 scattering ampli-
tudes and how the framework of the Standard Model Effective Field Theory can be used in
conjunction with the Goldstone boson equivalence theorem to better understand the origin
of such unitarity violating behaviour. I quantify how applications in constraining top quark
electroweak couplings are especially motivated due to our relatively poor understanding of
them. I present some highlights of a systematic study of energy growth in EW top scattering
amplitudes with a focus on how such effects can be searched for in realistic collider processes,
demonstrating some promising avenues for future study.

1 Introduction

One of the great challenges facing the current generation of high energy physicists is to un-
cover the origin of electroweak (EW) symmetry breaking (EWSB). Alongside direct searches
for new states at the TeV scale, careful study of the properties of the relevant Standard Model
(SM) degrees of freedom is essential. The particles that are most strongly implicated in this
mechanism are those with the greatest mass, coupling most strongly with the Higgs field. This
naturally includes the Higgs boson itself as well as the W and Z bosons and the top quark. By
precisely characterising the interactions among this sector, we may find indirect evidence of new
physics that has thus far eluded direct searches, but nevertheless left an imprint in couplings
at lower energies. This imprint can perturb a delicate balance that conserves unitarity and
renormalisability of the SM. Indeed, the EW sector as we know it is the unique, weakly-coupled
realisation of our observed low energy field content, that respects unitarity up to arbitrarily
high energies 1,2,3. Spoiling any of the tight relations between couplings and/or masses at low
energies, leads to unacceptable energy growth in scattering amplitudes. This necessarily implies
that the theory now has a finite range of validity and that new, heavy states should exist.

The most well known application of this ideas considered the scattering of longitudinally
polarised of W -bosons, WLWL → WLWL

2,4,5, and allowed us to bound the scale of EWSB from
above 5,4, guaranteeing the discovery of new physics (which turned out to the a very Higgs-
like scalar) at the LHC. Many other amplitudes display similar cancellations in the SM as a
consequence of gauge symmetry and linearly realised EWSB. These can be viewed as testing
grounds to search for signs of new physics via unitarity-violating behvaiour. The marriage of
precision, high energy measurements seeking energy growth in scattering amplitudes lends itself
to an Effective Field Theory (EFT) description. Assuming linearly realised EWSB points to
the Standard Model EFT (SMEFT) as the ideal candidate theory in which to interpret LHC
data to search of indirect hints of heavy new physics at the TeV scale. In the following, I will
present highlights of a broad study of unitarity violation in EW top scattering amplitudes and
the associated collider phenomenology 6.
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2 The top window

Many interesting, fermionic scattering amplitudes with potential unitarity-violation turn out to
be proportional to the fermion mass itself. The top quark is therefore a particulary interesting
candidate to study. From a theoretical point of view, the top is often considered to be a
promising window into physics beyond the SM in connection to the hierarchy and flavor puzzles.
Experimentally, the LHC copiously produces top quarks and is beginning to pin down even its
elusive EW couplings. That said, these interactions, particulary the neutral couplings, as still
relatively poorly known. This can be quantified in the SMEFT framework, in which higher-
dimension operators parametrise the modification of SM interactions. The leading, operators
affecting top EW scattering appear at dimension-6 and are given in Tab. 1, employing the so
called Warsaw basis 7,8. A U(3)� × U(3)e × U(3)d × U(2)q × U(2)u flavour symmetry has been
assumed, to single out modified top quark couplings9. The right-hand column of operators leads

Table 1: SMEFT operators describing new interactions involving the EW and top quark sectors, consistent with
a U(3)3 × U(2)2 flavour symmetry. Q, t and b denote the third generation components of q, u and d.

OW εIJK W I
μν W

J,νρWK,μ
ρ OtH

(
H†H

)
Q̄ t H̃ + h.c.

OHW

(
H†H

)
Wμν

I W I
μν OtW i

(
Q̄σμν τI t

)
H̃ W I

μν + h.c.

OHB

(
H†H

)
Bμν Bμν OtB i

(
Q̄σμν t

)
H̃ Bμν + h.c.

OHWB (H†τIH)BμνW I
μν O(3)

HQ i
(
H† ↔Dμ τIH

)(
Q̄ γμ τ IQ

)
OHD (H†DμH)†(H†DμH) O(1)

HQ i
(
H† ↔DμH

)(
Q̄ γμQ

)
OH� (ϕ†ϕ)�(ϕ†ϕ) OHt i

(
H† ↔DμH

)(
t̄ γμ t

)
OHtb i

(
H̃†DμH

)(
t̄ γμ b

)
+ h.c.

to modifications of SM top-quark interactions with all EW gauge bosons apart from the photon,
whose interactions are protected by U(1)EM being a good symmetry of the low energy theory.
Additionally, weak dipole interactions are also included for the top quark which do induce a
modified tt̄γ vertex. The left hand column lists purely bosonic operators, that modify triple and
quartic gauge couplings as well as gauge-Higgs interactions.

The level of model-independent sensitivity that we have to SMEFT deformations must be
quantified in a holistic way, combining data from a maximum of available experiments. The
results of a recent global fit 10 are summarised in Fig. 1, which indicates the limit on a subset
of the 34 degrees of freedom included in terms of the new physics scale accessed assuming the
Wilson coefficients Ci are set to 1.

Figure 1 – Results of a recent, global analysis of Higgs, EW precision, diboson and top quark data collected
at LEP, Tevatron and the LHC. The bars indicate the 2 σ sensitivity obtained on each dimensionful operator
coefficient, Ci/Λ

2, either individually (blue), assuing all others are zero, or marginalising (green) over the other
degrees of freedom. The values are converted into a scale that corresponds to the value of Λ assuming Ci = 1.
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One can clearly see that the top quark Yukawa, CtH , and neutral EW couplings, CHt (right-
handed top-Z), C(−)

HQ ≡ C(1)
HQ−C(3)

HQ (left-handed top-Z) and CtB (neutral weak dipole) are among
the worst constrained, both individually and globally. On one hand, this suggests that there is
still significant room for new physics to hiding in the top sector. On the other, the fact that
the global analysis already includes measurements of top pair production in association with a
Higgs boson (tt̄H), as well as top pair and single top production in association with a Z boson
(tt̄Z and tZj) underlines the need to look beyond these canonical channels to pin down this
sector of couplings. This is especially important given that many of these measurements are
already becoming systematics dominated.

3 High energy EW top scattering

One of the main limitations behind the current measurements that are being used to constrain
neutral top quark couplings is the lack of energy growth in the underlying amplitudes. For
example, although tt̄H is sensitive to the Yukawa operator, CtH , since it only shifts the top-
Higgs coupling, only the inclusive rate is modified, with no interesting kinematical deviations
from the SM. No amount of differential measurements will improve the constraints in this channel
and systematic uncertainties will fundamentally limit the sensitivity. The same is true for the
effect of C(−)

HQ and CHt on tt̄Z.
This is in conflict with the expectation that higher dimensional operators are expected to

yield energy-growing effects that should be exploited at high energy colliders to maximise sen-
sitivity. On dimensional grounds, the general contribution of dimension-6 operator coefficients
Cx to, e.g, a 2 → 2 scattering amplitude takes the following form:

A2→2 = ASM

(
1 + Ci

v2

Λ2
+ Cj

vE

Λ2
+ Ck

E2

Λ2

)
. (1)

Where the SM amplitude, ASM , has bee factored out to indicate the relative impact of the
EFT. The energy-growing behaviour can range from non-existent to quadratic, with the tt̄H/Z
examples belonging to the former case. These processes can, in some sense, be viewed as
sub-optimal probes of the couplings at hand, since there must always be some amplitude that
displays the maximal growth relative to the SM. Contrary to the energy-independent effects,
energy-growing modifications will never be limited by systematic uncertainties, since one can
always envisage to measure increasingly differentially at higher energies. This is reflected in
the oft-cited mantra that “energy helps accuracy” 11 for EFT searches at the LHC, emphasising
the point that energy-growing effects can allow us to reach comparable sensitivity to low-scale
precision measurements, using high energy measurements of energy growing effects, even with
relatively less precise measurements, since the absolute size of the EFT contributions are larger
at these scales.

The aforementioned unitarity-violating amplitudes correspond exactly to the new physics
effects we are after. Consider the example of bW → tZ scattering, assuming generic left/right-
handed top-Z couplings gL/R and WWZ interaction gWZ . Taking the high energy limit in the
Mandelstam variables, s, t 	 v, several helicity amplitudes involving longitudinal gauge bosons
have energy-growing components, including the maximally-growing

(−, 0,−, 0) ∼
√
s(s+ t)(gL + gWZ), (2)

where the arguments of the amplitude indicate the helicities and polarisations of the b,W, t
and Z, respectively. The simultaneous appearance of gauge-fermion and gauge self-interactions
highlights the interconnectedness predicted by underlying non-Abelian, SU(2) gauge theory. In
this, and all similar amplitudes, the energy-growth cancels when the couplings are assigned their
SM value.
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Table 2: Maximal energy growths induced by each operator on the set of top scattering amplitudes considered.
‘−’ denotes either no contribution or no energy growth and the red entries denote the fact that the interference
between the SMEFT and the SM amplitudes also grows with energy.

OHD OH� OHB OHW OHWB OW OtH OtB OtW O(1)
HQ O(3)

HQ OHt OHtb

bW → t Z E − − − E E2 − E2 E2 E E2 E E2

bW → t γ − − − − E E2 − E2 E2 − − − −
bW → t h − − − E − − E − E2 − E2 − E2

tW → tW E E − E E E2 E E E2 E2 E2 E2 −
t Z → t Z E E E E E − E E2 E2 E E E −
t Z → t γ − − E E E − − E2 E2 − − − −
t γ → t γ − − E E E − − E E − − − −
t Z → t h E − E E E − E E2 E2 E2 E2 E2 −
t γ → t h − − E E E − − E2 E2 − − − −
t h → t h E E − − − − E − − − − − −

The manifest gauge invariant construction of the SMEFT provides a more intuitive un-
derstanding for these effects, when combined with the powerful Goldstone boson equivalence
theorem 3, which identifies amplitudes involving longitudinal gauge bosons, in the high energy
limit, with those involving the corresponding Goldstone degree of freedom from the Higgs dou-
blet. Higher dimension operators that modify the (dimension-4) SM couplings must always come
with additional powers of Higgs fields taking on their vacuum-expecatation-value, v, in order to
lower the operator dimension. Away from unitary gauge, this corresponds to new interactions
involving Goldstone modes 12. Taking the Higgs current component of OHt as an example, we
see that in addition to the Z boson field, it contains many other terms

i
(
H†↔

DμH
)
⊃ v2Zμ +G0↔

∂ μ h+ 2MZhZμ +
(
iG−∂μG+ + 2iMWG−W+

μ + h.c.). (3)

These generate contact terms with the right handed top quark current that can be exactly
mapped to energy-growth in top EW scattering amplitudes. Analogous arguments can be ex-
tented to the complete set of such scatterings to systematically identify promising channels to
improve our sensitivity to the operators responsible for EW top quark couplings 13,14,6.

Tab. 2, summarises the key findings of our systematic study of energy growth in SMEFT
contributions to ten 2 → 2 scattering amplitudes involving at least one top quark and a mixture
of gauge/Higgs bosons. It shows the maximum energy growths induced by our set of SMEFT
operators, syntesised from a complete calculation of all helicity amplitudes. Energy-growing
interference with the SM is especially interesting, since it corresponds to the leading new physics
contribution in the EFT expansion. However, such behaviour is actually quite rare, being
only present for current operators in the fully longitudinal gauge boson configurations. The
dipole operators, for example, consistently predict maximal growth in the transverse-longitudinal
configurations, whose SM amplitudes decrease with energy, leading to relatively suppressed
interference. These findings are consistent with the recent demonstration of non-interference at
high energies due to helicity selection rules 15.

4 Embedding the amplitudes into collider processes

Equipped with this information, our task is to determine how best to access such scattering
amplitudes in high energy collider experients. Since neither the top, nor the EW gauge bosons
can be prepared as an intial state at the LHC, we are forced to seek higher multiplicity EW
processes with final states comprising one or two top quarks and EW gauge and/or Higgs bosons
and possibly forward jets. Fig. 2 depicts an array of hadron collider topologies that can embed
the amplitudes of interest, that were investigated in our work. Using the SMEFTatNLO 16 model
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Figure 2 – Generic topologies of hadron collider processes than embed top EW scattering amplitudes.

in Madgraph5_aMC@NLO 17, we studied the impact of SMEFT operators at leading order, with
respect to the SM predictions, on the cross sections of an array of relevant processes, separating
the interference and pure EFT contributions. This part of the study only considered the top
quark operators in the right column of Tab. 1, assuming the bosonic operators would be better
constrained elsewhere. In order to identify the presence (or not) of energy growth, we computed
the relative impact on the inclusive cross section, and after imposing a strong high energy cut,
typically on the transverse momentum of the two outgoing particles that participate in the
underlying 2 → 2 scattering. Here, I will restrict the discussion to the example of single top
production in association with a W and Z boson, referring the interested reader to the original
publication for the full set of processes and phenomenological considerations.

tWZ proceeds at the LHC via the topology shown in Fig. 2c). It embeds the bW → t Z
subprocess, which is sensitive to 6 of the 7 top quark operators, with the exception of OtH .
The inclusive rate in the SM is around 115 fb, which shows an similar suppression with respect
to tZj (620 fb) to that of W -associated with respect to t-channel single top production. The
experimental challenge for this channel is its similarity to tt̄X, which is analogous to the overlap
between the tW and tt̄ final states. Nevertheless, the SMEFT-dependence shown in Fig. 3,
displays a number of benefits. Firstly, by looking at the impact of the high-energy cut (pW,Z

T

Figure 3 – Radar plot for the p p → tW Z process at the 13 TeV LHC. The left and right figures show the
impact of each operator, for a Wilson coefficient of 1 TeV−2, at linear and quadratic level, relative to the SM EW
contribution, σEW . Dots indicate the impact at inclusive level (blue) and in a high energy region of phase space
(red), while stars denote the corresponding prediction when saturating recent individual limits on the coefficients.
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> 500 GeV), one recognises all of the expected energy-growing behaviour present in the sub-
amplitude calculations of Tab. 2. Most importantly the interference contribution of O(3)

HQ is found
to grow with energy, unlike in the case of the tZj process, in which a number of unexpected
cancellations, including this one, have been found18. Furthermore, the relative impact of the high
energy cuts suggest a more pronounced energy growth than for other processes probing bW → tZ
scattering. Second, having both gauge bosons in the final state opens the possibility of measuring
both the polarisations and therefore singling out the interesting, longitudinal configurations to
enhance EFT sensitivity. Finally, the in contrast to the tZj process, tWZ does not receive
contributions from four-fermion operators that could potentially dilute the sensitivity to top EW
couplings. The tWZ channel has revealed itself as a very interesting candidate for probing EW
top couplings through unitarity violation in high energy/multiplicity scattering, and certainly
warrants more detailed study and to eventually be measured during LHC Run 3.

5 Summary and conclusions

Top EW couplings are one of the crucial exploration frontiers for LHC physics. I have discussed
how, while they may be one of the best places that indirect effects of new physics could hide,
they remain relatively poorly known. The SMEFT framework not only allows us to quantify
this lack of knowledge in a model independent way but also allows us to understand how mod-
ifications to these couplings can lead to unitarity violating behaviour in scattering amplitudes,
analogous to those that were extensively studied to pin down the scale of EWSB. These pro-
ceedings detail a few highlights of a systematic study of top EW scattering in the SMEFT and
potential phenomenological applications at colliders, which identified a number of interesting
channels, including tWZ production at the LHC. To highlight the enticing possibilities of such
a programme, Fig. 4 summarises the high-energy sensitivities to the OHQ(3) operator, obtained
for the 28 collider processes considered in our study, covering high-energy proton-proton and
electron-positron colliders. High energy and multiplicity top quark processes are therefore a
promising avenue to exploit energy-growing effects to maximise our sensitivity to heavy new
physics, and go beyond traditional ways to measure top EW couplings.
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Higgs simplified template and differential cross sections
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The latest results from ATLAS and CMS on measurements of Higgs boson simplified template
and differential cross sections are presented. Simplified template cross sections are reported
in multiple production and decay modes as well as in combination, while differential cross
sections are provided in several key variables such as Higgs transverse momentum and jet
multiplicity. Finally, an effective field theory interpretation of combined H → WW ∗ and
WW measurements from ATLAS is described.

1 Introduction

The discovery of the Higgs boson 1,2 in 2012 opened the door to a multitude of studies. One of
the first avenues to explore was a more precise determination of how the Higgs boson couples
to other particles by measuring inclusive cross sections for a variety of production and decay
modes. Now, nearly ten years later and with the help of the full Run 2 dataset of the Large
Hadron Collider (LHC), all leading Higgs production modes have been observed (indeed, most
in multiple decay channels). Looking ahead, in addition to probing more rare processes, one
pathway to further scrutinize the Higgs boson is to perform cross section measurements within
multiple phase space regions. To this end, two complementary approaches are being explored
by ATLAS and CMS: reports on simplified template cross sections (STXS) and differential cross
sections.

2 Simplified Template Cross Sections

The STXS framework 3,4 offers a well-defined categorization of cross section measurements into
bins of key variables such as Higgs transverse momentum (pHT ), jet multiplicity (Njets), and

dijet invariant mass (mjj). In this scheme, production modes are measured separately and
results are decay-mode agnostic, facilitating the combination of channels. The framework is also
constructed allowing for different stages with varying degrees of granularity based on analysis
sensitivity.

STXS measurements are conducted in the H → ZZ∗ channel with four leptons in the
final state 5,6, providing a clean experimental signature, a relatively high signal to background
ratio, and an excellent resolution that is well-suited for more granular measurements of Higgs
production. Figure 1 (left) shows the measured STXS cross sections in this channel as measured
by ATLAS.

Benefiting from a larger branching ratio, the H → γγ decay channel provides increased
statistics which translate to a finer bin splitting (particularly for non-ggH production modes) and
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analyses in this channel are the first to perform measurements of ttH production differentially7,8.
Figure 1 (right) shows the measured STXS cross sections in this channel as measured by CMS.
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Figure 1 – The measured cross sections in targeted STXS bins as measured by ATLAS in the H → ZZ∗ channel
(left) 5 and by CMS in the H → γγ channel (right) 8.

STXS measurements targeting the ggH and qqH production modes are performed in the
H → WW ∗ 9 and H → ττ 10 decay channels. Both channels offer additional sensitivity due
to their relatively higher branching ratios compared to the ZZ∗ and γγ decay modes. For
example, in the H → WW ∗ analysis, a relative uncertainty of below 40% is achieved for the
qqH bin defined with mjj ≥ 1500 GeV and pHT < 200 GeV - a precision which is already
competitive with the latest result combining decay modes. Figure 2 shows the measured STXS
cross sections for these two channels.
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Figure 2 – The measured cross sections in targeted STXS bins as measured by ATLAS in the H → WW ∗ channel
(left) 9 and by CMS in the H → ττ channel (right) 10.

In the H → bb channel, STXS measurements are made in the VH production mode due
to the ability, in this case, to trigger on leptons from the associated vector boson. For VH
production, two separate analyses are performed. The first analysis selects events in which the
bb pair is resolved as two reconstructed jets 11. The second analysis selects events in which the
bb pair is sufficiently boosted such that it’s reconstructed as a single large-radius, allowing to
probe the phase-space with pVT > 400 GeV 12. A H → bb analysis targeting the ttH production
mode has also recently been performed 13. Figure 3 shows the measured STXS cross sections for
each of the three analyses.

A combination of STXS measurements from individual decay modes has been performed
by ATLAS 14. The results are reported in a total of 29 bins, with uncertainties dominated by
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Figure 3 – The measured cross sections in targeted STXS bins as measured by ATLAS in the H → bb channel for
the resolved (left) 11, boosted (middle) 12, and ttH (right) 13 analyses.

their statistical component and ranging from 15% to 100% for most bins. An upper limit is also
placed on tH production at 95% CL of 8.2 times the SM prediction. Overall, good agreement
with the SM prediction is observed, with the level of compatibility corresponding to a p-value
of 95%. Figure 4 shows the best fit values and uncertainties for the parameters of interest.
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Figure 4 – The best fit values and uncertainties for the cross sections and branching fraction ratios measured in
the ATLAS STXS combination 14.

3 Differential Cross Sections

Differential cross sections are more model independent than STXS measurements and are typi-
cally measured with respect to a fiducial volume a. They are inclusive in production mode and
offer the freedom to measure differentially an arbitrary number of observables at the cost of
requiring, for each, the evaluation of event migrations between bins at truth and reconstructed
level as well as the unfolding to truth level results.

aA fiducial volume is a restricted truth phase space used for a cross section measurement and is defined closer
to the experimental selection so as to reduce extrapolation into unmeasured regimes.
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One common observable to measure differentially is pHT . At low transverse momentum, the
Higgs boson cross section is sensitive to c-quark contributions to loops, while at high transverse
momentum, it is sensitive to possible new particles in the loops. In order to reach the high
pHT regime, analyses have been conducted by both CMS 18 and ATLAS 19 utilizing the boosted
H → bb category. In the analysis performed by CMS, a local significance of 2.6 σ is observed in
the pHT > 650 GeV bin with respect to the SM - although this falls to 1.9 σ when considering
all bins simultaneously. In the analysis performed by ATLAS, a separate measurement of pHT >
1 TeV is achieved with results compatible with the SM within uncertainties. Figure 5 shows the
measured differential cross sections in pHT for the boosted H → bb analyses.
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Figure 5 – The measured differential cross sections utilizing a boosted H → bb category to reach the high pHT
regime from CMS (left) 18 and ATLAS (right) 19.

Differential cross section measurements are conducted in most of the Higgs decay channels
that are experimentally available. In the H → ZZ∗ channel, many distributions are probed15,16,
including those that are channel specific such as the leading vs subleading Z boson invariant
mass which offers good sensitivity to physics beyond the SM. In the H → WW channel, the
distributions of pHT and jet multiplicity are provided 20. Among other observables, the jet mul-
tiplicity and dijet kinematics are measured in the H → γγ channel 17. These jet variables are
shown in Figure 6 - the former is sensitive to the different production modes, while the latter
are sensitive to anomalous operators including those that are CP odd.

4 Effective Field Theory Interpretation

An effective field theory (EFT) interpretation has recently been performed by ATLAS on com-
bined results from H → WW ∗ and WW measurements 21. In order to remain sensitive to the
measured parameters, a fit basis is established (shown in Figure 7) by rotating the space of
Wilson coefficients such that flat directions in the likelihood can be ignored. This analysis will
serve as a stepping stone for more global EFT combinations in the future.

5 Summary

Higgs simplified template and differential cross section measurements using the full Run 2 LHC
dataset from ATLAS and CMS have been presented. The results continue to be consistent
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Figure 7 – Visualization of the eight measured linear combinations of Wilson coefficients in the EFT interpretation
of combined H → WW ∗ and WW measurements from ATLAS 21.

with the Standard Model, placing further constraints on new physics. Assuming the successful
operation of the LHC during Run 3, the current dataset will approximately double in the next
several years. This will allow Higgs cross sections to be measured with finer granularity and
reach more extreme kinematic regions, providing additional scrutinization of the Higgs sector.
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The latest results on Higgs boson couplings to fermions and bosons using Run-2 data collected
by the ATLAS and CMS experiments are presented. These recent developments include
precision measurements performed in the H → ZZ → 4�, H → γγ, and H → WW → 2�ν decay
channels, as well as precise determination of the top-Higgs Yukawa coupling obtained by
exploring the ttH and tH production modes. Next, the Higgs boson production at high
transverse momentum, via gluon fusion and vector boson fusion mechanisms, is probed by
considering the large branching fraction offered by H → bb decays. Finally, experimental
evidence for the rare H → γγ∗ → 2�γ Dalitz decay and for the coupling of the Higgs boson
with fermions of the second generation, via the measurement of H → μμ decays, is reported.

1 Introduction

Enormous progress has been made by the ATLAS 1 and CMS 2 Collaborations in characterizing
the properties of the Higgs boson since its discovery in 2012 3,4, including the measurement of
its mass to nearly per-mille precision and the observation of the Higgs boson couplings to vector
bosons and fermions of the third generation. All measurements so far are consistent with the
expectations from the Standard Model (SM) within uncertainties. However, this is just the
beginning of an era of progressively more precise measurements of Higgs boson properties and
rare interactions. These will further shed light on whether there are any deviations from the
SM predictions in the Higgs sector. As will be shown in this document, the latest measurements
performed in Higgs physics by the ATLAS and CMS Collaborations, based on proton-proton
collision data recorded at

√
s = 13 TeV during the Run-2 of the CERN LHC operations, allow

to probe Higgs boson couplings to vector bosons and fermions of the third generation within a
few percent uncertainty. Moreover, this large amount of data enables to test the accuracy of the
SM predictions when the Higgs boson is produced with a large transverse momentum (pT) by
exploring H → bb decays. Finally, evidence for the rare H → γγ∗ → 2�γ decay reported by the
ATLAS Collaboration and for the Higgs boson decays to a pair of muons by CMS is presented.
The latter constitutes an important milestone in Higgs physics, the first experimental proof of
Yukawa couplings between the Higgs boson and fermions of the second generation.
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2 H → ZZ → 4�, H → γγ, and H → WW → 2�2ν

Exploring Higgs decays to bosons in the H → ZZ → 4�, H → γγ, and H → WW → 2�2ν channels
is extremely important in order to precisely characterize Higgs boson properties and production
rates. The analyses in these final states are sensitive to the four main Higgs boson production
mechanisms: gluon fusion (ggH), vector boson fusion (VBF), associated production with a vector
boson (VH), and associated production with a tt pair (ttH).

The latest H → ZZ → 4� result from CMS uses 137 fb−1 of
√
s = 13 TeV data 5. This

analysis probes 4μ, 4e, and 2μ2e final states including several improvements with respect to
previous iterations: from improved lepton identification criteria to the use of matrix-element
(ME) discriminators to separate production modes, based on the kinematics of additional lep-
tons and jets in the event, as well as the expected signal from SM backgrounds through the
expected kinematics of the four leptons from the Higgs decay (KD). The signal is extracted,
in each production category, from a 2D fit to the Higgs candidate mass (m4�) and the ME
discriminant KD. The analysis sensitivity is driven by the ggH category, the measured signal
strength relative to the SM expectation for the Higgs boson with mass mH = 125.38 GeV is
μ = 0.94+0.07

−0.07 (stat)+0.09
−0.08(syst). The rates measured for each production mode are compatible

with the SM expectations as shown in Fig. 1 (left). In addition, the CMS Collaboration updated
the full Run-2 H → γγ analysis including an improved calibration of photons in data that allows
a substantial gain in the diphoton invariant mass (mγγ) resolution 6. Boosted Decision Trees
(BDTs) are used to suppress backgrounds, mainly from γγ+jets and γ+jets, and to classify
events according to the production modes (ggH, VBF, VH, and ttH). The signal is extracted
in each event category from a fit to the mγγ distribution with analytical functions: a smoothly
falling one for the total background and a peaking shape for the expected signal. The sensitivity
is mostly driven by the ggH categories. The measured signal strength for the Higgs boson with
mass mH = 125.38 GeV is μ = 1.12+0.07

−0.06 (stat)+0.06
−0.06(theo)

+0.03
−0.03(syst). The rates measured for

each production mode are compatible with the SM expectations as reported in Fig. 1 (right).
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Figure 1 – (Left) Observed results for the signal strengths corresponding to the main Higgs boson production
modes in the CMS H → ZZ → 4� analysis 5. (Right) Observed results for the signal strength modifiers in each
production mode obtained by the CMS H → γγ analysis along with their corresponding uncertainties 6.

The ATLAS Collaboration just released a preliminary measurement of H → WW → eμ2ν
decays based on 139 fb−1 of data collected at

√
s = 13 TeV 7. The analysis probes both ggH

and VBF modes exploring signatures with two leptons (eμ) and sizeable missing transverse
momentum from the two neutrinos. Events are divided in exclusive categories based on the
number of additional jets. In the ggH enriched categories the signal is extracted by fitting the
Higgs boson transverse mass (mH

T) while, in the VBF channel, a fit to the output of a Deep
Neural Network (DNN) is employed. The leading backgrounds from SM sources are normalized
from dedicated control regions (CRs) in data. The distributions used in the signal extraction
in the ggH (left) and VBF (middle) analyses are shown in Fig. 2. The ggH signal strength
is measured to be μggH = 1.2+0.05

−0.05(stat)
+0.09
−0.08(exp)

+0.10
−0.08(theo sig)+0.12

−0.11(theo bkg), corresponding
to a 1σ deviation from the SM expectation. The VBF measurement is well aligned with the
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SM prediction: μVBF = 0.99+0.13
−0.12(stat)

+0.07
−0.06(exp)

+0.17
−0.12(theo sig)+0.10

−0.08(theo bkg). This is the most
precise measurement of the VBF production rate from a single analysis to date. In contrast,
CMS performed a preliminary analysis probing VH modes in which the Higgs boson decays to
a WW pair in the fully leptonic final state (2μ2ν, 2e2ν, eμ2ν) 8. Events are classified according
to the number, charge, and flavour of leptons in the final state. In the WH(3�) and ZH(4�)
categories the signal is extracted from a fit to the output of BDT discriminants trained to
maximize the separation between signal and expected backgrounds, while in the ZH(3�) analysis
the mH

T distribution is used. An excess with an observed significance of 4.7σ with respect
to the background-only hypothesis is found, corresponding to a 2σ excess compared to the
SM expectation. The combined signal strength of μ = 1.85+0.33

−0.32(stat)
+0.27
−0.25(exp)

+0.10
−0.07(theo) is

reported in Fig. 2 (right) along with those measured in each individual event category.
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Figure 2 – (Left) Post-fit mH
T distribution in the ATLAS H → WW → eμ2ν analysis 7 obtained by combining the

ggH enriched categories while, in the middle, the post-fit distribution of the DNN output in the VBF channel.
(Right) Signal strengths in the CMS VH → WW → 2�2ν analysis in each category and for their combination 8.

3 ttH in bb and multi-lepton final states

A direct confirmation of the Yukawa coupling of the Higgs boson with the top quark was obtained
in the last years by both the ATLAS and CMS Collaborations. The increased size of the data
set is now allowing for more precise estimates of this coupling along with the determination of
its sign by a simultaneous measurement of ttH and tH processes.

The most recent ttH + tH result from CMS, based on 137 fb−1 of
√
s = 13 TeV data, explor-

ing multi-lepton final states provides the most precise determination of the sign of the top-Higgs
Yukawa coupling 9. The analysis probes signatures containing muons and/or electrons and/or
hadronic taus (τh). Events are therefore divided into exclusive categories according to the lepton
composition. Final states with two or more leptons (μ,e) and no τh are sensitive to H → WW
and H → ZZ decays, while categories collecting events with one or more τh and either zero,
one, or two leptons are sensitive to H → ττ decays. In each of them the signal is extracted
by fitting the output of a DNN/BDT trained to maximize the signal-to-background separation.
The major reducible and irreducible backgrounds are estimated from data using dedicated CRs.
Figure 3 (left) shows the post-fit distribution of log10(S/B) calculated by summing the contribu-
tions from all the DNN/BDT distributions used in the signal extraction. The measured signal
strength for the ttH process is μttH = 0.92+0.19

−0.19(stat)
+0.17
−0.13(syst) corresponding to an excess of

4.7σ significance with respect to the b-only hypothesis. Figure 3 (middle) reports the likelihood
scan as a function of the top-Higgs Yukawa coupling (κt) obtained by profiling over all the other
fit parameters. At the 95% CL κt is constrained to be -0.9< κt <-0.7 and 0.7 < κt < 1.1.

The ATLAS Collaboration recently released a preliminary ttH,H → bb analysis explor-
ing final states with one or two leptons (μ,e) corresponding to semi-leptonic and fully lep-
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tonic decays of the tt pair 10. In order to reach the best sensitivity, events are divided at first
into exclusive categories based on the number of jets, leptons, b-tagged jets, and Higgs boson
pT. Then, in each category, the signal is extracted by fitting the output of a BDT discrimi-
nant that separates signal from background processes. Leading backgrounds are constrained in
both normalization and shape from CRs. The measured signal strength for mH = 125 GeV is
μttH = 0.43+0.20

−0.19(stat)
+0.30
−0.27(syst) corresponding to about a 2σ deficit with respect to the SM ex-

pectation. Both the sensitivity and the deficit are driven by the semi-leptonic (�+jets) categories
as reported in Fig. 3 (right). The analysis performance is limited by systematic uncertainties,
the largest are those affecting the description of the tt+heavy flavour background.
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Figure 3 – (Left) The post-fit distribution of log10(S/B) obtained by summing the contributions from the signal
regions (SRs) of the CMS multi-lepton analysis 9 and, in the middle, the corresponding likelihood scan as a
function of κt. (Right) Measured values of the ttH signal strength in the individual channels of the ATLAS
ttH,H → bb analysis as well as in their combination 10.

4 Boosted ggH and VBF H → bb

The Higgs boson preferentially decays into bb pairs with an expected branching fraction of
about 58%. Therefore, the H → bb channel can be used as a first candle to investigate the
production of the Higgs boson with large pT, a region of the phase space where deviations from
the SM predictions can still arise. The ATLAS Collaboration just released a preliminary result
that explores this high pHT region analyzing 136 fb−1 of data recorded at

√
s = 13 TeV 11. The

H → bb candidates are reconstructed as single large-radius jets, identified by the experimental
signature of two b-hadron decays. Events of interest must have at least two high pT jets in the
final state and are divided in two exclusive SRs: SRL (SRS) in which the leading (second) pT
jet is identified as the Higgs candidate. The leading backgrounds coming from QCD multijet,
V+jets, and tt processes are estimated from CRs. The signal is extracted from a fit to the Higgs
candidate mass distribution, expected to peak around 125 GeV for signal events. One of the
post-fit jet mass distributions of the analysis is reported in Fig. 4 (left). The measured signal
strength is μH = 1.1± 3.6, whose uncertainty is dominated by the statistical component.

In addition, using again the full Run-2 data set, ATLAS measured boosted H → bb decays
also in the VBF channel, where the hadronization products of the two b-quarks are reconstructed
as independent jets in the detector 12. Events are divided in two categories: one in which one of
the VBF-jet candidates has pT > 60 GeV and |η| > 3.2, in the other instead one of the VBF-jets
must have pT > 160 GeV and |η| < 3.1. Adversarial DNNs are employed to increase the sensitiv-
ity without learning the Higgs candidate mass (mbb). The signal is then extracted from a fit to
the mbb distribution in which non-resonant backgrounds are extracted from data while Z → bb
is estimated from simulation. The measured signal strength is μVBF = 0.95+0.32

−0.32(stat)
+0.20
−0.17(syst)

corresponding to an excess of 2.6σ with respect to the b-only expectation. Figure 4 (right)
shows the mbb distribution, after subtracting the non-resonant backgrounds, in which SRs are
weighted proportionally to ln(1 + S/B) computed in a ±1σm around the Higgs peak.
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5 Evidence for H → μμ and H → γγ∗ → 2�γ decays

The Higgs boson decay to pair of muons provides direct access to the Yukawa coupling to fermions
of the second generation. The experimental signature is simple and can be well reconstructed,
however the search is subject to a large contamination from Z/γ∗ → μμ background. The CMS
Collaboration recently published a H → μμ analysis based on 137 fb−1 of

√
s = 13 TeV data 13.

Events of interest, containing two opposite charge muons with mass (mμμ) in the 110-150 GeV
range, are divided at first into exclusive categories targeting the four main Higgs boson produc-
tion modes. In the ggH, VH, and ttH analyses BDTs are trained to select kinematic regions
with the highest S/B ratio. In each of these categories the signal is then extracted from a fit to
the mμμ distribution in which both signal and background are modelled via empirical analytical
functions. In the VBF channel instead the signal is extracted from a binned fit to the out-
put of a DNN that includes, as one of its input features, the mμμ information. The background
prediction is therefore derived from simulation and validate in data using events in the mass side-
bands. An excess in data is observed above the background. The significance of this excess for
mH = 125.38 GeV is 3.0σ, that corresponds to a signal strength of μ = 1.19+0.40

−0.39(stat)
+0.15
−0.14(syst)

compatible with the SM expectation. This constitutes the first evidence for H → μμ decays.
Figure 5 (left) shows the mμμ distribution obtained from a weighted combination, proportional
to the S/(S+B) ratio, of all the event categories. Fig. 5 (middle) reports the signal strengths
obtained in each production category, the result of the combined fit, and the SM expectation.

Finally, ATLAS recently produced a new analysis, based on the full Run-2 data set, searching
for the rare H → γγ∗ → 2�γ decay 14. The analysis probes the Dalitz decay of the Higgs boson
into a dilepton pair (μμ,ee), with mass smaller than 30 GeV, and a photon. Events are classified
at first into three categories enriched in VBF and ggH modes. Each of them is further divided
depending on the flavour of the dilepton pair (μμγ,eeγ). The signal is then extracted from a
simultaneous fit across the event categories to the m��γ distribution. Figure 5 (right) shows the
m��γ spectrum obtained by combining each category with a weight of ln(1+S90/B90), where S90
and B90 are the signal and background yields in the smallest mass-window containing 90% of the
expected signal. The measured signal strength for mH = 125 GeV is μ = 1.5+0.5

−0.5(stat)
+0.2
−0.1(syst).

It is compatible with the SM expectation and constitutes the first evidence for H → γγ∗ → 2�γ
decays.
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Di-Higgs searches at the LHC

Nadezda Chernyavskaya
On behalf of the ATLAS and CMS Collaborations

CERN, Experimental Physics Department, Espl. des Particules 1, 1211, Switzerland

An overview of the recent searches for Higgs boson pair production at the LHC was presented.
The searches were based on approximately 140 fb−1of data collected by the ATLAS and CMS
experiments in proton-proton collisions at

√
s = 13 TeV. With respect to the previous searches,

analysis techniques were significantly improved, and new signatures and decays channels were
explored.

1 Introduction

Since the discovery of the Higgs boson (H) in 2012 1,2,3, enormous progress has been made in
measuring its properties. The mass of the Higgs boson was measured to a per-mille precision
level, and its interactions with vector bosons and fermions were established in multiple decay
channels. However, the Higgs boson self-interaction and the energy potential of the Higgs field
are not yet measured experimentally.

A broad physics program is covered in the searches for di-Higgs (HH) production at the
LHC. Measuring HH production is the only direct way to access the Higgs boson trilinear self-
coupling λHHH. In the standard model (SM) the Higgs boson self-coupling and the structure
of the scalar Higgs field potential are fully predicted in terms of the Higgs boson mass and the
Fermi coupling constant. Any deviation from the predicted shape of the scalar potential can
have fundamental implications on our understanding of the origin and the fate of the universe.
Therefore, measuring the Higgs bosons trilinear self-coupling is of particular importance as it
allows to characterize the Higgs field potential.

At the LHC, HH production is a very rare process with a total production cross section
roughly three orders of magnitude smaller than the one of the single H production. However, the
direct relation to the scalar potential makes HH production very sensitive to contributions from
physics beyond the SM (BSM). Some BSM models predict new spin-0 and spin-2 resonances with
masses varying from 250 GeV to a few TeV, and which have a sizeable branching fraction (BR) to
a pair of Higgs bosons. In addition, the effects of BSM physics in the quantum loops or through
modification of the SM Higgs boson couplings could significantly enhance the nonresonant HH
cross section and change the kinematic properties of the HH signal.
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This document reviews searches for HH production by the ATLAS 4 and CMS 5 Collabora-
tions. The most recent results using the full Run-II dataset of

√
s = 13 TeV pp collisions with

an integrated luminosity of about 140 fb−1are presented, and future prospects are discussed.

2 Overview of HH searches

Measuring the HH production requires reconstructing the decay products of the Higgs bosons.
There is a rich variety of final states to explore at the LHC, however to keep the total branching
fraction high the pursued searches largely rely on the final states where at least one of the Higgs
bosons decays to a pair of b quarks. Different final states are complementary, and present a
trade-off between the total branching fraction and background contamination associated to a
particular final state. HH production dominantly occurs via gluon-gluon fusion (ggF), with the
cross section predicted in the SM of 31.05+1.41

−1.99 fb 6,7, calculated at next-to-next-to-leading order
(NLO) with the resummation at next-to-next-to-leading-logarithm accuracy and including top-
quark mass effects at NLO. The second largest production mode, vector boson fusion (VBF), has
a cross section of only 1.726±0.036 fb8,9, calculated at next-to-NNLO, but gives a unique access
to the coupling between a vector boson pair and a Higgs boson pair (VVHH). In addition, small
deviations of the VVHH coupling with respect to the SM value lead to very large enhancements
in the cross section allowing to constrain this coupling already with Run-II data of the LHC.

The ATLAS and CMS Collaborations performed searches for HH production via ggF in the
bb̄bb̄, bb̄γγ, bb̄τ+τ−, bb̄VV, W+W−W+W−, W+W−γγ final states at

√
s = 13 TeV using

part of the Run-II data sample with an integrated luminosity of about 40 fb−1collected in 2016.
Statistical combinations of these searches 10,11 were performed, and observed (expected) upper
limits at 95% confidence level (CL) were set on the signal strength of HH production with respect
to the SM expectation which correspond to 6.9 (10.0) in ATLAS and 22.5 (12.8) in CMS. The
Higgs boson self-coupling was also constrained, and the 95% CL observed (expected) allowed
interval for the coupling modifier κλ, defined as a ratio of the measured λHHH value to the value
predicted in the SM, is −5.0 < κλ < 12.0 (−5.8 < κλ < 12.0) in ATLAS, and −11.8 < κλ < 18.8
(−7.1 < κλ < 13.6) in CMS. The new searches using full Run-II data sample are presented in
the next Section 3.

3 Searches for HH production with full LHC Run-II data

3.1 Nonresonant HH production in the final state with 4 leptons and 2 b jets

The first result of the search for nonresonant HH production where one Higgs boson decays
to a Z boson pair which decays to 4 leptons (l), where l is either an electron or a muon, and
the other to a pair of b jets is presented by the CMS Collaboration 12. The final state has a
very small branching fraction of only 0.014% but has small backgrounds and exhibits a clear
signature of the 4l mass peak. A signal event is required to have a least two Z boson candidates
reconstructed from the pairs of isolated electrons or muons of opposite charges, and at least
two jets which were identified as having originated from b quarks using multivariate (MVA)
discriminants. The signal region is defined by requiring events to pass 115 < m4l < 135 GeV.
The dominant background is the SM single H production, followed by genuine nonresonant ZZ∗

events. To separate HH signal from the background a boosted decision tree (BDT) is trained
using kinematic properties of signal events, the output of which is used in a multi-dimensional
binned maximum likelihood fit to data to extract the results. Upper limits at 95% CL are set
on the signal strength of HH production with respect to the SM expectation at 30 (37), and
κλ is constrained to be within the observed (expected) range −9 (−10.5) < κλ < 14 (15.5) at
95% CL. While the constraints from this channel are weaker than the results obtained from the
combination of the other channels with partial Run-II dataset presented in Section 2, this clean
final state will increasingly become more important with more data.
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3.2 HH production via VBF in the bb̄bb̄ final state

The first result of the search for HH production via VBF in the bb̄bb̄ final state is presented by
the ATLAS Collaboration 13. The VBF production mode has unique sensitivity to the VVHH
coupling modifier, κ2V, which controls the coupling strength with respect to its SM value. In
addition, this analysis targets the resonant production mode, and searches for spin-0 resonances
with masses in the range 260-1000 GeV considering broad-width (10-20% of resonant mass) and
narrow-width (4 MeV) hypotheses. The 4 b jets are tagged using MVA techniques, and the b
jet energy resolution is improved by about 10% with a dedicated b jet energy regression trained
with a BDT. The main challenge in this search is an accurate estimation of the background
dominated by multet production. The multijet background is modelled using data events with
lower b jet multiplicity and reweighting them to model events with higher b jet multiplicity.
The invariant mass of the HH system is reconstructed from the 4 b jets and is used as the
final discriminant to extract the signal. The observed (expected) upper limits at 95% CL are
set on the cross section for nonresonant HH production via VBF at 840 (550) times the SM
prediction, and also for resonant HH production via VBF as a function of resonance mass as
shown on Fig. 1. The 95% CL observed (expected) allowed interval for the coupling modifier
κ2V is −0.43 < κ2V < 2.56 (−0.55 < κλ < 2.72).
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Figure 1 – Observed and expected upper limits at 95% CL on the production cross section for resonant
HH production via VBF as a function of resonant mass. The (a) narrow- and (b) broad-width resonance
hypotheses are shown 13.

3.3 Nonresonant HH production via ggF and VBF in the bb̄γγ final state

Search for nonresonant HH production via ggF and VBF in the final states with two photons
and two bottom quarks is presented by the CMS Collaboration 14. This final state has a tiny
branching fraction of only 0.26%, but offers a clean signature from Higgs boson decay to a pair of
photons and excellent photon energy resolution. The energy resolution of b jets is improved by
about 13% by the deep neural network (DNN)-based b jet energy regression 15, which improves
the dijet invariant mass of the SM HH signal by about 20%. The main background is nonresonant
γγbb̄ production, followed by the single Higgs boson production in association with a top quark-
antiquark pair (tt̄H). The analysis is optimized to be sensitive to the SM HH production,
anomalous values of κλ, κ2V, and other beyond SM signals described by effective field theory.
Both ggF and VBF production modes are analyzed following similar strategies: the background
is suppressed using MVA techniques, and the VBF and ggF signal regions are defined based
on the MVA purity and reconstructed invariant mass of the HH system. Finally, the signal is
extracted from a fit to the invariant masses of the Higgs boson candidates in the bb̄ and γγ final
states. The observed (expected) upper limit at 95% CL on the HH production cross section
corresponds to 7.7 (5.2) times the SM prediction for the ggF mode and 225 (208) for the VBF
mode . The observed (expected) constraints at 95% CL on κλ and κ2V are −3.3 < κλ < 8.5
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(−2.5 < κλ < 8.2) and −1.3 < κ2V < 3.5 (−0.9 < κ2V < 3.1) as shown in Fig. 2. This search
has 4 times better sensitivity than the previous analysis 16 benefiting equally from larger data
sample, and the innovative analysis techniques. In addition, the search was combined with an
analysis that targets tt̄H where Higgs boson decays to a diphoton pair 17, which allowed λHHH

and top Yukawa coupling to be measured simultaneously, and provide constraints applicable to
a wide range of theoretical models, where both couplings have anomalous values.
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Figure 2 – Expected and observed 95% CL upper limits on the product of the HH production cross section
and branching fraction into the bb̄γγ final state obtained for different values of κλ (left) and κ2V, denoted
here as c2V, (right)

14.

3.4 Resonant HH production in the boosted bb̄τ+τ− final state

Search for a heavy, narrow, scalar resonance with mass in a range 1-3 TeV, produced via ggF
and decaying to HH is presented by the ATLAS Collaboration 18. The final state of interest is
a boosted bb̄ pair and a hadronically decaying boosted τ+τ−. A new technique, di-τ tagger,
is developed to reconstruct boosted τ pair as a large radius jet with two sub-jets of smaller
radii. For the di-τ tagger a BDT is employed to reject background of quark- and gluon-initiated
jets, and the tagger efficiency is measured in data. In the search for HH production the main
background is from multi-jet production with misidentified di-τ objects, and Z(τ+τ−)+jets
production. To extract the HH signal a single-bin counting experiment is performed for every
considered resonance mass hypothesis. Upper limits at 95% CL are set on HH production cross
section via narrow width scalar resonance as shown in Fig. 3.
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3.5 Heavy Higgs boson decay into two lighter Higgs bosons in the bb̄τ+τ− final state

A new search for the decay of a heavy resonance X into the Higgs boson and another resonance
Y with a mass mY < mX − mH is presented by the CMS Collaboration 19. It is motivated
by the next-to-minimal supersymmetric SM model (NMSSM) 20, and is the first search for this
signature at the LHC. The branching fractions of the Y resonance into SM particles are expected
to be similar to the Higgs boson ones, and a promising signature of the Higgs boson decay into
a pair of tau leptons and the decay of the Y into a pair of b quarks is considered. The dijet mas
resolution is improved by the DNN-based b jet energy regression 15, the di-τ mass resolution is
improved with a likelihood based method 21, and a kinematic fit to the bb̄τ+τ− system is used
for each considered mY and mX mass hypothesis. A DNN multi-classifier is trained to separate
the HH signal from the different types of background classified as events containing genuine τ
pairs, top quark pairs, events with quark or gluon induced jets misidentified as τ , and other
processes not included in the previous classes. The DNN output functions for background and
signal classes are used in the maximum likelihood fit for the signal extraction. The search is
performed in mass ranges of mX ∈ [240 GeV, 3 TeV] and mY ∈ [60 GeV, 2.8 TeV]. No signal is
observed in any of the investigated mass combinations and model-independent upper limits at
95% CL are set on the production cross section X → YH times branching fractions as shown in
Fig. 4.
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4 Future projections

The first results from the di-Higgs searches using the full Run-II dataset presented in Section 3
showed significant analysis improvements. During the next Run-III of the LHC, which will begin
in 2022, about 150 fb−1 of data are expected to be collected. With the improvements seen for
the first results with the full Run-II dataset, when combining data from Run-II and Run-III we
can expect to reach much better precision on HH production than was originally expected at
the LHC. The next phase of LHC, the High Luminosity LHC (HL-LHC) is scheduled to start
in 2027 and collect between 3000-4000 fb−1 of data with

√
s = 14 TeV over more than a decade

of operation. The HL-LHC physics prospects summary 22 shows that the expected sensitivity
of a combined ATLAS and CMS HH measurement is on the threshold of a discovery with the
expected precision on κλ of 50%.

5 Summary

Searches for di-Higgs production at the LHC using the full Run-II dataset were presented. The
new results benefited not only from the larger collected datasets, but also from a wealth of
innovative analysis techniques, and showed exploration of rare channels and new signatures as
well a probe of the VBF production mode and the anomalous VVHH coupling. Numerous
beyond SM hypotheses and coupling modifications were explored in context of resonant and
nonresonant Higgs boson pair production. While all of the results are so far consistent with the
SM predictions, the exploration of the HH production at the LHC has just started. Many new
HH results with the full Run-II data will follow in the near future, and we have very exciting
prospects for the future data taking runs of the LHC.
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Measurement of W boson branching fractions at 13 TeV with CMS

N. Odell on behalf of the CMS Collaboration

Northwestern University, Department of Physics and Astonomy

In this note, a measurement of the leptonic and inclusive hadronic branching fractions using
35.9 fb−1 of data collected by the CMS detector is presented. Events are selected based
on the multiplicity of reconstructed charged leptons and hadronic jets with the purpose of
collecting W boson decays originating from the production of top quark pairs. The branching
fractions of the W boson decaying into electron, muon, and tau lepton final states are measured
to be (10.83 ± 0.10)%, (10.94 ± 0.08)%, and (10.77 ± 0.21)%, respectively, supporting the
hypothesis of lepton flavor universality (LFU) for the weak interaction. Under the LFU
assumption, the average leptonic and inclusive hadronic decay branching fractions are found
to be (10.89 ± 0.08)% and (67.32 ± 0.23)%, respectively. From these results, three standard
model quantities are subsequently derived: the sum square of elements in the first two rows of
the Cabibbo–Kobayashi–Maskawa (CKM) matrix

∑
ij |Vij|2 = 1.984±0.021, the CKM element

|Vcs| = 0.967 ± 0.011, and the strong coupling constant at the W mass scale, αS(m
2
W) =

0.095± 0.033.

1 Introduction

The study of the W boson leptonic and hadronic decay branching fractions provides a useful
testing ground for various fundamental aspects of the standard model (SM) of particle physics.
Primarily, the SM electroweak bosons are assumed to couple equally to all three lepton gen-
erations, a property known as lepton flavor universality (LFU). Experimental evidence of a
departure from this assumption would be a sign of new physics. A test of lepton universal-
ity can be carried out by comparing the three leptonic branching fractions of the W boson in
the electron, muon, and tau decay channels. The most precise determination of the W boson
branching fractions has been determined by combining measurements carried out by each of the
four LEP experiments 1. Based on the combined values of the branching fractions, a test of LFU
was carried out by comparing the ratio of the tauonic branching fraction to the average of the
muonic and electronic branching fraction, Rτ/(e,μ) = 1.066 ± 0.025, and comparing to the SM
expectation of 0.9991 2,3. This 2.6σ deviation from the LFU hypothesis has instigated further
investigation at the LHC where ATLAS made use of the large cross section for the production
of top quark pairs (tt̄), both decaying into a W boson and a b quark, to measure the Rτ/μ ratio
by fitting the impact parameter and pT of muons 4. The resulting value of Rτ/μ = 0.992± 0.013
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is in tension with the LEP result, and in contrast, supports the LFU hypothesis.

Presented here is a precision measurement of the three leptonic W boson branching fractions
and the inclusive hadronic branching fraction. Noting that the branching fractions of the W
boson depends on various free parameters of the SM, such as the strong coupling constant αS ,
and the quark flavor mixing elements of the first two rows of the Cabibbo–Kobayashi–Maskawa
(CKM) matrix, an indirect determination of those quantities from the measured branching frac-
tions can be carried out. Importantly, it allows for a test of CKM unitarity and a measurement
of |Vcs| with a precision that rivals direct measurements.

For a more detailed description of the detector and event reconstruction used in this analysis,
the reader is referred to the public analysis summary 5.

2 Data and Simulated Samples

The measurement is based on a data sample corresponding to an integrated luminosity of
35.9 fb−1 of proton-proton collisions at a center-of-mass energy of 13 TeV collected by the
CMS experiment 6 at the LHC during 2016. A two-tier trigger system selects pp collision events
of interest for physics analysis. The dataset is collected from events that are triggered by the
presence of either a single isolated muon with pT > 24GeV or a single electron with pT ≥ 27GeV.

Simulated Monte Carlo (MC) data samples are used to model the signal processes such as
tt̄, tW , WW , and W+ jets production, and most of the background processes such as Z+ jets,
WZ and ZZ production. The background coming from multijet QCD production is estimated
using data-driven methods.

Correction factors are applied to account for differences between data and simulation with
respect to the modelling of the trigger efficiencies; the lepton reconstruction, identification,
and isolation efficiencies; and lepton energy scale and pT resolution; the jet energy scale and
resolution; top quark pT distribution; b tagging efficiency; and pileup modeling. LFU is assumed
by default in simulation with B(W → �ν) = 10.8%. The hadronic and leptonic branching
fractions of the tau lepton are taken from their current world average values 7.

3 Event Selection and Categorization

The main physics process of interest is tt̄, but it is also useful and necessary to account for
W decays originating from tW , WW , and W+ jets production. Background processes of note
consist of production of multiple QCD jets, Z+ jets, WZ, and ZZ. Selecting a data sample
of events consistent with the signal process requires reconstructing electrons, muons, hadroni-
cally decaying tau leptons, and hadronic jets. Additionally, to discriminate between tt̄ and the
background processes, it is useful to determine whether hadronic jets originate with b quark
decays.

A number of requirements are applied to categorize the events based on the multiplicity
of reconstructed leptons, jets, and b-tagged jets, passing a given minimum pT threshold each,
as summarized in Table 1. In categories with two leptons in the final state, the leptons are
required to have opposite-sign electric charge. Events in the ee and μμ categories are rejected if
the lepton pair invariant mass is between 75 and 105 GeV in order to reduce the contamination
from Z+jets.

Each of these selections targets particular W decay modes, but because the τ lepton is not
detected directly but through its decay products, the categories will contain a mixture of events
where electrons, muons, or jets originate from either a promptly decaying W or a W decay
with an intermediate τ decay. The ambiguity in the origin of reconstructed physics objects is
maximal in the �τh categories because of the high probability of incorrectly identifying a jet
originating from the W decays as originating from a hadronically decaying τ lepton. To further
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Table 1: Baseline categorization of events based on the triggering lepton, the number of leptons, jets, and b-tagged
jets. Categories with two leptons in the final state require that the leptons have opposite-sign charge 5.

trigger label Ne Nμ Nτh Nj Nb additional requirements

e

ee 2 0 0 ≥ 2 ≥ 1 peT > 30, 20GeV, |mee −mZ | > 15GeV

eμ 1 1 0 ≥ 0 ≥ 0 peT > 30GeV, pμT > 10GeV

eτh 1 0 1 ≥ 0 ≥ 0 peT > 30GeV, pτhT > 20GeV

eh 1 0 0 ≥ 4 ≥ 1 peT > 30GeV, pjT > 30GeV

μ

μe 1 1 0 ≥ 0 ≥ 0 pμT > 25GeV, peT > 20GeV

μμ 0 2 0 ≥ 2 ≥ 1 pμT > 25, 10GeV, |mμμ −mZ | > 15GeV

μτh 0 1 1 ≥ 0 ≥ 0 pμT > 25GeV, pτhT > 20GeV

μh 0 1 0 ≥ 4 ≥ 1 pμT > 25GeV, pjT > 30GeV

improve the sensitivity to specific branching fractions, the data are further categorized based on
the number of hadronic jets and b tags as shown in Table 2.

Table 2: Categorization of events with electron, muon, and/or hadronically decaying tau leptons passing the
reconstruction criteria, based on their jet and b-tagged jet multiplicities 5.

Nj = 0 Nj = 1 Nj = 2 Nj = 3 Nj ≥ 4

Nb = 0
eτh, μτh, eτh, μτh, eτh, μτh

eμ eμ eμ

Nb = 1

eτh, μτh eτh, μτh eτh, μτh

eμ ee, μμ, eμ

eh, μh

Nb ≥ 2

eτh, μτh eτh, μτh

ee, μμ, eμ

eh, μh

Events with two reconstructed leptons require that the electric charge of the leptons have
opposite electric charge. Events in the eτh and μτh categories with Nj ≤ 1 and Nb = 0, used to
τh identification, include additional requirements to enhance the proportion of Z+jets events:
40 ≤ m�τh ≤ 100GeV, Δφ(�, τh) > 2.5, and m�

T < 60GeV where m�
T is the transverse mass

calculated based on the electron or muon pT and the missing transverse momentum, pmiss
T .

4 Analysis Method and Systematic Uncertainties

The determination of the W branching fractions is carried out using a binned maximum like-
lihood estimation by fitting histogram templates, derived from the signal and background esti-
mates, to the data. For each of the signal physics processes, the selected events are decomposed
according to the W boson or W boson pair decay products based on generator-level information.
The normalization of the resulting templates are parameterized as a function of the relevant W
and τ decay branching fractions. For each category, events are further binned based on a single
kinematic observable in each category, selected primarily to enhance the discrimination between
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decay products that come directly from the W boson from those with an intermediate tau lepton
decay.

Systematic uncertainties are accounted for by incorporating nuisance parameters (n.p.) into
the model. These include n.p. accounting for theory uncertainties affecting the generation of
simulated data, experimental uncertainties accounting for mismodeling of the detector response
and calibration, and statistical uncertainties due to limited MC statistics. The most significant
sources of uncertainty are those associated with the normalization of the templates derived from
tt̄ and tW simulation, and due to the reconstruction and identification of hadronically decaying
τ leptons.

5 Results

The values of the branching fractions with comparison to the LEP measurement 1 are shown in
Table 3 and plotted in Fig. 1 (left) for the case that each branching fraction varies independently,
and for the case that LFU is assumed. The resulting values are overall more precise than those
obtained by LEP, and are consistent with the LFU hypothesis. To demonstrate the pairwise
correlations between leptonic branching fractions, two-dimensional contours are drawn at the
68% and 95% confidence levels in Fig. 2. For each pair shown in the panels, the branching
fraction that is not plotted has been marginalized over.

It is also useful to calculate the ratios between branching fractions to compare with results
from other experiments where only ratios have been measured. Values of the ratios measured
by LEP, ATLAS, and CMS are shown in Fig. 1 (right) and Table 4.

Table 3: Values of the W branching fractions determined here, compared to the corresponding LEP 1 measure-
ments. The bottom rows list the leptonic W branching fraction derived combining the three individual decay
modes assuming lepton universality. Statistical and systematic uncertainties are quoted for each branching frac-
tion 5.

CMS LEP

B(W → eνe) (10.83± 0.01± 0.10)% (10.71± 0.14± 0.07) %
B(W → μνμ) (10.94± 0.01± 0.08)% (10.63± 0.13± 0.07) %
B(W → τντ ) (10.77± 0.05± 0.21)% (11.38± 0.17± 0.11) %
B(W → h) (67.46± 0.04± 0.28)% –

LFU

B(W → �ν) (10.89± 0.01± 0.08)% (10.86± 0.06± 0.09)%
B(W → h) (67.32± 0.02± 0.23)% (67.41± 0.18± 0.20)%

Table 4: Ratios of leptonic branching fractions measured by LEP 1, ATLAS 4, and this analysis 5.

CMS LEP ATLAS

Rμ/e 1.009± 0.009 0.993± 0.019 –

Rτ/e 0.994± 0.021 1.063± 0.027 –

Rτ/μ 0.985± 0.020 1.070± 0.026 0.992± 0.013

Rτ/� 1.002± 0.019 1.066± 0.025 –

From the ratios of the inclusive hadronic and leptonic W branching fractions, other inter-
esting SM quantities can be calculated using the expression,

B(W → h)

1− B(W → h)
=

(
1 +

αS(m
2
W )

π

) ∑
i=(u,c),
j=(d,s,b)

|Vij
2| = 2.060± 0.021, (1)
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Figure 1 – (left) Summary of the measured values of the W leptonic branching fractions compared to the corre-
sponding LEP 1 results. The vertical green-yellow band shows the 68%-95% confidence intervals of the inclusive
W leptonic branching fraction measured assuming LFU. The hatched band shows the corresponding LEP result.
(right) Two-dimensional distributions of the ratios Rτ/e versus Rτ/μ compared to similar LEP and ATLAS 4

results and to the SM expectation. The green and yellow bands (dashed lines for the LEP results) correspond to
the 68% and 95% CL for the resulting two-dimensional Gaussian distribution 5.

Figure 2 – Two-dimensional comparisons of pairs of W leptonic branching fractions derived here, compared to
LEP results and to the SM expectation. The green and yellow bands (dashed lines for the LEP results) correspond
to the 68% and 95% CL for the resulting two-dimensional Gaussian distribution 5.

where the value of B(W → h) is measured assuming LFU. If CKM unitarity is assumed, the
sum in Eq. 1 can be solved to obtain a value of αS(m

2
W ) = 0.094± 0.033. This is not as precise

as the world average of αS(m
2
W ) = 0.1202 ± 0.0010 7, but confirms the usefulness of Eq.1 to

measure αS at future ee colliders where the W branching fractions can be measured much more
precisely. Using the precise value of αS instead, the sum in Eq. 1 can be calculated yielding∑

ij |Vij|2 = 1.984± 0.021. This provides a precise test of CKM unitarity. Furthermore, solving
for |Vcs|, and using the more precisely measured values of the other CKM matrix elements in the
sum yields a value of |Vcs| = 0.967± 0.011. The value is as precise as direct measurements from
semileptonic D or leptonic Ds decays, |Vcs| = 0.987 ± 0.011 7. The precision of each calculated
quantity are virtually entirely determined by the systematic uncertainty of the inclusive leptonic
branching fraction measurement.
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2HDM + scalar and pseudoscalar-simplified models at LHC
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We illustrate the capability of LHC of probing, and possibly discriminating, through the mono-
Z, mono-h and t̄t signatures, the 2HDM+ scalar (2HDM+S) and pseudoscalar (2HDM+PS)
singlet models.

1 Introduction

Dark matter searches are among the priority objectives of next future runs of LHC. So-called
simplified models1,2 have, up to now, represented, very useful theoretical tools for the interpreta-
tion of experimental outcomes. Simplified models have several drawbacks though: being not UV
complete, they might not lead to solid predictions due to theoretical inconsistency; furthermore
they feature limited collider signatures,mostly mono-X events. Especially in the case of spin-0
portals, the latter are not expected to benefit from the next future upgrades of LHC. The adop-
tion of a next generation of simplified models 3, closer to realistic particle physics scenarios and
with a broader set of collider signatures, but still simple enough to be useful benchmarks, is then
crucial. The so called 2HDM+S and 2HDM+PS models belong to this category. In this work
we will study some their specific signatures, namely t̄t, mono-Z and mono-h. We will look at
current limits as well as future prospects from luminosity upgrades of the LHC. Furthermore we
will investigate the possibility of discrimination of the two models from an hypothetical signal.

2 Models

2.1 Scalar Potential

The 2HDM+S and 2HDM+PS models consist into extensions of the SM with Higgs sector by
two doublets and a SU(2) scalar or pseudoscalar singlet, dubbed S and P respectively. They
can be described by a potential of the form 4,5:

V (Φ1,Φ2, S/PS) = V2HDM(Φ1,Φ2) + VS,P (S/P ) + VS,P2HDM(Φ1,Φ2, S/P ), (1)

V2HDM(Φ1,Φ2) represents the generic potential for two Higgs doubles Φ1,2 which we do no report
explicitly, for simplicity. VS,PS(S/P ) contain the self interactions of the SM singlets:

VS(S) =
1

2
M2

SSS
2 +

1

3
μSS

3 +
1

4
λSS

4

VP (P ) =
1

2
M2

PPP
2 +

1

4
λPP

4 (2)
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Finally VS,PS2HDM(Φ1,Φ2, S/P ) describes the interactions between the singlets and the doublets:

VS2HDM(Φ1,Φ2, S) = μ11S(Φ
†
1Φ1)S + μ22S(Φ

†
2Φ2)S + (μ12SΦ

†
2Φ1S + h.c.)

+
λ11S

2
(Φ†1Φ1)S

2 +
λ22S

2
(Φ†2Φ2)S

2 +
1

2
(λ12SΦ

†
2Φ1S

2 + h.c.)

VP2HDM(Φ1,Φ2, P ) =
λ11P

2
(Φ†1Φ1)P

2 +
λ22P

2
(Φ†2Φ2)P

2 + μ12PP (iΦ†1Φ2 + h.c.) (3)

Once EW symmetry is broken, and the two Higgs doublets acquire vev, 〈Φi〉 = vi, mass mixing
between the singlets and the doublets occurs. Assuming the so called alignment limit, one of
the mass eigenstates will be the 125 GeV SM-like Higgs boson h. More in general, the set of
physical fields emerging for the 2HDM+S model is indicated by (h, S1, S2, H

±, A). Besides the
SM-like Higgs, we have then two CP-even states, dubbed S1 and S2, a charged Higgs H± and
a pseudoscalar state A. The set of physical states of the 2HDM+PS model is, instead, labelled
(h,H, a,A,H±); this time we have two extra CP-odd electrically neutral states, a/A, and one
CP-even field H.

2.2 Yukawa Interactions

The interactions of the Higgs states with the SM fermions are determined starting from the
Yukawa Lagrangian:

LYukawa = −
∑
n=1,2

(
Y u
n,ijQ̄

i
Lu

j
RΦ̃n + Y d

n,ijQ̄
i
Ld

j
RΦn + Y l

n,ijL̄
i
Ll

j
RΦn + h.c.

)
. (4)

After EW symmetry breaking all the physical states can interact with the SM fermions. As
consequence of the aligment limit, the state h interacts with the fermions,hence:

Y i
h ≡ Y i

SM, (5)

For what concerns the other (pseudo)scalars, analogously to the conventional 2HDM, we consider
only configurations which avoid FCNC to occur at the tree level. Hence we have:

Y i
S1

≡ cos θεiY
i
SM, Y i

S2
≡ − sin θεiY

i
SM, Y i

A ≡ iεiY
i
SM

Y i
H ≡ εiY

i
SM, Y i

A ≡ i cos θεiY
i
SM, Y i

a ≡ −i sin θεiY
i
SM (6)

with θ being a mixing angle measuring the the singlet rather than double content of the S1,2 and
a,A states in the two models. εi=u,d,l are scaling parameters, depending on tan β = v2

v1
, whose

possible assignations can be found e.g. in 6.

2.3 DM Interactions

The 2HDM+S/PS feature a fermionic DM candidate χ a, singlet with respect to the SM group.
Its interaction lagrangian will hence be:

LS,DM = −ySχSχ̄χ → −ySχ (sin θS1 + cos θS2) χ̄χ

LP,DM = −iyPχ Pχ̄γ5χ → −iyPχ (sin θA+ cos θa) χ̄γ5χ (7)

A further consequence of the alignment limit is that, in the 2HDM+S model, the DM does not
interact with the SM-like state h.
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Figure 1: Feynman diagrams for the resonant production of a mono-Z signal via gluon fusion
production in the chosen mass hierarchy for the 2HDM+S (left) and 2HDM+PS (right).

3 Analysis setup

As already pointed, the aim of this work is to characterize the collider properties of the 2HDM+S/PS
models. The focus will be, in particular, on mono-h and mono-Z signatures, arising from the
resonant production of new neutral bosons, as shown in the Feynman diagrams in fig. 1.

To perform our analyis, we have introduced a series of assumptions on the model parameters:

• We have assumed MH = MA = MH± and MS1 = MH± = MA for, respectively, the
2HDM+S and 2HDM+PS models. While simplifying our study, this assumption allows
also to evade EW precision constraints on the scalar sector;

• We have assumed tanβ ≤ 3. This assumption guarantess that gluon fusion is the only rele-
vant channel for the production of resonance and, moreover, make our results substantially
independent on the possible assignations of the scaling parameters εi

• We set, mχ = 10GeV, yS,Pχ = 1 and sin θ = 0.3 to optimize the signals object of our study.
This assignations ensures, for example, that the extra state produced in association with
the Z/h bosons will decay into a DM pair with branching fraction substantially equal to
one.

4 Results

We have simulated t̄t, mono-Z and mono-h events through the event simulator MadGraph5 aMC@NLO7.
The latter have been passed to the package Pythia 8.2 8 for showering and hadronization.
Delphes 3.4.2 9 has been used to account for detector effects while analysis cuts have been
implemented through Madanalysis 5 10. Given the assumptions illustrated in the previous sec-
tion, results have been translated into constraints on the (MS1 ,MS2 , tanβ) and (Ma,MA, tanβ)
parameters sets for the 2HDM+S and 2HDM+PS respectively.

4.1 t̄t

For masses above the top-threshold, MH/S1, A > 2mt, the additional heavy Higgses dominantly
decay into a pair of top quarks, so one has to take into account potential complementary con-
straints from searches of t̄t resonances. We have translated, into limits on the (MA,S2 , tanβ)
and (MA,H , tanβ) bidimensional planes, the results obtained by the CMS collaboration 11 for

aOur results are substantially indipendent on a Majorana rather than dirac nature for the DM.
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Figure 2: The 2σ observed exclusion limits from tt̄ resonance searches, in the MA,H/S1
–tanβ–

plane for the 2HDM+S (left) and 2HDM+PS (right) (see main text for details about parameter
assignation). Excluded regions for scalar and pseudoscalar resonances are shown, respectively,
in orange and red.

35.9 fb−1 luminosity. To limit interference effects we have set MS2,a = 400GeV. Only for this
analysis, we have relaxed the hyphothesis of mass degeneracy for the neutral heavy Higgs bosons.
As evident, for a same assignation of the mass, pseudoscalar states are slightly more efficiently
constrained. This is due to the fact the effective coupling with gluons is larger for pseudoscalars
than scalar states. In any case we see that bounds from searches of t̄t resonances are mostly
effective for tanβ � 1.

4.2 Mono-Z

We have recasted the results from searches performed by the ATLAS collaboration 12 of events
with a leptonically (electron or muons) decaying Z and missing energy. The results, for both
models, have been shown in fig. 3, in both (Ma,S2 ,MA) and (Ma,S2 , tanβ) planes. As evident we
have a very similar reach for the 2HDM+S and 2HDM+PS models. The reason is the following:
the mono-Z signatures come from the production of a pseudoscalar resonance in the 2HDM+S
and of a scalar resonance in the 2HDM+PS model. While the production vertex should be,
hence, bigger for the 2HDM+S model, one finds, at the same time that:

BR(A → S2Z) ≈ BR(H → aZ)/2 ≈ 0.1, (8)

While more efficiently produced, the pseudoscalar resonance has lower decay branching fraction
into Z compensating the previous effect. Mono-Z signatures hence constrain, substantially to
the same extent, the 2HDM+S and 2HDM+PS models.

4.3 Mono-h

We have translated, to the 2HDM+S/PS models, the limits from searches, by ATLAS 13, of
h + /ET signatures. Contrary to mono-Z searches, the exclusion limits are sensitively different
for the two models under scrutiny. Indeed, the upper bound on Ma is approximately twice as
stronger the corresponding one on the mass of the S2 state. The reason is that, to produce
mono-h events, one relies on the scalar resonance S1 for the 2HDM+S, and on the pseudoscalar
resonance A for 2HDM+PS. In contrast to mono-Z we have:

BR(S1 → S2h) ≈ BR(A → ah) ≈ 0.1; (9)

in other words the decay branching fraction of the final state is equal for all models. The
different excluded regions are hence just explained with the bigger effective gluon fusion vertex
for a pseudoscalar resonance.
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Figure 3: Overview on the 2σ exclusion limits from mono-h, mono-Z, tt̄ (tanβ = 1) resonances
in the (MS2,a,MA) plane (upper panels) and MS2,a, tanβ (MH = MH± = MA ∼ 400 and
500GeV) plane (lower panels).

5 Discussion and conclusions

The results of our study 6 are summarized in fig. 3 in the Ma/S2
–MA–plane (for tanβ = 1) and

the Ma/S2
–tanβ–planes. As evident, the plot considers values of MS2/a ≥ 100GeV. This is due

to the fact that we have accounted, in our study, also for the limit from Higgs invisible searches,
as given by ATLAS in 14:

BR(h → inv) < 0.26
(
0.17+0.07

−0.05
)

(10)

For the considered assignation of the parameters, the 125 GeV Higgs boson has sizable branching
fraction both into aa/S2S2 pairs and in the 3-body final states a/S2 χχ. For mχ = 10GeV

and λS,P
χ = 1, S2 and a decay into DM pairs with branching ratio substantially equal to one.

Consequently the just mentioned decay processes for the Higgs all lead to invisible signals and
their branching ratio exceeds the experimental limit unless MS2,a ≥ 100GeV.

The first relevant feature emerging from fig.3 is that mono-Z searches appear to be the
most constraining excluding light Higgs masses up to MS2,a ∼ 320GeV and heavy Higgs masses
between 200 and 1000GeV. For the 2HDM+PS model, mono-h constraints can provide a com-
plementary constraint slightly raising the lower bound on MA. Finally tt̄ searches exclude a
rather narrow band of values of MA, substantially independent on the value of MS2/a.

The Ma/S2
–tanβ–plane shows an analogous trend as the one just described. For tanβ � 1

mono-Z limits are the strongest, excluding values of MS2/a up to around 270 GeV. For tanβ � 1,
on the contrary, tt̄ limits are dominant and rule-out the whole range of MS2/a considered in our
analysis.

A final interesting aspect, pinpointed by the correlation plots, concerns the possibility of
distinguishing the two models. This could be achieved via the mono-h signature. The ratio of
the signal strength in mono-Z and mono-h is characteristic of the two models. Consequently, if
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signals are detected in both channels, their signal strength ratio could be used to discriminate
between the 2HDM+S and 2HDM+PS model.

As last remark we remind that our analysis has been made for fixed values of the DM mass
and coupling and does not account from inputs on DM phenomenology. The latter could shed
further insight on the parameter space of the model under scrutiny. Complementing results from
collider searches and DM phenomenology is then crucial.
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H couplings and the scale of new physics
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An ongoing goal of particle colliders is measuring the Higgs couplings to Standard Model
particles. As I will demonstrate in this talk, any observed deviation from the SM predictions
for these couplings is a sign of new physics whose energy scale can be bounded from above
by imposing perturbative unitarity. This allows quantitative connections between a future
coupling measurement and its impact on new physics, which could be used to inform the
decision process of next generation colliders. We present unitarity bounds from Higgs coupling
deviations from a trilinear self-coupling and couplings to W/Z and top quarks. A nontrivial
consequence of these results is that different Higgs couplings have parametrically different
power in constraining new physics, e.g. the stringent constraints on hZZ, hWW couplings
still allow values that could require new physics to below 3 TeV.

1 Introduction

After the discovery of the Higgs boson in 2012, one of the most pressing goals of current and
future colliders is pinning down the Higgs properties, in particular its couplings to Standard
Model particles. The precision of future colliders for these couplings is playing an important
role in informing the discussion of what collider should come next after the LHC, see for example1.
In the renormalizable Standard Model, the Higgs couplings are predicted to great accuracy and
thus have a precise target. Therefore, seeing a deviation will indicate the existence of new
physics.

Anticipating a clear discrepancy in Higgs couplings from the Standard Model in the future,
it is worth exploring what the new physics implications would be. As this short talk will
demonstrate, any such discrepancy leads to perturbative unitarity violation at high energies
and thus can be used to place an upper bound on new physics if the theory is to remain
weakly coupled. For further details, please see our original papers2,3 and related work 4,5,6,7. An
interesting complementary approach to this direction is to search at colliders for these processes
that grow with energy. For some work in this direction, please see 8,5,9.

New physics bounds from perturbative unitarity have been successful in the past. In partic-
ular, ZLZL → W+

L W−
L without the Higgs exchange diagram grows quadratically with the center

of mass energy, leading to unitarity violation above ∼ 1 TeV. As demonstrated by Lee, Quigg,
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and Thacker 10,11, including the Higgs exchange cuts off this growth, which then requires the
Higgs to be below a TeV to restore perturbative unitarity at energies above mh. This prediction
played an important role in the design of future colliders like the LHC and the ATLAS and CMS
detectors so as to have a no lose theorem to discover the Higgs. Of course, ultimately the Higgs
was found to be much lighter, validating this approach. In the case of a future Higgs coupling
deviation, a similar analysis can be performed to inform the process of determining what next
generation collider is needed to explore the underlying physics.

To explore the constraints from Higgs coupling deviations, we use the following Lagrangian:

L = LSM − δ3
m2

h

2v
h3 − δ4

m2
h

8v2
h4 −

∞∑
n=5

cn
n!

m2
h

vn−2
hn + · · ·

+δZ1
m2

Z

v
hZμZμ + δW1

2m2
W

v
hWμ+W−

μ + δZ2
m2

Z

2v2
h2ZμZμ + δW2

m2
W

v2
h2Wμ+W−

μ

(1)

+
∞∑

n=3

[
cZn

n!

m2
Z

vn
hnZμZμ +

cWn

n!

2m2
W

vn
hnWμ+W−

μ

]
+ · · ·

−δt1
mt

v
ht̄t−

∞∑
n=2

ctn
n!

mt

vn
hnt̄t+ · · · .

Here LSM is the renormalizable Standard Model and the other terms with coefficients δ, c are
deviations from it. In particular, δ parameters are fractional deviations from parameters that
already exist in the Standard Model and c parameters are multiplying Lagrangian terms which
are absent from the renormalizable Standard Model. In terms of the interactions we will consider,
in Eq. (1) we have, from top to bottom, Higgs self-couplings, couplings to W/Z, and top quark
couplings. If any δ or c parameter is determined to be nonzero, then there will be unitarity
violation at high energy.a

To start with, consider the unitarity bounds from a Higgs trilinear deviation, δ3. As seen
in Fig. 1, for the process ZLZLZL → ZLZLZL there are two diagrams, which as the center of
mass energy increases scale as E0.b However, to satisfy unitarity a six-point amplitude must be
bounded as c/E2, thus there must be a cancellation between these two diagrams which occurs if
the Higgs couplings to Z and its trilinear are given by the Standard Model values. This shows
that there can be unitarity bounds even from a Higgs trilinear. Trilinear couplings, since they
are relevant operators, typically lead to issues at low energies, but in this case there are issues
at high energy since the Higgs coupling to longitudinal Z’s is enhanced at high energy.

Figure 1 – Feynman diagrams for six ZL scattering in unitary gauge.

To facilitate the identification of the unitarity violating amplitudes, we utilize the equivalence
theorem to determine scattering of longitudinal gauge bosons at high energy through scattering

aThis is only true if one works in a minimal basis of interactions, removing redundancies due to integration by
parts and equations of motion. We will assume in the following that we are working in such a basis.

bTo see this for the left-diagram, requires using the identity (
∑

i
pi)

2 = 0 with all momenta outgoing.
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of the eaten Nambu-Goldstone (NG) fields. To do this, we utilize gauge invariant fields which
allow us to reintroduce these NGs in the couplings of Eq. 1, including fields such as

X ≡
√
2H†H − v = h+

�G2

2v
+ · · · , (2)

Ĥ =
H√
H†H

=

(
0
1

)
+O( �G), (3)

Ĥ†iDμĤ = −mZ

v
Zμ − 1

v
∂μG

0 + · · · , (4)

where �G are the NGs. The equivalence theorem makes computation of the amplitudes much
easier, where the above six-point process results from X3 ⊃ �G6. Another additional ingredient
in our calculation is to define multi-body states which are the generalization of 2-body s-wave
states. By properly normalizing them, the scattering matrix elements for these states must be
less than 1 in magnitude for perturbative unitarity, see 2,3 for more details.

In the case of the amplitudes due to Higgs self-couplings, there are a set of amplitudes which
only depend on the trilinear deviation in the contact limit. The ones that set the best unitarity
bounds are

hW+
L W−

L → W+
L W−

L : Emax � 70 TeV

|δ3|
, W+

L W+
L W−

L → W+
L W+

L W−
L : Emax � 14 TeV

|δ3|1/2
. (5)

In the plot in Fig. 2, we take the stronger of these two bounds and have plotted it in blue.
Since perturbative unitarity breaking down is a sign of strong coupling, we give a blue band to
estimate the theoretical uncertainty of the unitarity bound by varying the amplitude constraint
by a factor of two. If one were to add constraints from other Higgs self-couplings (e.g. δ4, c5),
these would potentially improve upon this bound. Imagining that only the trilinear has been
determined but the higher couplings have only weak constraints, the most conservative approach
is to marginalize over the unitarity bound so that it is as high as possible. We have been unable
to solve this marginalization problem, but can constrain it to be between the orange and blue
lines and thus the marginalized bound is within the theoretical uncertainty and is only different
from our bound at large trilinear deviations. Finally, since the best current constraints on the
trilinear from CMS12 allow |δ3| as large as 7.5, we see that trilinear searches in the future can set
as low of a unitarity bound as 5 TeV. Thus, searches for a Higgs trilinear can still be interesting
and constrain physics to be below a few TeV, which would be very interesting for analyses at
HL-LHC.
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Figure 2 – The unitarity bound as a function of the deviation in the h3 coupling. The optimal bound lies between
the model-independent and SMEFT lines. The band around the model-independent scale reflects the uncertainty
of the bound from varying the unitarity constraint on the matrix element by a factor of 2. For comparison, we
show projected 95% C.L. limits on δ3 from a combination at HL-LHC and a 100 TeV pp collider from13.
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By looking at the other Higgs couplings, we can see that there is a nontrivial relationship
between coupling precision and power to constrain new physics. Looking at the processes that
depend on the Higgs couplings to W,Z, and top quarks, we find the following processes and
bounds:

W+
L W+

L → W+
L W+

L : Emax ∼ 1.2 TeV

|δW1|1/2
, (6)

ZLZL → W+
L W−

L : Emax ∼ 1.5 TeV

|δZ1 + δW1|1/2
, (7)

W+
L h → W+

L ZL : Emax ∼ 1.0 TeV

|δZ1 − δW1|1/2
, (8)

W+
L W+

L W−
L → W+

L ZL : Emax ∼ 1.5 TeV

|δZ1 − δW1|1/3
, (9)

tRt̄R → W+
L W−

L : Emax � 5.1 TeV

|δt1 + δV 1|
, (10)

tRb̄R → W+
L h : Emax � 3.6 TeV

|δt1 − δV 1|
(11)

tRb̄R → W+
L W+

L W−
L : Emax � 3.3 TeV√

|δt1 − 1
3δV 1|

, (12)

As one can tell by the numerical coefficients, the processes due to hV V couplings are quite
strong. This can be clearly seen in the left plot of Fig. 3, which shows that even though δV 1

is constrained to be less than 0.13, it still allows a unitarity bound as low as 3 TeV. This
shows that there is not a straight forward relationship between precision and power to constrain
new physics. On the other hand, saturating the top coupling constraint would lead to a weaker
unitarity bound of 8 TeV. Of course finding any deviation is interesting, we are just emphasizing
that certain couplings are stronger in their new physics impact.
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Figure 3 – The unitarity bound as a function of the deviation of the hV V coupling (where δW1 = δZ1 = δV 1)
and the htt coupling. Here the bound from marginalizing over other couplings is the same as the bounds that
only depend on δV 1, δt1. The band around the model-independent scale reflects the uncertainty of the bound
from varying the unitarity constraint on the matrix element by a factor of 2. For comparison, we show the 95%
C.L. limits on δV 1, δt1 from ATLAS14 and a projected HL-LHC combination13.

Finally, one can extend this analysis to other Higgs couplings, for instance quadratic cou-
plings to the W/Z and to the top. These are particularly interesting because they can be probed
via analysis of diHiggs production in gluon fusion and vector boson fusion, e.g. 15,16. The unitar-
ity bounds can be seen in Fig. 4. As one can see from the figures, since these quadratic couplings
are only constrained at the O(1) level, through diHiggs analyses in the future, it will be possible
to pin down these couplings, which can also set unitarity bounds below ∼ 3 TeV.
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Figure 4 – Left: Unitarity violating contours from δV 1 and δV 2. The solid lines represent the ATLAS bound on
δV 1

14 while the δV 2 bound17 is outside of the plot range. The dashed lines show the projected bounds for δV 1
13

and δV 2 at HL-LHC, where the δV 2 bounds are the 95% C.L. bounds from doubling the 68% bounds from a
projected vector boson fusion di-Higgs search16. Right: Unitarity violating contours from δ3 and ct2. The 95%
C.L. projections from gluon fusion di-Higgs searches are shown for the LHC (solid) and for the HL-LHC (dashed),
which were obtained by expanding the 1σ contours of15 by 1.6 to estimate the 95% C.L. sensitivity.

A major component of the discussion about future colliders has centered on the sensitivity to
Higgs coupling measurements, see for example1. What our analysis has shown is that unitarity
bounds give another quantitative handle by determining what improved sensitivity can buy. In
particular, improving the sensitivity of certain couplings should be prioritized if the goal is to
constrain new physics. In the cases analyzed so far, we see that improvements on hV V couplings
as well as hhV V, hhtt are very interesting given their power to constrain new physics.

2 Conclusions

In summary, future Higgs coupling measurements have the potential to discover new physics if
a deviation from the Standard Model prediction is found. Such a deviation inevitably leads to
unitarity violation at high energies, predicting an upper bound on the new physics responsible.
The unitarity bounds provide a useful quantitative relationship between precision and power to
constrain new physics, which we hope will help to inform which couplings should be prioritized
when comparing next generation colliders. Finally if a deviation is found, the unitarity bound
can then be used to determine a kinematic reach necessary to uncover the new physics, providing
a first step in developing a no lose theorem for the physics responsible.
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Strong SUSY at ATLAS and CMS
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Supersymmetry (SUSY) is still one of the most elegant theories for new physics. Solid limits
have been produced on SUSY particles with strong interactions at the LHC. Presented here
are a few CMS and ATLAS Collaboration search results for third generation squarks in both
R-parity conserving and R-parity violating models. The results are based on the full Run 2
dataset. New limits on sparticle masses that surpass the previous results are set for a variety
of SUSY models.

1 Introduction

Supersymmetry (SUSY) is still a thriving field. One promising direction for discovery is strong
SUSY, which could be one of the dominant SUSY processes at the Large Hadron Collider (LHC).
In order to cancel the top quark contributions to the Higgs mass in a natural way, the third
generation squarks, especially the top squark or stop, will need to be rather light. This makes
them a promising path for SUSY searches at the LHC. This is one of the more sensitive channels
because the backgrounds are well understood. In most of the models considered here, the lightest
SUSY particle (LSP) is assumed to be the lightest neutralino particle. This neutralino is weakly
interacting and neutral, and it does not leave any hits in the detector, resulting in potentially
large missing transverse momentum (pmiss

T ). In the R-parity violating (RPV) SUSY models also
discussed here, the LSP decays to standard model (SM) particles instead of a neutralino, which
means there is no intrinsic pmiss

T and the final state may have just many jets. This is also a
promising avenue to explore; it opens up the phase space, as these models allow for any isolated
couplings, as well as allow the proton to decay, which R-parity conserving models do not. We
have already set some strong limits, but there are still areas of phase space and models to be
explored.

2 RPV 1 lepton + jets (ATLAS)

The first search targets an RPV SUSY model, looking for gluinos and neutralinos with a final
state of at least one lepton, many jets, and no specific requirement on pmiss

T
1. This analysis
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uses a jet counting method with five jet transverse momentum (pT) categories. This is further
divided by jet multiplicity, where the minimum requirement on the number of jets is four and the
max depends on the jet pT. There are also categories requiring one lepton or two leptons with
the same electric charge. The last type of category uses the number of b jets, requiring either
no b jets or greater than or equal to three b jets. This gives a total of twenty different discovery
signal regions. The dominant background processes for the one-lepton category are tt̄+jets
and W/Z+jets, and for the two-lepton same-charge category are tt̄W, tt̄ with a misidentified
lepton, and diboson. In order to use a data driven extrapolation method, both the jet and b jet
multiplicity distributions, which are extracted at moderate jet multiplicity, are used to define
the backgrounds. An example can be seen in Fig. 1. No excess was seen and limits were set for
gluino masses up to 2.4TeV for high LSP mass and up to 2TeV for low LSP mass, with the LSP
assumed to be a neutralino.

Figure 1 – This shows the simulated tt̄ processes for different one-lepton and two-lepton categories, validating the
jet-scaling parameterization method.

3 Search for RPV/stealth stop (CMS)

This is a search for pair produced stops decaying to a top quark and the light jets in the one lepton
final state 2, similar to the previous search in Section 2. Two simplified models are considered:
the RPV model, and a stealth model that is R-parity conserving. For this analysis, categories
based on the number of jets and the neural network (NN) score called SNN are used. The NN
training that produces SNN ensures that it is independent of the number of jets observed, which
is crucial for the background estimation method. The main background for this analysis is tt̄.
For this background, the estimation is done using a fit function which has three free parameters.
The events are further binned in four SNN categories. The distribution of the number of jets
is required to be the same in each SNN category, which is done by correlating the three free
parameters that are used seen in Fig. 2. No excess was seen, so limits were set for both models.
For the RPV SUSY model, exclusion limits on the stop quarks are up to 675GeV, and for the
stealth SUSY model, the exclusion limits on the stop quark are up to approximately 900GeV.
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Figure 2 – Fitted background prediction and observed data counts as a function of the number of jets in each of
the four SNNbins.

4 Stop in an all hadronic final state (CMS)

This SUSY search focuses on a final state with pmiss
T , jets, and top quarks 3. This analysis

is optimized by including many ML algorithms to tag various objects used. To explore the
whole top phase space, we must identify both the boosted high-pT boosted tops as well as
the low-pT resolved tops, as shown in Fig. 3. In order to do that, two ML algorithms are
used: an algorithm called DeepAK8 that handles the boosted large jet size, and an algorithm
called DeepResolved that handles the case with multiple resolved jets. Figure 4 shows that the
combined efficiency is very good. We also have an algorithm to tag jets from boosted W bosons,
which is used in the transition region to help keep efficiency high. Another algorithm used is
called the soft b-tagger; this is used to increase signal sensitivity by being able to explore the
compressed region. This algorithm enables a lower requirement on the pT for the b jets used. In
order to look at many simplified models, we use all these tools to define separate low-mass and
high-mass search regions that target different parts of the phase space. No excess is seen and
limits were set, including an exclusion of masses up to 1310GeV for direct stop quark production
and up to 2260GeV for gluino-mediated stop quarks.

Figure 3 – A cartoon showing the different combinations of top candidates that are covered in this analysis.

5 Stop combination (CMS)

Four stop searches, all with the same final state of tops, jets, and pmiss
T , are combined together 4.

The top decays to a b quark and a W boson. The W boson can then decay hadronically as
in Section 4, or to a lepton. One of the analyses, which targets the corridor region where the
stops and tops look almost identical, is not considered in this proceeding. All of the other three
analyses have multiple jets and pmiss

T , and they respectively have zero, one, or two leptons in
the final state depending on the decay mode of both W bosons. The all-hadronic and one-
lepton analyses use a novel ML algorithm to tag tops, which is also described in Section 4. The
all-hadronic and one-lepton analyses work together to increase sensitivity in the high LSP mass
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Figure 4 – The efficiency of the top and W taggers that are used in this analysis.

and medium stop mass region. The all-hadronic analysis mainly influences the region with lower
LSP mass and higher stop mass, which can be seen in Fig. 5.

Figure 5 – The dedicated top corridor analysis covers the region in orange, the green region is covered by the
0-lepton and 1-lepton analyses, and the blue region is covered by the all-hadronic (0-lepton) region.

6 b jets + missing transverse momentum (ATLAS)

This search uses b jets and pmiss
T to look for pair-produced SUSY bottom squarks (sbottom),

where each sbottom decays into a bottom quark and stable neutrino 5. This search includes
a more sensitive search region compared to the previous publication and now includes a soft
b-tagger to look more closely at the compressed region. In this analysis there are three search
regions: SRA, SRB, and SRC. The SRA region is defined by basic pmiss

T and lepton selections
and targets large values of Δm, where Δm is the mass difference between the sbottom quark and
the LSP. The SRB region uses a boosted decision tree (BDT) and is designed for intermediate
values of Δm, 50 < Δm < 200GeV. For the low-Δm region, Δm < 50GeV, the SRC region
is used, with a soft b jet tagger that is similar to the one described in Section 4. The most
dominant backgrounds considered in this analysis are: Z+jets, W+jets, tt̄ (pair production and
production in association with electroweak or Higgs bosons), single top quarks, and diboson
production. Figure 6 shows where each search region dominates. No excess was seen, so limits
were set on the sbottom mass up to 1270GeV for a massless LSP. For a mass difference between
the sbottom and neutralino of 10GeV, sbottom masses up to 660GeV are excluded.
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Figure 6 – The SRC search region in green handles the region with high LSP mass and lower sbottom mass. The
SRB region in blue handles the intermediate range of the sbottom mass and higher LSP mass. The SRA region
in red handles low LSP mass and high sbottom mass.

7 Final states with tau leptons, b jets (ATLAS)

This analysis targets SUSY partner states of the third generation SM particles with a three
body decay through an off-shell chargino: t̄1 → bτ̄1ν followed by τ̄1 → τ 6. The final state has a
τ lepton, a b jet, and pmiss

T . This is optimized by focusing on an all-hadronic final state, which
is more targeted then the previous search. This analysis bins in the number of reconstructed
taus, which can be seen in Fig. 7. The single-tau channel region employs two signal regions
and is optimized for large stop-stau differences. The di-tau region is used to understand the
region where the mass difference between stop and stau is low to moderate. The dominant
backgrounds are tt̄ and single top. The background is extrapolated through a simultaneous
maximum likelihood fit. No excess was seen, so limits were set on the stop mass up to 1.4TeV,
for the signal models with the stop decaying via staus into nearly massless gravitions across a
wide range of stau masses.

Figure 7 – The observed data yields compared with expected background predictions for all event selections in
the analysis.
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Figure 8 – The left plot shows the ATLAS combined results for the stop and the right plot is the CMS combined
results for the stop.

8 Conclusion

Although many strong searches have been performed using the full Run 2 dataset from the LHC,
there are still many regions to check and many things to improve. We have already incorporated
a multitude of ML algorithms to help improve object tagging, understand the backgrounds, and
even extract the signal. The collaborations are moving forward to focus on more dedicated
searches to explore uncovered regions of parameter space. Figure 8 shows the strong limits
already being set at the start of 2021. The combined limits on the stop mass for low LSP extend
to ∼1300TeV. Stay tuned to see what other exciting work comes out later this year!
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Searches for Dark Matter and Long-Lived Particles

Juliette Alimena on behalf of the ATLAS and CMS Collaborations
CERN

Geneva, Switzerland

There are several unanswered questions of particle physics, such as “What is the particle nature
of dark matter?” and “How do neutrinos have mass?” New phenomena must exist in order
to answer such questions. At the CERN LHC, two categories of searches for new phenomena
include searches for dark matter and searches for long-lived particles. These proceedings
present the latest results from Run 2 searches for dark matter and LLPs at ATLAS and CMS.

1 Introduction

Dark matter (DM) 1 makes up about 25% of the energy budget of the universe, but we do not
know its particle nature. Furthermore, the lifetimes of particles in the standard model (SM)
span a large range, from the Z boson with a lifetime of 2×10−25 s to the electron, which is stable.
Likewise, beyond the SM (BSM) scenarios predict particles with a variety of lifetimes. These
long-lived particles (LLPs)2 can produce displaced decays in the CERN LHC detectors. DM and
LLPs produce challenging signatures that we are now exploring at the LHC. Searching for these
unique signatures is crucial because they provide access to new phase space. These proceedings
will showcase a few recent example DM and LLP searches, all of which were performed with
proton-proton (pp) collision data at a center-of-mass energy of 13 TeV.

2 Select Searches for DM in Run 2

2.1 Monojet with the ATLAS experiment

A search for new phenomena in final states with an energetic jet and large missing transverse
momentum was performed using pp collision data corresponding to an integrated luminosity of
139 fb−1 collected with the ATLAS detector 3.

The ATLAS detector 4 at the LHC is a multi-purpose particle detector with a forward-
backward symmetric cylindrical geometry and a near 4π coverage in solid angle. It consists of
an Inner Detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic
calorimeters, and a Muon Spectrometer incorporating three large superconducting toroidal mag-
nets.

The results were interpreted with a simplified DM benchmark model in which a spin 1
axial-vector mediator is produced with initial state radiation and decays to DM particles. The
Feynman diagram of the signal is shown in Fig. 1 left. There were several improvement im-
plemented in the analysis, such as lowered missing transverse momentum and jet transverse
momentum thresholds, which significantly increased the analysis sensitivity to soft signals like

Copyright 2021 CERN for the benefit of the ATLAS and CMS Collaborations. CC-BY-4.0 license.

79



H boson decays to invisible particles. The missing transverse momentum distribution is shown
in Fig. 1 middle. Limits at 95% confidence level (CL) are placed on the mass of the mediator and
of the DM particles, which can be seen in Fig. 1 right. In addition, many other interpretations
of this result were produced, including models with compressed supersymmetry, Higgs boson
decays to invisible particles, dark energy, and axion-like particles.

Figure 1 – Figures related to the monojet search 3. Left: The Feynman diagram for the simplified DM signal
benchmark. Middle: The missing transverse momentum distribution for the signal benchmark, the main sources
of background, and the data. Right: The 95% CL limits for the mass of the mediator and the DM particles.

2.2 b jets and missing transverse momentum with the ATLAS experiment

A search for new phenomena in final states with b jets and missing transverse momentum was
performed using pp collision data corresponding to an integrated luminosity of 139 fb−1 collected
with the ATLAS detector 5. The results were interpreted with a simplified DM benchmark
model in which a spin 0 scalar or pseudoscalar mediator is produced in association with b jets
and decays to DM particles. The Feynman diagram of the signal is shown in Fig. 2 left. This
analysis extends the sensitivity to this signal with respect to previous searches with the larger
dataset and the use of boosted decision trees (BDTs). The BDT discriminant distribution in
a dedicated DM signal region is shown in Fig. 2 middle. Limits at 95% CL are placed on the
branching ratio of the scalar mediator decaying to DM particles, as a function of the mass of
the mediator, which can be seen in Fig. 2 right.

Figure 2 – Figures related to the search for b jets and missing transverse momentum 5. Left: The Feynman
diagram for the simplified DM signal benchmark. Middle: The BDT discriminant distribution for the signal
benchmark, the main sources of background, and the data. Right: The 95% CL limits on the branching ratio of
the scalar mediator decaying to DM particles, as a function of the mass of the mediator.

2.3 VBF H and photon plus missing transverse momentum with the CMS experiment

A search for a Higgs boson that is produced via vector boson fusion (VBF) and that decays to an
undetected particle and an isolated photon was performed using pp collision data corresponding
to an integrated luminosity of 130 fb−1 collected with the CMS detector 6.
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The central feature of the CMS apparatus 7 is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are
detected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid.

The results were interpreted with aH → γγd benchmark model in which the Higgs boson (H)
acts as a mediator and decays to a photon (γ) and a dark photon (γd). The Feynman diagram
for this model is shown in Fig. 3 left. This is the first search for decays to an undetected particle
and an isolated photon in the VBF channel. The transverse mass distribution is shown in Fig. 3
middle. Limits at 95% CL are placed on the cross section times the branching ratio of H → γγd,
as a function of the mass of the Higgs boson, which can be seen in Fig. 3 right. When the
results of this search are combined with another analysis where the Higgs boson is produced in
association with a Z boson 8, the observed 95% CL limit on the branching ratio is 0.029.

Figure 3 – Figures related to the search for VBF H with the CMS experiment 6. Left: The Feynman diagram for
the H → γγd signal benchmark. Middle: The transverse mass distribution for the signal benchmark, the main
sources of background, and the data. Right: The 95% CL limits on the cross section times the branching ratio of
H → γγd, as a function of the mass of the Higgs boson.

2.4 VBF H and photon plus missing transverse momentum with the ATLAS experiment

A similar search for VBF Higgs bosons with a photon and missing transverse momentum was
performed using pp collision data corresponding to an integrated luminosity of 139 fb−1 collected
with the ATLAS experiment 9. This search has two analysis targets. The first is a H → γγd
signal benchmark, the Feynman diagram for which is the same as for the previous search. The
transverse mass distribution, as shown in Fig. 4 left, is highly discriminating. The middle panel
of Fig. 4 shows the 95% CL limits on the cross section times the branching ratio of H → γγd,
as a function of the Higgs boson mass. These are the most stringent limits for a 125 GeV
Higgs boson, at 0.014 observed. The second analysis target is H → invisible signal benchmark,
the Feynman diagram for which is shown in Fig. 4 right. For this second analysis target, the
observed upper limit on the branching ratio of H → invisible is 0.37 at 95% CL.

2.5 Dilepton resonances with the CMS experiment

A search for new phenomena using electron or muon pairs with high invariant mass was per-
formed using pp collision data corresponding to an integrated luminosity of 137 − 140 fb−1

collected with the CMS detector 10. The ee invariant mass distribution is shown in Fig. 5 left.
The results are interpreted with a DM benchmark model in which the spin 1 vector or axial-
vector mediator decays to SM particles. The 95% CL limits for the DM mass and the mediator
mass, with a vector (axial-vector) mediator are shown in Fig. 5 middle (right).
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Figure 4 – Figures related to the search for VBF H with the ATLAS experiment 9. Left: The transverse mass
distribution for the H → γγd signal benchmark, the main sources of background, and the data. Middle: The
95% CL limits on the cross section times the branching ratio of H → γγd, as a function of the mass of the Higgs
boson. Right: The Feynman diagram for the H → invisible signal benchmark.

Figure 5 – Figures related to the search for dilepton resonances10. Left: The ee invariant mass distribution for the
signal benchmark, the main sources of background, and the data. Middle: The 95% CL limits for the DM mass
and the mediator mass, with a vector mediator. Right: The 95% CL limits for the DM mass and the mediator
mass, with an axial-vector mediator.

3 Select Searches for LLPs in Run 2

3.1 Disappearing tracks with the ATLAS experiment

A search for long-lived charginos that produce a disappearing track signature was performed
using pp collision data corresponding to an integrated luminosity of 136 fb−1 collected with
the ATLAS detector 11. The results are interpreted with an anomoly-mediated supersymmetry
breaking model, the Feynman diagram for which is shown in Fig. 6 left. The 95% CL limits for
higgsino lifetime and mass are shown in Fig. 6 right. These results are a significant improve-
ment over previous results due to the addtional track quality criteria used and the increase in
integrated luminosity.
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Right: The 95% CL limits for higgsino lifetime and mass.
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3.2 Displaced vertices with the CMS experiment

A search for LLPs that decay within the LHC beam pipe and produce displaced vertices was
performed using pp collision data corresponding to an integrated luminosity of 140 fb−1 collected
with the CMS detector 12a. The Feynman diagram for the signal benchmark is shown in Fig. 7
left. The distribution of the distance between the two displaced vertices (dV V ) is shown in Fig. 7
middle. The 95% CL limits for the neutralino/gluino mass and its proper decay length (cτ) is
shown in Fig. 7 right. These results improve over previous results due to, for example, a new
technique to suppress background vertices from accidental track intersections, which reduces
the overall background by 40%. These results provide the most stringent bounds on the models
considered for LLP cτ values between 100 μm and 15 mm for all masses considered.
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Figure 7 – Figures related to the search for displaced vertices 12. Left: The Feynman diagram for the signal
benchmark. Middle: The dV V distribution for the signal benchmark and the background template. Right: The
95% CL limits for the neutralino/gluino mass and its cτ .

3.3 Displaced leptons with the ATLAS experiment

A search for displaced leptons, which are not required to come from a common vertex, was
performed using pp collision data corresponding to an integrated luminosity of 139 fb−1 collected
with the ATLAS detector 14. This is the first such search from ATLAS, and the first search for
same-flavor displaced leptons without a common vertex at the LHC. The search results were
interpreted with a gauge-mediated supersymmetry breaking benchmark model, the Feynman
diagram for which is shown in Fig. 8 left. The 95% CL limits for the slepton mass and its cτ
are shown in Fig. 8 right. These results are a significant improvement over the analogous results
from the LEP experiments.

Figure 8 – Figures related to the search for displaced leptons 14. Left: The Feynman diagram for the signal
benchmark. Right: The 95% CL limits for the slepton mass and its cτ .

aThe preliminary result presented at the conference has since been superseded by Ref. 13.
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4 Summary

A variety of searches for dark matter and exotic long-lived particles are being performed with
the ATLAS and CMS experiments, providing access to new phase space. No signal has been
observed yet, but there is more to do. In order to ensure that new phenomena is not missed
at the LHC, we need to look everywhere. More exciting results from the LHC Run 2 and the
upcoming Run 3 are forthcoming.
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Searches for exotic resonances at LHC

Pawel Klimek
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An overview of the recent searches for exotic resonances in a variety of final states is presented.
The results are based on the LHC Run-2 proton-proton collision data at

√
s = 13 TeV collected

by the ATLAS and the CMS experiments. No evidence of new heavy particles is observed and
limits are set at the 95% confidence level on various benchmark models.

1 Introduction

Currently, the best description of particle physics phenomena is given by the the Standard
Model (SM). The SM has been extensively tested during the last four decades and has shown
great predictive power. However, there are observed phenomena that are not explained by the
Standard Model. The answers to several questions are sought: Why is the mass of the Higgs
boson so low? What is the origin of neutrino masses? What is the origin of B meson decay
anomalies? Therefore, a new theory is needed. Many new theories predict heavy resonances.
Minimal extensions of the SM, like the two-Higgs-doublet model (2HDM) 1, predict heavy Higgs
bosons, A andH. The Heavy Vector Triplet (HVT)2 and the Sequential Standard Model (SSM)3

predict vector resonances, W ′ and Z ′. The Grand Unified Theories 4 and other scenarios foresee
leptoquarks (LQ). The Little Higgs 5 and Composite Higgs 6 models include vector-like quarks
(VLQ). These exotic theories are tested by the ATLAS 7 and CMS 8 experiments and are the
main subject of this document. The presented results are based on 139 fb−1 (ATLAS) and
137 fb−1 (CMS) of proton-proton collisions at

√
s = 13 TeV collected during LHC Run-2.

2 Heavy Resonances (A, Z ′, Wγ) and Model Independent Search

The ATLAS experiment performed a search for a heavy neutral Higgs boson, A, decaying into
a Z boson and a non-SM heavy Higgs boson H 9. The search considers the Z boson decaying
into electrons or muons and the H boson decaying into a pair of b-quarks or into W bosons

c© 2021 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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decaying hadronically. The mass range considered in this search is 230-800 GeV for the A boson
and 130-700 GeV for the H boson. The invariant masses m��bb and m2�4q distributions are
expected to exhibit a resonant structure if signal events are present, while background events
result in a smoothly falling spectrum. Therefore, those invariant masses are chosen as the final
variables to discriminate between signal and background. The data are in good agreement with
the background predicted by the SM, and therefore 95% confidence level (CL) upper limits
for σ × B(A → ZH) × B(H → bb or H → WW ) are set. The cross section upper limits
consider A bosons that are produced only by a single mechanism, i.e. either gluon-gluon fusion
or b-associated production. Observed upper limits for gluon-gluon fusion production of narrow-
width A bosons are shown in Figure 1 (left). The upper limits are in the range 0.0062-0.380 pb
for the H → bb channel and in the range 0.023-8.9 pb for the H → WW channel.

The CMS experiment published the search for a heavy vector resonance decaying into a Z
boson and the SM Higgs boson h, where the Z boson is identified through its leptonic decays to
electrons, muons, or neutrinos, and the Higgs boson is identified through its hadronic decays 10.
The search is performed in a Lorentz-boosted regime for resonances with masses larger than
800 GeV. The distribution of the reconstructed invariant mass or, in case of presence of neutrinos
in final state, transverse mass of the heavy resonance is examined for a localised excess of events.
The largest excess for the non-VBF signal (produced in quark-quark annihilation), corresponding
to a local significance of 3 standard deviations, is observed at 1 TeV. Upper limits derived on the
cross section times branching fraction B(Z ′ → ZH) for the production of a narrow resonance Z ′

are reported in Figure 1 (right) for the non-VBF signal. A Z ′ mass below 3.5 TeV and 3.7 TeV
is excluded at 95% CL in models where the heavy vector boson couples exclusively to fermions
and to bosons, respectively. These are the most stringent limits placed on the Heavy Vector
Triplet Z ′ model to date. If the heavy vector boson couples exclusively to SM bosons, upper
limits on the product of the cross section and branching fraction are set between 23 fb and 0.3 fb
for a Z ′ mass between 0.8 TeV and 4.6 TeV, respectively. This is the first limit set on a heavy
vector boson coupling exclusively to SM bosons in its production and decay.
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Figure 1 – Observed 95% CL upper bounds on the gluon-gluon production cross section of an A boson times the
branching ratio B(A → ZH)×B(H → bb) as a function of A boson mass 9 (left). Observed and expected 95% CL
upper limit on the non-VBF production cross section of a Z′ resonance times the branching ratio B(Z′ → Zh) as
a function of Z′ mass 10 (right).

The dilepton (ee or μμ) final state is considered the golden channel for the discovery of
a heavy resonance, thanks to the minimal backgrounds from the SM, the high electron and
muon reconstruction efficiencies and good energy resolution. The CMS experiment presents
the first search for dilepton resonances based on the full Run-2 data set 11. This search selects
events with two same-flavour leptons that have high momenta and are isolated from other
hadronic activity in the event. A heavy resonance would emerge as a localised excess of events
above the smoothly falling SM background processes in the dilepton invariant mass distribution.
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The background shape is estimated using Monte Carlo (MC) simulations and normalised using
events compatible with the Z boson mass peak. No significant excesses above the SM background
expectation is reported. The limits are set on σ(Z ′ → ��)/σ(Z → ��). This approach reduces the
dependence on the theoretical predictions for the Z ′ cross section. The theoretical prediction
of σ(Z → ��) = 1928 pb 12 is used. The resulting limits for a narrow resonance with an
intrinsic width of 0.6% for the combination of electron and muon channels are shown in Figure 2
(left). Masses of the Z ′SSM

3 and Z ′ψ
13 resonances are excluded below 5.15 TeV and 4.56 TeV,

respectively, well above the highest mass event observed in the data. For these models the
ATLAS Collaboration has recently set similar limits 14.

A search for Wγ resonances in the mass range between 700 and 6000 GeV is presented by
the CMS experiment 15. The W boson is reconstructed via its hadronic decay, with the final-
state products forming a single, large-radius jet, owing to a large Lorentz boost of the W boson.
The Wγ invariant mass spectrum is parameterised with a smoothly falling background function
and examined for the presence of resonance-like signals. Model-specific limits at 95% CL on
the production cross section times branching fraction to the Wγ channel are set for narrow
resonances and for resonances with an intrinsic width equal to 5% of their mass, for spin-0 and
spin-1 hypotheses, in the range 0.11-35 fb. Figure 2 (right) shows the limits for the spin-0 broad
resonances. These are the most restrictive limits to date on the existence of such resonances.
The largest excess seen in the limit plot at a mass around 1580 GeV has a local significance of
2.8 (3.1) standard deviations for narrow (broad) signals in both spin hypotheses. After taking
into account the look-elsewhere effect, the global significance of the excess is estimated to be 1.1
(1.7) standard deviations, favouring its interpretation as a statistical fluctuation in the data.
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for the broad resonance case, times the branching ratio B(X → Wγ) as a function of resonance mass 15 (right).

The ATLAS experiment performed a search with minimal model dependence for physics
beyond the SM in events featuring three or four leptons (electrons or muons) 16. The analysis
aims to be sensitive to a wide range of potential new physics theories simultaneously. The phase
space with three and four leptons is divided into 22 event categories according to the number
of leptons in the event, the missing transverse momentum, the invariant mass of the leptons,
and the presence of leptons originating from a Z boson candidate. These event categories are
independently analysed for the presence of deviations from the SM. Each of the 22 regions is
treated in an individual cut-and-count experiment, and a statistical analysis is performed for
each experiment. No statistically significant deviations have been observed. Upper limits for all
signal regions are reported in terms of the visible cross section. Moreover, the results have been
interpreted in the context of two particular beyond SM scenarios previously studied by dedicated
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analyses. The models studied are the Type-III seesaw model 17 and the doubly-charged Higgs
model 18. In case of the Type-III seesaw model, an observed 95% CL cross section upper limit
of 27 fb (8.8 fb) is set for a mass of 400 GeV (700 GeV). For doubly-charged Higgs boson
production, the limits of 0.12 fb (0.11 fb) is set for a mass of 300 GeV (500 GeV).

3 Leptoquarks and ��bs Contact Interaction

Leptoquarks are hypothetical particles that carry non-zero baryon and lepton quantum numbers
and are charged under all SM gauge groups. Because of their quantum numbers, LQs couple
simultaneously to both quarks and leptons, enabling direct transitions between the two. A LQ
state has fractional electric charge and can have either spin 0 (scalar LQS) or spin 1 (vector
LQV). At hadron colliders, leptoquarks can be produced in pairs, or singly in association with a
lepton. Leptoquarks have recently gained enhanced interest, as they may provide an explanation
for a series of anomalies observed in the measurement of B meson decays 19.

Searches for leptoquarks of charge -1/3e coupling to a top quark and a tau lepton (tτ) or a
bottom quark and a neutrino (bν), or leptoquarks of charge +2/3e, coupling to tν or bτ produced
in pairs probing the tτνb signatures are performed by the ATLAS 20 and CMS 21 experiments.
Additionally, the CMS experiment included the single LQ production probing the tτν channel.
The ATLAS search is also interpreted in the context of pair production of supersymmetric top
squarks. The data are found to be in agreement with the SM prediction. Exclusion limits,
set by ATLAS, for the LQ signal are shown in Figure 3 (left), considering pair production of
scalar up-type leptoquarks LQu

3 . Depending on the branching fraction into charged leptons,
leptoquarks with masses up to around 1.25 TeV are excluded at the 95% CL by ATLAS. The
observed and expected upper limits on scalar leptoquarks pair production as a function of the
LQ mass set by CMS are shown in Figure 3 (right). CMS sets lower limits at 95% CL on the
LQ mass in the range 0.98-1.73 TeV, depending on the LQ spin and its coupling λ to a lepton
and a quark, and assuming equal branching fractions for the two LQ decay modes considered.

The ATLAS experiment also performed a search for pair production of third-generation
scalar leptoquarks decaying solely into a top quark and a τ lepton 22. The effective mass,
defined as the scalar sum of the transverse momenta of all selected leptons, jets and missing
transverse momentum, is a powerful discriminating variable between signal and background.
No significant excess above the SM expectation is observed and 95% CL upper limits are set
on the production cross section as a function of the leptoquark mass, for different assumptions
about the branching fractions into tτ and bν. Figure 3 (bottom) shows the 95% CL upper limits
assuming the branching fraction B = 1. Scalar leptoquarks decaying exclusively into tτ are
excluded up to masses of 1.43 TeV while, for a branching fraction of 50% into tτ , the lower mass
limit is 1.22 TeV.

A search for new phenomena in final states with leptons and b-tagged jets selections is pre-
sented by the ATLAS experiment 23. The selection includes two opposite-sign leptons (electrons
or muons) with large invariant mass and no b-tagged jets or exactly one b-tagged jet. Effective
Field Theory (EFT) four-fermion contact interaction between two quarks (b, s) and two leptons
(ee or μμ), inspired by the B-meson decay anomalies, is used as a benchmark signal model. This
model is characterised by the energy scale and coupling, Λ and g∗ 24, respectively. No significant
deviation from the expected background is observed in the data. In Figure 4 (left) model-
independent upper limits on the signal cross section times selection efficiency times detector
acceptance (σvis = σ · ε · A) are presented for muon and no b-tagged jets signal region selection.
Contact interactions with Λ/g∗ lower than 2.0 (2.4) TeV are excluded for electrons (muons) at
the 95% CL, still far from the value which is favoured by the B-meson decay anomalies.
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3 signal model, as a

function of LQu
3 mass and the branching fraction B(LQu
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3 pair as a function of LQd
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4 Vector-like Quarks

Vector-like Quarks are heavy non-chiral quarks with symmetric left- and right-handed couplings
to SM particles. They are proposed in various models of new physics beyond the SM, e.g.
composite Higgs models or little Higgs models, to solve the hierarchy problem. At hadron
colliders, VLQ strong pair production or electroweak single production is possible.

The CMS experiment presents a search for the production of a pair of bottom-type vector-
like quarks, each decaying into a b-quark and either a SM Higgs or a Z boson, with a mass greater
than 1000 GeV 25. No signal in excess of the expected background is observed. Figure 4 (right)
shows the observed limits on the VLQ mass as a function of branching fractions B(B → bh) and
B(B → bZ). Points for which the exclusion limit is less than 1000 GeV are not shown. Lower
limits are set on the VLQ mass at 95% confidence level equal to 1570 GeV in the case where the
VLQ decays exclusively to a b-quark and a Higgs boson, 1390 GeV for when it decays exclusively
to a b-quark and a Z boson, and 1450 GeV for when it decays equally in these two modes. These
limits represent significant improvements over the previously published VLQ limits.

5 Conclusion

The ATLAS and CMS experiments at the LHC conduct a comprehensive set of searches for exotic
resonances exploiting different signatures and using various detection techniques. A summary
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of recent searches based on the LHC Run-2 dataset of
√
s = 13 TeV proton-proton collisions is

presented. Having found no evidence of signal in data, 95% CL exclusion limits on cross sections
and masses are set, thus continuing to constrain the parameter space of many physics models.
Much of the parameter space remains to be probed, and the search for exotic resonances at the
LHC will continue.
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Long-lived charged particles searches with proton tagging

S.I. Godunov
I.E. Tamm Department of Theoretical Physics, Lebedev Physical Institute, 119991, Moscow, Russia

We present a model-independent approach for New Physics searches in ultraperipheral colli-
sions at the LHC. The case of long-lived charged particles is considered and it is shown that
it is possible to find them even with the already available LHC data.

1 Introduction

Common situation in searching for SUSY particles can be described in the following way. No
events found in the expected signal region so the limits are set on the fiducial cross section. These
limits are then reinterpreted in the framework of the particular SUSY model to get bounds on
particle masses and other model parameters. To do that one has to know the production cross
section to compare it with the experimental limit. That implies the scan over model parameters
space. Therefore most of the results are model dependent and sensitive to additional New Physics
(extra Higgses, Z ′, etc). Ultraperipheral collisions (UPC)a provide us with a model-independent
method of searching for new particles in photon fusion since photon coupling is universal being
defined only by particle charge.

We suggest to look for long-lived charged particles, for instance, quasistable charginos χ̃1

that exist in some SUSY scenarios.1 In what follows we consider only charginos that pass
through the muon system. There are many searches for long-lived particles (LLP) in inelastic
processes at the LHC.2–13 However, they are strongly depend on the model due to the reasons
described above. Small cross sections of UPC processes prevent observation of LLCP in the
previous searches (see paper14 for details).

In UPC, production cross section is much smaller than in inelastic processes, though the
process is much cleaner. In addition to that it is possible to detect in forward detectors (ATLAS
Forward Proton Detector (AFP)15 or CMS-TOTEM Precision Proton Spectrometer16) protons
from the event since they remain intact after interaction. Therefore, full kinematics of the event
can be reconstructed allowing for additional background suppression.

At the present moment the forward detectors data are present for ∼ 110 fb−1 of integrated

aThese are events where colliding particles remain intact after the collision and production of new particles
occurs in fusion of photons emitted by these particles.
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luminosity at CMS17 and for ∼ 15 fb−1 at ATLAS.18 In what follows results correspond to
150 fb−1, but the suggested method can be as well applied to already available LHC data.

It is worth noting that the production cross section in ion-ion collisions is enhanced as ∼ Z4

in comparison to the proton-proton case. For Z = 82 we have the factor 4.5 · 107. However, the
luminosity collected in lead-lead collisions is 6.6 · 107 times less than the pp one. Therefore, one
can expect that both ion-ion and pp data are equally promising for searches for New Physics
appearing in photon-photon fusion.

The present talk is based on the paper14 written in collaboration with V. A. Novikov,
A. N. Rozanov, M. I. Vysotsky, and E. V. Zhemchugov.

2 Production cross section in the framework of EPA

Due to large LHC energy we can treat the electromagnetic field of the source particle as real
photons distributed according to a well known spectrum. This approximation is known as
Equivalent Photon Approximation (EPA) and for the LHC it works really well.19 It greatly
simplifies the derivation of analytical results. In this section we provide formulas for the total
and fiducial (with the account of kinematic cuts) cross sections.

The EPA provides the momentum distribution of photons:

n(�q⊥, ω) d2q⊥ dω =
Z2α

π2

�q 2
⊥

ω

(
�q 2
⊥ +

ω2

γ2

)2

∣∣∣∣F (
�q 2
⊥ +

ω2

γ2

)∣∣∣∣2 d2q⊥ dω, (1)

where ω is the photon energy in the laboratory frame, �q⊥ is the transverse component of the
photon momentum, γ is the Lorentz factor of the source particle, F is the form factor originating
from the vertex involving the particle which emits photons. For protons the Dirac form factor
is a very good approximation20 (magnetic form factor contribution is neglected) while for ions
there are experimentally measured form factors.21

For the total chargino production cross section in EPA we get:

σ(NN → NNχ̃+
1 χ̃

−
1 ) =

∞∫
0

∞∫
0

σ(γγ → χ̃+
1 χ̃

−
1 )nN (ω1)nN (ω2) dω1 dω2, (2)

where N is the colliding particle, nN (ω) is its equivalent photon spectrum b, and production of
charginos in photon fusion is described by the Breit-Wheeler cross section,22
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⎤⎦ ,

(3)
where mχ is the chargino mass,

√
s ≡

√
4ω1ω2 is the invariant mass of the pair of charginos, ω1

and ω2 are photons energies.

Fiducial cross section takes into account kinematic cuts. For chargino production in UPC
the main cuts are:

• on relative momentum loss of the colliding particles, ξmin < ξ < ξmax (i.e. on the energy
of the colliding photons, ω = ξ ·E, where E is the energy of the colliding particle, proton
or heavy ion);

• on chargino transverse momentum, pT > p̂T ;

bTo get n (ω) one has to integrate (1) over transverse momentum �q⊥.
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• on chargino pseudorapidity, |η| < η̂.

For the fiducial cross section we get:

σfid.(pp → pp χ̃+
1 χ̃

−
1 ) =

=
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ds

√
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) dpT
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where x = ω1/ω2, and
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(
X̂ +

√
X̂2 + 1

)2

, X̂ =

√
s pT

2(p2T +m2
χ)

⎛⎝sinh η̂ −

√
cosh2 η̂ +

m2
χ

p2T
·

√
1−

4(p2T +m2
χ)

s

⎞⎠ .

(5)
The differential with respect to pT cross section is

dσ(γγ → χ̃+
1 χ̃

−
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dpT
=

8πα2pT
s(p2T +m2
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·
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1−
4(p2T +m2

χ)

s

. (6)

Let us calculate corresponding cross sections for the LHC parameters. For mχ = 100 GeV,
pp collision energy 13 TeV, PbPb collision energy 5.02 TeV/(nucleon pair), we get

• σ(pp → pp χ̃+
1 χ̃

−
1 ) = 2.84 fb,

• σ(Pb Pb → Pb Pb χ̃+
1 χ̃

−
1 ) = 21.2 pb. Therefore, for 2.4 nb−1 of integrated luminosity

there are only 0.053 events.

For the fiducial cross section with parameters

mχ = 100 GeV, E = 6.5 TeV,

ξmin = 0.015, ξmax = 0.15,

p̂T = 20 GeV, η̂ = 2.5,

(7)

we get
σfid(pp → ppχ̃+

1 χ̃
−
1 ) = 0.72 fb. (8)

For a heavy ion to hit the forward detector, its energy loss has to be at least 7.8 TeV.
Therefore, fiducial cross section is suppressed by both the Breit–Wheeler cross section and
nucleus form factor. But it is still possible to look for chargino in UPC with the help of Eloss
and TOF methods if there will be enough statistics. In what follows we consider only pp events
since at the present moment the expected number of events in heavy ions is to small.

Effects of survival factor and equivalent photons polarization are not taken into account
here. They are to be studied in the upcoming paper.23

3 Mass reconstruction

In case of UPC the event kinematics can be fully reconstructed by measuring the proton energies
in forward detectors. In what follows we will study the advantages provided by this feature
of UPC. The method proposed can be complemented by the conventional dE/dx and TOF
measurements.

Momenta of all particles in the final state can be measured:
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• momenta of chargino candidates �p1, �p2 can be reconstructed from the tracks in the detector;

• final state protons can be detected by the forward detectors measuring ξ1, ξ2.

These four values are sufficient to reconstruct the chargino candidates mass c:

m =

√
(2ξ1ξ2E2 + �p1�p2)2 − �p 2

1 �p
2
2

4ξ1ξ2E2 + (�p1 + �p2)2
. (9)

Calculating this value for the events with two charged tracks and two protons in forward detectors
one should obtain the delta-function at the chargino mass smeared with the detector resolution.

4 Background

Since we suggest to detect both protons and charginos, and require that the latter hit the muon
system, there are two possible kinds of background sources:

• Production of μ+μ− pairs. The main sources of muons in UPC are the following reactions:

1. pp → pp μ+μ−.
2. pp → ppW+W− → pp μ+νμ μ

−ν̄μ.
3. pp → pp τ+τ− → pp μ+νμν̄τ μ

−ν̄μντ .

The result of Monte Carlo simulation of the signal and background processes for parame-
ters (7) is shown in Fig. 1a. In the simulation the detector resolution is taken into account
in accordance with ATLAS TDR,24 see paper14 for details. Let us note that WW and ττ
backgrounds can be further suppressed by imposing the cut on the transverse momentum
conservation, however there is no need in that since these backgrounds are small.

• Pile-up events producing protons in the forward detectors. The main process here is
proton diffractive dissociation. These protons in combination with large background from
soft μμ production in UPC (since muons are soft, protons from UPC are not detected)
significantly increase the background. The spectrum of protons from proton diffractive
dissociation is well known.25–27 The result of Monte Carlo simulation with the account of
this background (see paper14 for details) is shown in Fig. 1b.

This large background can be suppressed by imposing an additional cut on longitudinal
momenta: ∣∣p‖,1 + p‖,2 − (ξ1 − ξ2)E

∣∣ < p̂‖. (10)

The effect of this cut with p̂‖ = 20 GeV is shown in Fig. 1c. This value was not optimized,
though it looks reasonable if we take detector resolution into account. For experimental
study, the value of this cut, of course, should be optimized.

Chargino can also decay in the detector reducing the number of events that can be recon-
structed with our method. Chargino candidate mass distributions were calculated for a set of
chargino masses mχ and lifetimes τχ. For each distribution the mass range mχ − 10 GeV <
m < mχ + 10 GeV was selected and the corresponding number of signal events nχ from the
pp → ppχ̃+

1 χ̃
−
1 reaction and the total number of events n including the background processes

were calculated. Significance was estimated as S = nχ/
√
n. Fig. 2 shows isolines of S corre-

sponding to S = 3 and S = 5. The largest chargino mass that can be observed at the level of 3
standard deviations is 190 GeV. In paper,28 the reconstruction efficiency for the pp → ppμ+μ−

reaction was estimated at the level of ε = 0.4. To demonstrate the effect of efficiency, we have
reduced the number of events correspondingly and presented the isolines of S for this value in
Fig. 2 as well.

cIt is worth noting that different formulas can be derived for this value.14 They are equivalent up to the
momentum conservation law. However, since all parameters are measured with finite accuracy, these formulas
can perform differently for the same experimental data. Here we have chosen one that performs better.
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(c) The effect of additional cut on parallel momenta (10).

Figure 1: Results of Monte Carlo simulation for parameters (7). The integrated luminosity is assumed
to be 150 fb−1. The bin width is 1 GeV.

5 Conclusions

Ultraperipheral collisions provide us with a model-independent method for New Physics searches
in photon-photon fusion. Detection of both protons in forward detectors allows for full kinematics
reconstruction providing a way to greatly suppress the background.

The case of quasistable chargino was considered and it was shown that charginos with the
mass up to 190 GeV can be found in pp collisions with already available LHC data.

To find charginos in heavy ion collisions radical increase of luminosity is required.
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A search for the decays of stopped long-lived particles with ATLAS

S. Morgenstern, on behalf of the ATLAS Collaboration
Department of Physics, University of Warwick, Coventry, CV4 7AL, United Kingdom

A search for long-lived particles, which have come to rest within the ATLAS detector, is
presented. The subsequent decays of these long-lived particles can produce high-momentum
jets, resulting in large out-of-time energy deposits in the ATLAS calorimeters. These decays
are detected using data collected during periods when collisions are absent in the bunch
structure of the Large Hadron Collider. The analysed dataset is composed of events from
proton–proton collisions produced by the LHC at a centre-of-mass energy of

√
s = 13 TeV

and recorded by the ATLAS experiment during 2017 and 2018.

1 Introduction

Exotic metastable particles are predicted by various beyond-the-SM theories including split-
SUSY models 1,2 where SUSY-breaking occurs at very high energies resulting in large slepton
and squark masses. Thus, the gluino decay via heavy off-shell squarks is suppressed giving rise to
a non-negligible proper lifetime τ(g̃). These long-lived particles (LLPs) are potentially produced
in pp collisions at the LHC and hadronise with SM quarks and gluons to form composite states,
so-called R-hadrons. While traversing the ATLAS detector 3 the R-hadrons interact with the
detector material and some may lose sufficient energy and come to rest inside of the detector.
The eventual decay of the gluino in jets may happen much later than the bunch crossing (BX)
it was produced in, resulting in large out-of-time energy deposits in the calorimeters which are
the target signature of this search.

2 Signal models

The results of this search are interpreted in the context of split-SUSY inspired simplified models
in which the gluino hadronises forming an R-hadron and decays as g̃ → qq̄χ̃0

1. The treatment
of the R-hadron mass spectrum and interactions with the detector material are non-trivial and
described elsewhere 4. Different mass configurations of the gluino and neutralino, serving as

c© Copyright 2021 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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the lightest SUSY particle, are explored featuring a fixed neutralino mass of 100 GeV, and two
scenarios with Δm ≡ m(g̃)−m(χ̃0

1) of either 100 GeV or 500 GeV.

3 Search strategy

To detect the late decay events this search exploits data collected during periods when no colli-
sions take place, so-called empty bunch crossings, free from SM collision backgrounds. However,
this search is susceptible to non-collision backgrounds which, to leading order, scale with the
trigger live time a and not luminosity. The gluino production scales with luminosity, while the
chance to detect its decay scales with live time. Hence, the 2017 and 2018 datasets offer the
best ratio of luminosity to live time and data recorded in 2015 and 2016 are not included in the
search sample. The interpretation of the results as a function of the τ(g̃) is evaluated using the
signal live fraction b as a function of τ(g̃) and is shown in Figure 4. The signal live fraction is
negligible for τ(g̃) below 100 ns given the minimal time interval to the previous colliding bunch.
For small lifetimes, per-BCID luminosities and the LHC bunch structure are used to calculate
the live fraction until it flattens at ∼100 μs (about one LHC turn), where the live time is dom-
inated by the trigger live fraction and the bunch structure. At large lifetimes, the run schedule
throughout the year dominates the behaviour. For lifetimes longer than one hour some gluinos
might decay inside the period in between two runs, hence elude detection resulting in a decrease
of the live fraction towards higher lifetimes.

The expected number of signal events in the signal region (SR) is calculated as

NSR
events = Lint × σg̃g̃ × 2× εSR × fstopping × (livefraction) (1)

where Lint corresponds to the total integrated luminosity delivered, σg̃g̃ is the gluino production
cross-section and εSR is the signal selection efficiency. For a signal model with m(g̃, χ̃0

1) =
(1400, 100) GeV, εSR ranges between 25% and 34%. The stopping fraction fstopping corresponds
to the fraction of produced R-hadrons that are expected to come to rest within the detector. For
gluino R-hadrons this fraction varies from 4% to 8% for gluino masses between 0.6 and 2.6 TeV,
with the stopping fraction increasing as a function of gluino mass. There is a factor of two to
account for the fact that the gluinos are pair-produced but their decays are unlikely to happen
simultaneously.

3.1 Dataset

The search sample is comprised of data recorded in empty BXs where neither of the two LHC
beams is filled and no pp collisions take place. The trigger enforces a 150 ns distance to the
previous and following filled paired BX in 2017, the first is reduced to 100 ns for 2018. Further,
to select signal-like events the trigger requires missing transverse momentum Emiss

T > 50 GeV
and at least one jet with transverse momentum pT > 55 GeV and |η| < 2.4 at the HLT seeded
by at least one jet with pT > 30 GeV at L1.

To study and estimate the contribution from non-collision backgrounds additional datasets
are exploited. A dedicated cosmic data-taking run from 2016 during which no beams were
present in the LHC allows to investigate cosmic-induced background. A dataset collected during
unpaired bunch crossings where only one of the two beams is filled provides a sample enriched
in beam-induced background.

3.2 Reconstruction

The decay of the LLP may occur somewhere within the detector and is expected to be isotropic,
hence the decay products are unlikely to point back to the interaction point (IP) and the decay

aTotal amount of time during which the trigger is able to select and accept signal-like events in empty BXs.
bThe signal live fraction defines the temporal acceptance of the trigger for a given signal scenario.
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Figure 1 – Event display showing an event from the cosmic sample reconstructed using collision reconstruction
(left) and cosmic reconstruction (right) configurations. The red line represents the extrapolated muon path based
on the hits induced in the MDTs (blue). For readability, only the MDT chambers with associated hits are shown.
A cut-away view of the LAr and Tile calorimeters is included for orientation. 5

is likely not timed in with the readout window based on the expected BX from the LHC.
Similarly this is the case for the detector signals induced by non-collision background sources,
like cosmic-ray muons which can traverse the detector far away from the IP at any time. To
increase the reconstruction efficiency of non-projective and out-of-time signatures a dedicated
reconstruction configuration, so-called cosmic reconstruction, is used. This special setup applies
looser constraints, e.g. on the pointing and impact parameter requirements, as opposed to the
commonly used collision reconstruction. One of the benefits is that muon tracks do not have
to point to the IP and a special timing in the Monitored Drift Tubes (MDTs) accounts for
the different timing with respect to the nominal LHC BX. Thus, the efficiency of reconstructing
cosmic-ray muons in the upper half of the detector is increased compared to the standard collision
reconstruction as shown in Figure 1. Further, an iterative method is used to reconstruct the
energy measured in the Tile calorimeter more accurately. Both the data as well as the simulated
signal samples used in this search are reconstructed with cosmic reconstruction settings. The
datasets reconstructed with collisions reconstruction configuration are exploited too, to extract
primary vertex (PV) information which is not accessible with cosmic reconstruction.

3.3 Event selection

On top of the trigger selection described in Section 3.1 events must have at least one recon-
structed jet with pT > 90 GeV and |η| < 2.4 which satisfies a custom jet cleaning. Potential
background from noise bursts 6 in the LAr calorimeter is rejected via a veto on events with a
leading jet with its largest energy deposit in the LAr calorimeter end-cap, where noise bursts
originate. The above mentioned PV information obtained from the dataset reconstructed with
collisions reconstruction settings is used to suppress events originating from ghost collisions by
discarding events with a PV. Events from the search sample enter the SR if they have at least
on jet with pT > 150 GeV. The SR is binned in pT > 150 GeV, > 300 GeV and > 500 GeV to
optimise sensitivity for different gluino-neutralino mass configurations. To further increase the
signal sensitivity the SR is split into a central, SRC with |η| < 0.8, and an inclusive, SRCIncl
with |η| < 2.4, region. The first offers the highest sensitivity for heavy gluino production while
the latter extends the coverage for other signal models. Further, dedicated vetos of cosmic-
and beam-induced backgrounds are applied and described in Section 4.1 and 4.2. To boost the
suppression of cosmic-ray background any event with a reconstructed muon is not considered.
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4 Background Estimation

The two main background sources for this search originate from cosmic-ray muons or are beam-
induced. The contribution of these two background sources to the SRs are estimated with a
fully data-driven method relying on the modelling of the pT-shape which falls steeply for these
backgrounds as opposed to the expected signal. The characteristics of cosmic- and beam-induced
backgrounds, as well as the estimation methods used to extrapolate their contributions to the
SRs are described in detail in the following two sections. The background estimate utilises
control regions (CRs) with slightly different selection requirements than the SRs and has been
fully validated in dedicated validation regions. To account for the impact of spurious detector
activity, e.g. from cavern background, which is not modelled in the signal simulation, randomly
collected events in empty bunch crossings are overlaid with the signal events. The impact of
calorimeter noise and out-of-time pile-up was evaluated to be negligible.

4.1 Cosmic-induced background

Cosmic-ray muons traversing the detector top to bottom may lose some of their energy due to
bremsstrahlung inducing highly energetic jets in the calorimeters. The cosmic veto method used
in this search exploits the geometrical relation between the leading jet and muon segments in
a cosmic event. First, pairs of muon segments, one in the top half and one in the bottom half
of the detector, are formed. Then the η–φ distance between the leading jet and the straight
line connecting the segments of one pair is measured. As several muon segment pairs may
exist in the same event, several for these spatial distances can be calculated. The smallest of
them is extracted and used as discriminating variable, α. Figure 2 shows the α distribution for
the pure cosmic dataset, extracted from a dedicated cosmic data-taking run in 2016, and two
representative signal samples. For jets originating from cosmic-ray muons α peaks at very small
values, and are rejected from the SR by requiring α < 0.2. In some cases α cannot be calculated,
e.g. if the muon segments are only in one detector hemisphere; these event contribute to the
SR.

The remaining cosmic background expected in the SRs is estimated based one jet pT-
templates extracted from cosmic CRs with the same selection as the SRs except that the α
constraint is inverted and at least on central muon is required which provides a highly pure
sample of cosmic-ray events. To maximise the number of events in these CRs data collected
in empty and unpaired bunch crossings is combined. This template is extrapolated to the SRs
by applying a transfer factor which is derived as the ratio of event yields in the corresponding
regions in the cosmic data-taking sample.

4.2 Beam-induced background

Beam-induced background (BIB) originates from beam protons that interact with upstream col-
limators, residual gas in the beam pipe, or the beam pipe itself resulting in energetic muons that
traverse the detector parallel to the beam pipe and may induce energetic jets in the calorime-
ters. BIB-jets are mostly localised in the horizontal plane due to the bending from the LHC
dipole magnets and they tend to be narrow in φ as the energy deposits are predominately elec-
tromagnetic. Thus, the leading-jet width in φ, wφ, offers good discriminating power as shown
in Figure 2 for a BIB-enriched dataset from unpaired bunch crossings in comparison to two
representative signal samples. To suppress BIB only events satisfying wφ < 0.02 enter the SR.

The remaining contribution from BIB in the SR is estimated based on jet pT-templates from
the BIB-enriched dataset from unpaired bunch crossings with the same selection as the SR. The
cosmic-ray background contribution needs to be subtracted from this template to get the pure
BIB pT-template following the method described in Section 4.1. It is then extrapolated to the
SR by normalising it to the statistics in the 90 to 150 GeV pT-bin to the same sideband of the
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SR. The BIB estimate was done separately for 2017 and 2018 data due to different LHC running
conditions which are reflected in this BIB contribution.

5 Results

The integrated yields in the central SR are presented in Table 1 for the 2017 and 2018 data-
taking separately. The data is consistent with the expected background. Figure 3 shows the
binned jet-pT distributions for 2017 and 2018 in the SRC. The cosmic-ray background notably
dominates at high jet pT. Exclusion limits are set at 95% CL as function of the gluino mass and
mean proper lifetime for the different mass splitting hypotheses presented in Figure 4. In the
lifetime plateau, 10−5 s to 103 s, gluinos with a mass of up to 1.4 TeV are excluded for models
featuring a neutralino with a mass of 100 GeV. Gluino masses of 1.0 TeV are excluded in a large
lifetime range of 100 ns to 107 ns.

Table 1: Breakdown of the expected and observed data yields in SRC in 2017 and 2018, integrated over the jet-pT
spectrum. The quoted uncertainties include statistical and systematic contributions. 5

Central signal regions SRC (2017 data) SRC (2018 data)

Observed events 92 100

Total expected background events 88± 28 119± 32

Beam-induced background events 37± 23 72± 29
Cosmic-ray-induced background events 51± 21 47± 19

6 Conclusion

A search for LLPs that come to rest inside of the ATLAS detector at the LHC was presented.
Further details of the analysis can be found elsewhere 5. The observed data and expected
background yields agree well with each other, revealing no sign for beyond-the-SM physics. The
results have been interpreted in the context of simplified models of pair-produced gluinos forming
metastable R-hadrons. Based on this gluinos with a mass of up to 1.4 TeV are excluded for
lifetimes of 10−5 s to 103 s which significantly expands the reach of a previous ATLAS analysis7,8.
Achieving these results required the exploration of special dataset, non-standard reconstruction
methods and novel techniques to estimated non-collision backgrounds.
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Higgs rare and exotic decays

Ljiljana Morvaj a b

CERN, Esplanade des Particules 1,
1217 Meyrin, Switzerland

Several recent searches for exotic and rare decays of the Standard Model Higgs boson with
the ATLAS and CMS detectors are presented. The searches are performed on

√
s=13 TeV

proton-proton collisions data collected at the LHC between 2015 and 2018. The topics covered
include searches for the Higgs boson decays into two pseudoscalars, H → aa, in three different
final states, 2b2μ, 4b and 2μ2τ , search for lepton-flavour violating Higgs decays, H → μτ/eτ ,
and search for a rare H → ��γ decay. ATLAS presents evidence for the H → ��γ rare decay,
amounting to an observed significance of 3.2σ.

1 Introduction

Rare and exotic Higgs boson decays searches provide important tests of the Standard Model
(SM) and could lead to a discovery of new physics. Current fits to the SM Higgs couplings
constrain the branching fractions of the Higgs boson to undetected, B(H → undetected), and
invisible, B(H → invisible), final states to be less than 19% and 9%, respectively1. This leaves a
lot of space for new physics in the Higgs boson decays. This talk presents several recent results
delivered by the ATLAS 2 and CMS 3 collaborations using 13 TeV proton-proton collision data
collected at the LHC. Three types of searches are covered: Higgs decays into beyond-the-SM
(BSM) states (H → aa → 2b2μ/4b/2μ2τ), lepton flavor violating Higgs decays (H → μτ/eτ)
and rare Higgs decays (H → ��γ).

2 Higgs decays to pseudoscalars

Light bosons appear in many well-motivated extensions of the Standard Model. For example,
they could be mediators between the SM and some hidden sector that does not interact through
the weak, strong or electromagnetic forces 4. Searches for light pseudoscalars in Higgs boson
decays are often interpreted in Two-Higgs-Doublets plus a Singlet (2HDM+S) set of models 4.

aOn behalf of the ATLAS and CMS Collaborations
bCopyright 2021 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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The pseudoscalar component of the singlet field (a) acquires Yukawa-like couplings to SM par-
ticles through mixing with Higgs bosons. This implies that the largest branching fractions of
the a-boson will generally be to b−quarks and τ−leptons. For a-masses (ma) that are signifi-
cantly lower than the SM Higgs boson mass, the a-boson is boosted and its decay products are
collimated. Merging of b-jets and hadronically decaying τ -leptons into one reconstructed object
starts below roughly ma=25 GeV. ATLAS and CMS have developed dedicated reconstruction
and identification techniques to address such boosted final states.

2.1 H → aa → 2b2μ

The final state with two b-jets and two muons 5 provides a good balance between the typically
large decay fraction of a → bb and a clean signature of a narrow dimuon resonance from the
a → μμ side. This feature of the decays is further exploited in a kinematic-likelihood (KL)
fit. In the fit, the di-b-jet mass (mbb) is constrained, within its resolution, to the dimuon mass
(mμμ) measured with approximately ten times better resolution. The output of the KL fit is
the maximum likelihood score, which can be used to select events satisfying the mbb ∼ mμμ

hypothesis with high efficiency for the signal, while rejecting a large portion of SM backgrounds.
A Boosted Decision Tree (BDT) discriminant is trained to discriminate the signal against the
dominant backgrounds consisting of top-quark pair (tt̄) and Drell-Yan (DY) production. A
number of kinematic variables characterising event topology are used in the BDT training. For
example, small (large) angular separation between the two b-jets (between the dimuon and the
di-b-jets systems) characterises the signal topology at lower ma, while the opposite is true for
higher ma. The BDT training is done separately at each signal mass in order to maximally
exploit mass-dependent signal characteristics and maximise the sensitivity across the considered
ma range. The dimuon invariant mass spectrum is scanned in 2 GeV or 3 GeV wide bins
in search for an excess above the background model. The background expectations and the
observed data in all the bins are shown in Figure 1. The largest deviation is observed at
52 GeV and corresponds to a local (global) significance of 3.3σ (1.7σ). The upper limits on
B(H → aa → 2b2μ) are shown in Figure 2, left, in red (observed) and black (expected). The
limits are compared to the result from an earlier ATLAS publication based on 36 fb−1of data 6

(blue lines) and show factors 2–5 improvement over the full mass range.
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2.2 H → aa → 4b

The ATLAS search for boosted pseudoscalars in the 15 < ma < 30 GeV mass range 7 developed
specialised techniques to tag low-mass a → bb objects. The analysis uses lepton triggers to target
events where the Higgs boson is produced in association with a Z-boson and Z-boson decays
leptonically. The a → bb reconstruction procedure starts by reclustering jets with the standard
radius parameter of R = 0.4 into larger R = 0.8 jets. Tracks matched to R = 0.8 jets are
clustered into two or three sub-jets using the Exkt

9 algorithm. With this procedure, b-quarks
are associated to different sub-jets with nearly 100% efficiency. A BDT discriminant is trained
to distinguish a → bb from the background of jets containing only one b-quark. Multivariate b-
tagging scores of the sub-jets, the angular separation between the sub-jets and the pT asymmetry,
(pT

1−pT
2)/(pT

1+pT
2), are used in the training. Two working points of the tagger are calibrated

in the data using gluon→ bb events and used to define a set of control and signal regions with
different signal versus background contributions and different background compositions. The
upper limits on B(H → aa → 4b) are shown in Figure 2, right. Below ma = 25 GeV, there is
a significant gain in sensitivity compared to the resolved analysis 8 shown in blue. At around
ma = 20 GeV, the boosted analysis is probing the region below B(H → aa → 4b) < 100%,
setting a solid ground for future improvements.

2.3 H → aa → 2μ2τ

CMS searched for H → aa in the 3.6 < ma < 21 GeV mass range in the final state with
two muons (a → μμ), one hadronically decaying τ and one leptonically (muon) decaying τ ,
a → τhτμ

10. In this mass range, the two τ -leptons are collimated and a specialised reconstruction
technique is developed in order to reconstruct the a → τhτμ object. Standard hadron-plus-strips
(HPS) algorithm 11 for reconstruction of τh candidates is modified in two ways. Firstly, muons
with pT > 3 GeV are removed from jets seeding the HPS algorithm, resulting in a significant
increase in a → τhτμ reconstruction efficiency at lower masses (see Figure 3). Secondly, the
muon energy is excluded from the τh isolation discriminant, resulting in an efficiency increase
over the whole mass range. Standard Model backgrounds are constrained in a 2D unbinned
fit to the dimuon and four-object (mμμτhτμ) invariant masses. The background model fits the
data well and no significant excess above the SM predictions is observed. The upper limits on
B(H → aa → 2μ2τ) are show in Figure 3.
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2.4 H → aa summary plots

Model independent limits on B(H → aa → xxyy), where x and y represent various final-
state particles, are translated into limits on B(H → aa) under an assumption of a particular
2HDM+S scenario that specifies B(aa → xxyy). Figure 4 shows interpretations of ATLAS and
CMS H → aa searches 12,13 in the Type-III 2HDM+S scenario 4,14, with the ratio of vacuum
expectation values of the two Higgs doublets tanβ=2. The plots demonstrate how different final
states dominate the sensitivity at different ma. In the full mass range the observed limits are
below the current upper limit on B(H → undetected) of 19%, i.e. direct searches for exotic
Higgs decays are probing so far unconstrained phase space.
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3 Lepton-flavor violating decays

3.1 H → μτ/eτ

Lepton-flavour violating decays of the Higgs boson are searched for by CMS in four channels:
μτh, μτe, eτh and eτμ

15. The standard HPS algorithm is used to reconstruct τh. A BDT discrimi-
nant is trained in each channel separately. Typical input variables to the training, among others,
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are lepton transverse momenta, Δφ separation between the leptons and the missing transverse
momentum and the transverse mass. Each channel is further divided into four event categories,
based on the number of jets in the final state and the di-jet invariant mass, to enhance different
Higgs production mechanisms. A simultaneous fit to the BDT distributions is performed over
all channels and categories to extract upper limits on B(H → μτ) and B(H → eτ). The result
is shown in Figure 5. The upper limits set on B(H → μτ) and B(H → eτ) amount to 0.15%
and 0.22%, respectively, and improve previous ATLAS and CMS results by about a factor two.
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Figure 5 – Observed and expected upper limits on lepton-flavor violating Higgs branching fractions, B(H → μτ)
(left) and B(H → eτ) (right), shown for each event category separately and for all the categories combined 15.

4 Rare decays

4.1 H → ��γ

ATLAS searched for the Higgs boson decay into two leptons (muons or electros) and a photon,
in the kinematic range where the dilepton mass, m��, is below 30 GeV16. In this mass range, the
analysis is mainly sensitive to dilepton production through γ∗. Multiple event categories, such
as ee/μμ resolved, ee merged, VBF enhanced, are treated separately to maximise the analysis
sensitivity. A dedicated technique to reconstruct merged electrons is developed to improve
the efficiency in this category. The H → ��γ signal is observed with a significance of 3.2σ,
providing a first evidence of this rare Higgs decay. Figure 6 shows the 3-object invariant mass,
m��γ , spectrum, with the combined signal-plus-background model fit to all analysis categories
simultaneously shown with the red curve. The best-fit value of the signal-strength parameter,
defined as the ratio of the observed signal yield to the signal yield expected in SM, is measured
to be μ = 1.5± 0.5.

5 Summary

This presentation summarised several recent searches for rare and exotic Higgs boson decays
carried out by the ATLAS and CMS collaborations. The presented analyses are based on the
data from 13 TeV proton-proton collisions at the LHC. The searches for Higgs boson decays into
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BSM particles and lepton-flavor violating Higgs decays continue to probe so-far unconstrained
parameter space. In the domain of rare Higgs decays, evidence for the rare H → ��γ decays was
found in ATLAS, amounting to an observed significance of 3.2σ.
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Searches for supersymmetry (SUSY) models with a compressed mass spectrum are theoret-
ically motivated but also pose experimental challenges. Two recent searches from the CMS
Collaboration targeting leptonic final states that can originate from such models are presented.
The first search investigates SUSY signatures with two opposite sign or three low momentum
leptons, while the second probes the parameter space of top squark models, where the mass
difference of the lightest SUSY particles is close to the mass of the top quark. Both searches
are based on the full dataset collected by CMS during Run 2 of the Large Hadron Collider,
corresponding to 137 fb−1.

1 Introduction

The Standard Model (SM) has been the cornerstone of our understanding of particle physics
for the last decades and has proved to be successful in experiments tests consistently. However,
there are fundamental questions that it cannot answer, leading to the development of theories
beyond it. One of the most promising theories is supersymmetry (SUSY), according to which
each SM particle has a SUSY partner with exactly the same properties but different spin. SUSY
introduces a new quantum number, R-parity, which is different for SM and SUSY particles. If
R-parity is conserved, as in the models considered below, the lightest SUSY particle (LSP) is
stable. The discovery of SUSY particles has been the aim of numerous searches in experiments
at the Large Hadron Collider (LHC) throughout its operation.

In recent years, the tide of searches for SUSY has shifted away from signatures with the
traditional high transverse momentum (pT ) objects + high missing transverse energy approach.
The lack of evidence for SUSY particles in such searches, which has resulted in strong constraints
on their masses, has drawn the experimental interest towards SUSY models that can lead to
unconventional signatures. An important category of such models are those in which the SUSY
particles form a compressed mass spectrum, i.e. the mass difference (ΔM) of the LSP and the
next-to-LSP (NLSP) is of the order of a few tens of GeV. Such mass differences in the region
of the phase space considered lead to final state objects at the edge of detector identification
capabilities.
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SUSY models with compressed mass spectrum are backed up by strong theoretical motiva-
tion. In terms of electroweakino (EWK) production, a scenario where the LSP is a bino and
the NLSP is a wino, with small ΔM between them, is motivated by the observed dark matter
(DM) relic density 1,2, while avoiding constraints by direct DM experiments 3. Also in the case
of direct higgsino production, naturalness arguments suggest that the lightest higgsinos form
a compressed mass spectrum at the electroweak scale 4. Finally, in terms of top squark (stop)
production, light stops, as the NLSP, forming a compressed mass spectrum with a bino LSP,
produce the conditions for their co-annihilation, making the LSP the dominant source of DM 5.
From the experimental side, compressed SUSY models pose a number of challenges, such as
the identification of low pT (soft) objects and the existence of only small amounts of missing
transverse energy (pmiss

T ), which makes the separation with SM processes difficult. Dedicated
analysis methods are usually required to extend the reconstruction acceptance to soft physics
objects, as well as to suppress the SM backgrounds.

Recently, the CMS Collaboration has performed two searches targeting compressed SUSY
models with leptonic final states. Both of them use the full LHC Run 2 luminosity, 137 fb−1,
recorded by the CMS experiment at a center of mass energy of

√
s = 13 TeV, and they are

presented below.

2 Search for SUSY in the soft 2�OS and 3� final state

This search 6 targets final states containing two or three soft leptons (�) and moderate to high
amount of pmiss

T . Feynman diagrams of typical signal processes for the electroweakino (left) and
the stop (right) production are shown in Figure 1. In general, a compressed mass spectrum
leads to a final state where the objects are of low pT , due to the small amount of available
energy in the decay. In order to boost final state objects and facilitate the separation of the
signal from the backgrounds, an initial state radiation (ISR) jet is required. The recoil against
the ISR jet induces pmiss

T , which is required to be at least 125 GeV. Events are selected when
they contain two opposite sign (OS) leptons, which are soft (3.5 < pT < 30 GeV), isolated and
subject to tight impact parameter requirements. For the events of interest, the invariant mass of
the lepton pair, M(��), is in the range from 1 to 50 GeV, while low mass resonances are excluded
from the selection. The decrease in the lower M(��) bound is an improvement with respect to
the previous result 7, resulting in higher acceptance and sensitivity to signal mass hypotheses
(masspoints) with even lower ΔM .
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Figure 1 – Example Feynman diagrams of the production and decay of electroweakinos (left) and stops (right). 6

In the scenario of EWK production, the signal regions (SRs) include two leptons which are
required to be of the same flavor (SF), expected to come out of the decay of the off-shell Z boson.
Due to this fact, the M(��) has an endpoint at the ΔM between the SUSY particles, making
it extremely sensitive for signal and background discrimination. To account for the leptonic
decay of the virtual W boson, events with a third soft lepton are allowed in separate SRs. The
trilepton final state is a new addition to this analysis and has improved the sensitivity to larger
signal ΔM , where the acceptance for a soft third lepton increases. In this case, the minimum
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invariant mass among all the pairs is used as the discriminating variable. In the scenario of stop
production, slightly different SRs are designed, where different flavor leptons are allowed as well,
since the leptons originate from different decay legs.

The signal modeling is made more accurate in two aspects: Firstly, the computation of the
branching fraction of highly off-shell W and Z bosons is corrected as a function of the signal
ΔM . This is done by taking into account phase space effects at low invariant mass due to the
masses of the decay products. Secondly, the hypotheses of different relative sign for mass matrix
eigenvalues corresponding to the lightest neutralinos are tested separately, since they affect the
M(��) distribution shape.

Owing to the fact that pmiss
T is a good handle to discriminate the SUSY signal against the

SM backgrounds, events are categorized in four pmiss
T bins. For the trilepton regions, only two

pmiss
T bins are used due to the lower yield of these regions. Events are further split in bins

of M(��) in the case of EWK SRs, where the M(��) variable is directly sensitive to the mass
splitting of the signal, while the splitting is in bins of the leading lepton pT in the case of the
stop SRs.

The dominant background in this search is the nonprompt lepton background, i.e. the cases
where a jet is misidentified as a lepton or where a lepton from a semileptonic decay of a heavy
flavor hadron is selected. This source of background becomes increasingly important and hard
to estimate the lower pT the selected leptons have. It is estimated using a data-driven fake
rate method. A dedicated control region (CR) with the same selection criteria as the signal
selection but including same sign leptons and, therefore, dominated with nonprompt leptons, is
used to further constrain the nonprompt lepton prediction uncertainty from data. Concerning
prompt background processes, the major ones are the dilepton tt̄, which is reduced by a b jet
veto, and the DY→ ττ , which is reduced by excluding events with the approximate mass of the
Z boson, reconstructed from the final leptons and the pmiss

T , in the range from 0 to 160 GeV.
Both process are normalized to data in high purity CRs, designed by inverting the respective
requirement used to reduce the contribution of each process. The WZ→ 3� process is the most
important prompt background in the trilepton regions, even though it is reduced by vetoing the
Z peak in the M(��) distribution. It is estimated from simulation and then normalized to data
in a specially designed CR. All other diboson processes are effectively vetoed by an upper bound
to the transverse mass of the leptons and the pmiss

T (mT (�i, p
miss
T ) < 70 GeV) and are estimated

purely from simulation. The latter requirement is not applied to the stop SRs to increase the
signal acceptance.

No significant excesses of the observed data yields are found with respect to the background
prediction. The results are interpreted in terms of exclusion limits to a wino/bino simplified
model (Figure 2, left), a higgsino simplified model (Figure 2, center), a pMSSM inspired model
with the higgsino as the LSP and stop production simplified models, one including the four
body decay of the stop and the other including the chargino mediated decay (Figure 2, right).
These limits constitute a significant improvement with respect to the previous CMS analysis in
this final state 7 and showcase the increased sensitivity in the very low ΔM region. In the case
of the wino/bino simplified model, the sensitivity reaches up to mχ̃0

2
= 300 GeV for ΔM ≈ 10

GeV, while in the case of the higgsino simplified model it reaches up to mχ̃0
2
= 215 GeV for the

same mass splitting. Thanks to the increased acceptance and the strategy optimization, very
low ΔM , down to 3 GeV, can be probed for both models.

3 Search for light stop pairs in 2� final state (top corridor)

The region of SUSY parameter space where the mass splitting between the NLSP stop and the
LSP neutralino is close to the mass of the SM top quark (|mt − (mt̃ − mχ̃0

1
)| < 30 GeV) and

the LSP is light (mχ̃0
1
up to 100 GeV) is called “top corridor”. In the top corridor, the SUSY

signal signature mimics the SM top pair production, therefore requiring dedicated techniques to
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Figure 2 – Exclusion limits at 95% CL for a wino/bino simplified model (left), a higgsino simplified model (center)
and a stop simplified model in the case of chargino mediated decay (right). 6

be probed. CMS targets this corner of the parameter space with the specially designed search 9

described below.

The event selection follows the standard selection for the tt̄ process: two opposite-sign light
leptons (e, μ) with pT > 35 GeV are required, along with at least two jets, at least one of which
is a b jet. In contrast with the SM tt̄ production, the SUSY signal includes also a pair of LSPs
in the final state, which induce low to high amounts of pmiss

T . To benefit from this difference,
the analysis selects events with pmiss

T > 50 GeV. The existence of the LSPs in the signal final
states also negates the kinematic endpoint at the mass of the W boson of the stransverse mass
of the leptons, mT2(��), defined as

mT2(��) = min
p miss
T,1 +p miss

T,2 =p miss
T

(
max

[
mT (�p

�1
T , �p miss

T,1 ),mT (�p
�2
T , �p miss

T,2 )
])

, (1)

which is present for the tt̄ and tW SM processes. This provides another handle to separate the
signal from the background by imposing mT2(��) > 80 GeV. Finally, the contribution from SM
processes is further reduced by vetoing the Z boson peak and all the low mass resonances for
the OS and SF pairs.

The selected events are split in nine SRs, one for each year (2016, 2017, 2018) and one for
each flavor combination (ee, μμ, eμ). The dominant background process is the SM tt̄ process,
contributing more than 90% in the SRs. Due to the requirements on mT2(��) and pmiss

T , the
tt̄ contribution mostly comes from events with mismeasured jets or, less frequently, with non-
prompt leptons. The estimation of this background is performed by using the simulation with
the best CMS measurements of inclusive and differential cross section to date 10,11. Given its
place as the main background for the analysis, multiple modeling uncertainties are taken into
account for the tt̄ process. These include uncertainties for the choice of PDFs and αS , for the
modeling of inital and final state radiation, of the top quark pT spectrum and of the matrix
element/parton shower merging, as well as for the variation of the top quark mass. The rest of
the background comes from the SM tW process (∼ 4%) and DY, VV or tt̄V processes (∼ 6%).
These minor background contributions are also estimated from simulation.

The similarity of the SUSY signal signature to the one of the SM tt̄ production makes their
separation challenging. In order to tackle this problem and maximize the sensitivity of the
search, a multivariate technique is utilized. More specifically, a deep neural network (DNN) is
designed for the discrimination of the signal and the background. The DNN is 7 layers deep and
takes as input event-level variables (mT2(��), M(��), pmiss

T , HT ), single lepton variables (pT , η
for each lepton) and dilepton variables (pT (��), Δη(��), Δφ(��)). Examples of the input variables
for the background and different signal masspoints are shown in Figure 3 (left, center). From the
two left plots of Figure 3, it is evident that different signal masspoints have different separation
from the background, which would call for different DNN trainings for each masspoint in order
to maximize the sensitivity gain.

The novel technique that this analysis uses lies in setting up the DNN training in such a way,
so that a single DNN gets all the information from the different signal masspoints and produces
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Figure 3 – Examples of input variables for the DNN (left: Δη(��), center: pmiss
T ) for the background and different

signal masspoints. Example output of the DNN for two different signal masspoints (right). 9

optimized weights for all of them. This is called parametric training 12 and is implemented
by including the mass of the stop (mt̃) and the mass of the LSP (mχ̃0

1
) as parameters in the

training. These parameters do not contribute in the signal-background separation but rather
regulate how all the other input variables are used by the DNN in order to achieve the best
result for any given parameter value. The output of the parametric DNN for two example signal
masspoints is shown in Figure 3 (right), which presents the great discrimination power that this
single DNN maintains for very different combinations of mt̃ and mχ̃0

1
. While the reinterpretation

of the CMS tt̄ inclusive cross section measurement 10 as a search for extra particles on top of
the SM tt̄ production and the previous CMS search in this final state 13 provided sensitivity to
regions with very low mχ̃0

1
or regions with mt̃ −mχ̃0

1
≈ mt, this search extends the sensitivity

to regions with higher values of mχ̃0
1
and mt̃ −mχ̃0

1
.

Good agreement between data and simulated background is observed in all the SRs and for
all signal masspoints, as it can be seen in Figure 4 (left) for the signal mass hypothesis mt̃ = 275
GeV and mχ̃0

1
= 100 GeV. The analysis sets exclusion limits at 95% confidence level (CL) on

the cross section as a function of the stop mass and the LSP mass, shown in Figure 4 (right).
For the first time in CMS, the whole region of the top corridor is excluded.
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1
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4 Summary and Future Prospects

The CMS Collaboration is actively investigating compressed SUSY models, successfully cover-
ing the less explored corners of the SUSY parameter space. These models have very strong
theoretical motivations but are difficult to probe experimentally. To overcome the experimental
challenges, new ideas and techniques are designed and implemented, expanding the sensitiv-
ity limits. Looking to the future, these limits will benefit to a great extent from experiment
upgrades 14 and improvements to analysis methods.
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Rare penguin decays at LHCb
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Purely leptonic rare B0-meson decays are extremely important in the quest for New
Physics. A short review on these decays is reported, focusing on the latest results from
the B0

(s)→ μ+μ−(γ) legacy analysis performed by the LHCb collaboration with the whole
data collected during the first two runs of LHC.

1 Introduction

Purely leptonic B0
(s)-meson decays are very rare in the Standard Model (SM) of particle physics

because they are Flavour-Changing Neutral-Currents (FCNC) processes and are realised only
at quantum-loop level. Moreover, these transitions are helicity suppressed. Relatively to semi-
leptonic b→ s�+�− decays, the branching fraction of B0

(s) → �+�− decays is theoretically very
clean due to the small hadronic uncertainty. These characteristics make these decays a per-
fect probe for New Physics (NP), since a precise measurement of their observables may reveal
contributions from new particles that arise at the same level of the SM.

These decays can be described using an effective field theory where the heavy fields of the
SM are integrated out. The effective Hamiltonian can generically be expressed as follows:

Heff = −4GF√
2π

VtbV
∗
ts

∑
i

CiOi (1)

where GF is the Fermi coupling constant, Vtb(ts) is a Cabibbo-Kobayashi-Maskawa matrix ele-
ment, Ci are the Wilson coefficients, which encode the information of the short distance physics,
and Oi are the four-quark operators which describe the long-distance dynamics.

Recent measurements of observables related to b→ s�+�− processes have revealed potential
discrepancies with the SM, favouring a modification of the vector and axial-vector currents
related to the Wilson coefficients C9 and C10 respectively. Since B0

(s) → μ+μ− decays are

sensitive to vector-axial current (C10) and possible scalar and pseudoscalar contributions, they
can definitively shed a light on the observed anomalies and possibly help to understand the
structure of NP.

2 Status of purely leptonic B0-meson decays

Thanks to the progress in lattice QCD calculations, the SM predictions of the time-integrated
branching fractions of B0

(s) → �+�− processes are predicted with small uncertainties. The SM

predictions are reported in Table 1. Even if the rate of the B0
(s)→ τ+τ− decays is the largest,

they are extremely challenging at hadronic machines due to the presence of two or more neutrinos
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Table 1: SM predictions of the time-integrated branching fractions of B0
(s)→ �+�− processes 1.

Process Branching fraction (B)
B0

s → τ+τ− (7.56± 0.35)× 10−7

B0→ τ+τ− (2.14± 0.12)× 10−8

B0
s → μ+μ− (3.66± 0.14)× 10−9

B0→ μ+μ− (1.03± 0.05)× 10−10

B0
s → e+e− (8.60± 0.36)× 10−14

B0→ e+e− (2.41± 0.13)× 10−15

in the final state. On the other hand, even if B0
(s)→ e+e− decays are easier to be reconstructed

compared to the B0
(s)→ τ+τ− decays, their branching ratio is so low that they are experimentally

inaccessible by current experiments. These processes have not yet been observed but LHCb
set the most stringent limits to their branching fractions at B(B0

s → τ+τ−) < 6.8 × 10−3 and
B(B0→ τ+τ−) < 2.1×10−3 at 95% CL2, and B(B0

s → e+e−) < 11.2×10−9 and B(B0→ e+e−) <
3.0×10−9 at 95% CL 3. These measurements are extremely important to put strong constraints
to NP physics models, especially those where with a violation of the lepton universality is
expected 4.

Compared with the other two processes, B0
s → μ+μ− processes are experimentally and

theoretically favoured: they have a clear signature in the detector and their decay rates are
sufficiently large to make the process experimentally accessible. For almost 40 years, the search
for B0

(s) → μ+μ− decays has attracted a considerable experimental interest. The most recent

measurements performed by the LHCb collaboration 5 with 4.4 fb−1, by the ATLAS 6 collab-
oration with 51.3 fb−1 and the CMS 7 collaboration with 63 fb−1 have been combined 8, yield-
ing B(B0

s → μ+μ−) =
(
2.69+0.37

− 0.35

)
× 10−9 and an upper limit on the B0 → μ+μ− decay of

B(B0→ μ+μ−) < 1.9× 10−10 at 95% confidence level (CL). While this measurement is still sta-
tistically limited, the dominant systematic uncertainty comes from the hadronisation fraction
fs/fd which is around 6%.

Neutral B0
s mass eigenstates, approximately CP eigenstates, are characterised by a sizeable

difference in their decay widths, ΔΓs = 0.085±0.006 ps−1. In the SM, only the CP -odd eigenstate
contributes to B0

s → μ+μ− decays. As a consequence, the effective lifetime of B0
s → μ+μ−

processes can be used to test for CP -even contributions, searching for NP in a complementary
way with respect to the branching fraction measurement 9. The most precise determination
of the effective lifetime is given by the combination of the measurements with the CMS and
LHCb detectors 8 resulting in τμ+μ− = 1.91+0.37

−0.35 ps. The precision of this measurement is not
yet sufficient to discriminate between the two B0

s eigenstates.

3 B0
(s) → μ+μ−(γ) legacy analysis

The LHCb collaboration performed an improved analysis10,11 of the B0
s → μ+μ− and B0→ μ+μ−

branching fractions and of the B0
s → μ+μ− effective lifetime based on Run 1 and Run 2 data

sets, which supersede the previous LHCb results 5. Moreover, a first search for the B0
s → μ+μ−γ

decay, where the photon is emitted from the initial-state quarks, is performed. The branching
fraction of the B0

s → μ+μ−γ decay is expected to be of O(10−10) in the dimuon mass range
considered for this search. The analysis is based on 3 fb−1 and 6 fb−1 data sets collected with
the LHCb detector during Run 1 and Run 2 data-taking periods.

B0
(s) → μ+μ−(γ) candidates are selected by combining two oppositely-charged tracks with

an invariant dimuon mass mμμ in the range of [4.9, 6.0] GeV/c2. The B0
s → μ+μ−γ decay

contributes in this sample because of partially reconstructed candidates, as the photon in the
final state is not considered. The main background is due to random combinations of muons
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originating in B-hadron decays. To increase the separation between the large contamination
from this combinatorial background and signal a multivariate classifier based on the Boosted
Decision Tree algorithm (BDT) is trained using the kinematic and the topology information of
reconstructed two-body decays. The BDT distribution for B0

s → μ+μ− decays is expected to be
flat while the combinatorial background peaks at low BDT as shown in Fig. 1 (left). The region of
BDT< 0.25 is excluded from the signal sample due to the large background contamination. The
calibration of this classifier is performed using corrected simulated events where kinematics,
track multiplicity, particle identification and trigger response have been corrected using data
control channels. This procedure has been compared with the approach used in the previous
analysis where the B0 → K+π− decays were used as control channel to calibrate the BDT
response. The two procedures are found to be in perfect agreement as shown in Fig. 1 (right)
where a significant reduction of the uncertainty is visible with the new approach.
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Figure 1 – (Left) Expected BDT distribution for B0
s → μ+μ− candidates (black) and combinatorial background

from high-mass sidebands (blue circles) in Run 2 data. (Right) Expected BDT distribution calibrated using
simulated B0→ μ+μ− candidates (black) and B0→ K+π− control channel (red) in Run 2 data.

In addition to the main combinatorial background, two other categories populate the mass
region where the signal modes are peaking: b-hadron decays where one or more daughter particles
have been misidentified as a muon, such as B0

(s) → h±μ∓νμ and B0
(s) → h+h′− decays, and

partially reconstructed decays with two real muons in the final states, e.g. B0(+)→ π0(+)μ+μ−

or B+
c → J/ψμ+νμ (with J/ψ → μ+μ−). The numbers of background events expected in the

region with BDT > 0.5 are 22± 1 B0
(s)→ h+h′−, 91± 4 B0→ π−μ+νμ, 23± 3 B0

s → K−μ+νμ,

26± 3 B0(+)→ π0(+)μ+μ−, 4± 2 Λ0
b→ pμ−νμ and 7.2± 0.3 B+

c → J/ψμ+νμ decays.
The invariant mass shape of the signal is calibrated using data control channels. The mass

peak position is determined using the B0 → K+π− and B0
s → K+K− decays for B0 → μ+μ−

and B0
s → μ+μ− signals respectively, while the mass resolution is obtained from a power law

interpolation of dimuon resonances (e.g. Υ(nS) → μ+μ−) masses and found to be ∼ 22MeV/c2.
The branching fraction of the signal decays is measured relatively to two normalisation

channels, B0
(s)→ h+h′− and B+→ J/ψK+ through the formula:

B(B0
(s)→ μ+μ−) = Bnorm

NB0
(s)
→μ+μ− εnorm fnorm

Nnorm εsig fd(s)
, (2)

where NB0
(s)
→μ+μ− is the signal yield in the data set considered for the mass fit, Nnorm is the yield

of selected normalisation channels (B+→ J/ψK+ or B0→ K+π−) and are obtained from a fit
to the invariant mass as shown in Fig. 2, Bnorm is the corresponding branching fraction of each
normalisation channel 13, and εsig (εnorm) is the total efficiency for the signal (normalisation)
channel evaluated from simulation and control channels. fd(s) and fnorm are the hadronisation
fraction for the signals and the normalisation mode. For the latter, the relation fnorm = fd = fu
is assumed. The quantity fs/fd has been recently measured by the LHCb collaboration, reducing
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determine the normalisation yield is overlaid and the different components are detailed in the legend.

its uncertainty by a factor ∼ 2 12. Assuming the SM predictions, the expected number of signal
events are 147± 8 B0

s → μ+μ−, 16± 1 B0→ μ+μ−.
The branching fraction is measured with an unbinned maximum likelihood fit to the dimuon

mass spectra in BDT bins where five BDT bins each data period are considered simulta-
neously, while the background-dominated bin (BDT< 0.25) has been excluded. The signal
and combinatorial background yield parameters are left to float free in the fit while the ex-
clusive background yields are Gaussian-constrained to their expectations. The fit result is
shown in Fig. 3. The branching fraction of the B0

s → μ+μ− decay obtained from the fit is
B(B0

s → μ+μ−) =
(
3.09+0.46+0.15

− 0.43− 0.11

)
× 10−9 where the systematic uncertainty is dominated by

the uncertainty on fs/fd (∼ 3%) and the uncertainty on B+→ J/ψK+ branching fraction.
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Figure 3 – Mass distribution of selected B0
(s)→ μ+μ− candidates (black dots) with BDT > 0.5. The result of the

fit is overlaid and the different components are detailed in the legend.

Since the B0→ μ+μ− and B0
s → μ+μ−γ signals are not statistically significant, upper limits

are evaluated using the CLs method obtaining B(B0 → μ+μ−) < 2.6× 10−10 and B(B0
s →

μ+μ−γ;mμμ > 4.9GeV/c2) < 2.0× 10−9 at 95% CL. Although the best-fit value of B(B0
s →

μ+μ−γ) is negative, its value is compatible with the background-only hypothesis at 1.5σ.

To measure the effective lifetime of the B0
s → μ+μ− decay, the same selection as the one used

for the branching fraction measurements is applied, but a looser PID requirement and only two
BDT regions are considered in order to minimise the expected statistical uncertainty. The fit is
performed in two steps: a fit to the invariant mass distribution for the events in the range mμμ >
5320MeV/c2 to statistically unfold the background; subsequently, using a decay time acceptance
function modelled on a simulated sample of B0

s → μ+μ− decays, the lifetime distribution is fitted.
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The whole procedure is tested on B0 → K+π− and B0
s → K+K− decays and compared with

the previous measurement of their lifetimes by the LHCb collaboration. The effective lifetimes
obtained for the control channels are τK+π− = 1.512 ± 0.016 ps and τK+K− = 1.433 ± 0.026 ps
to be compared with τK+π− = 1.524 ± 0.012 ps and τK+K− = 1.407 ± 0.017 ps 14, respectively.
The fits to the B0

s → μ+μ− candidate invariant mass and decay time distributions in the most
sensitive BDT region are shown in Fig. 4 and the result is τμμ = (2.07 ± 0.29 ± 0.03) ps. The
main sources of systematic uncertainties are due to the accuracy of the description of the decay
time acceptance, the contamination from B0

(s) → h+h′− and Λ0
b → pμ−νμ background decays,

and the background unfolding procedure.
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superimposed (left) and the background-subtracted decay-time distributions with the fit model used to determine
the B0

s → μ+μ− effective lifetime superimposed (right) in the most sensitive BDT region.

The result is compatible with the SM expected value at 1.5σ.

4 Conclusions

Purely leptonic B decays offer a rich laboratory for the search for NP effects. Ten years since
the start of the first data taking, the LHCb collaboration reports an improved analysis of B0

(s)→
μ+μ−(γ) decays using the entire data set collected during Run 1 and Run 2. The branching
fraction of B0

s → μ+μ− is measured to be
(
3.09+0.46+0.15

− 0.43− 0.11

)
× 10−9 and represents the most

precise single-experiment measurement to date. No evidence of B0→ μ+μ− decays and a strong
limit on its branching fraction is obtained. The values obtained for the branching fractions are
compatible with the SM and the previous determination of these quantities as shown in Fig. 5,
setting a strong constraint to possible contributions from NP interactions.
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Moreover, the first search of B0
s → μ+μ−γ decays for mμμ > 4.9GeV/c2 is reported, compat-

ible with the background-only hypothesis. The B0
s → μ+μ− effective lifetime is measured to be

(2.07± 0.29± 0.03) ps, which is the most precise measurement to date and compatible with the
SM at 1.5σ. Paired with other complementary observables, such as Lepton Flavour Universality
tests 15, the B0

(s) → μ+μ− analysis provides interesting insights into the structure of any NP
models.
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In view of the emerging hints for the violation of lepton flavour universality in several B-meson
decays, we conduct a model-independent study (effective field theory approach) of several
well-motivated new physics scenarios. Taking into account the most recent LHCb data, we
provide updates to Wilson coefficient fits for numerous popular new physics hypotheses. We
also consider a promising model of vector leptoquarks, which in addition to explaining the
B-meson decay anomalies (RK(∗) and RD(∗)) would have an extensive impact for numerous
flavour observables. We identify promising decay modes allowing to (indirectly) probe such an
extension: these include positive signals (at Belle II or LHCb) for τ → φμ, B(s)-meson decays
to τ+τ− and τ+μ− (τ+e−) final states, as well as an observation of certain charged lepton
flavour violation transitions at COMET and Mu2e. We also argue how the evolution of the
experimental determination of RD(∗) can prove instrumental in falsifying a vector leptoquark
explanation of the anomalous B-meson decay data.

1 Introduction

In the Standard Model (SM), charged leptons are only distinguishable due to their masses.
In particular, all electroweak couplings to gauge bosons are blind to lepton flavour, leading
to an accidental symmetry called lepton flavour universality (LFU), whose validity has been
determined to a very high accuracy for instance in Z → �+�− and W± → �±ν (� = e, μ, τ)
decays 1.

However, during the last decade, hints on the violation of LFU in b → c�ν and b → s��
decays have begun to emerge, in mounting tension with respect to the SM expectations. In
particular, measurements of the “theoretically clean” ratios of branching ratios RD(∗) = BR(B →
D(∗)τν)/BR(B → D(∗)�ν) 2 and RK(∗) = BR(B → K(∗)μμ)/BR(B → K(∗)ee) 3 deviate around
2− 3σ from their theoretical predictions, which are, up to phase space suppression, expected to
be unity in the SM. Current averages of experimental measurements and the SM predictions can
be found in Table 1. Additionally, measurements of angular observables in B0,+ → K∗μ+μ−

decays exhibit (local) deviations of 2− 3σ in several q2 bins. These measurements 4 have been
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Table 1: SM predictions and (averages of) experimental measurements of the “theoretically clean” LFU observ-
ables.

RK RK∗ RD RD∗

SM prediction � 1 � 1 0.299± 0.003 0.258± 0.005
Experiment 0.845± 0.06 0.69± 0.12 0.340± 0.030 0.340± 0.030

recently updated, confirming and strengthening the currently preferred NP hypotheses.
Very recently, the LHCb Collaboration updated a their measurement of RK = 0.846+0.044

−0.041
5

with the deviation to the SM prediction now reaching 3.1σ, thus providing the first evidence of
LFU violation b.

These curious, persisting tensions with the SM seem to indirectly hint towards the presence
of new physics (NP), likely at the TeV-scale. Many different approaches have been explored to
identify which (minimal) NP models better succeed in reconciling theoretical predictions with
the experimental data. Before addressing the prospects of vector leptoquark (LQ) extensions
of the SM (one of the most promising well motivated scenarios to simultaneously explain both
anomalies), we will consider a model-independent effective field theory (EFT) based approach.
This will allow to generically identify which classes of NP models offer the most appropriate
content and interactions to explain the anomalous data.

2 EFT and global fits

The EFT approach relies in parametrising NP effects in terms of higher-order non-renormalisable
operators (vestigial traces in the low-energy theory of heavier states, which are integrated out).
Starting from the relevant subsets of the effective Lagrangian, cast in terms of the relevant
semileptonic Wilson coefficients (WC) Cqq′;��′ and effective operators, we comment on how well-
motivated scenarios for (sets of) Cqq′;��′ become significantly favoured by current data.

The subset of the effective Lagrangian for charged current dk → uj�νi transitions is given by

Leff � −4GF√
2
Vjk

[
(1 + Cjk�i

VL
)(ūjγμdk)(�̄γ

μPLν
i)
]
+H.c. , (1)

where Vjk are elements of the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix. While
the charged current anomalies RD(∗) can be explained with NP contributions to the left-handed
vector coefficient Ccbτν

VL
, the neutral current ones – especially due to the deviations in the angular

observables – call upon a dedicated EFT analysis to identify which operator structure (or com-
bination of structures) is preferred by experimental data. A subset of the low energy effective
Lagrangian in b → s�� transitions can be cast as

Leff � 4GF√
2
VtdjV

∗
tdi

[
αe

4π
Cij��′
9 (d̄iγ

μPLdj)(�̄γμ�
′) +

αe

4π
Cij��′
10 (d̄iγ

μPLdj)(�̄γμγ5�
′)
]
. (2)

As it turns out, a very interesting NP scenario is given by considering LFU violating V − A
new physics contributions in ΔCbsμμ

9 = −ΔCbsμμ
10 , in addition to a LFU vector NP contribution

denoted by ΔCuniv.
9 which is flavour universal and added to Cbsμμ

9 and Cbsee
9 . A fit of all available

b → s�� data c, including the updated measurement in RK , leads to a ∼ 6.6σ improvement with
respect to the SM prediction. The best fit point is found to be given by ΔCbsμμ

9 = −0.34+0.08
−0.08

and ΔCuniv.
9 = −0.74+0.19

−0.17, and shows a ∼ 3σ preference for non-vanishing NP contributions

aDue to an improved determination of the fs/fd fragmentation in B(s)-decays LHCb also updated their mea-
surement on B(s) → μ+μ− decays. However, we have decided to refrain from “digitising”the plots presented on
slides, and thus cannot take into account the update in a consistent manner for the present fits.

bFor an (animated) overview of how the fit to b → s�� data has evolved upon inclusion of the new measurements
see http://moriond.in2p3.fr/2021/EW/slides/ani fit evo.mp4.

cFor a complete list of observables taken into account, see Appendix B of Ref. 6.
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Figures taken from Ref. 7.

to the WCs 7, as can be seen by the likelihood contours in the plane of weak effective theories
(WET) and SM-EFT Wilson coefficients, shown in the left panel of Figure 1.

Interestingly, and as it has been pointed out in Ref. 8, a universal contribution to Cbs��
9 can

be generated from renormalisation group (RG) running from sizeable semi-tauonic operators. In
the right panel of Figure 1 we display the likelihood d contours in the plane of the semi-muonic
and semi-tauonic SU(2)L singlet and triplet SM-EFT Wilson coefficients in b → s��. As can be
seen, the b → s�� contours are not independent of the semi-tauonic operators, an effect of the
RGE-induced universal contributions to Cbs��

9 at the b-quark mass scale.

This correlation between the charged and neutral current anomalies at the high-energy
scale strongly hints towards a combined explanation of both tensions in a minimal model. For
completeness, in the appendix of the arXiv version of this proceeding we include updates on
additional NP hypotheses.

Interestingly, the preferred structure of EFT operators (both in SM-EFT and WET) is
naturally generated by the SU(2)L-singlet vector LQ V1, contributing to both charged and
neutral current anomalous transitions at the tree-level, while evading stringent constraints from
di → djνν̄ decays.

3 Vector leptoquarks

Gauge vector LQs, such as V1, naturally arise in (grand) unified theories, specifically from
quark-lepton unification, as it occurs in Pati-Salam models. In our study of Ref. 9, and instead
of exploring a specific UV completion for V1 leptoquarks, we chose to find requirements on the
couplings of V1 to the SM fermions in an effective way. The subset of the relevant (left-handed e)
LQ couplings to SM fermions can be parametrised in a general way as

L �
3∑

i,j,k,l=1

V μ
1

(
d̄iLγμK

ik
L �kL + ūjLV

†
jiγμK

ik
L UP

klν
l
L

)
+H.c. , (3)

dOther than the b → s�� and RD(∗) data, the global likelihood also contains the binned branching fractions in
exclusive B → D(∗)�ν decays.

eDue to the absence of strong hints suggesting non-vanishing right-handed contributions to the WET operators,
we restrict the LQ couplings to be left-handed.
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where Kij
L denote the effective LQ couplings and UP is the Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) leptonic mixing matrix. The matching of the LQ couplings (at the LQ mass scale,
mV1 � 1.5TeV) to the WCs singled out by the EFT analysis can be done as follows:

Cij;��′
9,10 = ∓ π√

2GF αem V3j V ∗3im2
V1

(
Ki�′

L Kj�∗
L

)
, CVL

jk,�i =

√
2

4GF m2
V1

1

Vjk
(V KL UP )jiK

k�∗
L . (4)

In the left panel of Figure 2 we show likelihood contours in the plane of the dominant LQ
couplings. Notice that one finds the same correlation between semi-muonic and semi-tauonic
couplings in the likelihood contours preferred by b → s�� data as previously encountered in the
EFT fits (cf. Figure 1).

Sizeable V1 couplings of second- and third-generation quarks to different lepton flavours can
lead to strongly enhanced rates in lepton flavour violating (LFV) processes, such as B → Kτμ,
which put stringent constraints on the model’s parameter space. As we have shown in our
analysis in9, in order to evade those bounds, effectively non-unitary couplings to the SM fermions
are necessary. For instance, this can be achieved by introducing vector-like fermions, more
specifically vector-like leptons, that mix with the SM fermions. In our approach we have thus
parametrised the LQ couplings via 12 unitary rotations incorporating the mixing between the
SM leptons and 3 additional generations of vector-like SU(2)L doublet leptons f . In the right
panel of Figure 2 we show results of a random scan where we vary the 12 mixing angles in the
interval [−π, π], presenting our results in the plane of the two most constraining LFV observables,
namely KL → μ±e∓ decays and neutrinoless μ − e conversion in nuclei. The points displayed
(blue) are in agreement with the anomalous data at the 3σ level; however, most of the latter
points leads to the violation of at least one experimental LFV bound. Points complying with

all imposed constraints (explaining R
(∗)
K,D and respecting all experimental bounds) are marked

in yellow. Notice that most of the currently preferred parameter space can be probed by the
upcoming experiments COMET and Mu2e 10, both dedicated to searching for neutrinoless μ− e
conversion in Aluminium.

In a second - updated - phenomenological analysis we have now taken the 9 left-handed
LQ couplings as independent parameters and we have fit them to more than 350 observables g,

fOther representations of vector-like leptons are ruled out since the required mixing pattern would drastically
impact Z�� couplings already at the tree-level, thus violating experimental bounds on these precisely measured
quantities.

gThese include b → s�� and b → c�ν data, a large number of lepton flavour violating and conserving (semi-
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for three mass benchmark points of mV1 ∈ [1.5, 2.5, 3.5] TeV; this allows finding a region in
the 9-dimensional parameter space in which the B-anomalies can be explained while evading
constraints from LFV processes 6. We assumed the posterior distribution of the couplings to be
approximately gaussian and sampled them according their distribution. From the Monte-Carlo
samples we have then computed posterior ranges for the observables around the best fit point(s),
based on the currently by experimental data preferred parameter space.

Several rare B-decays involving tau-leptons and nnumerous LFV tau-decays are expected
to be searched for by the Belle II experiment 11 with improved sensitivities. Due to sizeable
couplings of the LQ to b, s- and c-quarks, and to charged leptons, a priori we expect sizeable
enhancements of b → sτ+τ− and LFV processes. In the left panel of Figure 3 we show the 1σ
ranges of the posterior distributions for several such observables, together with current experi-
mental limits and future sensitivities. In particular, B → Kτμ and τ → φμ decays are promising
channels at Belle II. Additionally, the predicted range of neutrinoless μ − e in Aluminium will
be (almost) fully probed by COMET and Mu2e 10.

The results of this analysis are by no means a guarantee to discover LFV signals in those
channels. Thus, we have furthermore studied the impact of null results in LFV channels at
Belle II, Mu2e and COMET - thus replacing current LFV bounds with future sensitivities in
our fit. Results of such a hypothetical future fit are presented in the right panel of Figure 3,
where we show predictions of the LQ model for RD(∗) based on current and future LFV bounds
(blue and orange respectively). Moreover, we have extrapolated the current measurement of
RD(∗) by Belle to the anticipated accuracy of Belle II with 50 ab−1 integrated luminosity, and
combined it with all other measurements available, denoted via the green and purple (dashed)
ellipses 6. Curiously, in the absence of LFV signals the LQ expected best fit point (in orange)
moves closer to the SM prediction, although overlapping with the 1σ contour of the extrapolated
Belle II sensitivity. On the other hand, should future measurements coincide with the central
value of the current global average (with improved accuracy), a V1-LQ explanation of the RD(∗)
anomalies would be in conflict with future bounds on LFV processes (again in the absence of
any LFV discovery at Belle II). Thus, the evolution of future measurements of RD(∗) will prove
instrumental in falsifying the vector LQ hypothesis.

)leptonic (b, c and s) meson and τ decays and several purely leptonic LFV processes. A complete list can be
found in Ref. 6.
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4 Conclusion and Outlook

In recent years, numerous hints for the presence of LFU violation in charged and neutral current
semi-leptonic B-meson decays have emerged in association with several observables. Current
EFT analyses appear to favour minimal models that can simultaneously address the tensions in
both channels, due to a preference of universal contributions to Cbs��

9 at the b-quark mass scale,
which can be induced by RG running effects. This interpretation is further strengthened by the
very recently updated measurement of RK . Following the recent LHCb measurement 5, we have
updated fits of several NP hypotheses leading to a good agreement with the data.

In view of the absence of tree-level couplings between down-type quarks and neutrinos,
SU(2)L-singlet vector LQs are excellent candidates for a combined explanation of the B-meson
decay anomalies, although subject to stringent constraints from LFV observables. We have
shown that a non-unitary flavour structure of the LQ couplings to SM matter is necessary in
order to comply with numerous bounds from flavour observables, which have been measured to
be in good agreement with the SM; such a structure can be generated via mixings of SM leptons
with heavy vector-like doublet states. We have further explored the flavour phenomenology of
this simple vector LQ model , carrying a dedicated statistical analysis; this allowed identifying
several “golden modes” that have excellent chances to be observed by upcoming experiments in
the near future. Finally, we highlighted the importance of future RD(∗) measurements for the
model’s viability.
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Test of lepton flavour universality in b → s�+�− decays

R. D. Moise
Blackett Laboratory, Imperial College London

South Kensington Campus, London SW7 2AZ, United Kingdom

The Standard Model of particle physics predicts that charged leptons have the same elec-
troweak interaction strength. This symmetry, called lepton flavour universality, was found to
hold in a wide range of particle decays. One observable that is sensitive to lepton flavour uni-
versality is the ratio of branching fractions RK = B(B+ → K+μ+μ−) /B(B+ → K+e+e−).
This quantity is measured using 9 fb−1 of proton-proton collision data recorded by the LHCb
experiment at CERN’s Large Hadron Collider. For the dilepton invariant mass squared range
q2 ∈ (1.1 GeV2, 6.0 GeV2), the result is RK = 0.846+0.042

− 0.039
+ 0.013
− 0.012, where the first uncertainty

is statistical and the second systematic. The measured value is in tension with the Standard
Model prediction at the level of 3.1σ, thus providing evidence for the violation of lepton
flavour universality in B+ → K+�+�− decays.

1 Introduction

The Standard Model (SM) of particle physics offers the most precise predictions on the properties
and interactions of fundamental particles. Although it has withstood experimental scrutiny on
numerous fronts, there are still some observations not accounted for in the SM. Examples of
these are the observed matter-antimatter imbalance on the cosmological scale, and the effects
attributed to dark matter in the Universe. One way to extend the SM, such that it is able to
explain these phenomena, is by searching for new particles and interactions, collectively referred
to as “new physics” (NP).

Section 1.1 introduces b → s�+�− transitions, which are a particular set of processess sus-
ceptible to NP effects. This is followed by Section 1.2, which covers the current experimental
status. Section 2 provides an overview of the experimental techniques employed by the mea-
surement of RK . Then, Section 3 presents the RK result, and finally Section 4 summarises the
findings and their implications. Natural units, where h̄ = c = 1, are used throughout, with the
exception of the invariant mass plots. Charge conjugation is implied, unless stated otherwise.

1.1 Rare beauty-quark decays

The SM is able to offer clear predictions of certain decay rates. Among these are processes in
which a B+ decays into a K+ with the emission of a lepton-antilepton pair, �+�−. Because
these processes involve the change of a b-quark into an s-quark, they are collectively referred to
as b → s�+�− transitions. In the SM, they are forbidden at tree level 1, and therefore have to
proceed via loop processes. This is illustrated by the left-hand side Feynman diagram in Figure 1.
As a result of this suppression, the branching fractions of B+ → K+�+�− decays are expected
to be low, viz. of O(10−6) 2.

However, such suppression does not necessarily apply to NP, as illustrated by the right-
hand side Feynman diagram in Figure 1. Some models predict particles that could allow the
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Figure 1 – Loop-level Feynman diagram for the B+ → K+�+�− process (left). Because b → s�+�− transitions
are forbidden at tree level in the SM, this diagram is one of the leading contribution to this process in the SM.
Possible NP, such as a leptoquark (LQ), could however allow this process to proceed at tree level (right).

b → s�+�− transition to proceed at tree level. Such processes would therefore benefit from an
enhancement with respect to their SM counterparts. This would result in a departure of the
relative decay rate of such a process, also known as its branching fraction, away from its SM
prediction. Therefore, precision measurements of b → s�+�− transitions could be susceptible to
such deviations, and are therefore promising areas of study in the search for NP.

1.2 Flavour anomalies

In the last decade, a pattern has emerged between experimental results on b → s�+�− transi-
tions 3. These are collectively referred to as “flavour anomalies” a, and they manifest themselves
as tensions between measured observables related to beauty-quark decays, and their SM pre-
dictions. Such tensions are typically up to 2.9 standard deviations. This does not conclusively
prove the presence of NP, therefore futher studies are needed. The situation is complicated by
the fact that predicting certain flavour observables in the SM is difficult, due to QCD effects
which cannot be quantified using perturbation theory.

However, leptons are not affected at leading-order by the strong interaction, and therefore
QCD effects are expected to be indentical in, for example, B+ → K+μ+μ− and B+ → K+e+e−

decays. This means that the following class of observables are theoretically clean:

RH ≡

∫ q2max

q2min

dB(Hb → Hμ+μ−)
dq2

dq2∫ q2max

q2min

dB(Hb → He+e−)
dq2

dq2
. (1)

Here, RH is a ratio of differential branching fractions, integrated over the dilepton invariant
mass squared range q2 ∈ [q2min, q

2
max]. The initial-state particle, Hb, can be any hadron with a

valence b-quark; examples include B+, B0, and Λ0
b . The H in the final state can be either a

particle, such as a K+, or a system of particles like pK−.
In the SM, such branching fraction ratios can be predicted with O(1%) precision 4,5. This

is thanks to an accidental symmetry of the SM, known as lepton flavour universality (LFU).
It predicts that the three charged lepton families couple with the same interaction strength to
vector bosons. This means that the ratios RH are expected to be close to unity, with small
deviations induced by effects such as QED corrections, and negligible phase space differences
arising from the different electron and muon masses.

The particular cases of (Hb, H) = (B+, K+), (B0, K∗0), and (Λ0
b , pK

−) are known as RK ,
RK∗0 , and RpK , respectively. The latter has been measured 6 and found to be compatible with
unity at the level of 1σ. However, the most precise measurements of the other two ratios 7,8

exhibit tensions with the SM above 2σ. In particular, the LHCb collaboration 9,10 has measured

aThere exist flavour anomalies which are not examples of b → s�+�− transitions. They are outside the scope
of these proceedings, which focus on b → s�+�− results.
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RK in the past, using 5 fb−1 of proton-proton collision data, collected up to and including the
year 2016. This led to a result 2.5σ away from the SM prediction. These proceedings present
an updated measurement of RK from LHCb 11, with the addition of data collected during the
years 2017 and 2018. This corresponds to an approximate doubling of the data set with respect
to the previous measurement.

2 Procedure

2.1 The double-ratio strategy

One of the main challenges of conducting a measurement such as RK is the different behaviour
of muons and electrons as they pass through matter. At LHCb, most muons are expected to
traverse the detector nearly unimpeded, before being stopped by the muon stations. However,
electrons may lose significant amounts of energy to bremsstrahlung radiation. This means that
they have poorer mass resolution cf. muons, and that electron tracks are not resconstructed with
the same efficiency as muon tracks. The event selection also has to be adapted, in order to take
into account the different experimental signatures of the two lepton flavours. This makes RK

susceptible to systematic effects induced by differences in the muon and electron selections.
To suppress such systematic effects, RK is measured with respect to well-known control

channels. Resonant B+ → K+J/ψ(�+�−) decays are chosen for their large statistics and sim-
ilar kinematics with respect to the B+ → K+�+�− modes, as well as for being known within
O(10−4) to be compatible with LFU 2. By taking the ratio between rare B+ → K+�+�− and
control B+ → K+J/ψ(�+�−) branching fractions, written as ratios of yields and efficiencies, the
experimental observable RK is defined as:

RK =

(
N(K+μ+μ−)
ε(K+μ+μ−)

· ε(K+e+e−)
N(K+e+e−)

)/(
N(K+J/ψ(μ+μ−))
ε(K+J/ψ(μ+μ−))

· ε(K+J/ψ(e+e−))
N(K+J/ψ(e+e−))

)
. (2)

In the above expression, N(X) and ε(X) are, respectively, the yields and efficiencies of the decay
of a B+ into X. Thanks to the similar kinematics of the final-state particles from the rare and
control decays, the selection is kept identical up to the cut on q2 and on the invariant mass of the
K+�+�− system. In particular, the rare-mode samples are selected in q2 ∈ (1.1 GeV2, 6.0 GeV2).
The rest of the selection ensures the good quality of the tracks and B+ decay vertex, and rejects
backgrounds using dedicated requirements such as mass vetoes and multivariate discriminators.
The selection is essentially identical to the one employed by the previous RK measurement at
LHCb 7.

2.2 Calculation of efficiencies

Simulated events are used to estimate the efficiency of the selection. Some features are modelled
imperfectly by the simulation, and therefore require calibration. This procedure is identical to
the one employed in the previous RK measurement 7, and it involves comparing the selection
performance between control-mode data and simulation. Based on the differences found, weights
are assigned to simulated events in order to align their performance to the one found in data.
This procedure is applied to calibrate: the generated and reconstructed kinematics of the B+,
the trigger and particle identification b performances, and the resolutions of q2 and m(K+e+e−).

2.3 Validation of the procedure

The experimental procedure is verified through several tests, each targeting specific aspects
of the measurement strategy. Two such tests are presented here. The first one consists of

bThe calibration of particle identification performance follows the procedure described in Ref. 12.
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measuring the single ratio rJ/ψ , defined as the denominator containing all K+J/ψ(�+�−) terms
in Equation (2). It represents a stringent test of the efficiencies, because it does not benefit
from the cancellation of systematic effects — due to electron and muon detection differences —
that is built into the double ratio RK . Therefore, an accurate measurement of rJ/ψ requires
suitable understanding of both electron and muon absolute efficiencies. The average value c

across the entire dataset is found to be rJ/ψ = 0.981± 0.020, where the uncertainty contains
both statistical and systematic uncertainties. This value is compatible within 1σ with the
expectation from LFU.

To further test the efficiencies, rJ/ψ is also calculated in bins of variables relevant to the
detector response. In the case of ideal efficiency corrections, rJ/ψ would show no dependence on
any kinematic variable. An example is shown in Figure 2 on the left, where rJ/ψ is found to be
uniform across the transverse momentum of the B+, pT(B

+) . If any residual differences from
unity are assumed to be caused by genuine mismodelling of the efficiencies, their effect on RK

can be estimated based on the differences in the pT(B
+) spectrum between the rare and control

modes. As shown in Figure 2 on the right, these differences are small, despite their separation in
q2. The expected impact on RK is found to be within the systematic uncertainty on RK . This
is found to be true for all considered kinematic variables. Dependencies on pairs of variables
are also checked, and also show deviations from uniformity smaller than the applied systematic
uncertainty.

]c) [MeV/+B(
T

p
0 5000 10000 15000

〉 
ψ

J/
 r〈

 / 
ψ

J/r

0.9

0.95

1

1.05

1.1

LHCb

]c) [MeV/+B(
T

p
0 5000 10000 15000

C
an

di
da

te
s 

(a
rb

itr
ar

y 
un

its
)

0

0.5

1

1.5

−e+e+ K→
+B

−μ+μ
+ K→

+B
+)K−e+(eψ J/→

+B
+)K−μ+μ(ψ J/→

+B

LHCb
simulation

Figure 2 – The single ratio rJ/ψ, computed as a function of the transverse momentum of the B+ (left). The values
are normalised to their average. The distribution of this variable in rare- and control-mode simulation is shown
on the right.

The efficiencies are futher tested by calculating another double ratio, but centred on the
ψ(2S) charmonium state:

Rψ(2S) =

(
N(K+ψ(2S)(μ+μ−))
ε(K+ψ(2S)(μ+μ−))

· ε(K+ψ(2S)(e+e−))
N(K+ψ(2S)(e+e−))

)/
(
N(K+J/ψ(μ+μ−))
ε(K+J/ψ(μ+μ−))

· ε(K+J/ψ(e+e−))
N(K+J/ψ(e+e−))

)
. (3)

The ψ(2S) resonance is well separated in q2 from the J/ψ, which meansRψ(2S) probes the validity
of the efficiency corrections across q2. In addition, Rψ(2S) is a double ratio, thus allowing the
cancellation of systematic effects to be tested. The result is Rψ(2S) = 0.997 ± 0.011, where the
uncertainty encompasses both statistical and systematic effects. This is compatible with the
LFU prediction of unity, and demonstrates that systematic uncertainties on the double ratio
due to electron-muon differences are expected to be below 1%.

cThe average takes into account the correlations between the different selections used in the analysis.
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3 Result

An unbinned extended maximum likelihood fit13 is performed simultaneously onB+ → K+μ+μ−

and B+ → K+e+e− data. The fit projections are shown in Figure 3. Calibrated simulation is
used to determine the shapes of the fit components, alongside their relative normalisation. The
correlations between the various selections used to obtain the data are taken into account. In
both muon and electron data, the signal forms a peaking structure, which sits on top of a
continuum consisting of so-called combinatorial background events. The latter correspond to
candidates formed from random combinations of tracks in the event. Due to the poorer mass
resolution, the low-mass tail of the electron signal overlaps with a contribution from the J/ψ
mode, and with a structure formed by partially-reconstructed background events. These consist
of processes where kaons and a dilepton pair are formed, in addition to other particles that
escape detection. An example of this is the B0 → K∗0(K+π−)e+e− process, where the pion is
not reconstructed.

The observable RK is inferred as one of the fit’s parameters of interest. The value from the
fit is adjusted by correcting the central value based on the estimated bias of the fit, which is
found to be small. The uncertainty is adjusted to account for the systematic uncertainty induced
by the fit model.
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Figure 3 – Projections of the fit to candidate B+ → K+μ+μ− (left) and B+ → K+e+e− (right) invariant-mass
distributions.

The final result is:

RK = 0.846+0.042
− 0.039

+0.013
− 0.012, (4)

where the first uncertainty is statistical, and the second is systematic. This is the most precise
measurement of this quantity to date, as illustrated on the left-hand side of Figure 4. The
p-value under the SM hypothesis is evaluated based on the profiled log-likelihood, which is
shown on the right-hand side of Figure 4. This p-value is found to be 10−3, which corresponds
to a significance of 3.1σ. Therefore, the present RK result provides evidence for the violation
of LFU in B+ → K+�+�− decays.

The result for RK is combined with the measurement of dB(B+ → K+μ+μ−)/dq2 from
Ref.16 to calculate the differential branching fraction of the B+ → K+e+e− decay, averaged over
q2 ∈ (1.1 GeV2, 6.0 GeV2). The result is:

dB(B+ → K+e+e−)
dq2

=
(
28.6+1.5

− 1.4 (stat.) ± 1.3 (syst.)
)
× 10−9 GeV−2 . (5)

4 Summary

This article covers the most precise measurement to date of lepton flavour universality in rare
beauty-quark decays 11. The observable RK is measured using 9 fb−1 of proton-proton collision
data recorded by the LHCb experiment. The result is found to be in tension with the SM
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prediction at the level of 3.1σ. This measurement therefore provides evidence for the violation
of LFU in B+ → K+�+�− decays. If confirmed by observations from independent sources, the
breaking of LFU would require extensions to the SM that would accommodate lepton non-
universal effects other than the Higgs interaction.
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The singly charged SU(2)L singlet scalar, with its necessarily flavour violating couplings to
leptons, lends itself particularly well for an explanation of the Cabibbo Angle Anomaly and
of hints for lepton flavour universality violation in tau decays.

1 Introduction

The Cabibbo angle can be determined from Vud extracted from superallowed β-decays, from Vus

from τ -decays or K-decays, or from Vcd from D → μν. Recent improvements in the computation
of the γW -box contributions to superallowed β decays reduced the uncertainty on Vud, however,
they also shifted the central value, leading to a 3σ deviation from first-row Cabibbo Kobayashi
Maskawa (CKM) unitarity,1–5 commonly referred to as the Cabibbo Angle Anomaly (CAA),.10–14

This tension is illustrated in Fig. 1a, where we show the values for Vus quoted by the PDG,5,6, 8 as
well as |V β

us| = 0.22805(64) determined, using (first row) CKM unitarity (|Vud|2+|Vus|2+|Vub|2 =
1) from |Vud| = 0.97365(15) .9

A number of models involving physics beyond the Standard Model (SM) can account for
this experimental situation,15 however, they all adopt one of the following strategies (see also
Fig. 1b for an illustration): they may lead to new contributions to β-decays and thus affect the
extraction of Vus from β-decays 16,17 (shown in purple in Fig. 1b), modify the Wud-coupling,
leading to a “direct” violation of CKM unitarity 10,18,19 (orange), modify W�ν-couplings, which
enter both β-decays and μ-decays 13,20–25 (blue), or lead to new contributions to μ-decays, which
modify the Fermi constant and enter the extraction of Vud from superallowed beta decays in
that way10,26–29(green). Here we consider the last of these possibilities.a Defining

δ(μ → eν̄ν) =
ANP (μ → eν̄ν)

ASM (μ → eν̄ν)
, (1)

which is simply the new physics (NP) contribution to μ → eν̄ν, at amplitude level, normalised

aIndeed, the singly charged scalar can generate a new contribution to μ decays (see Fig. 2b).
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Figure 1: (a) Determinations of Vus from different sources (b) Possible NP interpretations

to the SM amplitude, the Fermi constant takes the form

GF = GSM
F (1 + δ(μ → eν̄ν)), (2)

where GSM
F stands for the Fermi constant determined in presence of SM physics only. A modi-

fication of the Fermi constant can alleviate the tension between the different determinations of
Vus by shifting Vud, extracted from β-decays, to V β

ud = V SM
ud (1− δ(μ → eν̄ν)), where V SM

ud is the
(1, 1)-element of the (unitary) CKM matrix. Using CKM-unitarity, we find

V β
us ≡

√
1−
∣∣∣V β

ud

∣∣∣2−|Vub|2 � V SM
us

[
1 +

(
V SM
ud

V SM
us

)2

δ(μ → eν̄ν)

]
, (3)

which indeed is larger than V SM
us , if δ(μ → eν̄ν) is positive. Note that the enhancement by(

V SM
ud /V SM

us

)2 ≈ 19 makes Vus particularly sensitive to modifications of the type δ(μ → eν̄ν).13

Besides the CAA, the singly charged scalar can address the 2σ deviation from SM predictions
encoded in the experimentally determined amplitude fractions30

A(τ → μν̄ν)

A(μ → eν̄ν)
= 1.0029(14),

A(τ → μν̄ν)

A(τ → eν̄ν)
= 1.0018(14),

A(τ → eν̄ν)

A(μ → eν̄ν)
= 1.0010(14). (4)

Expressing this data in terms of δ(τ → μν̄ν) and δ(τ → eν̄ν), which are defined in analogy with
δ(μ → eν̄ν) (see Eq. 1), we observe a preference for positive δ(τ → μν̄ν) and δ(τ → eν̄ν) (see
Fig. 2a).

2 The Singly Charged SU(2)L Singlet Scalar

Let us now introduce the singly charged SU(2)L singlet scalar, φ+, which can lead to the desired
effects in muon and tau decays. This field has been extensively studied in the context of Zee
models,31–34 Babu-Zee models,34–37 and other models where singly charged scalars radiatively
generate neutrino masses,38–45 however, in the following we will remain agnostic about the
underlying theory and consider the singly charged scalar as a minimal extension of the SM.

The singly charged scalar is a (1, 1, 1)-representation of the SM gauge group SU(3)c ×
SU(2)L × U(1)Y , which leaves only one way for it to couple to SM matter fields:

Lint = −λij

2
L̄c
a,i εab Lb,j φ

+ + h.c. . (5)
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Figure 2: (a) The regions preferred by the ratios in Eq. 4 in terms of δ(τ → μν̄ν) and δ(τ → eν̄ν). The
dashed lines show the 1σ and 2σ contours for δ(μ → eν̄ν) = 0, the blue regions show the 1σ and 2σ
preferred regions for δ(μ → eν̄ν) = 0.00065, which is the value favoured by our global fit. (b) Feynman
diagram showing the contribution of φ± to muon decays and the Fermi constant. The corresponding
diagrams for tau decays are found by exchanging the flavour indices.

Here a, b are SU(2)L indices, εab is the 2-dimensional Levi-Civita tensor, c stands for charge
conjugation, i, j are flavour indices, and λij can be chosen to be antisymmetric in flavour. Hence
this extension of the SM automatically leads to lepton flavour violation, and to lepton flavour
universality violation, should the three new couplings not be equal. The fact that only three
new couplings and one mass are needed to fully describe the singly charged scalar, makes this
model very predictive.

2.1 Flavour Bounds

Equipped with the Lagrangian in Eq. 5 we can derive the leading contributions of the singly
charged scalar to the relevant flavour observables (see Figs. 2b and 3 for the corresponding
Feynman diagrams). The first interesting observation we can make is that the modifications of
μ → eν̄ν (see Eq. 1), τ → eν̄ν and τ → μν̄ν,

δ(�i → �j ν̄ν) =
ANP (�i → �jνiν̄j)

ASM (�i → �jνiν̄j)
=

|λij |2

g22

m2
W

m2
φ

, (6)

are necessarily positive. This fits into the picture described in the context of the CAA, in
particular to Eq. 3, and to the experimental data shown in Eq. 4 and in Fig 2a. A global fit to
EW data and the CKM elements states a preference for δ(μ → eνν) = 0.00065(15).

Radiative leptonic decays provide strong bounds on the couplings λij of the singly charged
scalar to the SM leptons. In fact, the bound from μ → eγ is so strong that we can set λ13 ≈ 0
(marked in red in Fig. 3). We reach a similar conclusion considering μ → e conversion in
nuclei. This has consequences for charged lepton violation, which is loop-suppressed in this
model (see e.g. Figs. 3b and 3c). Processes mediated by λ13, such as τ → eμ̄e, are expected to
be vanishingly small.

2.2 Collider Constraints

Since the singly charged scalar has the same quantum numbers as right-handed sleptons, we
can simply recast selectron and smuon searches into searches for the singly charged scalar.
The dominant channel here is Drell-Yan pair production of the singly charged scalar, which
consecutively decays into a pair of charged leptons with missing transverse energy (see Fig 4a
for the corresponding Feynman diagram). Reinterpreting the most recent dedicated ATLAS
search, which is based on 139 fb−1 of proton-proton collisions, 46 we obtain the bounds, shown in
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Figure 3: Feynman diagrams showing the contribution of φ± to (a) radiative leptonic decays and (b,c)
charged lepton flavour violation.
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Figure 4: (a) Feynman diagram showing Drell-Yan pair production of φ± and their decay into SM leptons
(b) Recast ATLAS bounds (see text for the details)

Fig. 4b, on the mass mφ of the singly charged scalar and on the branching ratios Br(φ+ → μ+ν)
and Br(φ+ → e+ν). The hatched regions are excluded by the e+e− (red) or μ+μ− (green)
channels. The bounds depicted in Fig. 4b allow us to set a coupling-independent lower limit of
mφ ≈ 220 GeV on the mass of the singly charged scalar. The scenario of λ13 = 0, mentioned in
Section 2.1, translates into a branching ratio of Br(φ+ → μ+ν) = 1/2. The projected exclusion
limits of the High Luminosity (HL) LHC are indicated by dashed curves.

3 Combined Analysis and Conclusions

Combining the flavour bounds and collider constraints in the scenario with λ13 = 0, we can
determine best fit regions in the δ(τ → μνν)–δ(μ → eνν) plane. In Fig. 5, the region preferred
by electroweak data and the Cabibbo Angle Anomaly at the level of 1σ is shown in red, while
the region preferred at the level of 1σ by the ratios listed in Eq. 4 is shown in orange. The
combined best fit region is indicated in green. In this region of parameter space we find Br(τ →
eμ̄μ) ∼ 10−10m4

φ/(5 TeV)4, 10−11 � Br(τ → eγ) � 5× 10−11 and |λ12|2 ∼ 0.05/(1 TeV)2, which

can be probed by monophoton searches at future e+e− colliders.
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Charm Physics at LHCb

Sascha Stahl, on behalf of the LHCb collaboration
CERN

Recent measurements with charm decays at the LHCb experiment are presented. The mea-
surements include searches for direct CP violation in the decays D0 → K0

SK
0
S , D+

(s) →
h+π0and D+

(s) → h+η, and searches for time-dependent CP violation in D0 → h+h−decays,

where h+ can be either K+ or π+.

1 Introduction

Charm Physics at LHCb covers a variety of topics ranging from CP violation measurements in
neutral and charged meson decays, searches and studies of rare charm decays, to spectroscopy
of charm mesons and baryons.a The most recent CP violation measurements are discussed here.
Studies of CP violation in charm decays are complementary to the study of strange and beauty
systems due to the up-type nature of the charm quark. However, any CP -violating effects are
highly suppressed in the Standard model due to the structure of the CKM matrix. On the
one hand, this makes measurements of CP violation in charm decays a powerful tool to probe
physics beyond the Standard Model, on the other hand a very high precision is needed to observe
the CP violation predicted by the Standard Model. Charm mesons are copiously produced in
proton-proton collisions at the LHC and the LHCb experiment has collected the world’s largest
sample of charm-hadron decays. Using the full LHC Run 1 and Run 2 data set, LHCb discovered
direct CP violation in charm decays in the difference of CP asymmetries in D0 → K+K− and
D0 → π+π− decays 1,

ΔACP = (−15.4± 2.9)× 10−4 . (1)

The result sparked a discussion whether the signal is consistent with the Standard Model or
if it is a sign of physics beyond the Standard Model 2,3. Additional measurements are crucial
to understand the signal. Three new measurements are presented, first, the time-integrated
measurement of direct CP violation in D0 → K0

SK
0
S
4, second, the time-integrated measurements

D+
(s) → h+π0 and D+

(s) → h+η decays where h+ can be either K+ or π+ 5, and third, the time-
dependent measurement of CP violation in mixing or in the interference of mixing and decay in
D0 → K+K− and D0 → π+π− decays 6.

2 Measurement of CP asymmetry in D0 → K0
SK

0
S decays

A promising decay mode to observe CP violation is the decay D0 → K0
SK

0
S . The only con-

tributing amplitudes proceed via loop-suppressed and tree-level exchange diagrams which are of
similar size and vanish in the flavour-SU(3) limit (mu ≈ md ≈ ms). Hence, the branching ratio

aAll measurements can be found at https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/
Summary_Charm.html .
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Figure 1 – Distributions and fit projections of the Δm observable for (left) LL, (middle) LD and (right) DD
candidates. Fit projections are overlaid.

is small and the interference of these amplitudes could result in a CP asymmetry of up to 1% 7.
The CP asymmetry is defined by

ACP (D0 → K0
SK

0
S) =

Γ(D0 → K0
SK

0
S)− Γ(D

0 → K0
SK

0
S)

Γ(D0 → K0
SK

0
S) + Γ(D

0 → K0
SK

0
S)

, (2)

where Γ is the decay width of the D0 (D
0
) meson. The flavour of the D meson, D0 or D

0
,

is tagged by reconstructing the decay D∗+ → D0π+ where the charge of the tagging pion
determines the flavour.b The K0

S mesons are reconstructed with the π+π− final state.
The LHCb detector is a single-arm forward spectrometer 8. An experimental challenge in

the analysis of D0 → K0
SK

0
S decays is the relatively large lifetime of K0

S mesons. The majority
of K0

S mesons decays after the LHCb Vertex Locator, surrounding the interaction region, and
can only be reconstructed in the tracking stations further downstream along the beam axis.
Only K0

S mesons where the pions are reconstructed in the Vertex Locator, referred to as long
and indicated in the following by an “L” label, can participate in the first software trigger
stage. Decays with K0

S mesons where both pions are reconstructed in the downstream tracking
stations, referred to as downstream and indicated by an “D” label, have thus a significantly
worse trigger efficiency. The analysis is split into samples with two long (LL), one long and one
downstream (LD) and two downstream (DD) K0

S mesons. The samples are further divided into
D0 mesons which are compatible with originating from the primary interaction (PV-compatible)
or are likely originating in B hadron decays (PV-incompatible). The purity of the selection is
enhanced by a multivariate classifier. The yields in each sample are determined by simultaneous
fits to the Δm = m(K0

SK
0
Sπ

+) − m(K0
SK

0
S) distributions and the invariant masses of the K0

S

candidates. Examples of the Δm distributions are shown in Fig. 1. It can be seen that the LL
category has the highest yield and best signal-to-background ratio while the DD category suffers
from the low trigger efficiency.

Instrumental asymmetries arise due to different production rates of D∗+ and D∗− mesons
in proton-proton collisions and due to different reconstruction efficiencies of positively and neg-
atively charged tagging pions and have to be corrected for. The instrumental asymmetries are
determined by exploiting D0 → K+K− decays where the CP asymmetry, ACP (D0 → K+K−),
is known to a good precision. As experimental asymmetries are a function of D∗+ and pion
kinematics, the kinematics of D0 → K+K− candidates are weighted to the kinematics of
D0 → K0

SK
0
S candidates using a multivariate classifier.

bInclusion of the charge-conjugate process is implied throughout this document unless explicitly specified.
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Using a data sample collected from 2015 to 2018, corresponding to an integrated luminosity
of 6 fb−1, ACP (D0 → K0

SK
0
S) is measured to

ACP (D0 → K0
SK

0
S) = (−3.1± 1.2± 0.4± 0.2)% , (3)

where the first uncertainty is statistical, the second is systematic, and the third is from the
uncertainty on ACP (K+K−) 4. This constitutes the world’s best single measurement of this
quantity to date. The result is in agreement with previous measurements and is compatible
with no CP asymmetry at the level of 2.4 standard deviations.

3 Search for CP violation in D+
(s)→ h+π0 and D+

(s)→ h+η decays

The discovery of CP violation in D0 decays motivates the search for CP violation in the decay
of charged D mesons. The charged D meson decays considered in this analysis are D+

(s)→ h+π0

and D+
(s)→ h+η decays, where h+ denotes a π+or K+meson. The CP asymmetries are defined

as

ACP (D+
(s)→ h+h0) ≡

Γ(D+
(s)→ h+h0)− Γ(D−(s)→ h−h0)

Γ(D+
(s)→ h+h0) + Γ(D−(s)→ h−h0)

, (4)

where Γ is the decay width of the D+ and D+
s mesons. Especially, the singly Cabibbo sup-

pressed (SCS) decays D+
s → K+π0, D+ → π+η and D+

s → K+η are of interest as they have
contributions from two different weak phases which allows for CP violation at the tree level. The
CP asymmmtry expected in the Standard Model is of the order 10−4–10−3 9. The SCS decay
D+ → π+π0 is of interest as the CP asymmetry is predicted to vanish due to isospin constraints
and a non-zero measurement would indicate physics beyond the Standard Model 10,11. Another
interesting test of the Standard Model are sum rules which relate the CP asymmetries of charged
and neutral meson decays. One example is the rule

R =
ACP (D

0→ π+π−)

1 +
τD0

B+−

(
B00
τD0

+ 2
3
B+0

τD+

) +
ACP (D

0→ π0π0)

1 +
τD0

B00

(B+−
τD0

+ 2
3
B+0

τD+

) − ACP (D
+→ π+π0)

1 + 3
2
τD+

B+0

(
B00
τD0

+ B+−
τD0

) , (5)

where τD+ and τD0 are the D+ and D0 lifetimes and B+−, B00 and B+0 the branching fractions
of D0→ π+π−, D0→ π0π0 and D+→ π+π0 decays, respectively. In the Standard Model, R is
expected to be zero 10,11.

The experimental challenge of this analysis is the presence of a neutral particles in the final
state. To reject background from the proton-proton interaction with well measured secondary
vertices, π0 and η mesons are reconstructed in the e+e−γ final state. The final state receives
contributions from the suppressed three-body Dalitz plot decays π0 → e+e−γ and η → e+e−γ
and the more common π0 → γγ and η → γγ where one photon converts to an electron-positron
pair in the detector material. The analysis presented here is the first LHCb analysis to use con-
verted photons to reconstruct π0 and η mesons. Asymmetries are determined from simultaneous
maximum-likelihood fits to the invariant mass of D+

(s) and the π0 or η candidates. As an exam-

ple, the distributions for D+
(s) → π+π0 candidates are shown in Fig. 2. Momentum-dependent

instrumental asymmetries due to production and detection asymmetries are calibrated with
D+

(s)→ K0
Sh

+ decays.

The CP asymmetries in D+
(s) → h+π0 and D+

(s) → h+η decays are measured with proton-

proton collision data collected by the LHCb experiment corresponding to 9 fb−1 and 6 fb−1 of
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Figure 2 – Distribution of the (left) m(π+π0) and (right) m(e+e−γ) mass for D+
(s) → π+π0 candidates. Fit

projections are overlaid.

integrated luminosity, respectively. The results are

ACP (D
+→ π+π0) = (−1.3± 0.9± 0.6)%,

ACP (D
+→ K+π0) = (−3.2± 4.7± 2.1)%,

ACP (D
+→ π+η) = (−0.2± 0.8± 0.4)%,

ACP (D
+→ K+η) = (−6 ± 10 ± 4 )%,

ACP (D
+
s → K+π0) = (−0.8± 3.9± 1.2)%,

ACP (D
+
s → π+η) = ( 0.8± 0.7± 0.5)%,

ACP (D
+
s → K+η) = ( 0.9± 3.7± 1.1)%,

where the first uncertainty is statistical and the second systematic 5. All measured asymmetries
are consistent with CP symmetry and the first five constitute the most precise measurements
to date. The isospin spin sum rule defined in Eq. 5 is found to be consistent with zero with a
value of R = (0.1± 2.4)× 10−3.

4 Search for time-dependent CP violation in D0 → K+K− and D0 → π+π−
decays

Complementary to the measurement of direct CP violation in the Cabibbo-suppressed D0 →
K+K−and D0 → π+π−decays is the measurement of time-dependent CP violation in these
decays which has not been observed so far. The CP asymmetry as function of time, t, is defined
as

ACP (f, t) ≡
Γ(D0→ f, t)− Γ(D

0→ f, t)

Γ(D0→ f, t) + Γ(D
0→ f, t)

, (6)

where f = K+K− or π+π− and Γ(D0 → f, t) indicates the decay rate. Time-dependent CP
violation can originate in mixing or in the interference of mixing and decay. In the neutral
charm meson system, mixing is effectively suppressed by the GIM mechanism. Therefore, Eq. 6
can be approximated by

ACP (f, t) ≈ adf +ΔYf
t

τD0

, (7)

where adf is the direct CP asymmetry, τD0 is the D0 lifetime and the slope ΔYf describes
the amount of time-dependent CP violation. It is approximately equal to the negative of the
parameter Af

Γ used in previous measurements 12.
With 58 million reconstructed D0 → K+K− and 18 million D0 → π+π− decays, the mea-

surement can reach an uncertainty of 10−4. At this precision it is crucial to control instrumental

144



0 2 4 6 8 10 12 14 16 18
]c) [GeV/0D(

T
p

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

)c
E

nt
ri

es
 / 

(0
.1

8 
G

eV
/ LHCb

MagUp2016
+π−K→0D

0 2 4 6 8
0Dτ/t

3−

2.5−

2−

1.5−

1−

0.5−

0

0.5

A
sy

m
m

et
ry

 [
%

]

Raw
Weighted

LHCb

+π−K→0D
MagUp2016

Figure 3 – (Left) Normalised distributions of the D0transverse momentum, in different colours for each decay-time
interval. Decay time increases from blue to yellow colour. (Right) Linear fit to the time-dependent asymmetry
(red) before and (black) after the kinematic weighting. All plots correspond to D0 → K−π+ candidates recorded
in 2016 with the polarity of the LHCb dipole magnet pointing upwards.

0 2 4 6 8
0Dτ/t

0.5−

0

0.5

A
sy

m
m

et
ry

 [
%

]

LHCb
)1−(6 fb

−K+K→0D

0 2 4 6 8
0Dτ/t

0.5−

0

0.5

A
sy

m
m

et
ry

 [
%

]

LHCb
)1−(6 fb

−π+π→0D

Figure 4 – Asymmetry as a function of decay time for (left) D0 → K+K− and (right) D0 → π+π−candidates.
The projection of a linear fit is superimposed.

biases. One such bias is induced by the requirements in the trigger which reject background from
the proton-proton collision. These requirements create correlations between the decay-time and
momentum and, as instrumental asymmetries depend on the kinematic distribution, can fake

time-dependent CP violation. The kinematics of D0 and D
0
candidates are equalised to remove

the instrumental biases. The bias and its calibration are studied to a very high precision with
a sample of 519 million D0 → K−π+ decays, see Fig. 3.

The asymmetries observed as a function of time are shown forD0 → K+K− andD0 → π+π−

decays in Fig. 4, together with a linear fit superimposed. The slopes measured with the LHC
Run 2 data set corresponding to 6 fb−1 of integrated luminosity are

ΔY K+K− = (−2.3± 1.5± 0.3)× 10−4,

ΔY π+π− = (−4.0± 2.8± 0.4)× 10−4,

where the first uncertainties are statistical and the second are systematic. Neglecting final-state
dependent contributions to ΔYf and combining with previous measurements from LHCb yields

ΔY = (−1.0± 1.1± 0.3)× 10−4. (8)

The results are consistent with CP symmetry and constitute the most precisement measurement
of this quantity to date 6.
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Under the assumption above ΔY can be approximated by ΔY = −x12 sinφ
M
2 where x12

is a parameter describing mixing and φM
2 a CP violating phase 13. While the measurement of

ΔY significantly improves the bounds on the phase φM
2 ,14 a better knowledge of the mixing

parameter x12 is needed. The mixing parameter x12 can be measured with high precision in
D0 → K0

Sπ
+π− decays15 but the measurement has not been performed with the full LHCb data

set yet.

5 Conclusion

Measurements of direct CP violation in D0 → K0
SK

0
S
4, D+

(s) → h+π0 and D+
(s) → h+η have been

presented 5, together with a measurement of time-dependent CP violation in D0 → K+K− and
D0 → π+π− decays 6. All results are consistent with CP symmetry and, in many cases, are the
most precise measurements to date. More measurements with charm decays are expected with
LHC Run 2 data and the LHCb experiment is preparing an upgrade which enables a five-fold
increase of the instantaneous luminosity in 2022.
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Mixing and CP violation in B decays at LHCb

Donal Hill aon behalf of the LHCb collaboration

École polytechnique fédérale de Lausanne

Studies of CP violation and mixing effects in B hadron decays are a cornerstone of the LHCb
physics programme. In this contribution to the 2021 flavour session of the 55th Rencontres
de Moriond, recent LHCb measurements of the B0

s meson mixing frequency Δms, the CKM
angle γ, and CP violation in charmless B decays are presented.

1 Introduction

In the Standard Model (SM), the weak interaction does not respect the combined symmetry
of charge conjugation (C) and parity (P ), together known as CP . Violation of CP was first
observed in the neutral kaon system in 1964, with similar observations following in the beauty
sector at the B-factories in the early 2000’s, and more recently in the charm sector at LHCb.
This phenomenon is one of the Sakharov conditions for early universe baryogenesis, which when
satisfied together ensure a matter-dominated universe. However, the degree of CP violation
measured experimentally to date falls well short of the amount required to explain the matter
density of the universe. Thus, searches for sources of CP violation beyond the SM are well
motivated, as well as precision measurements of the CP violation present in the SM itself.

In the SM, CP violation is parameterised by the 3× 3 unitary Cabibbo-Kobayashi-Maskawa
(CKM) matrix, which connects up- and down-type quarks via the weak interaction. The matrix
elements quantify the transition amplitudes for quarks to change flavour; for instance, |Vcb|2
represents the probability of the b → c transition. The elements of the CKM matrix are complex
numbers, each of which must be determined by experiment. It is possible to parameterise the
CKM matrix via three mixing angles and a single complex phase, where this phase is responsible
for all quark-sector CP violation in the SM. In order to quantify SM CP violation, it is thus
imperative to measure the CKM matrix elements with high precision.

Experimentally, CP violation in B decays manifests in one of three ways: via mixing, where
the probability of B0

(s) → B̄0
(s) mixing is not equal to the probability of B̄0

(s) → B0
(s); in the decay,

where the probability of the process B → f is not equivalent to the probability of B̄ → f̄ ; and
in the interference between mixing and decay processes, where the processes B0

(s) → B̄0
(s) → f

and B̄0
(s) → B0

(s) → f̄ are not equally probable. To study CP violation in neutral B meson
decays, it is thus imperative to determine the mixing effects in tandem with the decay effects.
However, for decays of charged B hadrons such as the B± meson, only CP violation in the decay
is possible.

adonal.hill@cern.ch

147



2 B meson mixing

Mixing in B0
(s) mesons arises due to the fact that the mass eigenstates, referred to as heavy and

light, are quantum superpositions of the flavour eigenstates, B0
(s) and B̄0

(s). The mixing process

can be described by the 2× 2 effective Hamiltonian Hij = Mij − iΓij/2, where M and Γ are the
mass and decay matrices, respectively. Solving the Schrödinger equation yields three physical
observables, namely the mass difference between the mass eigenstates Δm(s), their decay width
difference ΔΓ(s), and a CP -violating weak mixing phase φ(s). The observable Δm(s) dictates
the frequency of oscillation, and must be known precisely in order to study CP violation arising
from mixing.

Figure 1 – Distribution of decay time for B0
s → D−s π+

candidates in LHCb data, with fits to each meson
flavour overlaid. The rate of flavour content oscil-
lation over time is determined by Δms. Without
flavour tagging at production (grey distribution), the
oscillations are not resolved.

The measurement of the mixing frequency
is an experimental challenge, since mixing oc-
curs at a very high rate; B0 mesons mix around
two million times per second, while B0

s meson
mixing occurs 35 times faster still. In practice
this requires high-precision lifetime resolution,
which is achieved at LHCb via a combination
of excellent track momentum resolution and de-
cay vertex resolution 1. The lifetime resolution
achieved at LHCb is around 15% of a B0

s oscilla-
tion period, which when combined with flavour
tagging at production enables the time evolution
of the B0

s flavour content to be studied precisely
for particular decay modes, as shown in Fig. 1.
By selecting decay modes where no CP viola-
tion is expected, such as the Cabibbo-favoured
B0

s → D−s π+ decay, it is possible to measure
Δms with high precision. A recent LHCb mea-
surement of B0

s → D−s π+ decays using using 6
fb−1 of data collected during Run 2 of the LHC measures Δms = 17.7683± 0.0051± 0.0032 2,
where the first uncertainty is statistical and the second is systematic. This is the most precise
single measurement of Δms to date, and can be combined with other LHCb measurements to
give Δms = 17.7656± 0.0057. This observable is a key input to global fits for the CKM ma-
trix parameters, and also in measurements of CP violation in decays such as B0

s → D−s K+ 3

and B0
s → D−s K+π+π− 4. The B0

s → D−s K+π+π− decay is discussed in Sec. 4 as a means of
measuring the CKM angle γ.

3 CP violation in neutral B decays

CP violation in decays involving mixing is governed by a parameter λf = q
p
Ā(B̄0→f)
A(B0→f)

, where q and

p are the complex coefficients of the two flavour eigenstates contributing to the mass eigenstates,
and A and Ā are the ampltidues for B0 and B̄0 decays to the same final state f . CP violation
manifests as a time-dependent CP asymmetry

Af (t) =
Γ(B0

(s) → f)− Γ(B̄0
(s) → f)

Γ(B0
(s) → f) + Γ(B̄0

(s) → f)
=

Cf cos (Δmt)− Sf sin (Δmt)

cosh (ΔΓt/2) +AΔΓ
f sinh (ΔΓt/2)

, (1)

where the terms Cf , Sf , and AΔΓ
f each depend on λ. The Cf and Sf observables quantify

the degree of CP violation in the decay and in the interference between mixing and decay,
respectively, while AΔΓ

f arises since one has an admixture of heavy and light mass eigenstates

decaying to the same final state f . The decay width difference ΔΓ is negligible for B0 mesons,
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and thus the AΔΓ
f term is conventionally ignored in B0 measurements. In B0

s decays, however,

the non-zero value of ΔΓ leads to measurable AΔΓ
f terms.

Charmless two-body decays of B0 and B0
s mesons provide a powerful laboratory for study-

ing time-dependent CP violation. Such decays involve a CKM-suppressed b → u tree-level
amplitude, but also an electroweak penguin amplitude. With two possible decay amplitudes, in-
terference between the processes is expected, leading to CP violation in the decay (also known as
direct CP violation). Such CP violation is visible via a non-zero Cf term in the time-dependent
CP asymmetry. Two classes of charmless decay can be studied: CP eigenstate modes such as
B0 → π+π− and B0

s → K+K−, where a time-dependent asymmetry is measured; or flavour-
specific modes such as B0 → K+π− and B0

s → K−π+, in which time-integrated asymmetries
are measured. The CP eigenstate modes provide several important CP observables, and can
be used to measure each of the CKM Unitarity Triangle (UT) angles depending on how they
are interpreted. In addition, the B0 → K+π− mode provides important input to the so-called
Kπ-puzzle, which is considered in Sec. 5. In general, deviations in the charmless asymmetries
from SM predictions may reveal the presence of phenomena beyond the SM.

Previously, LHCb has measured CP asymmetries for B0 and B0
s mesons decaying to CP

eigenstate and flavour-specific modes 5. Updated measurements have now been performed using
2 fb−1 of data collected in 2015 and 2016, where all CP observables are measured with world-
best precision 6. The time-dependent CP asymmetries in B0 → π+π− and B0

s → K+K− decays
are shown in Fig. 2; taken together, the non-zero CK+K− , SK+K− and AΔΓ

K+K− results derived
from Fig. 2 constitute the first observation of time-dependent CP violation in the B0

s system.

Figure 2 – Time-dependent CP asymmetry measured in (top) B0 → π+π− and (bottom) B0
s → K+K− decays

at LHCb. The two classes of flavour-tagging algorithm used are shown on the left and right.

4 The CKM angle γ

All CP violation in the SM originates from a single complex phase in the CKM matrix, which is
encapsulated by the CKM Unitarity Triangle angle γ ≡ arg [−V ∗ubVud/V

∗
cbVcd]. This angle can be

measured by studying decays that involve the interference between b → c and b → u amplitudes,
due to the presence of Vub and Vcb in its definition. Because γ does not involve any top-quark
couplings, it can be measured using pure tree-level decays, and is thus considered a pure SM
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parameter to very high precision 7. By comparing measurements of γ with the expectation from
global CKM fits that involve loop-level information8, strong constraints on possible sources of CP
violation beyond the SM can be derived. To improve the statistical power of such comparisons,
the experimental uncertainty on γ must be reduced as much as possible; this is a key objective
of the current and upgrade LHCb physics programmes.

4.1 Measuring γ via time-dependent CP violation

LHCb has previously measured γ−2βs via a time-dependent CP asymmetry analysis ofB0
s → D−s K+

decays 3, where βs is the weak B0
s mixing phase which can be determined via independent anal-

yses of modes such as B0
s → J/ψφ 9,10. In the B0

s → D−s K+ mode, γ is accessible via the
interference between Cabibbo-favoured b → c and Cabibbo-suppressed b → u amplitudes. Due
to B0

s mixing, however, a time-dependent analysis is required to determine the quantities C, S,
and AΔΓ, all of which depend on γ and the hadronic parameters rB (amplitude ratio) and δB
(strong phase difference). In general, rB and δB are unique to individual decay modes, whereas
γ is common across all modes.

In a similar vein, the B0
s → D−s K+π+π− decay has recently been studied at LHCb to deter-

mine γ and the hadronic parameters 4. This analysis is more involved than B0
s → D−s K+ due

to the multi-body nature of the B0
s decay, which results in variation of the hadronic parameters

across the decay phase space. This is handled using two distinct methods in the measurement:
via a time-dependent amplitude fit, or integrated over the phase space with a coherence factor κ
assigned.

Figure 3 – Time-dependent CP asymmetry measured
in B0

s → D−s K+π+π− decays in LHCb data, with fits
overlaid.

In this measurement, the flavour-specific B0
s →

D−s π+π+π− decay is used to calibrate the flavour
tagging and decay-time acceptance, as well as to
measure the mixing frequency Δms. The value
of Δms is highly consistent with the result from
B0

s → D−s π+ mentioned previously.

The time-dependent asymmetry observed in
B0

s → D−s K+π+π− decays in 9 fb−1 of LHCb
data collected during Run 1 and 2 is shown in
Fig. 3. Fits to the asymmetry are performed to
measure the γ-dependent CP observables, from
which the result γ − 2βs = (42± 10± 4± 5)◦ is
obtained in the model-dependent analysis. Here,
the first uncertainty is statistical, the second is
systematic, and the third is due to the amplitude
model; the model-independent approach is found
to yield highly consistent results.

4.2 Measuring γ via direct CP violation

Another important family of decays used to measure γ are the B± → D(∗)h± modes, where
h ∈ {π±,K±} and D represents a D0 or a D̄0 meson decaying to the same final state; D∗

mesons decaying to Dγ and Dπ0 are also used. As in B0
s → D−s K+(π+π−), there are two

interfering diagrams which proceed via b → c and b → u transitions. These amplitudes are
related by an amplitude ratio rB and a phase difference δB ± γ, where δB is the strong-phase
difference and γ is the CKM angle γ. The sign of γ is different for B+ and B− decays, which
gives rise to observable charge asymmetries. By measuring the rates of B+ and B− decays
across a range of different D modes, direct information on γ can be obtained via a combination
of measurement results.
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One powerful class of D-decay modes are the two-body decays, which include the CP eigen-
state modes D → K+K− and D → π+π− (commonly referred to as GLW 11) and the sup-
pressed D → K∓π± mode (often referred to as ADS 12). In the GLW case, no additional
hadronic parameters enter the decay rate formulae, but in the ADS case the additional D decay
hadronic parameters rD and δD contribute. Because rD and rB are similar in magnitude in
ADS B± → D(∗)K± decays, large interference effects are present which lead to considerable
charge asymmetries. A recent 9 fb−1 LHCb analysis of CP observables in B → D(∗)h± decays
measured a CP asymmetry of AπK

K = −0.451 ± 0.026 in ADS B± → DK± decays, where the
fit used to measure the asymmetry is shown in Fig. 4 13. In a statistical combination using the
other CP observables from this analysis, as well as important input from decay modes such as
D → K0

sh
+h− 14, LHCb measures γ = (67 ± 4)◦, which is the most precise determination of γ

by a single experiment to date 15. This result is in agreement with the value of γ determined
in global CKM fits including loop-level contributions, γ = (65.7+0.9

−2.7)
◦. In future, analyses with

larger datasets and additional decay modes will help to reduce the LHCb precision on γ to the
single-degree level and below.

Figure 4 – Invariant-mass distribution of ADS B± → DK± candidates in LHCb data, with the fit result overlaid.
In the left (right) plot, B− (B+) candidates are shown. Candidate B± → DK± decays appear as a red peak at the
known B+ mass, and exhibit a large asymmetry. Partially reconstructed decays such as B± → (D∗ → Dπ0)K±

(blue shaded region) are visible at low invariant mass; these decays also provide valuable information on γ.

5 The Kπ-puzzle

The “Kπ-puzzle” is the name given to an intriguing tension between the CP asymmetry observed
inB0 → K+π− decays (see Sec. 3) andB+ → K+π0 decays. Isospin relations and sum rules state
that these CP asymmetries should be equal16, but the measured asymmetries are found to differ
at the level of 5.5 standard deviations. This tension has received much theoretical attention,
ranging from possible enhancement of the colour-suppressed tree amplitudes to contributions
from particles beyond the SM in the penguin amplitudes.

Experimentally, LHCb has recently contributed a new measurement to the Kπ-puzzle land-
scape with a determination of the CP asymmetry in B+ → K+π0 decays using 5.4 fb−1

of Run 2 data 17. The measurement is challenging due to the lack of any reconstructed B
decay vertex, but using a selection relying on the closest approach between the B momen-
tum vector and the kaon, and requiring the π0 to point to primary vertex, a mass peak
is reconstructed as shown in Fig. 5. Splitting by B meson charge, and correcting for var-
ious sources of experimental detection asymmetries, a fit to the B invariant mass measures
ACP (B

+ → K+π0) = +0.024± 0.015± 0.006± 0.003, where the first uncertainty is statistical,
the second is systematic, and the third is due to the use of external inputs. This result is in
agreement with previous B-factory measurements, and is more precise than the current world
average. Given this result, the CP asymmetries of B0 → K+π− and B+ → K+π0 decays
now differ at the level of 8.0 standard deviations. For the time being, the Kπ-puzzle remains
puzzling!
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Figure 5 – Invariant-mass distribution
of B± → K±π0 candidates in LHCb
data, with the fit result overlaid. In the
left (right) plot, B+ (B−) candidates
are shown.

6 Summary

LHCb continues to produce world-leading results on CP violation in mixing in B decays, owing
to the increased statistics collected during Run 2 of LHC operation. A world-best measurement
of the B0

s mixing frequency Δms has been determined using a combination of flavour-specific
modes such as B0

s → D−s π+ and B0
s → D−s π+π+π−. Improved CP violation measurements

in neutral modes such as B0 → π+π− and B0
s → K+K− have been made, including the first

observation of time-dependent CP violation in the B0
s system. Measurements of CP observables

in both neutral and charged B decays, such as B0
s → D−s K+π+π− and B± → D(∗)K±, provide

important constrains on the CKM angle γ. Important input to the Kπ-puzzle has also been
provided through the measurement of time-integrated CP asymmetries in B0 → K+π− and
B+ → K+π0 decays.
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Recent measurements in the bottom, charm, and τ sectors at Belle II

N.K.Rad a

Deutsches ElektronenSynchrotron,
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navid.khandan.rad@desy.de

The first electron-positron collisions at SuperKEKB took place in early 2019, and the inte-
grated luminosity of the data collected by the Belle II detector has exceeded 100 fb

−1
since

then. Although the size of the collected samples is still insufficient for most measurements
to compete with Belle and Babar results, improvements in the detector and analysis tech-
niques enable competing systematic uncertainties in many measurements. This document
briefly summarizes some of the recent preliminary measurements in the bottom, charm, and
τ sectors at the Belle II experiment.

1 Introduction

SuperKEKB is an energy asymmetric electron-positron (e
+
e
−
) collider, located in Tsukuba,

Japan, which is operating at a center-of-mass energy of 10.58GeV, near the mass of the Υ (4S)
resonance. The peak instantaneous luminosity is expected to reach 30 times that of its prede-
cessor KEKB, which will allow the Belle II detector to collect up to 50 ab

−1
of collision data in

its lifetime
1 2

. This large data set will make it possible for billions of b, c, and τ pairs to be
reconstructed and studied at the Belle II experiment.

2 Results towards inclusive and exclusive measurements of |Vcb|

Precision measurements of CabibboKobayashiMaskawa (CKM) matrix parameters are one of
the main goals of the Belle II experiment. Studying the semileptonic decays of B mesons has
been the leading method of determining the CKM matrix-element magnitude |Vcb|. There has
been, however, a long-standing tension between the inclusive and exclusive measurements of
these decay modes

3
. The upcoming measurements at Belle II are expected to improve the preci-

sion in both inclusive and exclusive measurements. An exclusive measurement of the branching
fraction of B

0 → D
∗−

�
+
ν decay mode has already been performed using data corresponding to

34.6 fb
−1

. However, currently, this measurement is limited by the uncertainties arising from the
reconstruction efficiencies of the low-momentum pions from the D

∗
decay

4
. These uncertain-

ties are expected to decrease as larger control samples for studying low-momentum pions are
collected. Using, the same data set, the hadronic mass moments have also been measured in
the B → Xc�ν channel, where Xc represents a system of final-state hadrons containing a charm
meson

5
.

a
On behalf of the Belle II Collaboration.
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3 Measurement of the time-integrated mixing probability χd

The goal of this analysis is to measure the time-integrated mixing probability χd, which in
addition to being an instrumental benchmark for the performance of the detector, can also be
used to set constraints on the mixing parameters of the neutral B mesons. Both reconstructed
B mesons in the event are required to decay semi-leptonically and the flavor of each is then
inferred from the charge of its daughter lepton

6
. By using the number of same-sign (NSS) and

opposite-sign (NOS) BB decays, the χd parameter can be calculated as

χd =
NSS

NSS +NOS · (εOS/εSS)
−1 · (1 + rB), (1)

where rB is a correction factor taking into account the contribution for the semi-leptonic decays
of charged B mesons and εOS (εSS) is the selection efficiency for the opposite-sign (same-sign)
mode and is measured based on simulated signal samples. Only the electron channel is used,
where the electrons are required to have a momentum of at least 1GeV/c in the center-of-mass
frame and must also pass a stringent electron identification likelihood criterion. The signal yields
in each channel are extracted by fitting the sum of magnitudes of the electron momenta (pee)
to data. Using the fit results shown in Fig. 1, the value for χd is measured as

χd = 0.187± 0.010 (stat)± 0.019 (syst), (2)

where the dominant source of systematic uncertainty is due to corrections applied to the electron
identification efficiency. The measured value of χd is compatible with the world-average value and
has a competitive precision compared to the world average of time-independent measurements

7
.

Figure 1 – Distributions of pee for the opposite-sign (left) and same-sign (right) channels with fit results overlaid.
The lower plots show the pull between the data and the fit results, including the statistical uncertainty in data
and the total uncertainty in the simulation.

4 First Belle II reconstruction of the B → η
′
K decay

The decay of the B meson into η
′
K is a charmless hadronic decay, mediated by hadronic penguin

amplitudes that are also sensitive to the contributions of possible non-standard-model physics
in the loop. Although this is a rare decay mode, the branching fraction is large enough to
make decay-time-dependent measurements of CP violation parameters possible. The first re-
construction of this decay mode at Belle II marks an important step towards improving these
measurements

8
.
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Both neutral and charged B mesons are used for reconstructing the signal, and for the decay
modes of η

′
, η
′ → η(→ γγ)π

+
π
−

and η
′ → ρ(→ π

+
π
−
)γ are considered. The backgrounds are

mostly due to continuum events (e
−
e
+ → qq , where q = u, d , s , c), followed by misreconstructed

signal events, referred to as self cross feed, and the peaking background from BB decays. In order
to suppress the continuum backgrounds, a dedicated multivariate classifier, CSvar, is trained
on event shape variables such as Fox-Wolfram moments and CLEO cones

9
. The classifier

performance is validated by comparing data collected at energies 60MeV lower than the Υ (4S)
resonance with simulation and assigning the differences as a systematic uncertainty.

In order to extract the signal yields, an extended unbinned three-dimensional maximum
likelihood fit is used. The components included in the the fit are the signal, the continuum
and peaking backgrounds. The contribution due to self cross feed is considered together with

the signal component. The three observables used in the fit are Mbc =

√
E
∗2
beam − p

∗2
B , ΔE =

E
∗
B − Ebeam , and the continuum suppression variable (CSvar), where p

∗
B, and E

∗
B are the

momentum and the energy of the B candidate in the center-of-mass frame, respectively, and
Ebeam =

√
s/2. The functional form used for modeling each contribution in each observable

is determined from simulated samples. Figure 2 shows the result of the fit in each of the
observables. The results are shown and compared with known values in Table 1.
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Figure 2 – Experimental distributions of Mbc, ΔE, and CSvar, with the overlaid fit results for the channel
B
± → η

′
K
±

with η
′ → ηπ

+
π
−

after requiring the signal to background likelihood ratio (LR) to be greater than
0.7.

5 D
0
lifetime measurement

For a preliminary measurement of the D
0
lifetime using a data set corresponding to 9.6 fb

−1
,

D
∗+ → D

0
π
+
s candidates are used, in which theD

0
decays toK

−
π
+
,K

−
π
+
π
0
, orK

−
π
+
π
+
π
−10

.
Here, π

+
s refers to the D

∗
-pion, which has a low momentum due to the small mass difference

between D
∗+

and D
0
. In order to reduce biases due to the non-zero lifetime of the B meson,
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Table 1: Summary of the results on the branching ratios of B → η
′
K obtained by Belle II and comparison with

world averages.

B (×10
6
)

Channel Belle II (62.8 fb
−1

) World average
7

B
± → η

′
K 63.4

+3.4
−3.3(stat)± 3.4(syst) 70.4± 2.5

B
0 → η

′
K

0
59.9

+5.8
−5.5(stat)± 2.7(syst) 66± 4
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Figure 3 – Left: Fit to the proper-time distribution of the D
∗
-tagged candidates in the D

0 → K
−
π
+
π
−
π
+

channel. Right: Comparison of the D
0
lifetime measurements at Belle II to the world average values. The Belle II

measurements includes only statistical uncertainties.

D
∗+

candidates from a B meson are suppressed by requiring their momentum in the center-
of-mass frame to be larger than 2.5GeV/c. The D

0
decay time and decay-time uncertainty are

determined from fits to the production and decay vertices. The decay vertex is fitted using
the K and π candidates, and the measured position of the beam interaction point is used as an
additional constraint for the production vertex. As seen in Fig. 3, the measurements in the three
channels are compatible with each other and with the world-average value within the statistical
uncertainties.

6 Yield extraction of D
∗+ → D

0
(π

+
π
−
π
0
)π

+

The large charm sample expected to be collected at Belle II in the coming years, will allow for
in depth investigations into CP violation (CPV) in the charm sector. In particular, the decay-

time-integrated Dalitz analysis of D
0 → π

+
π
−
π
0
mode could be used to search for CPV in the

decay of D
0
. As a step towards such a measurement, the current data set is used to demonstrate

the ability of the experiment to extract the yield for the signal candidates. The signal yield is
extracted using the distribution of ΔM = m(D

∗
)−m(D

0
). Figure 4 shows the result of the fit

on data corresponding to an integrated luminosity of 72 fb
−1

. The signal yield is measured to
be 305± 15 per fb

−1
of collected data. The uncertainty includes the statistical uncertainty and

the uncertainty in the correction factor for the peaking backgrounds, which is measured using
simulated samples.

156



Figure 4 – Distribution of ΔM in the D
∗+ → D

0
(π

+
π
−
π
0
)π

+
s decay channel. The black dots represent the data

and the blue, dotted red and dotted blue lines represent the total fit, the signal and background components of
the fit respectively.

7 τ lepton mass measurement

Precise measurement of the properties of the τ lepton, in particular its mass and lifetime, are
essential ingredients for tests of Standard Model lepton universality

12
. Currently, the relative

precision of these measurements for the τ lepton are nearly three orders of magnitude worse
than those for muon and electron. For the measurement of the mass of the τ lepton, the
tau-pair production events are selected by reconstructing events compatible with a three-prong
(τ

+ → π
+
π
−
π
+
ν̄τ ) and a one-prong (τ

− → �
−
ν̄�ντ , τ

− → h
−
ντ , or τ

− → π
−
π
0
ντ ) decay of the

tau pair
13
. To measure the tau mass, the pseudomass variable, Mmin , is defined in the following

way in order to have a kinematical edge at the τ mass:

Mmin =

√
M

2
3π + 2(Ebeam − E3π)(E3π − P3π) ≤ mτ , (3)

where M3π, E3π, and P3π, are the mass, energy and momentum of the 3π system in the center-
of-mass frame. An empirical fit function is used to extract the mass from the the kinematical
end-point in the Mmin distribution. The bias in the fit procedure is estimated by using simulated
samples with shifted values for the generated τ mass. Using a data sample corresponding to
8.8 fb

−1
, the τ mass is measured as

mτ = 1777.28± 0.75 (stat)± 0.33 (syst)MeV/c
2
. (4)

Currently the leading source of systematic uncertainty is due the momentum scale factor used
to compensate for the imperfections of the magnetic-field map which was implemented during
the data processing. However, the right plot in Figure 5 shows that the overall systematical
uncertainties of this measurement are already comparable to those at Belle.

8 Summary

Thanks to the hard work of the colleagues stationed in Tsukuba, Belle II and SuperKEKB have
been operating persistently even through the difficult times caused by the current pandemic.
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Figure 5 – Left: Fit results on the Mmin distribution in data and the extracted value for mτwith the corresponding
statistical uncertainty after the fit bias correction. Right: Comparison of the various mτmeasurements, where the
hashed red band shows the world average and the green and blue bars represent the systematical and statistical
uncertainties respectively.

Even though the size of the data collected to date is still a fraction of those at Belle and BaBar,
many Belle II analyses already have competitive systematic precisions and moreover many of
the currently limiting systematic sources of uncertainties are expected to be reduced as larger
control samples are collected, which will improve our overall understanding of the detector.
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Vud radiative corrections with lattice input

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

Universität Bonn, 53115 Bonn, Germany

We will describe several pioneering efforts in the study of electromagnetic radiative corrections
to semileptonic decay processes, with particular emphasis on the role of lattice QCD. These
studies are essential for the precise extraction of the matrix element Vud from beta decays of
pion, free neutron and JP = 0+ nuclei, and are crucial to address several recently-emerged
anomalies involving Vud and Vus, which may provide hints for physics beyond the Standard
Model.

1 Anomalies in the top-row CKM matrix elements

Several interesting anomalies that concern the top-row elements in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix 1,2 have recently emerged. First of all, since late 2018 one observes a
3σ deviation from the unitarity relation required by the Standard Model (SM) 3:

|Vud|2 + |Vus|2 + |Vub|2 = 0.9985(3)Vud
(4)Vus , (1)

which is now frequently referred to in the literature as the Cabibbo angle anomaly (CAA). In
the meantime, with the latest lattice calculation of the Kπ form factor 4, a previously-known
anomaly in Vus is further intensified:

|Vus|K�3
= 0.2233(6) , |Vus|Kμ2 = 0.2252(5) , (2)

where a 2.5σ disagreement is observed between the values of |Vus| extracted from the leptonic de-
cay (Kμ2) and semileptonic decay (K�3) of the kaon. Although not yet conclusive, the anomalies
above provide interesting hints for the existence of physics beyond the Standard Model (BSM).

An interesting feature of the aforementioned anomalies is that, their dominant sources of
uncertainty come from the SM theory inputs rather than experiments. From an optimistic point
of view, this implies that there is a high chance to discover BSM physics from these observables if
one is able to significantly reduce all the major theory uncertainties. This is, however, extremely
challenging because most of them are governed by Quantum Chromodynamics (QCD) in its non-
perturbative regime, where analytic solutions do not exist. In this talk we will discuss several
recent breakthroughs in the understanding of a particular class of SM corrections, namely the
electroweak radiative corrections (RCs) that enter the beta decays of hadrons and nuclei and
are crucial for the precise extraction of the top-row CKM matrix elements, especially Vud.
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2 Single-nucleon radiative correction

Having the largest magnitude, Vud plays the most important role in the top-row CKM unitarity.
It is extracted (by far) most precisely from 0+ → 0+ superallowed nuclear beta decays through
the following master formula:

|Vud|2 =
2984.43 s

Ft(1 + ΔV
R)

, (3)

where Ft is the ft-value corrected by nuclear-structure effects, while ΔV
R denotes the single-

nucleon RC. The latter has long been the dominant source of theory uncertainty, which originates
from the single-nucleon axial γW -box diagram (see Fig.1, with Hi = n and Hf = p). These
diagrams probe the hadron physics at all scales, in particular at the scale q ∼ 1 GeV where
effects of non-perturbative QCD dominates. A dispersion relation (DR) analysis of ΔV

R in 2018:
ΔV

R = 0.02467(22) (which gives |Vud| = 0.97366(15)) 5,6 exhibits a significant shift of the central
value from to the previous best determination in 2006: ΔV

R = 0.02361(38) 7, which was later
confirmed by several independent studies8,9,10,11. This shift is the main reason for the emergence
of the CAA in the recent years, and therefore must be scrutinized with great care.

Figure 1 – The γW -box diagrams, where Hi and Hf are a pair of hadrons.

In a nutshell, the DR representation expresses the γW -box diagram amplitude of a hadron H
as an integral of the function MH(Q2), which is the first Nachtmann moment of the parity-odd,

spin-independent structure function F
(0)
3 that involves the axial charged weak current and the

isoscalar electromagnetic current:

�V A
γW

∣∣
H

=
3αe

2π

∫
dQ2

Q2

m2
W

m2
W +Q2

MH(Q2) . (4)

The function MH(Q2) receives contributions from all on-shell hadronic states, some of which
can be easily accounted for (such as the Born contribution), but most of them are not. In
the case of nucleon (i.e. H = N), it turns out the most non-trivial contribution from multi-
hadron intermediate states can be related to observables measured in inclusive neutrino-nucleus
scattering processes through isospin symmetry 5,6, which provides the foundation for a data-

driven analysis of �V A
γW

∣∣∣
N
. The limitation, however, comes from the low precision of the neutrino

scattering data at Q2 ∼ 1 GeV2 which cannot efficiently constrain the physics it the non-
perturbative regime 12. Better-quality data may come from the Deep Underground Neutrino
Experiment (DUNE) 13, which is however not in reach in the near future. Therefore, first-
principles calculations of MH(Q2) with lattice QCD becomes an unavoidable task for further
progress in this topic.

3 First lattice QCD calculation

The first realistic lattice QCD calculation of hadronic γW -box diagrams was performed by Xu
Feng, Lu-Chang Jin and their group in early 2020 14. They studied the simpler γW -boxes of
the charged pion as a prototype of the more complicated nucleon box diagrams that will be
investigated in the future. Nevertheless, it is by itself interesting as Vud can also be measured
in the semileptonic pion decay (πe3) through the formula 15:

Γπe3 =
G2

F |Vud|2m5
π|fπ

+(0)|2
64π3

(1 + δ)Iπ , (5)
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although its precision is severely limited by the large experimental uncertainties due to the
small branching ratio. Among all the theory inputs to the equation above, the pion form factor
fπ
+(0) and the kinematic factor Iπ are known to satisfactory precision, while the quantity δ
which represents the electroweak RC was calculated with Chiral Perturbation Theory (ChPT)16:
δ = 0.0334(10)LEC(3)HO. The main theory uncertainty comes from the poorly-constrained low
energy constants (LECs) in ChPT, which practically originates from the γW -box diagrams; a
sub-dominant uncertainty comes from higher-order (HO) electroweak corrections.

To pin down the pion box diagrams, we need to know the function Mπ(Q
2) at all values of

Q2. At large Q2 (> 2 GeV2) perturbative QCD works well, so we can adopt a leading-twist
approximation with pQCD corrections:

Mπ(Q
2) =

1

12

[
1−

∞∑
i=1

cn

(αS

π

)n]
(6)

where the coefficients cn are known up to n = 4, which fully satisfy our precision requirement 17.
On the other hand, at low Q2, Mπ(Q

2) is obtained as a Euclidean spacetime integral:

Mπ(Q
2) = − 1

6
√
2

√
Q2

mπ

∫
d4xω(Q, x)εμνα0xαHV A

μν (x) , (7)

where ω(Q, x) is a known function, and

HV A
μν (x) =

〈
π0(P )

∣∣T [Jem
μ (x)JW,A

ν (0)]
∣∣π−(P )

〉
(8)

is a four-point correlation function consists of quark contraction diagrams in Fig.2 which were
calculated directly on lattice. The calculation was done with five lattice QCD gauge ensembles
(DSDR and Iwasaki gauge actions) at the physical pion mass generated by RBC and UKQCD
Collaborations using 2+1 flavor domain wall fermions 18.

Figure 2 – Quark contraction diagrams that correspond to HV A
μν (x). Figures are taken from Ref. 14.

The main results are displayed in Fig.3. The left panel shows how fast the spacetime integral
in Eq.(7) is saturated with the increase of the integration range R, and the right panel shows the
lattice calculation of Mπ(Q

2) before and after the continuum extrapolation; the colored bands

are lattice calculations while the lines are pQCD predictions. The full �V A
γW

∣∣∣
π
is obtained by

combining the pQCD result at Q2 > 2 GeV2 and the lattice result at Q2 < 2 GeV2. Effects of
the main systematic uncertainties, such as the lattice discretization effect, the pQCD uncertainty

and the higher-twist effects, are also properly taken into account. The final result reads �V A
γW

∣∣∣
π
=

2.830(11)stat(26)syst × 10−3, where an overall 1% precision is achieved.
The calculation above produces significant impacts to various aspects in beta decays. First,

on the pion semileptonic decay, it reduces the theory uncertainty in the πe3 RC by a factor of 3:
δ = 0.0332(1)γW (3)HO, and the updated value of |Vud| extracted from πe3 now reads |Vud|πe3 =
0.9740(28)exp(1)th. Despite still being plagued with large experimental uncertainties, this result
is theoretically very clean. In fact, it now provides a major motivation for experimentalists to
measure the πe3 branching ratio with an order-of-magnitude increase in precision19, which could
eventually turn πe3 into an avenue competitive to superallowed nuclear decays in the extraction
of Vud.
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Figure 3 – Main results of the first-principles calculation of Mπ(Q
2). Figures are taken from Ref. 14.

Next, it turns out that the lattice calculation of the pion box diagrams also provide useful
information to the single-nucleon box diagrams. The reason is that the multi-hadron contribu-
tions at low Q2, which can be economically described by t-channel Regge exchanges (see Fig.4),
is very similar between these two channels. One could then obtain one from the other upon
replacing the coupling strength between the Regge trajectory and the target hadron. This pro-
vides an independent assessment of the single-nucleon RC: ΔV

R = 0.02477(24) 9 which shows
consistency with the DR result, but is based on a much more rigorous error analysis.

Figure 4 – Multi-hadron contribution to Mπ(Q
2) (left) and MN (Q2) (right) at low Q2 described by a Regge-

exchange picture. Figures are taken from Ref. 9.

Finally, a very similar lattice calculation of the Kπ box diagram in the flavor SU(3) limit
was recently performed 20, which fixed some of the very important LECs in ChPT that enter the
K → π semileptonic decay (K�3) which is one of the main channels to extract |Vus|. Combining
this with a recently-proposed new treatment of the loop and bremsstrahlung corrections 21,22,
the theory uncertainty in the long-range electromagnetic RC to the K → πe+ν decay (Ke3) is
reduced by an order of magnitude 23,24 comparing to the previous state-of-the-art determination
using ChPT 25. This is physically significant in relation to a recently-proposed quantity RV =
ΓKe3/Γπe3 that provides a new avenue to extract the ratio Vus/Vud. With the reduction of the
RC uncertainties in both Ke3 and πe3, the quantity RV is theoretically very clean. Therefore,
upon the future improvement of the πe3 branching ratio measurement, RV will provide the most
precise determination of Vus/Vud which will shed new lights on the Vus anomaly. Notice that
there are also proposals to calculate the full K�3 RC, including one-loop and bremsstrahlung
contributions, directly on lattice 26. These calculations, however, are more challenging and may
take up to ten years to achieve a permille level precision comparable to the ChPT treatment.

4 Future prospects

An obvious future step is to calculate the nucleon γW -box diagrams following exactly the same
way as one does pion. There are several extra complications that make this task much more
challenging: (1) The quark contraction becomes more complicated, (2) Much noisier data due
to the exponentially-suppressed signal-to-noise ratio at large Euclidean time, and (3) The full
control of systematic effects (e.g. excited-state contaminations) becomes more challenging.
Nevertheless, there are already several groups, such as the Precision Neutron Decay Matrix
Elements (PNDME) and Nucleon Matrix Elements (NME) Collaborations at Los Alamos, that
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have started initial investigations along this direction 27, so one may optimistically expect the
first result to be available within the next one or two years.

There is also an alternative proposal to approach the problem based on the application of
the Feynman-Hellmann theorem on lattice 28, which has been successful previously in the study
of P-even structure functions 29 but is not yet applied to beta decays. The underlying principle
is rather straightforward: Upon introducing a periodic source term into the Hamiltonian,

Hsrc(t) = 2λ1

∫
d3x cos(�q · �x)J2

em(�x, t)− 2λ2

∫
d3x sin(�q · �x)J3

A(�x, t) , (9)

the second-order perturbation to the nucleon energy is related to a convolution of the P-odd
structure function F3(x,Q

2):(
∂2Eλ(�p)

∂λ1∂λ2

)
λ=0

=
4qx
Q2

∫ 1

0
dx

F3(x,Q
2)

1− Ω2x2
, Ω = −2�p · �q/�q2 , �q2 = Q2 , (10)

from which its first Nachtmann moment can be reconstructed through a linear combination with
different choices of Ω. This method may serve as a useful complement to the first approach,
especially at large Q2 where the direct calculation of four-point functions suffers from large
lattice artifacts. In other words, it also provides a useful cross-check of the validity of the
leading-twist + pQCD approximation of MN (Q2) at Q2 > 2 GeV2. In short, it is always useful
to tackle an important problem using several distinct methods in order to avoid unexpected
systematic errors associated to specific approaches, and this of course applies to the study of
box diagrams as well.

5 Conclusion

The recently-emerged anomalies in the top-row CKMmatrix elements call for a more careful look
at the SM theory inputs, in particular the single-nucleon γW -box diagrams that are responsible
for the dominant theory uncertainty in the electroweak RCs to the free neutron and superallowed
nuclear beta decays. In the lack of precise experimental data, one must rely on first-principles
calculations with lattice QCD to constrain the hadron physics in the non-perturbative regime
that enters the box diagrams.

The first-principles study of the pion γW -box diagrams in early 2020 combining the results
from 4-loop pQCD at high Q2 and lattice QCD calculations at low Q2 has achieved an impressive
1% overall precision. Besides serving as a useful prototype for future calculations in the nucleon
sector, it is physically interesting by itself as it removes the major theory uncertainty in πe3 and
prepares it as a future avenue for the high-precision extraction of Vud. It also provides the first
indirect lattice input for the nucleon box diagrams which confirms the correctness of the DR
analysis. Furthermore, a similar calculation of the Kπ box diagrams in the flavor SU(3) limit
effectively constrains the poorly-known LECs in the ChPT and leads to a significant reduction
of the RC uncertainties in Ke3, which may improve the extraction of Vus and Vus/Vud.

Direct lattice calculations of the single-nucleon γW -box diagrams are now on the way. They
may have the last word on whether the existing CKM anomalies, in particular the CAA, are
actually real.
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Lepton Flavour Universality Tests in Charm Decays at BESIII

Alex Gilman on behalf of the BESIII collaboration

University of Oxford, Denys Wilkinson Building, Keble Road, OX1 3RH, United Kingdom

A summary of lepton flavour universality tests in the decays of open-charmed hadrons from
the BESIII experiment is presented. Measured branching fractions of D+ and D+

s mesons
to pure leptonic final states are shown and compared, as are branching fractions and partial
widths of D0, D+ and Λ+

c hadrons to semileptonic final states. No significant deviations from
Standard Model predictions are observed.

1 Introduction

The Standard Model (SM) assumes that the coupling of gauge bosons to leptons is independent
of lepton flavour. This property is commonly referred to as lepton flavour universality (LFU).
One consequence of LFU is that the decays of hadrons to leptonic final states should only differ
based on effects from the differing mass of the leptons in the final state. Thus measuring the
branching fractions and partial widths of the decays of hadrons to final states including leptons
provides a theoretically clean test of the SM. At present, results from a number of leptonic B
meson decays stand in tension with LFU. As such, continued tests of LFU in hadronic decays
are required, and the charm sector provides an excellent point of comparison for observed LFU
anomalies in beauty decays.

The BEPCII collider and BESIII experiment are uniquely capable in producing charmed
hadrons and analysing their decays to leptonic final states. BESIII currently has the world’s
largest data sets collected at a number of open-charm pair-production energy thresholds, in-

cluding 2.93 fb−1 near the D+D− and D0D
0
threshold (3.773 GeV), 6.32 fb−1 near the D∗+s D−s

production threshold (4.178−4.226 GeV), and 0.59 fb−1 near the Λ+
c Λ

−
c threshold (4.600 GeV).

(Here and throughout this article charge conjugate modes are implied.) As BESIII open-charmed
hadrons are pair-produced, BESIII measurements can profit from the double-tag technique, ini-
tially pioneered by the MARK III collaboration1, where one hadron is identified through a fully
reconstructable final state (the tag hadron) and the other hadron in the event can be used to
search for the signal process. The double-tag technique removes a large component of back-
grounds and gives access to recoil variables which are useful in identifying the presence of a
neutrino in the final state.

165



2 Pure Leptonic Final States

In the SM, pure leptonic decays proceed through W+ annihilation processes, and so the ratio
of tauonic and muonic branching fractions of an open-charm meson is given as

RD+
(s)

≡
Γ
(
D+

(s) → τ+ντ

)
Γ
(
D+

(s) → μ+νμ

) =

m2
τ

(
1− m2

τ

m2

D+
(s)

)

m2
μ

(
1− m2

μ

m2

D+
(s)

) (1)

where mX is the mass of particle X. Using the most recent values for the particle masses and
lifetimes from the 2020 Particle Data Group booklet2 (PDG), we find

RD+ = 2.66 and RD+
s
= 9.75 (2)

with negligible uncertainty. Given the mass dependence of these decays, the pure electronic
decays are suppressed to unobservable rates with current data.

2.1 D+ → �+ν�

This 2019 analysis3 employs the full data set collected at a center-of-mass energy (ECM ) of
3.773 GeV and uses six D+ tag modes. D+ → τ+ντ decays are identified primarily through
τ+ → π+ντ . Only one charged particle, except for those used to reconstruct the tag, is allowed
in each event. The sample of events which pass selection requirements is then partitioned into a
τ+ → π+ντ -like sample and a μ+-like based on the energy deposit of the signal charged particle
in the BESIII calorimeter. The results of a simultaneous fit to the missing mass squared (M2

miss)
is shown in Fig. 1. This fit produces the first observation of the D+ → τ+ντ decay with a 5.1σ
significance and measures the branching fraction to be B (D+ → τ+ντ ) = (1.20± 0.24± 0.12)×
10−3 where the first listed error is statistical and the second is systematic. (This convention is
maintained throughout.) By comparing to the 2020 PDG average of B (D+ → μ+νμ), we find
RD+ = 3.21± 0.64± 0.43, in agreement with the SM prediction in Eq. 2.

Figure 1 – Result of the simultaneous fit to the M2
miss distribution in the decays of D+ → �+ν�. The μ+-like

sample is shown on the left and the τ+ → π+ντ -like sample is shown on the right. Black points are from data,
and PDFs are defined in the inset legend.

2.2 D+
s → �+ν�

This 2020 analysis4 employs the full data set at ECM = 4.178−4.226 GeV, and uses thirteen D+
s

tag modes. Selection and partitioning of the sample is applied just as described in Sec. 2.1. A
two-dimensional simultaneous fit is performed for the τ+ → π+ντ and μ+ samples in M2

miss and
the invariant mass of the tag candidateMinv(D

−
s ). Both B (D+

s → μ+νμ) and B (D+
s → τ+ντ ) are
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measured with the greatest precision of any single measurement:
B (D+

s → μ+νμ) = (5.35± 0.13± 0.16) × 10−3 and B (D+
s → τ+ντ ) = (5.21± 0.25± 0.17)%.

RD+
s
is measured to be 9.73+0.61

−0.58 ± 0.36, in excellent agreement with Eq. 2.

0

50

100

150

200

250

300

350

0

20

40

60

80

100

120

140

160

180

200

220

240

0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2
0

10

20

30

40

50

60

1900 1920 1940 1960 1980 2000 2020
0

10

20

30

40

50

2 )
2

N
um

be
r 

of
 e

ve
nt

s/
0.

02
 (

G
eV

/c 2
N

um
be

r 
of

 e
ve

nt
s/

2 
M

eV
/c

2)2(GeV/cMmiss )2 (MeV/cinvM   (D  )s
-

Figure 2 – Result of the two-dimensional simultaneous fit to the M2
miss and Minv(D

−
s ) in the decays of D+

s → �+ν�.
The μ+-like sample is shown on the left and the τ+ → π+ντ -like sample is shown on the right. Black points are
from data. The red-solid, orange-dashed, and blue-dotted lines represent the total, D+

s → μ+νμ, and D+
s → τ+ντ ,

while black-dot-dashed and green-long-dashed lines correspond to the total background and the case when both
tag and signal sides are misreconstructed, respectively.

3 Semileptonic Final States

In semileptonic decays of charmed hadrons, the ratio of branching fractions between the elec-
tronic and muonic modes is expected to be close to unity, with corrections due to phase space
considerations. Due to the heavy mass of the τ+, semitauonic decay modes are generally for-
bidden or suppressed to unobservable levels with current data.

In the past three years, BESIII has published a number of significantly improved measure-
ments of semimuonic decays of charmed hadrons, in some cases making the first observation
of certain decay modes. These decay channels generally present larger backgrounds than the
semielectronic counterparts, primarily due to the challenge of distinguishing muons and pions
in low energy regimes.

3.1 D0 → K+�+ν�

BESIII published a study of D0 → K+μ+νμ decays5 in 2019 which used the full data set at
ECM = 3.773 GeV with three D0 tag modes. Large peaking backgrounds from D0 → K−π+π0

pass selection requirements, but the peak is far enough from the signal to resolve in the
fit to Umiss ≡ Emiss − pmiss, shown in Fig. 3a. The analysis finds B

(
D0 → K−μ+νμ

)
=

(3.413± 0.019± 0.035)%, a factor of five increase in precision over the previous measurement.

Comparing to the 2015 measurement of B
(
D0 → K−e+νe

)
by BESIII6 produces

B(D0→K−μ+νμ)
B(D0→K−e+νe)

=

0.974 ± 0.007 ± 0.012, in good agreement with the SM prediction of 0.97 calculated with lat-
tice QCD7. LFU comparisons of the partial width in bins of the charged lepton-neutrino mass
squared (q2) also show good agreement with the SM prediction, as shown in Fig. 3b.
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Figure 3 – (a) Result of the fit to the Umiss distribution in the decays of D0 → K−μ+νμ. Black points are from
data, and PDFs are defined in the inset legend, where “Comb.” stands for combinatoric backgrounds. (b) Ratio
of partial widths as a function of q2 between D0 → K−μ+νμ and D0 → K−e+νe. Red points are the measured
ratio in data, and the solid black line is the SM prediction7.

3.2 D0 → π−�+ν�, D+ → π0�+ν�

In 2018, BESIII published a study8 of both D0 → π−μ+νμ and D+ → π0μ+νμ , employing the
full data set at ECM = 3.773 GeV with three D0 tag modes and six D+ tag modes. Peaking
backgrounds similar to those discussed in Sec. 3.1 pass selection requirements, but are also dis-
tinguishable in the fit to M2

miss distribution. The branching fractions B
(
D0 → π−μ+νμ

)
=

(0.272± 0.008± 0.006)% and B
(
D+ → π0μ+νμ

)
= (0.350± 0.011± 0.010)% are measured,

providing the first observation of the D+ → π0μ+νμ decay. Comparing to the 2015 BESIII
measurement6 of B

(
D0 → π−e+νe

)
and the 2017 BESIII measurement9 of B

(
D+ → π0e+νe

)
gives

B(D0→π−μ+νμ)
B(D0→π−e+νe)

= 0.922 ± 0.030 ± 0.022 and
B(D+→π0μ+νμ)
B(D+→π0e+νe)

= 0.964 ± 0.037 ± 0.026, both

within 2σ of the SM prediction7 of 0.985. LFU comparisons of the partial width in bins of q2 also
demonstrate agreement within uncertainties of the SM prediction, as demonstrated in Fig. 4.
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Figure 4 – Ratio of partial widths RLFU as a function of q2 between D0 → π−μ+νμ and D0 → π−e+νe (left), and
D+ → π0μ+νμ and D+ → π0e+νe (right). Magenta points are measurements in data, and the SM prediction7 is
shown as the solid black line.

3.3 D+ → η�+ν�, D
+ → ω�+ν�

In 2020, BESIII reported the first observation of two semimuonic D+ decays10,11: D+ → ημ+νμ
and D+ → ωμ+νμ using the full ECM = 3.773 dataset with six D+ tag modes. Both anal-
yses determined the number of signal events by fitting to the Umiss distributions as shown in
Fig. 5, and produced B (D+ → ημ+νμ) = (10.4± 1.0± 0.5) × 10−4 and B (D+ → ωμ+νμ) =
(17.7± 1.8± 1.1) × 10−4, respectively. Comparing to the world averages2 of B (D+ → ηe+νe)

and B (D+ → ωe+νe) gives
B(D+→ημ+νμ)
B(D+→ηe+νe)

= 0.91± 0.13 and
B(D+→ωμ+νμ)
B(D+→ωe+νe)

= 1.05± 0.14, where

the stated error corresponds to the total error in both cases. The ratio of branching fractions
for both processes can be calculated through a number of approaches, including QCD light cone
sum rules, the light front quark model, the covariant confined quark model, and the relativis-
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tic quark model. These predictions range from 0.97-1.00 for the D+ → η�+ν� ratio12,13,14 and
0.93 − 0.99 for the D+ → ω�+ν� ratio13,14,15,16,17,18. The measured results are consistent with
each prediction within the measured uncertainties.
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Figure 5 – (a) Result of the fit to the Umiss distribution in the decays of D+ → ημ+νμ. Black points are from
data, and PDFs are defined in the inset legend, where “Comb.” stands for combinatoric backgrounds. (b) Result
of the fit to the Umiss distribution in the decays of D+ → ωμ+νμ. Black points are from data, and PDFs are
defined in the inset legend, where “CBKG.” stands for combinatoric backgrounds.

3.4 Λ+
c → Λ�+ν�

The measurements19,20 of Λ+
c → Λμ+νμ in 2017 and Λ+

c → Λe+νe in 2015 provide the only
test of LFU in the decays of charmed baryons. Both analyses utilise the full dataset at
ECM = 4.600 GeV with eleven Λ+

c tag modes. Signal yields are determined by fits to the Umiss

distribution of signal candidates, which are shown in Fig. 6. The measured branching fractions
are B (Λ+

c → Λμ+νμ) = (3.49± 0.46± 0.27)% and B (Λ+
c → Λe+νe) = (3.62± 0.38± 0.20)%,

which gives
B(Λ+

c →Λμ+νμ)
B(Λ+

c →Λe+νe)
= 0.96± 0.16± 0.04, in agreement with the SM prediction21 of 0.970.

0 8
Total

0 0.10.20.30.40.5
0 Comb.

0.4
0π+πΛ→+

cΛ

(a) (b)

Figure 6 – (a) Result of the fit to the Umiss distribution in the decays of Λ+
c → Λe+νe. Black points are from

data, and the solid red line represents the total fitted PDF, and the fitted combinatoric background is shown as
a dashed blue line. (b) Result of the fit to the Umiss distribution in the decays of Λ+

c → Λμ+νμ. Black points are
from data, and PDFs are defined in the inset legend, where “Comb.” stands for combinatoric backgrounds.
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Table 1: A summary of the measured ratios of branching fractions for different lepton flavours discussed in these
proceedings and the SM predictions of the ratios. In each case, the branching fraction of the heavier lepton � is
in the numerator and that of the lighter lepton �′ is in the denominator.

Mode Measured B(�)
B(�′) SM Prediction

D+ → τ
μ
ν 3.21± 0.77 2.66

D+
s → τ

μ
ν 9.73+0.71

−0.68 9.75

D+ → η μ
e
ν 0.91± 0.13 0.97− 1.00

D+ → ω μ
e
ν 1.05± 0.14 0.93− 0.99

D+ → π0 μ
e
ν 0.964± 0.045 ∼ 0.985

D0 → π+ μ
e
ν 0.922± 0.037 ∼ 0.985

D0 → K+ μ
e
ν 0.974± 0.014 ∼ 0.970

Λ+
c → Λμ

e
ν 0.96± 0.16 ∼ 0.970

4 Summary & Future Prospects

A summary of the measured LFU branching fraction ratios discussed here and the predicted
values are shown in Table 1. All results are consistent with the SM predictions within 2σ, with
the greatest precision coming from D0 → K−�+ν� decays, which is consistent with the SM with a
relative error of 1.4%. In addition, the ratios of partial widths of D0 → K−�+ν�, D0 → π−�+ν�,
and D+ → π0�+ν� are consistent with SM predictions, as shown in Figs. 3b and 4. Further
studies relevant to LFU tests in open-charm decays are ongoing at BESIII, with new results
expected in D0, D+, D+

s ,Λ
+
c , and Ξc decays. Large data sets recently collected by BESIII at

Λ+
c pair production energies will provide great improvements in measurements of leptonic Λ+

c

decays. BESIII also has plans to collect 20 fb−1 at the ψ(3770) resonance in the near future,
which will allow for more detailed studies of D+ and D0 decays. More details on BESIII’s future
prospects can be found in the BESIII white paper22.
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Search for B+ → K+νν̄ decays with an inclusive tagging method
at the Belle II experiment

Filippo Dattola
on behalf of the Belle II Collaboration

Deutsches Elektronen-Synchrotron (DESY), Notkestrasse 85, 22607, Hamburg, Germany

This contribution illustrates a new search for the flavor-changing neutral-current decay
B+ → K+νν̄ performed by the Belle II experiment at the SuperKEKB asymmetric-energy
electron-positron collider. In this study, a sample corresponding to an integrated luminosity
of 63 fb−1 collected at the Υ(4S) resonance and an additional sample of 9 fb−1 collected at an
energy 60MeV below the resonance are used. A novel technique, based on an inclusive tagging
method and exploiting the topological features of the B+ → K+νν̄ decay, is employed and it
provides a higher signal efficiency with respect to the methods used in the previous searches.
No significant signal is observed. An upper limit of 4.1 × 10−5 is set on the B+ → K+νν̄
branching fraction at the 90% confidence level.

1 Introduction

In the Standard Model (SM), the B+ → K+νν̄ decay belongs to the family of the b → sνν̄
flavor-changing neutral-current transitions. a Suppressed by the extended Glashow-Iliopoulos-
Maiani mechanism 1, such processes can only occur at higher orders in SM perturbation theory
via weak amplitudes involving the exchange of at least two gauge bosons, as illustrated in Fig.
1. In the specific case of the B+ → K+νν̄ decay a branching fraction of (4.6 ± 0.5) × 10−6 is
predicted in the SM 2. In all the analyses reported to date, no evidence of signal was observed
and the current experimental upper limit on the branching fraction is estimated to be 1.6×10−5

at the 90% confidence level 3.

b s

ν

ν

u, c, t

Z

W−

b s

ν ν

u, c, t

�−

W− W+

Figure 1 – Lowest-order SM Feynman diagrams for b → sνν̄ transitions.

In this study, a search for the B+ → K+νν̄ decay is carried out with a novel inclusive tagging
approach, using the data from e+e− collisions produced in 2019 and 2020 by the SuperKEKB
collider 4, and a comprehensive description of the study is provided in Ref. 5. The data cor-
respond to 63 fb−1 integrated luminosity collected by the Belle II detector at a center-of-mass

aCharge-conjugate channels are implied throughout this document unless explicitly stated otherwise.

171



energy corresponding to the Υ(4S) resonance, and containing approximately 68 million BB̄ pairs
6, and to 9 fb−1 integrated luminosity collected at an energy 60MeV below the resonance and
used to constrain the yields of continuum processes (e+e− → qq̄ with q = u, d, s, c quarks and
e+e− → τ+τ−).
The Belle II detector is composed of various subdetectors arranged in a cylindrical structure
around the beam pipe: a pixel detector, fundamental for background rejection in this search, at
a minimum radius of 1.4 cm; a silicon vertex detector and a central drift chamber; a time-of-
propagation counter and an aerogel ring-imaging Cherenkov counter for charged-particle iden-
tification (PID); an electromagnetic calorimeter; a dedicated detector for K0

L and muon iden-
tification. A superconducting solenoid, operating at 1.5T, is situated outside the calorimeter.
More details on the Belle II detector are in Ref. 7.

2 The inclusive tagging

The previous searches for the B+ → K+νν̄ decay adopted tagging techniques where the accom-
panyingB meson in e+e− → BB̄ events is explicitly reconstructed in a hadronic or a semileptonic
decay 8,9,10,11,12. Such methods suppress the contribution of background events, but at the cost
of low signal-reconstruction efficiency, typically well below 1%.
The inclusive tagging technique used in this search takes advantage of the specific topological
features of the B+ → K+νν̄ decay to distinguish it from the seven dominant background pro-
cesses, namely, generic decays of charged and neutral B mesons as well as the five different
continuum processes. In this study, the signal K+ candidate in each event is chosen as the
reconstructed charged-particle trajectory (track) carrying the largest transverse momentum and
having at least one hit in the pixel detector. The signal candidate is also required to satisfy PID
requirements that suppress pion background. The remaining tracks are fit to a common vertex
and, together with the remaining energy deposits, make up the rest of the event (ROE). The
specific features of the signal events are captured by several discriminating variables that are
employed for signal identification.
In particular, a collection of 51 variables studied on simulated events is used to train two binary
classifiers implementing the FastBDT algorithm 13. Such variables include general event-shape
variables, variables describing the kinematic properties of the signal kaon candidate, variables
related to the ROE, and variables that identify kaons from D0 and D+ decays 14. The first
classifier, BDT1, is trained using approximately 106 simulated events of each of the seven back-
ground categories and on approximately 106 simulated signal events. The most discriminating
quantities are those describing the event shape, as the reduced Fox-Wolfram Moment R1, shown
in Fig. 2, and the modified Fox-Wolfram variables, which are related to the missing momentum
in the event and to the momentum of the signal kaon candidate 15,16. To suppress background
events with signal-like features, a second classifier, BDT2, is introduced. It is trained with the
same input variables used for BDT1 computed on the events having BDT1 > 0.9 out of 100 fb−1

integrated luminosity of simulated background and on 1.5 × 106 simulated signal events. This
leads to a 10% increase of the maximum signal sensitivity S/

√
S + B, where S(B) represents

the expected number of signal (background) events, that goes up to approximately 50% at
BDT2 > 0.95, as shown in Fig. 3.
The signal region (SR) is defined at BDT1 > 0.9, BDT2 > 0.95 and is divided into 3 × 3
bins in the BDT2 × pT(K

+) space, with bins optimized to separate signal from background, by
minimizing the expected upper limit on the B+ → K+νν̄ branching fraction. The following
three additional control regions (CRn, n=1, 2, 3) are selected in the BDT2 × pT(K

+) space to
constrain the background yields: CR1 consisting of 1× 3 bins at 0.93 < BDT2 < 0.95; CR2 and
CR3 having the same bin boundaries as SR and CR1, respectively, but used for off-resonance
data only. In the SR, the expected yields of the SM signal and of the backgrounds account for
14 and 844 events respectively, thus resulting in a signal efficiency of 4.3%. A study of the signal
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Figure 2 – Distribution of the Fox-Wolfram variable
R1 used to train BDT1 and BDT2. The sum of back-
grounds, signal, and data (from a single run for an
illustrative comparison) are each normalized to unit
area.

Figure 3 – Signal efficiency (dashed line) and sensitivity
S/

√
S + B (dots), where S(B) is the expected number

of signal (background) events in 63 fb−1 integrated lu-
minosity, as a function of the lower threshold on the
BDT2 output.

efficiency in the SR as a function of the dineutrino invariant-mass squared q2 is illustrated in
Fig. 4.

3 Analysis validation

The B+ → K+J/ψ decay with J/ψ → μ+μ− is used as an independent validation channel given
its large branching fraction and distinctive experimental signature. B+ → K+J/ψ events are se-
lected in the Υ(4S) data sample and in B+ → K+J/ψ→μ+μ− simulation by requiring the presence
of dimuon pairs with invariant mass within 50MeV/c2 of the known J/ψ mass 3. The variables

|ΔE| = |E∗B −√
s/2| and Mbc =

√
s/(4c4)− p∗B

2/c2, where E∗B and p∗B correspond to the energy
and the magnitude of the three-momentum of the signal B-meson candidate in the center-of-
mass system of the beams, are required to be smaller than 110MeV and larger than 5.25GeV/c2,
respectively. Such selection reduces the expected background contamination to 5%. Each event
is then reconsidered as a B+ → K+νν̄ event by ignoring the reconstructed muons from the J/ψ
decay and replacing the momentum of the kaon candidate with the generator-level momentum
of the K+ in a B+ → K+νν̄ event from simulation. The results are illustrated in Fig. 5, where
the distributions of the output values of BDT1 and BDT2 are shown. Good agreement between
simulation and data is observed for the reconstructed events before (B+ → K+J/ψ→μ+μ−) and
after (B+ → K+J/ψ→��μ+��μ−

) modifying the signal reconstruction.
Another validation test is performed by comparing the simulated continuum to the off-

resonance data. Good agreement between data and simulation in the shape of the discriminant
variable distribution is observed, as shown in Fig. 6, but a discrepancy between the data and
simulation yields is present. Such discrepancy reaches 40% in CR3 and CR4, motivating the
introduction of a 50% normalization uncertainty in the fit. The performance of BDT1 and BDT2

is also validated on events with 0.9 < BDT1 < 0.99 and BDT2 < 0.7 , where the the Υ(4S)
on-resonance data and the corresponding simulation show good agreement.

4 Statistical analysis and results

The statistical analysis is performed using the pyhf package 17. A binned likelihood is set up as
the product of the Poisson probability density functions modelling the event counts in each of the
24 bins of the signal and control regions. The systematic uncertainties are introduced as nuisance
parameters of the likelihood. The parameter of interest corresponds to the signal strength μ,
representing a multiplicative factor of the SM expectation. The major systematic uncertainty is
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Figure 4 – Signal efficiency as a function of the dineu-
trino invariant-mass squared q2 for events in the signal
region (SR). Error bars correspond to the statistical
uncertainty only.

Figure 5 – Distributions of the classifier outputs
BDT1 (main figure) and BDT2 for BDT1 >
0.9 (inset), before (B+ → K+J/ψ→μ+μ−) and after
(B+ → K+J/ψ→��μ+��μ−) the muon removal and the up-

date of the kaon-candidate momentum of selected
B+ → K+J/ψ events in simulation and data. The
classifier outputs from simulated B+ → K+νν̄ events
are overlaid. The simulation histograms are scaled to
the number of B+ → K+J/ψ events selected in data.

related to the normalization of the background yields. The additional systematic uncertainties
originate from the branching fractions of the leading B-meson decays, the PID correction, the
SM form factors 18, the miscalibration of the hadronic and beam-background energy deposits
in the calorimeter, the tracking inefficiency, and the limited size of the simulated samples. A
comparison between the observations from data and the fit results in SR and CR1 is shown in
Fig. 7.

Figure 6 – Comparison of simulated events and con-
tinuum data in the two-dimensional control-region
bins (the first three bins correspond to CR4, the
latter nine bins to CR3). Yields in simulation
are scaled to data by the data-to-simulation ratio
data/simulation = 1.40± 0.12, and the statistical un-
certainty on the background yields is indicated by the
hashed area.

Figure 7 – Yields in CR1 (first three bins) and SR
(remaining nine bins) from on-resonance data and as
predicted by the simultaneous fit to the on-resonance
and off-resonance data, corresponding to an integrated
luminosity of 63 fb−1 and 9 fb−1, respectively. The pre-
dicted yields are shown individually for the charged
and neutral B-meson decays and for the sum of the
five continuum backgrounds. All yields in the right-
most three bins are scaled by a factor of two.

The measured signal strength is μ = 4.2+3.4
−3.2 = 4.2+2.9

−2.8(stat)
+1.8
−1.6(syst). The statistical uncer-

tainty is determined by means of simplified simulated experiments corresponding to fluctuated
observations in agreement with the Poisson statistics. The total uncertainty is obtained by a
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profile likelihood scan, where the fit is performed with μ fixed at values around the best fit value
and the remaining parameters free. The systematic uncertainty is calculated by subtraction in
quadrature of the statistical uncertainty from the total uncertainty. The result is translated into
an observed branching ratio of [1.9+1.6

−1.5]× 10−5 = [1.9+1.3
−1.3(stat)

+0.8
−0.7(syst)]× 10−5. No significant

signal is observed and the expected and observed upper limits on the B+ → K+νν̄ branching
fraction are estimated using the CLs method 19. Figure 8 shows that at the 90% confidence
level the expected upper limit, derived in the background only hypothesis, is 2.3× 10−5 and the
observed upper limit is 4.1× 10−5.

5 Conclusion

This contribution illustrates the first search for the B+ → K+νν̄ decay with an inclusive tagging
method. The study is performed on the data corresponding to 63 fb−1 integrated luminosity
collected at the Υ(4S) resonance by the Belle II detector, together with an additional sample of
9 fb−1 of off-resonance data. No statistically significant signal is observed and an upper limit of
4.1×10−5 on the B+ → K+νν̄ branching ratio is set at the 90% confidence level. As illustrated
in Fig. 9, the measurement is competitive with the previous searches, thus proving the capability
of the inclusive tagging method.

Figure 8 – CLs value as a function of the branching
fraction of B+ → K+νν̄ for the expected and observed
signal yields. In red the corresponding upper limits at
the 90% confidence level. The expected limit is derived
for the background-only hypothesis.

Figure 9 – Comparison of the branching fraction mea-
sured by Belle II and the previous experiments. The
values reported for Belle are computed based on the
quoted observed number of events and efficiency. The
weighted average is computed assuming that uncer-
tainties are uncorrelated.
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Recent B-physics results from CMS

Kirill Ivanov on behalf of the CMS Collaboration
Moscow Institute of Physics and Technology

Institutsky lane 9, Dolgoprudny, Moscow region, 141700, Russia

Recent beauty flavour physics results, obtained at the CMS Experiment, are presented in this
talk. The search for possible deviations from the Standard Model and measurement of the
CP-violating phase φs in B0

s → J/ψφ(1020) → μ+μ−K+K− channel is reported as well as the
first observation of excited Ξ−b baryon decaying to the Ξ−b π

+π− final state. The analyses use
data collected in pp collisions at

√
s = 13TeV.

1 Introduction

The CMS Experiment at the CERN LHC1 has mainly been designed to investigate physics at
large transverse momenta, such as studies of the Higgs boson, processes with top quarks, searches
for heavy Dark Matter and SUSY particles, and precision measurements of the Standard Model
(SM) parameters in decays with W and Z bosons. However, CMS’s robust muon system, good
pT resolution and perfect vertex reconstruction provide also promising opportunities for heavy
flavour studies, especially the processes with charmonium decays to muon pairs.

In the present talk, two recent results from the CMS experiment are reported: the mea-
surement of the CP-violating (CPV) phase φs in the B0

s → J/ψφ(1020) → μ+μ−K+K− chan-
nel2 and the observation of a new excited beauty strange baryon Ξb(6100)

− in the decay to
the Ξ∗0b π− → Ξ−b π

+π− final state3. Both analyses have been performed using proton-proton
collision data collected by the CMS experiment at the LHC at

√
s = 13TeV (LHC Run 2), cor-

responding to an integrated luminosity of 96.4 fb−1 for the first one and 140 fb−1 for the second
one. The inclusion of charge-conjugated states is implied throughout the work.

2 Measurement of CPV parameters in B0
s → J/ψφ(1020) → μ+μ−K+K−

Since no direct signs of New Physics have been discovered during the studies of the high-pT
CMS physics program, it is becoming more and more important to perform precision tests of
the SM in different areas including the heavy flavour sector.

The phase φs � −2βs = −2 arg (−VtsV
∗
tb/VcsV

∗
cb) is the weak CPV phase, arising from the

interference between direct B0
s decay and the one through B0

s -B
0
s mixing. The φs phase is very
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sensitive to the possible New Physics effects that could contribute to this mixing. Current experi-
mental results are consistent with the very precise SM value of φs = −36.96+0.72

−0.84 mrad (according
to CKMfitter group4), but the increase of sensitivity may shed light on some deviations from
its predictions.

The CMS experiment has an excellent potential to study the φs phase in the B0
s → J/ψφ(1020)

channel with the subsequent J/ψ → μ+μ− and φ(1020) → K+K− decays. However, since
J/ψφ(1020) is not a single CP eigenstate, a time-dependent angular analysis is needed to dis-
entangle CP-odd from CP-even components. In this work, the transversity basis definded by
the tree decay angles θT, ψT and φT is used. CMS has already performed a similar analysis
using 19.7 fb−1 of 2012 data collected at

√
s = 8TeV5(LHC Run 1), where we had 49200 B0

s

decays. Since flavour tagging is extremely important for such a measurement, the key feature
of the present Run 2 analysis is the usage of the dedicated 3-muon trigger. The two muons are
the daughters of the J/ψ meson from the signal B0

s , while the third is the tagging one from a
semileptonic decay of the b hadron on the tag side. As b quarks are usually produced as bb
pairs, the identification of the tag muon charge allows us to determine the initial flavour of the
signal B0

s . Usage of this trigger yields about the same amount of data statistics as in the Run 1
analysis (48500 B0

s decays) with 5 times larger luminosity, but increases the tagging power up
to 10 times and allows us to significantly improve the accuracy of the φs measurement.

Figure 1 – The distributions of J/ψK+K− invariant mass (top left), ct and its uncertainty (top middle and right)
and the angular distributions (bottom row)2. The lines are 1D-projections of the fit used to measure CPV
parameters.

A complicated unbinned multidimensional extended maximum-likelihood fit is performed,
using the invariant mass of B0

s , the tag decision information, the proper decay length ct and
its uncertainty σ(ct), angular variables cos θT, cosψT and φT as input observables. Fig. 1
provides their distributions and 1D-projections of the fit. The resulting CPV phase and the
decay width difference between B0

s meson mass eigenstates are measured to be φs = −11 ±
50(stat)± 10(syst)mrad and ΔΓs = 0.114± 0.014(stat)± 0.007(syst) ps−1, which are consistent
with SM predictions4.

We also performed the combination of the present Run 2 measurements with our Run 1
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results5, using the BLUE method6,7, which takes into account possible correlations and provides
separate statistical and systematic uncertainties. The final values from the combination are
φs = −21±44(stat)±10(syst)mrad and ΔΓs = 0.1032±0.0095(stat)±0.0048(syst) ps−1 — still
no signs of any New Physics effects. The visual interpretation is provided in Fig. 2 as 2D φs vs.
ΔΓs likelihood contours at 68% confidence level (CL).

Figure 2 – 2D φs vs. ΔΓs likelihood contours at 68% CL, provided for the individual Run 1 and Run 2 results
and for their combination2. All three contours are consistent with the SM predictions.

3 First observation of the excited Ξb(6100)
− baryon

The Ξb baryon family consists of isodoublet states composed of qsb quarks, where q represents
an up or a down quark for the Ξ0

b and Ξ−b states, respectively. Three such isodoublets that are
neither orbitally nor radially excited should exist, including one with the light diquark angular
momentum jqs = 0 and spin-parity JP = 1/2+ (the Ξb ground states), one with jqs = 1 and
JP = 1/2+ (the Ξ′b), and one with jqs = 1 and JP = 3/2+ (the Ξ∗b). The next prominent
isodoublets, in analogy with the well-established excited Ξc baryons8, are orbitally excited P -
wave Ξ∗∗b states with JP = 1/2− (3/2−), where the lightest ones are those with L = 1 between the
b quark and the ds diquark and expected to decay to Ξ′b(Ξ

∗
b)π. The scheme of these isodoublets

is provided in Fig. 3.
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Figure 3 – Quark spin configurations for the lightest Ξb isodoublets, q corresponds to up and down quarks for Ξ0
b

and Ξ−b , respectively
3.

Three of the states with jqs = 1 have been previously observed at the LHC by CMS9 and
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LHCb10,11 via their Ξ−b π
+ and Ξ0

bπ
− decays. The fourth state, Ξ′0b , is expected to be lighter than

the Ξ−b π
+ mass threshold, making a strong transition to Ξ−b kinematically impossible. Recently,

the LHCb Collaboration reported the observation of the Ξb(6227)
− 12 and Ξb(6227)

0 13 states,
the former decaying to both Λ0

bK
− and Ξ0

bπ
−, and the latter to Ξ−b π

+. The Ξb(6227) isodoublet
is consistent with being composed of radially or orbitally excited Ξb baryons, but its nature and
quantum numbers need further investigation.

In the present work, the CMS Experiment performed the search for a new Ξ∗∗−b → Ξ∗0b π− →
Ξ−b π

+π− resonance, following the charm analogues14 and corresponding theoretical predictions.
The ground state Ξ−b is reconstructed via its decays to J/ψΞ− and J/ψΛK−, followed by the decays
J/ψ → μ+μ−, Ξ− → Λπ−, and Λ → pπ−. For the Ξ−b → J/ψΛK− decay mode, the partially
reconstructed Ξ−b → J/ψΣ0K− channel is also used, where the photon from the Σ0 → Λγ decay
is too soft to be detected. The selected signal Ξ−b candidates are further combined with the
two opposite sign soft tracks originating from the primary vertex to form Ξ−b π

+π− candidates.
The selection criteria are optimized using the Punzi figure of merit15 and require significant
displacement of all secondary vertices from the primary vertex, alignment of the transverse
momentum with the transverse displacement vector between the particles, pT and η restrictions
and other requirements.
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Figure 4 – Invariant mass distributions of the selected Ξ−b candidates in the J/ψΞ− (left) and J/ψΛK− (right) decay
channels with the fit results superimposed3. The vertical solid (dashed) lines show the mass windows discussed in
the text and used in the reconstruction of the Ξ−b π

+π− candidates in J/ψΞ− and J/ψΛK− (J/ψΣ0K−) channels.

The invariant mass distributions of the selected Ξ−b candidates are shown in Fig. 4. The
two plots also show the results of independent unbinned extended maximum-likelihood fits.
In both cases, the fully reconstructed Ξ−b signal is described with double Gaussian functions
with a common mean with effective resolutions equal to 19MeV for J/ψΞ− and 15MeV for
J/ψΛK−, obtained from MC simulation. The signal yields from the fit are 859±36 and 815±74,
respectively. In the J/ψΛK− fit, the signal contribution from the partially reconstructed Ξ−b →
J/ψΣ0K− decays is taken into account by including an asymmetric Gaussian in the fit model,
with the shape parameters fixed from simulation studies, and the fitted yield is 820±158 events.
For the reconstruction of Ξ−b π

+π− candidates, we select events with Ξ−b invariant mass within 54
(27)MeV of the fitted Ξ−b mass for the J/ψΞ− (J/ψΛK−) channel, and the 5.63 < M(J/ψΛK−) <
5.76GeV mass region is used for the partially reconstructed Ξ−b → J/ψΣ0K− decay mode.

The obtained Ξ−b ππ distribution is presented in Fig. 5. One may see that the Ξ−b π
+π− events

are fully consistent with the same sign Ξ−b π
±π± distribution (which represents combinatorial

background) everywhere except the clear peak near the very kinematic threshold. For further
studies of this excess, the mass difference variable ΔM = M(Ξ−b π

+π−) −M(Ξ−b ) − 2mPDG
π± is

used. Also, in order to account for the intermediate Ξ∗∗b → Ξ∗0b π− decay, an additional mass
window is applied on the Ξ−b π

+ mass to select the excited Ξ∗0b baryon.

The simulation studies show that fully reconstructeded Ξ−b π
+π− events have a similar reso-
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Figure 5 – Invariant mass distribution of the selected Ξ−b ππ candidates for the opposite sign (circles) and same sign
(band) events3. The Ξ−b ground state is fully reconstructed in the J/ψΞ− and J/ψΛK− channels (left) or partially
reconstructed in the J/ψΣ0K− channel (right). The vertical lines show the masses of the new Ξb(6100)

− baryon
and of the Ξb(6227)

− state, observed by the LHCb Collaboration in the Λ0
bK

− and Ξ0
bπ
− decay channels12.

lution of 0.94± 0.06MeV, while those from the partially reconstructed Ξ−b → J/ψΣ0K− channel
represents a 30% larger mass resolution. Thus Ξ−b π

+π− candidates for the fully and partially re-
constructed Ξ−b particles are divided into two samples, and a simultaneous fit is performed. The
signal is modeled with a relativistic Breit–Wigner function convolved with a double-Gaussian
resolution function (fixed from MC simulation), where mass and natural width of the resonance
are shared between the two channels of the simultaneous fit. The background component is
modeled with the threshold function (ΔM)α. The results are shown in Fig. 6.
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Figure 6 – Distributions of the invariant mass difference ΔM for the selected Ξ−b π
+π− candidates, with the

Ξ−b reconstructed in the J/ψΞ− and J/ψΛK− channels (left) or partially reconstructed in the J/ψΣ0K− channel
(right)3. The result of the simultaneous fit is also shown.

The local statistical significance of the peak, evaluated with the likelihood ratio technique,
exceeds 6 standard deviations, which allows us to claim the first observation of a new baryon. The
mass difference of this state is measured to be ΔMΞb(6100)− = 24.14±0.22(stat)±0.05(syst)MeV,

and using the known Ξ−b mass of 5797.0 ± 0.6MeV8 we obtain M(Ξb(6100)
−) = 6100.3 ±

0.2(stat) ± 0.1(syst) ± 0.6 (Ξ−b )MeV. The limited amount of data and present detector resolu-
tion do not allow us to measure the natural width of the new resonance, therefore an upper
limit Γ(Ξb(6100)

−) < 1.9MeV at 95% CL has been obtained through a scan of the profiled
likelihood. The systematic uncertainties (which were used also for the significance and upper
limit calculations) include variations of the fit model, fit range and possible data/simulation
differences.
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4 Summary

In summary, recent results from the CMS experiment provide valuable impact in the heavy
flavour sector.

A time-dependent angular analysis was performed on the 2017-2018 data with a new ded-
icated 3-muon trigger for tagging to measure CPV parameters in the B0

s → J/ψφ(1020) →
μ+μ−K+K− 2. The observed Run 2 results and the combination with the Run 1 analysis5 for
φs and ΔΓs are compatible with the SM predictions and present no sign of New Physics. In the
future, CMS is going to add the data from 2016 and use a complementary displaced J/ψ plus
two tracks trigger to improve this measurement.

A new excited Ξ−b baryon was observed3 at mass 6100.3±0.2(stat)±0.1(syst)±0.6 (Ξ−b )MeV
in the Ξ−b π

+π− invariant mass spectrum, with a natural width smaller than 1.9MeV at 95%
CL. Following the charm analogues14, the new state and its decay sequence are consistent with
being the lightest orbital excitation of the Ξ−b baryon with JP = 3/2− and L = 1 between b
quark and light diquark ds.
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Recent results from T2K

L. Berns for the T2K collaboration
Department of Physics, Tokyo Institute of Technology,
2–12–1 Ookayama, Meguro-ku, 152–8551 Tokyo, Japan

We report on latest results from the Tokai-to-Kamioka experiment studying the disappearance
of νμ and appearance of νe from neutrino oscillation with accelerator generated neutrinos.
Thanks to increase in statistics and numerous upgrades to each part of the oscillation analysis,
we set the most sensitive constraints on some of the oscillation parameters, including in
particular the CP-violation angle δCP. Future prospects are also briefly discussed.

1 Introduction

The Tokai-to-Kamioka (T2K) experiment1 is a long baseline neutrino experiment in Japan.
A powerful beam of neutrinos produced at the J-PARC accelerator in Tokai is sent to the
Super-Kamiokande (SuperK) detector in Kamioka 295 km away. Because for neutrinos the
interaction basis is different from the Hamiltonian basis, the neutrino flavor oscillates over
propagation distance L with frequency controlled by squared mass splittings over energy Δm2/E,
and amplitude by the mixing matrix U parametrized by θ12, θ13, θ23, and δCP. One of the
interesting open questions in high energy physics is the possibility of CP violation in leptonic
sector via non-zero value of sin δCP. In T2K, a beam composed mostly of νμ (neutrino mode) or
νμ (antineutrino mode) is selectively generated, and sin δCP is then measured by comparing the
difference of the P (νμ → νe) and P (νμ → νe) appearance probabilities. Other questions include
the sign of Δm2

32, referred to as normal (Δm2
32 > 0, NO) or inverted ordering (Δm2

32 < 0, IO),
and whether θ23 is maximal (= π/4), or in the upper or lower octant. These measurements
have furthermore important consequences in the context of baryon asymmetry of the universe,2

neutrinoless double beta decay searches,3 and flavor symmetries.4

2 The experiment

To generate the neutrino beam, a 30GeV proton beam is smashed into a 90 cm graphite target,
which produces by hadronic interactions about 6 charged π and K mesons per proton. These
are then focused by means of an optical system with three magnetic horns into a 96m long
decay volume, where they subsequently decay in flight to produce neutrinos. By choosing the

185



polarity of the horns, either positive π+,K+ or negative π−,K− particles are selected, which
mostly produce νμ or νμ, respectively. The far detector is intentionally placed 2.5 degrees off the
neutrino beam axis to obtain a narrowband beam peaked at the 650MeV oscillation maximum.

A complex of multiple near detectors measures the neutrinos before oscillation. INGRID is
an iron-scintillator sandwich detector that monitors the beam intensity and direction on-axis.
ND280 precisely measures the neutrino flux and interactions at the same 2.5◦ off-axis angle
as SuperK. It is a composite detector with active scintillator and passive water targets, with
tracking in time projection chambers, and placed inside a magnet for charge and momentum
measurement. A recent addition is the WAGASCI+BabyMIND5 detector system placed at an
intermediate 1.5◦ off-axis angle. While not used for the oscillation analysis presented here, first
neutrino cross-section measurements have been published recently.6

The far detector, SuperK,7 is a 50 kt water Cherenkov detector. The detector walls are
lined with 11,146 photo-multiplier tubes (PMTs) that detect the Cherenkov light emitted from
charged particles created in the neutrino interactions on water. It has very good e/μ PID from
sharpness of the Cherenkov rings (mis-ID rate about 0.1%), an ideal feature for a neutrino
oscillation experiment measuring the appearance rate of νe in a νμ beam. In T2K the incoming
neutrino direction is known, such that by assuming quasi-elastic scattering the neutrino energy
can be reconstructed from the charged lepton direction and momentum. Not being magnetized,
the ν/ν separation relies on the beam composition, which is mostly νμ or νμ in each operation
mode. The wrong-sign background is constrained by ND280. Recently, Gadolinium loading
into SuperK has started,8 which will allow for some ν/ν separation by tagging recoil neutrons
captured on Gadolinium, most interesting for the search of supernova relic neutrinos.

3 Oscillation analysis flow

3.1 Dataset

In early 2020, we published constraints on δCP that excluded a wide range of its values at 3σ
confidence level9 for the first time. The results presented in this work (also shown at Neutrino
202010) include additional data collected between 2019 and early 2020, corresponding to a 33%
increase in neutrino mode data. Stable operation at 515 kW beam power was achieved in this
most recent run, which is the highest so far. The total amount of analyzed far detector data
corresponds to 3.6× 1021 protons on target (POT), with about 6:5 ratio of ν : ν-mode POT.

3.2 Flux prediction

Various information on primary protons from beam monitors is combined with dedicated hadron
production data to predict the neutrino flux and uncertainties. A significant reduction of the
hadron production uncertainty has been achieved in this analysis thanks to a change of the
tuning method. Instead of tuning every single interaction with thin target measurements, we
now use measurements taken with a replica of the T2K target11 and apply a single tuning weight
based on the exiting particle’s kinematics. Further reduction of the uncertainties are expected
for the next analysis.

3.3 ND280 constraints

ND280 measurements are used to constrain the unoscillated flux × cross-section. The interaction
model has been updated significantly in this analysis, including the initial state nuclear model for
the dominant charged current quasi-elastic (CCQE) scattering process, the treatment of removal
energy, a new uncertainty model on the energy dependence of CC multi-nucleon knockout (2p2h)
process, final state interaction constraints from the near detector, and improvements to deep
inelastic scattering at higher energies.
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To constrain this model, a total of 18 near detector samples are used, separated by neu-
trino/antineutrino mode, π multiplicity (0, 1, ≥ 2) for interaction mode separation, lepton charge
for constraining wrong-sign background (in antineutrino mode only), and interaction target for
constraining nuclear effects (C from active scintillator, or C+O from active scintillator with
inactive water layers). The amount of ND280 data included in the analysis has been doubled to
1.15× 1021 (0.834× 1021) POT in neutrino (antineutrino) mode. Sample selections and system-
atics treatment have also been improved. Two methods are used to propagate the near detector
constraint to the far detector. One is to fit just the near detector samples and propagate a
covariance matrix of correlated flux and cross section parameters. The other is to perform a
joint fit of the near and far detector samples and thus avoid the gaussian approximation. Both
methods give consistent results.

Aside from the oscillation analysis, many cross-section measurements have been published,
including measurements of pionless νμ charged-current interactions on C vs. O targets,12 ν vs. ν
differences,13 νe/νe cross section

14 (the first measurement of νe in 43 years), as well as single-pion
interactions including proton tracks15 for understanding nuclear effects.

3.4 Far detector samples

We use five single-ring samples separated by the beam mode and whether one sees an e-like or μ-
like ring. For neutrino mode, we also have a sample with single e-like ring and charged pion below
Cherenkov threshold (detected as delayed event from decay electron) for increasing the e-like
statistics and as control for CC1π interactions. For this analysis, we extend the analysis binning
of μ-like samples by the muon scattering angle, which improves the separation of neutral current
interaction backgrounds. All data have been reprocessed for improved PMT gain correction. In
the upcoming analysis we will further add multi-ring samples, which will provide up to 40%
increase of the μ-like events (mostly at energies higher than oscillation maximum).

For μ-like events, the disappearance rate at oscillation maximum is sensitive to sin2 2θ23,
whereas the energy at the dip is sensitive to Δm2

32. For e-like samples, a change of event rate
correlated in ν/ν-mode is sensitive to θ13 and θ23-octant, whereas a change anti-correlated in ν/ν-
mode is sensitive to sin δCP and mass ordering. T2K’s θ13-constraint from νμ → νe appearance,
which is sin2 θ13 = 2.63+0.52

−0.42 × 10−2 (NO) in this analysis, is consistent with the much stronger
constraint from reactor experiments measuring νe → νe disappearance. All following results
therefore report T2K+reactor constraints on the other oscillation parameters (δCP, θ23,Δm2

32),
which improves the sensitivity especially for δCP and θ23-octant. This reactor-constraint on θ13
has been updated since the last analysis to sin2 θ13 = (2.18± 0.07)× 10−2 from Ref. 16.

4 Results

Fig. 1 (left) shows our latest constraints on the atmospheric mixing parameters (θ23,Δm2
32).

Improving upon our previous ones with increased statistics and systematics model, these are the
tightest constraints on these parameters to date. We observe a slight preference of non-maximal
sin2 θ23 �= 0.5 in upper octant with Bayes factor Pupper/Plower = 3.4. A fit with separate
atmospheric mixing parameters for νμ/νμ (Fig. 1 right) shows consistent results as expected
from CPT and standard neutrino interactions.

For νe vs. νe appearance the constraint is still rate-dominated, such that a bi-event plot is
illustrative to understand the origin of various constraints (Fig. 2 left). Upon statistical analysis,
a large region of the δCP parameter space is excluded at 3σ (Fig. 2 right), and CP-conserving
values δCP = 0, π are excluded at 90% confidence level. To check the effects of possible biases
caused by cross section model choices, we repeat the analysis with various theory or data-driven
simulated data sets. These cause a shift of the left (right) 90% confidence interval edges on δCP

by at most 0.073 rad (0.080 rad). A weak preference of normal ordering is also observed with
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Figure 1 – Left: Constraints on atmospheric oscillation parameters and comparison with NOνA,17 SuperK,18 and
IceCube.19 Right: Constraints from an alternative fit of μ-like samples where the atmospheric parameters for
neutrinos (sin2 θ23,Δm2

32) and antineutrinos (sin2 θ23,Δm2
32) are decoupled from each other. The joint νe + νμ

analysis contours from the left figure are also shown for comparison.

Bayes factor PNH/PIH = 4.2. Comparing with toy experiments generated at maximally CP-
violating value of δCP = −π/2, our data-constraints are compatible with sensitivity at around
1σ level. In the previous analysis, the agreement used to be slightly below 2σ range, and was
yielding by statistical fluctuation a stronger constraint than sensitivity. The new data-constraint
is now weaker due to the improvements to the analysis, including the updated interaction model
and reactor-constraint on θ13, reprocessing of the far detector data, and with largest contribution
the additional data. The sensitivity however increased, resulting in improved compatibility.
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our data showing weak preference for normal ordering. The colors show the prediction for various values of
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5 Conclusion and future outlook

We presented latest neutrino oscillation results from T2K using 3.6 × 1021 protons on target
with many improvements at each level of the analysis. CP conserving values of δCP are excluded
at 90% and a large δCP range is excluded at 3σ confidence level. A weak preference for normal
ordering and upper octant is seen. Additional samples are being prepared both at near and
far detectors for more statistics and systematics control. Joint fits between NOνA+T2K and
SK+T2K collaborations are also ongoing, with the aim to obtain improved oscillation parameter
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constraints due to resolved degeneracies, and to understand potentially non-trivial systematic
correlations. Many upgrades are being performed toward the future, including a large upgrade
of the ND280 near detector system for improved cross section model constraints,21 and 2.6×
stronger beam for significant increases in statistics.22
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results of STEREO and PROSPECT, and status of sterile neutrino searches

M. Licciardi, on behalf of the Stereo collaboration

Univ. Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3, 38000 Grenoble, France

Reactor neutrinos have been an intense field of investigation for the last decade. Two anomalies
are discussed in this document. First, a status of the sterile neutrino searches by Stereo,
PROSPECT and DANSS is presented. The best-fit parameters of active-to-sterile oscillations
from the Reactor Antineutrino Anomaly are strongly rejected by these experiments. Second,
the analyses of the shape anomaly (“5 MeV bump”) by Stereo and PROSPECT, both using
a virtually pure 235U neutrino flux, are detailed. Results show a significant excess of events
at 5-6 MeV and indicate that the bump observed at commercial reactors is not specific to a
particular isotope but rather shared among U and Pu.

1 Introduction

The Reactor Antineutrino Anomaly (RAA) 1 appeared in 2011, following a revision of the
predicted neutrino fluxes for the main isotopes in nuclear fuel (235U, 238U, 239Pu, 241Pu) 2,3.
The upward reevaluation of predicted fluxes resulted in a data-to-prediction deficit of about 5%.
One hypothesis to explain this deficit consists in oscillations to a sterile neutrino state, since
sterile neutrinos are not observable in detectors. The survival probability writes for L � 1 km:

Pee = 1− cos4(θ14) sin
2(2θ13) sin

2

(
Δm2

31L

4E

)
− sin2(2θ14) sin

2

(
Δm2

14L

4E

)
(1)

with E the neutrino energy, L the distance from source to detector, θ13 and Δm2
13 the mixing

angle and mass splitting in the 3-neutrino paradigm, θ14 and Δm2
14 the parameters ruling the

oscillation to the sterile state. Based on data available at the time, the RAA best-fit parameters
are of the order of sin2 2θnew ∼ 0.1 and Δm2

new ∼ 2 eV2. Notably, this mass splitting translates
into an oscillation length from 2 to 10 meters (depending on the neutrino energy), which is
the typical length on which oscillations would develop. Therefore, a new generation of neutrino
detectors were designed to study such oscillations, combining two key requirements: (i) a distance
from detector to reactor core of about 10 m, to be able to probe the RAA hypothesis; (ii) a
segmented detector covering several baselines over ∼ 2 m, so that oscillations could develop
inside the detector and be seen by comparing spectra from the detector’s subparts. Experiments
operating such detectors are, for instance, Stereo, PROSPECT and DANSS.

Another intriguing aspect of the reactor antineutrino spectrum is the excess of events ob-
served by experiments running at commercial reactors (Daya Bay 4, RENO 5, Double Chooz 6)
around 5 MeV, so-called ”5 MeV bump”. In order to disentangle the contribution from the sev-
eral isotopes present in low-enriched nuclear fuel, pure 235U measurements from research reactors
are helpful. Stereo and PROSPECT have thus performed analyses of the spectrum shape, and
have formed a joint collaboration to increase the sensitivity of their respective analyses.
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2 Experimental context

2.1 Stereo, PROSPECT and DANSS experiments

Three experiments will be presented in this document: i) Stereo 7, operated near the
High Flux Reactor at Institut Laue-Langevin in Grenoble, France; ii) PROSPECT 8, operated
near the High Flux Isotope Reactor at the Oak Ridge National Laboratory, USA; iii) DANSS 9,
operated below a commercial reactor core at the Kalininskaya nuclear power plant in Russia.
Tab. 1 compares some important instrumental characteristics of these three experiments.

Table 1: Comparison of key instrumental aspects of the Stereo, PROSPECT and DANSS experiments.

Stereo PROSPECT DANSS

Reactor power 58 MWth 85 MWth 3 GWth
235U enrichement 93 % (HEU) 93 % (HEU) Low (LEU)

νe spectrum > 99% from 235U > 99% from 235U Mixed isotopes
Core size h = 80cm, � = 40cm h = 50cm, � = 45cm h = 3.5m, � = 3.1m

Detector structure Segmented (6 cells) Segmented On a movable platform
Baselines 9.4 to 11.2 m 6.7 to 9.3 m 10.9, 11.9 and 12.9 m

Detection principle Gd-doped liq. scint. 6Li-doped liq. scint. Gd-coated plastic scint.
νe rate 360 / day 500 / day 5 000 / day
S/B � 0.8 � 1.4 ∼ 20

2.2 Analysis key points: Stereo as an illustration

Let us now illustrate some key aspects of the analysis using Stereo as an example. Reactor
antineutrinos are detected through the inverse beta decay (IBD) reaction: νe+p → e++n. This
produces two coincident signals in the detector: i) a prompt signal from the e+ kinetic energy
and annihilation, and ii) a delayed signal from the neutron capture on a Gd nucleus.

The prompt signal is related to the neutrino energy as Epr = Eν − 0.782 MeV. An accurate
energy reconstruction is crucial for the oscillation analysis since they develop as a function of
L/E, and for the spectral analysis as well. Most importantly the reconstructed energy has to be
well reproduced in simulation: the quantity of interest is the energy scale, namely the data/MC
ratio of reconstructed energies Edata

rec /EMC
rec . The control of the energy scale is done in 3 steps.

First, a set of calibration sources are deployed in each cell, at 5 different heights, and cover
energies from 0.5 MeV to �8 MeV. Second, the β-decay of cosmic-muon-induced 12B provides
a continuous spectrum up to Qβ = 13.4 MeV. Finally, a joint fit of the data/MC residuals
from sources and boron constrains the ratio Edata

rec /EMC
rec to be in agreement with 1 within ±1%

accuracy across all energies.

The delayed signal originates from the de-excitation cascade of the excited Gd nucleus after
n capture. The computation of the capture efficiency is of prime importance for the absolute
measurement of the IBD rate which provides a measurement of the deficit with respect to the
reference Huber-Mueller (HM) model 3,2. It is done with an AmBe source circulated in and
around the detector, systematic uncertainties being evaluated with data/MC comparison. For
this, the FIFRELIN software provides improved modelling of the de-excitation cascades 10, the
result of which is made available to the community. In addition, correction factors acount for
spatial data/MC discrepancies that could be related to neutron physics at the edges of the
detector, or Gd non-uniformity. This careful evaluation allows Stereo to measure the rate
deficit of the 235U spectrum as

(5.2± 0.8[stat]± 2.3[syst]± 2.3[model])% (2)
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which is the most accurate result for HEU experiments 11.

A final key point in the analysis comes from the reactor’s alternation of reactor-on and
reactor-off periods. Cosmogenic background is measured in reactor-off periods and used as a
model for such a background in the reactor-on collected data. Pulse Shape Discrimination then
allows to keep a signal-to-background ratio of order 1, leading to the sterile neutrino search and
the spectral analysis presented in Section 3 and 4. Note that the following results use only the
first 2 phases of Stereo’s collected data, with a doubling of statistics yet to come.

3 Sterile neutrino searches

Stereo, PROSPECT and DANSS use different analysis methods, but all rely on the same
principle: looking for oscillations by comparing spectra at different baselines (and not comparing
the data to a model). Analyses can then be model-independent and provide more reliable results.

In order to do so, Stereo introduces free φj parameters in its χ2 minimization 12:

χ2 =

Ncells∑
l=1

NEbins∑
j=1

(
Al,j − φjMl,j

σj

)2

+ pull terms (3)

with Al,j the measured neutrino rate in cell l and energy bin j, and Ml,j = Ml,j(sin θ14,Δm2
14;α)

the predicted rate as a function of the active-to-sterile oscillation parameters from Eq. 1 and
nuisance parameters α. Any bias in the initial model in energy bin j would be absorbed by the
φj in this bin: then, only cell-to-cell differences in the oscillated prediction Ml,j remain relevant.

A similar method is pursued by PROSPECT 13. Specifically, the φj are not free parameters
anymore but are set to

φj =

Nbaselines∑
l=1

Al,j /

Nbaselines∑
l=1

Ml,j (4)

using the ratio of the baseline-summed measured and predicted spectra.

Finally, the analysis of the DANSS collaboration uses the ratio Rj of spectra between bottom
(L = 12.9 m) and top (L = 10.9 m) positions 15. The χ2 then writes

χ2 =

NEbins∑
j=1

(
Robs

j − k ×Rpred
j

σj

)2

(5)

with Robs
j and Rpred

j the observed and predicted ratios, and k a normalization parameter to
consider only differences in positron energy shapes.

The exclusion contours from the 3 experiments are gathered in Figure 1, using either the
CLs (PROSPECT, DANSS) or the usual Δχ2 method (Stereo, PROSPECT). Importantly
for the latter, since Δχ2 does not follow a standard χ2 law with 2 d.o.f., the Feldman-Cousins
procedure (buiding Δχ2 p.d.f.s via MC toys) is used. The best-fit point of the RAA is strongly
excluded: at > 99% C.L. by Stereo, at > 95% C.L. by PROSPECT, and at > 5σ by DANSS.
A large portion of the RAA 95% C.L. region is excluded as well. The only remaining region of
the parameter space still unrejected corresponds to Δm2 � 5 eV2 where experiments at O(10 m)
have little sensitivity.

In this region of high-frequency oscillations, only an averaged effect could be observable
in detectors, and no cell-to-cell distortions are to be expected. Oscillations to a sterile state
would only appear as a deficit to a certain model, and are thus beyond the model-independent
searches discussed here. One would need, for instance, to add a model-dependent constraint on
the normalization.
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Figure 1 – Exclusion and sensitivity contours from (top left) Stereo 12, (top right) PROSPECT 13 and (bottom)
DANSS 14, showing strong rejection of the RAA best-fit point as well as a large surrounding region.

4 Spectral analysis

For the experiments at HEU reactors, the spectral analysis has been developped for two
main purposes: i) to investigate the 235U contribution to the event excess around 5 MeV, and
ii) to provide an experimental reference to the community, since the current prediction fails to
reproduce the experimental data in this specific region. Therefore, the measured energy spectra
have been unfolded and expressed as a function of the antineutrino energy.

4.1 Analysis of Stereo data

The unknown unfolded spectrum is parametrized by a set of parameters Φi (one per Eν

bin i) and is folded into measured-energy space through the experimental response matrix R.
There, it is fitted against the measured spectrum D, using one of the following two methods:

χ2(Φ) =
(
RΦ−D

)T
V −1D

(
RΦ−D

)
+ r · R1(Φ) (6)

or

χ2(Φ) =
(
R(�α)Φ−D

)T
V −1stat

(
R(�α)Φ−D

)
+ |�α|2 + r · R1(Φ). (7)
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The first method uses the total covariance matrix VD in the χ2 computation, while systematic
uncertainties are implemented using nuisance parameters in the second. As statistical noise is
enhanced by unfolding processes, both uses a Tikhonov-like regularization term

R1(Φ) =
∑
i

(
Φi+1

Φ0
i+1

− Φi

Φ0
i

)2

(8)

to smooth the first derivative of the deviation between the unfolded spectrum and a prior shape
Φ0 (set to the shape of the HM model3,2). The strength of this smoothing can be varied through
the tunable parameter r. In the first method, r is set following the General Cross-Validation
prescription16; in the second method, r is empirically chosen to ensure that the choice of the prior
shape has negligible impact on the unfolded spectrum 17. The compatibility between the two
methods has been validated on a pseudo-data set, and excellent agreement was found. Finally,
biases have been studied on various toy models (including models with a bump) and show that
the unfolding is well controlled, as biases remain < 1% across all the energy range.

Figure 2 – (Top) Unfolded 235U spectrum along with area-normalized Huber-Mueller (HM) and Summation Model
(SM) 18 predictions. The non-trivial correlation matrix is displayed. (Bottom) Ratios to HM prediction. Adapted
from Ref. 17.

The unfolded spectrum is shown in Fig. 2. The agreement with the area-normalized HM
model is χ2/ndf = 26.7/18 (p-value: 0.084). When fitted by a gaussian, the excess of events
around 5-5.5 MeV gives an amplitude of (12.1±3.4)%. The significance of the bump observation
in a 235U spectrum by Stereo reaches thus 3.5σ. However, no preference can be inferred about
the isotopic origin of the bump observed by Daya Bay 4 with commercial reactors. A bump
shared among isotopes (resp. a pure-235U bump) would correspond to an amplitude of ∼ 9%
(resp. ∼ 16%) in Stereo data.

4.2 Analysis of PROSPECT data

The investigation for the bump is done on the measured-energy spectrum by PROSPECT.
The analysis focuses on the isotopic origin of the bump observed by Daya Bay 4. A gaussian
with mean 5.678 MeV and width 0.562 MeV (corresponding to Daya Bay’s observation) is folded
through the response matrix, and its amplitude is fitted againt PROSPECT data 13.
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PROSPECT spectrum and the best-fit excess are displayed on Fig. 3. The scale factor, ratio
of PROSPECT’s to Daya Bay’s amplitudes, has a best-fit value of 0.84 ± 0.39. It is consistent
with 1, indicating that 235U does not play a specific role on the bump origin with respect to
the other isotopes present in LEU neutrino spectra. The no-235U bump and all-235U bump
hypotheses, corresponding to scale factors of 0 and 1.78 respectively, are both disfavoured at
more than 2σ.

Figure 3 – Measured-energy spectrum observed by the PROSPECT experiment 13. The event excess is fitted by
a gaussian with mean and width set to correspond to Daya Bay’s observation.

4.3 Joint analysis by Stereo and PROSPECT

As both Stereo and PROSPECT spectral analyses are statistically limited, both collabora-
tions have worked together on a joint analysis to increase the physics reach of the experiments.
Stereo’s unfolding methods have been extended to perform the joint unfolding of the data sets;
for instance, the first method now writes

χ2(Φ) =
(
RSTΦ−DST

)T
V −1ST

(
RSTΦ−DST

)
+
(
α ·RPRΦ−DPR

)T
V −1PR

(
α ·RPRΦ−DPR

)
+ r · R1(Φ) (9)

where PR and ST are used to refer to each experiment, and α is a free-floating scaling parameter
accounting for the different normalizations of the experiments.

Another unfolding framework has been developped within the PROSPECT collaboration,
based on the Wiener-SVD method19. The unfolding is done by using the Singular Value Decom-
position to invert the response matrix. A filter, optimized according to the signal-to-background
ratio, is applied in this inversion process to mitigate the noise amplification due to small diagonal
elements in the SVD decomposition.

Stereo’s and PROSPECT’s unfolding methods have been compared on the single unfolding
of Stereo or PROSPECT data, and show excellent agreement. Moreover, a χ2 test between the
spectra from the two experiments (unfolded with the method of Eqn. 9) gives χ2/ndf = 22.3/17
(p-value: 0.17). Since the two experiments are statistically compatible, it is fully relevant to
attempt a joint fit combining both of them. A preliminary Eν spectrum from the joint unfolding
of Stereo and PROSPECT data is shown in Fig. 4. As suggested in Ref. 19, a filter matrix
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Figure 4 – Joint fit of Stereo and PROSPECT data, along with the unfolded spectra of each experiments (all
unfolding performed with the method of Eqn. 9).

encoding all unfolding biases will be provided with the unfolded spectrum in the forthcoming
publication.

This 235U spectrum extracted by Stereo and PROSPECT, from HEU reactor cores, is
complementary to results from LEU experiments. While commercial reactors provide more
intense neutrino fluxes, our analysis is completely independent on flux models related to other
main fuel isotopes. In the near future, one could even imagine to use this 235U spectrum as an
external constraint in analyses aiming to separate U and Pu contributions in LEU spectra 20.

5 Summary

Since the emergence of the RAA, an intense experimental effort has developped around very-
short-baseline reactor neutrino detectors, in order to search for active-to-sterile oscillations. A
decade later, the best-fit parameters and a large portion of the allowed region in parameter
space are ruled out by Stereo, PROSPECT or DANSS. With these segmented detectors,
model-independent analyses have been performed by comparing the antineutrino spectra from
several baselines, and no sign of oscillations have been found.

Another explanation is then required to understand the data-to-prediction deficit of about
5%, which first suggested the hypothesis of a sterile neutrino. The contributions of 235U and
239Pu to this deficit have been separated by the Daya Bay collaboration 21 and favor that the
deficit is mostly carried by 235U. The 235U deficit is measured at (7.8±2.7)%. The measurement
by Stereo on a pure 235U flux yields a compatible deficit of (5.2±2.4)%, with a pure-235U world-
average now at (5.0±1.3)%11. Finally, a recent repetition by Kopeikin et al. of the measurement
of 235U and 239Pu β spectra, used as inputs for the Huber-Mueller model, indicates that the ratio
of 235U/239Pu fluxes may have been overestimated by 5.4% 22. The global picture is illustrated
in Fig. 5: it suggests that the 239Pu normalization may be correct, and the 235U normalization
overestimated in the HM model by 5-6%.

Concerning the shape anomaly, the complementarity of HEU and LEU experiments is once
again an asset for the community. First revealed by reactor neutrinos experiments at commercial
reactors, the ”5 MeV bump” has been studied by Stereo and PROSPECT on pure-235U fluxes.
Combining all analyses, there is a small preference for a bump equally shared by 235U and
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Figure 5 – Global picture of the 235U and 239Pu cross-section per fission. The black ellipse corresponds to the
HM model; the green contours are from the U/Pu separation from Daya Bay 21 ; the purple band reprensents the
world-average for pure-235U experiments 11; the orange dashed line corresponds to Kopeikin’s new measurement
of the ratio of β spectra 235U / 239Pu 22.

239Pu. As the modelling of these neutrino fluxes has proven to be a difficult task, Stereo and
PROSPECT provide a experimental reference for the 235U spectrum. Thanks to well controlled
unfolding methods, it is expressed in antineutrino energy.

Finally, let us note that the accuracy on all these observables will increase as more data is
currently taken and/or analyzed by Stereo, PROSPECT and DANSS.
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We investigate if the CP violation necessary for successful electroweak baryogenesis may be
sourced by the neutrino Yukawa couplings. In particular, we consider an electroweak scale
Seesaw realisation with sizeable Yukawas where the new neutrino singlets form (pseudo)-Dirac
pairs. We find that flavour effects critically impact the final asymmetry obtained and that,
taking them into account, the observed value may be obtained in some regions of the parameter
space. This source of CP violation naturally avoids the strong constraints from electric dipole
moments and links the origin of the baryon asymmetry of the Universe with the mechanism
underlying neutrino masses. Interestingly, the mixing of the active and heavy neutrinos needs
to be sizeable and could be probed at the LHC or future collider experiments.

1 Introduction

The origin of the baryon asymmetry of the Universe (BAU) remains one of the most intriguing
open questions of the Standard Model (SM). It has been measured 1 to be

Y obs
B ≡ nb − nb̄

s
≡ nB

s
� (8.59± 0.08)× 10−11, (1)

where nb (nb̄) is the (anti)baryon number density and s is the entropy density. To dynamically
generate the BAU, the three Sakharov conditions2 need to be satisfied: baryon number violation,
C and CP violation, and departure from thermal equilibrium. Although the SM in principle
satisfies all three conditions, the amount of CP violation in the quark sector is not enough to
generate the BAU 3 and the phase transition is rather a crossover 4,5 given the observed mass of
the Higgs boson.

Thus, a dynamical generation of the BAU requires physics beyond the SM (BSM). As a
minimal option, an extension of the SM scalar sector could make Electroweak Baryogenesis 6

(EWBG) viable. In particular, new scalars could induce a strong first order phase transition 7

at the EW scale and also contribute with new sources of CP violation. In this case, all the
interesting physics would be around O(100) GeV, at reach of the Large Hadron Collider (LHC).
However, new sources of CP violation typically induce electric dipole moments, which are very
tightly constrained 8, so EWBG models usually rely on some dark sector to avoid them.
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Figure 1 – Sketch of the reflection of an incoming N̄R off the bubble wall to a ν̄L and its subsequent conversion
to baryons through sphaleron transitions.

Given that the experimental evidence for neutrino masses from the observation of neutrino
oscillations9 is also at odds with the SM, it represents another main window to new physics. It is
therefore interesting to consider whether new sources of CP violation associated to the neutrino
mass mechanism can generate the observed BAU.

Here we will investigate the viability of EWBG in the context of low-scale Seesaw mecha-
nisms 10,11,12,13 in which neutrino masses are generated from a soft breaking of lepton number.
The heavy neutrinos will thus be arranged in (pseudo-)Dirac pairs. A new scalar singlet, which
can be responsible for the required strong first order phase transition, will also induce the Dirac
mass of the heavy neutrinos. Thus, a CP asymmetry in the SM neutrinos, sourced by neutrino
Yukawa couplings, may be produced through reflections and transmissions with the bubble wall.
The imbalance between neutrinos and antineutrinos will then be converted into a baryon asym-
metry through sphaleron processes in the unbroken phase. The generated net baryon number
then enters the broken phase as the bubbles expand, where sphalerons are no longer efficient
and baryon number is frozen out.

2 Neutrino mass generation and CP violation

The SM is simply extended by three singlet Dirac neutrinos and a scalar singlet:

L = −L̄LH̃YνNR − N̄LφYNNR + h.c.− V
(
φ∗φ,H†H

)
, (2)

where φ is the singlet scalar and H is the Higgs doublet, LL is the lepton doublet and NR(L)

is the right(left)-handed component of the new Dirac neutrinos. Yν and YN are 3 × 3 Yukawa
matrices. We will remain agnostic as to the specifics of the lepton-number-violating contribution
responsible for the observed neutrino masses, and in what follows, we will neglect these small
perturbations on the underlying lepton-number-conserving structure. The last term in Eq. (2)
refers to the scalar potential, which couples the Higgs doublet to the singlet scalar and can
induce the strong first order phase transition 14.

After spontaneous symmetry breaking (SSB), both the SM Higgs field and the singlet scalar
develop a vacuum expectation value (vev), vH and vφ, respectively, which generate Dirac mass
terms for the neutrino states, mD ≡ vHYν/

√
2 and MN ≡ vφYN . The mixing between the heavy

neutrinos and the active states is given by the ratio between the Dirac masses, θ ≡ mDM
−1
N ,

and can be sizeable. It is nonetheless experimentally bounded to be Tr[θθ†] ≤ 0.007 at 2σ 15.
There is only one source of CP violation not suppressed by the generally smaller charged lepton
Yukawas 16,17, which is associated to the following basis invariant 18,19

δCP = M2
1M

2
2M

2
3 (M

2
1 −M2

2 )(M
2
2 −M2

3 )(M
2
3 −M2

1 )Im
[
(θ†θ)12(θ†θ)23(θ†θ)31

]
. (3)

2.1 Generation of a CP asymmetry

In the presence of the new scalar singlet, a strong first order phase transition is possible. De-
pending on the parameters of the scalar sector and its couplings to fermions, bubbles with walls
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Figure 2 – Flavoured CP asymmetries generated through reflections of NR from the symmetric phase (left panel)
or transmission of heavy neutrinos N from the broken to the symmetric phase (right panel) into each one of the
neutrino flavours.

of a given width δW will start nucleating at the temperature Tc and expand at a velocity vW .
For details on the scalar potential such as the effect of the vev profiles, see Fernández-Mart́ınez
et al 20.

Neutrinos travelling from the unbroken phase towards the bubble wall will be reflected
as depicted in Fig. 1. In the presence of CP violation, the reflection rate for neutrinos and
antineutrinos will be different, generating an asymmetry in νL (SM neutrinos) which will be
converted into a baryon one through sphaleron transitions. The reflection and transmission
asymmetries for each flavour, as computed in Fernández-Mart́ınez et al 20, are shown in Fig. 2.
We show in green the asymmetry stored in νLτ and the sum of the remaining flavours, νLe and
νLμ, in blue. As can be observed, their values are very similar and of opposite sign, such as the
sum of the two, the total CP asymmetry (magenta line), is orders of magnitude smaller than the
individual flavour asymmetries. This is due to a strong GIM-like cancellation appearing when
summing over flavours 20.

3 Diffusion equations

Once the CP asymmetries are generated, we need to solve a set of differential equations which
follow the diffusion of each particle species. In the following we will study two cases: the
simplest scenario where we only follow the total lepton and baryon asymmetries, dubbed as
“vanilla” scenario, and another case where we include possible wash-out and flavour effects, the
“flavoured” scenario.

3.1 Vanilla scenario

The minimal set of the diffusion equations we consider, following Hernández & Rius 16, is

DB∂
2
znB − vW∂znB − 3ΓSH(−z)nB − ΓSH(−z)nL = 0,

DL∂
2
znL − vW∂znL − ΓSH(−z)nL − 3ΓSH(−z)nB = ξLjν∂zδ(z), (4)

where we only follow the evolution of total baryon (nB) and lepton number (nL) asymmetries and
their conversion through weak sphaleron processes. In Eq. (4), DB(L) is the diffusion constant for
baryons (leptons) which we estimate following Joyce et al 21, vW is the wall velocity, ΓS = 9κα5

WT
is the sphaleron rate with κ � 18 22, αW the weak coupling constant, H the Heaviside function
and we have neglected the bubble wall width. The CP current generated through reflections
and transmissions of neutrinos, jν , can be computed as in Fernández-Mart́ınez et al 20.

We show in Fig. 3 contours of constant YB as a function of the lightest heavy neutrino mass
and the Yukawa coupling. The green contour corresponds to the observed baryon asymmetry
while the two magenta contours corresponds to the bounds on Tr[θθ†] including or not the

201



60 80 100 120 140

M1 [GeV]

0.02

0.04

0.06

0.08

0.10

0.12

0.14
y ν

8.
6
×
10
−1

1

vW = 0.1
Tc = 100 GeV

δW = 0.15 GeV−1

Tr
[ θθ†] =

0.0
45

Tr
[
θθ
†] = 0.007

10
−15

10−14

10−13

10
−1

2

1
0
−
1
1

0.001

0.050

0.100

0.150

0.200

0.250

0.300

T
r
[ θθ†]

60 80 100 120 140

M1 [GeV]

0.02

0.04

0.06

0.08

0.10

0.12

0.14

y ν

8.
6×

10
−1
1

vW = 0.1
Tc = 20 GeV

δW = 0.15 GeV−1

Tr
[ θθ†] =

0.0
45

Tr
[
θθ
†] = 0.007

10−14

10−13
10
−12

10−11

5× 10
−10

10
−9

0.001

0.050

0.100

0.150

0.200

0.250

0.300

T
r
[ θθ†]

Figure 3 – Contours of constant YB as a function of the mass of the lightest heavy neutrino and the Yukawa
coupling for the “vanilla” scenario.
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Figure 4 – Contours of constant YB as a function of the mass of the lightest heavy neutrino and the Yukawa
coupling for the “flavoured” scenario.

invisible width of the Z boson. The left and right panels differ by Tc. From these plots it is
clear that, in the “vanilla” scenario, we cannot explain the observed BAU unless the bounds on
θ from the invisible width of the Z boson can be avoided.

3.2 Flavoured scenario

Given the strong GIM cancellation shown when summing over neutrino flavours (see Fig. 2),
the introduction of possible wash-out effects from Yukawa interactions could prevent these sup-
pression if these interaction rates are faster than the sphaleron rate. In particular, the wash-out
from νL to NR is given by 20

ΓNRiνLα

T
∼ 0.0024|θαi|2

2M2
i

v2H
, (5)

which is larger than the sphaleron rate for Mi > 200 GeV given the bounds on θ. Thus, this
wash-out term can play a crucial role in breaking the GIM cancellation when following the
individual flavour asymmetries. Additionally, we will have to follow as well the asymmetries
stored in each NR, which interact much less with the plasma, diffusing much more than νL into
the symmetric phase, and potentially contributing to enlarging the final baryon asymmetry. As
can be seen in Fig. 4 and in more detail in Fernández-Mart́ınez et al 20, this is indeed the case,
and we can successfully explain the BAU respecting all experimental constraints.

This is further confirmed in Fig. 5 where we show the values of YB obtained by scanning
over the masses of the heavy neutrinos. The blue points correspond to neglecting the effect of
the heaviest neutrino, NR3, while the magenta ones to overestimating its impact on the final YB.
The actual contribution of NR3 with its corresponding diffusion constant would yield a result
lying between the two limits corresponding to the magenta and blue points. In both panels one
can see that we can explain the observed BAU (green band). Given that we are here saturating
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Figure 5 – Values of YB as a function of the masses for two different Tc. The blue and magenta dots correspond
to neglecting or overestimating the effect of NR3.

the bounds on θ, but the BAU is proportional to the sixth power of θ, an improvement of a
factor of ∼ 2 in θ would reduce the final YB by a factor ∼ 100, eventually allowing to probe the
entire parameter space.

4 Conclusions

We have studied the possibility that the mechanism responsible for neutrino masses also helps in
the production of the BAU within the context of electroweak baryogenesis. Low scale realisations
of the Seesaw mechanism not only naturally explain the origin of tiny neutrino masses through an
approximate lepton number symmetry, but are also testable since the heavy neutrinos can be at
the electroweak scale with a sizeable mixing with their active partners. It is therefore tantalising
to explore the role of these new states and sources of CP violation at the electroweak scale in
electroweak baryogenesis. Furthermore, the neutrino sector naturally avoids the problematic
EDM constraints.

We have investigated two scenarios where the baryon asymmetry is generated from the CP
violation stemming from the neutrino Yukawa couplings. In the simplest case, neglecting the
flavour-dependent Yukawa rates, we find it is not possible to explain the observed BAU unless
present bounds on heavy-active neutrino mixing can be avoided. This idea was first studied by
Herández & Rius 16, which was the starting point of our analysis that we expanded in several
aspects, such as the inclusion of flavour-dependent wash-out effects. More interestingly, when the
flavour-dependent wash-out rates are included, the observed BAU can be successfully explained
within present constraints. In any event, the required mixing is always large and these scenarios
could be testable by future collider searches.
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We discuss neutrino magnetic moments as a way of constraining physics beyond the Standard
Model. In fact, new physics at the TeV scale can easily generate observable neutrino magnetic
moments, and there exists a multitude of ways of probing them. We highlight in particular
direct dark matter detection experiments (which are sensitive to neutrino magnetic moments
because of the predicted modifications to the solar neutrino scattering rate), stellar cooling,
and cosmological constraints.

1 Neutrino Magnetic Moments as a Probe for “New Physics”

With the particle physics world abuzz about the intriguing anomaly observed in the magnetic
moment of the muon, it is often forgotten that also the muon’s little siblings – the neutrinos –
have magnetic moments. While unobservably tiny in Standard Model, these magnetic moments
may be significantly enhanced in the presence of physics beyond the Standard Model, making
them excellent indirect probes of “new physics”. In these proceedings, based largely on ref.,1 we
discuss neutrino magnetic moments in the context of terrestrial, astrophysical, and cosmological
probes, and we comment on intriguing model building aspects.

At the effective field theory (EFT) level, a neutrino magnetic moment is described by an
operator of the form

L ⊃ 1

2
μαβ
ν ν̄αLσ

μνNβ
RFμν , (1)

where μαβ
ν is the magnetic moment (a constant of mass dimension−1), ναL andNβ

R are left-handed
and right-handed neutrino fields, respectively, Fμν is the electromagnetic field strength tensor,
and α, β are flavor indices. The operator in eq. (1) is typically generated via loop diagrams such
as the ones shown in fig. 1 as an example. Note in particular that because magnetic moment
operators couple left-handed states to right-handed ones, they are sensitive to the mechanism
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of neutrino mass generation. For Dirac neutrinos, the NR are new states that are as light as the
νL. For Majorana neutrinos, the anti-particles of the νL can play the role of the NR; in that
case, the flavor-diagonal components of μαβ

ν vanish and only the off-diagonal ones (“transition
magnetic moments”) are non-zero as can be verified with a bit of Dirac algebra. In both cases,

the coupling of the right-handed states to the W – which is needed for the generation of μαβ
ν

in the SM, see fig. 1 (a) – is suppressed by their mass, explaining the smallness of μαβ
ν in the

SM.2–8

e, μ, τ

NRνL

γ

W W S1/3
1 , R̃−1/3

2

b

NRνL

γ

(a) (b)

Figure 1 – Diagrams contributing to the neutrino magnetic moment (a) in the SM and (b) in a leptoquark model.

This mass suppression is avoided in extensions of the SM such as the one shown in fig. 1 (b).
In this example, leptoquarks with SU(3) × SU(2) × U(1) quantum numbers of (3̄,1, 1/3) and
(3̄,2, 1/6) are introduced. The former one, called S1, could explain the R(D(∗)) and muon g− 2
anomalies (see refs.1,9–19 and section 4), while the second one is introduced in the context of the
Voloshin mechanism20 to avoid unacceptably large contributions to the neutrino mass matrix
without tuning. It is intriguing that models of TeV-scale new physics that have been proposed for
other reasons can naturally lead to sizeable neutrino magnetic moments. For instance, based on
naive dimensional analysis, the diagram in fig. 1 (b) predicts μν ∼ emb/(16π

2m2
LQ) ∼ 10−11 μB,

where mLQ ∼ TeV is the mass of the leptoquark, e is the electromagnetic gauge coupling, mb is
the bottom quark mass (responsible for the chirality flip in the diagrams), and μB = e/(2me) is
the Bohr magneton, the conventional unit for magnetic moments. As we will see in the following
sections, such values of μν are well within reach of current experiments, depending on the mass
of the NR.

2 Direct Detection of Neutrino Magnetic Moments

A particularly promising way of detecting neutrino magnetic moments is offered by detectors
searching for dark matter scattering on nuclei and electrons. As is well known, solar neutrinos are
an irreducible background to these searches.23–25 Interestingly, for non-negligible μν , the solar
neutrino scattering rate is enhanced ∝ 1/Er at low recoil energies Er due to the process being
mediated by a massless photon. This makes dark matter detectors with their low recoil energy
thresholds ideal tools to search for neutrino magnetic moments. This is illustrated in fig. 2, where
we compare the expected electron recoil spectrum with and without neutrino magnetic moments
to the data from Xenon1T22 and Borexino21 (see also refs.24,26,27). If the right-handed neutrino
states are very light (blue line), we see a pronounced enhancement of the event rate at low recoil
energies, relevant to Xenon1T and other dark matter detectors, while at higher energies, where
dedicated solar neutrino experiments like Borexino are sensitive, the magnetic moment effect is
negligible. For heavier right-handed neutrinos (red line), the scattering kinematics are modified
such that the kinks in the spectrum (originating from the kinematic thresholds of the different
components of the solar neutrino flux) are shifted. In this case, significant deviations from the
Standard Model prediction are possible also at larger energies.

Translating these results into constraints, we see in fig. 3 that Xenon1T is currently the
most sensitive terrestrial probe of neutrino magnetic moments for low right-handed neutrino
mass MN , while at higher MN , Borexino takes over.
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Figure 2 – Spectrum of neutrino-induced electron recoils for the Standard Solar Model (SSM, dotted and dashed
black lines) and in two different scenarios with non-negligible neutrino magnetic moments (blue and red lines).
We also compare to the data from Borexino21 and Xenon1T.22

3 Astrophysical, Cosmological, and Accelerator Constraints

While direct dark matter searches are the most sensitive terrestrial probes of neutrino magnetic
moments, astrophysical and cosmological constraints can be even stronger in large regions of
parameter space.

3.1 Stellar Cooling

In the hot plasma inside a star, the photon dispersion relation is modified in a way that can
be interpreted as photons (or rather their in-medium counterparts called plasmons) acquiring
a mass on the order of the plasma temperature T . Therefore, plasmon decays to νL + NR,
mediated by the magnetic moment coupling, become possible if T � MN . Since neutrinos can
leave the star unimpeded, this leads to significant energy losses.29,30 These losses modify stellar
evolution and change, for instance, the mass of the helium core of red giant stars at the time of
the helium flash. The latter, in turn, can be observed through the luminosity at the tip of the
red giant branch in the Hertzsprung–Russel diagram.29,31–33 The resulting constraint, shown in
purple in fig. 3, excludes neutrino magnetic moments down to μν ∼ few×10−12 μB for light MN ,
but peters out at MN � 10 keV, the typical core temperature of a red giant star. The kink in
the exclusion region is due to an additional energy loss process, γ + e− → νL +NR + e−, which
extends the sensitivity to somewhat larger MN .

Note that stellar cooling constraints can be avoided in so-called “chameleon” models, in
which MN depends dynamically on the surrounding matter density.

3.2 Supernova 1987A

The processes that lead to anomalous cooling of stars are also active in supernova cores, where
they accelerate the cooling rate of the nascent neutron star.29,34 The latter is constrained by the
observed duration of the neutrino burst from supernova 1987A, and the resulting constraint is
delineated by the gray dashed line in fig. 3. Note the characteristic wedge shape of the excluded
region, which is a reflection of the fact that for too large μν , neutrinos will no longer be able to
leave the supernova core without scattering and re-depositing their energy.

207



10−2 10−1 100 101 102 103

Right-handed neutrino mass MN [MeV]

10−12

10−11

10−10

10−9

10−8

10−7

N
eu

tr
in
o
m
a
g
n
et
ic

m
o
m
en
t
[μ

B
]

νμ coupling only

Xenon1T
excess

Borexino

Darwin

Xenon1T
electron recoil

(incl. tritium)

Xenon1T
nuclear recoil

MiniBooNE

M
in
iB
o
o
N
E
R
O
I

IceCube

Charm-II

Nomad

SN1987A

BBN high 4He abundance

CMB

ΔN
eff = 0.3

ΔN
eff =

0.05

Excluded

Allowed

Allowed

ExcludedStellar
cooling

All limits at 90% CL

Figure 3 – Summary of constraints on neutrino magnetic moments as a function of the right-handed neutrino
mass. We show limits from Xenon1T (dashed line and upper solid black line) and from Borexino (lower solid
black line), as well as the expected sensitivity of DARWIN (dotted black). The Xenon1T electron recoil excess
can be explained in the violet region at μν ∼ few × 10−11 μB. Stellar cooling excludes the region shown in
purple, while SN 1987A is sensitive to the region delineated by the dashed gray line. Cosmology disfavors the
red region via BBN, and the blue region through the Neff measurement in the CMB. Fixed-target accelerator
experiments exclude the upper gray regions. We finally show the region favored by some explanation attempts
for the MiniBooNE anomaly (green), and the sensitivity of IceCube via double-bang signatures.28 We comment
in the text on the robustness of the various constraints.

We remark that constraints from SN 1987A have recently been called into question by the
authors of ref.,35 who argue that the observed neutrinos might not have originated from the
cooling neutron star itself, but from the accretion flow surrounding it. In this case, they would
carry no information on the cooling rate of the neutron star, and the limit would disappear.

3.3 Cosmology

For not too small μν , the neutrino magnetic moment operator leads to the production of NR

in the early Universe. The presence of NR has manifold consequences on the evolution of the
Universe, especially during BBN:

• an increase in the energy density of relativistic species (measured through the parameter
Neff) if MN is below the BBN temperature, TBBN ∼ 1MeV. The resulting increased
expansion rate implies that p ↔ n interactions freeze out faster and that neutrons have
less time to decay. Both effects imply a larger abundance of heavy elements.

• a phase of full or partial matter domination around BBN if MN 	 TBBN, but the NR

lifetime is longer than a few minutes.

• a decrease in the baryon-to-photon ratio η. If NR decays to photons and νL happen after
BBN, this decrease in η must be compensated by a larger η during BBN as η is measured
very precisely in the CMB, The larger η during BBN renders deuterium disintegration less
efficient and therefore production of heavy elements more efficient.

• a change in the photon-to-neutrino ratio at the CMB epoch (measured through Neff) if
the NR decay after neutrino decoupling.
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Using a modified version of the AlterBBN code,36–38 we have simulated BBN in the presence
of right-handed neutrinos and non-zero μν . Comparing the predicted primordial abundances of
light elements, especially 4He, with observations, we obtain the exclusion region shown in red
in fig. 3. At MN � MeV, or at low μν and thus long NR lifetime, the NR are present during
BBN, increasing the expansion rate of the Universe. Moreover, their eventual decay injects
extra energy into the plasma after BBN. Note that there is a sweet spot at masses � MeV
and μν ∼ 10−11 μB, where the limit is relatively weak. There, NR decouple around the QCD
phase transition so that their abundance is significantly diluted by entropy production during
the QCD phase transition, and at the same time their mass is sufficiently small to avoid a phase
of full or partial matter domination.

However, when using the same simulation that predicts the 4He abundance to also predict the
value of Neff at recombination, we see that this sweet spot is closed. For instance, the parameter
region favored by the Xenon1T excess is completely closed if the current limit ΔNeff < 0.0539

is taken at face value. If we allow for larger ΔNeff � 0.2, as suggested by the tension between
primordial and late-time measurements of the Hubble constant, the Xenon1T region may still
be marginally allowed.

Let us finally remark that cosmological limits are quite robust. Avoiding or relaxing them
requires either a mechanism that prevents NR production in the early Universe altogether, for
instance by coupling NR to a slowly rolling scalar field, such that the NR mass in the early
Universe is different from the one today. Or one could mitigate the problems created by NR

decay to νL + γ by introducing a second decay mode to lighter SM singlets.

3.4 Accelerator Constraints

Coming back to Earth, an additional set of constraints on neutrino magnetic moments can
be obtained from direct searches for NR production in fixed-target accelerator experiments.
Figure 3 shows in gray the limits derived from Charm-II, MiniBooNE, and NOMAD.40 In the
case of MiniBooNE, we also indicate in green the parameter region favored by certain attempts
to explain the MiniBooNE anomaly.34,41

4 The Muon g − 2

We finally comment on the relation between neutrino magnetic moments and the anomalous
magnetic moment of the muon, (g−2)μ. We focus on the leptoquark scenario we have presented
as an example in section 1. In the Lagrangian of the S1 leptoquark, the terms relevant to the
generation of μν through the diagram in fig. 1 (b) are

LS1 ⊃ y1 b c
RNR S1 + y2Q3

LL
i c
L S†1 + h.c. . (2)

The second of these also generates loop contributions to (g−2)μ, but naive dimensional analysis
shows that these are smaller by about an order of magnitude than the observed discrepancy
between theoretical predictions42 and the BNL/Fermilab results.43,44 However, the S1 lepto-
quark contributes to the muon’s g − 2 also through another interaction, namely the operator
L ⊃ y′1 t c

Re
i
R S1. This operator generates loops involving top quarks, and because having a top

quark in the loop lifts the chiral suppression that normally plagues loop contributions to the
muon g − 2, even a tiny coupling y′1 is sufficient to accommodate the experimental results.
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Search for Neutrinoless Double-β Decay in 76Ge

J. Huang
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CH-8057 Zurich, Switzerland

Probing the nature of neutrinos, Dirac or Majorana, would not only help to understand the
origin of neutrino masses, which are not predicted by the Standard Model, but also may help
to explain the matter-antimatter asymmetry in the Universe. Neutrinoless double-β (0νββ)
decay is the most promising probe to test if neutrinos are Majorana particles. High purity
germanium (HPGe) detectors, with their unparalleled energy resolution and intrinsically low
radioactive background, are uniquely suitable tools to search for this decay. The GERDA,
Majorana Demonstrator, and LEGEND experiments which search(ed) for 0νββ decay
in 76Ge using enriched HPGe detectors are discussed. The recent results from GERDA and
Majorana Demonstrator are presented, including the final 0νββ results from GERDA
which provide the most stringent limit on the half-life to date: T1/2 > 1.8× 1026 yr at 90%
C.L. The status of LEGEND and its potential to probe the inverted mass ordering region with
a sensitivity of T1/2 > 1028 yr are also presented.

1 Introduction

The discovery of neutrino oscillations established that neutrinos have non-zero mass. This is
contrary to the assumption in the Standard Model that neutrinos are massless. So far the origin
of neutrino masses is still unclear. One possibility is that neutrinos are Dirac particles like other
fermions, gaining their mass through the Higgs mechanism. However, with this it is difficult to
explain why the neutrino masses are smaller than those of other fermions by at least 6 orders of
magnitude. Alternatively, neutrinos can be Majorana particles, for which neutrinos are their own
antiparticles, a concept proposed by Majorana in 1937 1. Neutrinos are the only fundamental
particles that can be of this type due to their zero electrical charge. If neutrinos are Majorana
particles, the smallness of their masses can be explained by the seesaw mechanism proposed in
late 1970s 2–6. Furthermore, it can also be used to explain why today’s Universe is dominated by
matter via leptogenesis proposed in 1980s 7.
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The most promising probe to test whether neutrinos are Majorana particles is neutrinoless
double-β (0νββ) decay. It was first proposed by Furry in 1939 8. In contrast to normal double-β
(2νββ) decay, there is no neutrino in the final state, and thus it is a lepton number violating
process. If neutrinos are Majorana particles, this decay is expected to happen, and vice versa 9.

The half-life of 0νββ decay due to light Majorana neutrino exchange can be expressed as

1

T1/2
= G0ν

∣∣M0ν
∣∣2m2

ββ

m2
e

, (1)

where G0ν is the phase space factor, M0ν the nuclear matrix element, me the electron mass, and
mββ the effective Majorana mass. mββ is defined as

mββ ≡
∣∣∣∣∣∑

k

U2
ekmk

∣∣∣∣∣, (2)

where Uek are PMNS matrix elements, and mk are neutrino mass eigenvalues.
The experimental signature of 0νββ decay is a monoenergetic peak at Qββ in the summed

double-β energy spectrum. In a background free experiment, the half-life satisfies

T1/2 ∝ εMt, (3)

where M is the target mass, t the data taking time, and ε the detection efficiency. Mt is referred
as exposure. In an experiment with background, we have

T1/2 ∝ ε

√
Mt

BΔE
, (4)

where B is background index with a unit of counts/(keV kg yr), and ΔE is the detector energy
resolution. In an ideal experiment, one would like to have high detection efficiency, large exposure,
small background, and excellent energy resolution. Details on 0νββ decay search can be found
in many review articles 9,10.

High purity germanium (HPGe) detectors, with which one can look for the process

76Ge → 76Se + 2e−, (5)

where Qββ = 2039.06 keV, provide a number of advantages in 0νββ decay search, including but
not limited to 11:

1. The detector is the source itself, providing a high detection efficiency.

2. HPGe detectors have the best energy resolution and the lowest intrinsic background in all
0νββ decay experiments.

3. The detector technology is commercial, and only requires modest cryogenic conditions.

In the sections below, the experimental setup and the latest results of Majorana Demon-
strator and GERDA are presented, followed by an introduction and the status of the next
generation, ton-scale experiment LEGEND.

2 Latest Results from Majorana Demonstrator

2.1 Experimental Setup

The Majorana Demonstrator experiment is located at the 4850 feet level (1478 m, 4300 m
water equivalent) of the Sanford Underground Research Facility in Lead, South Dakota, USA.
It used an array of p-type, point contact detectors, which are made from 29.7 kg germanium
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crystals enriched to 88% in 76Ge. The detectors were distributed between two cryostat modules
contained in a low-background shield, consisting of layers of copper, lead, an active muon veto,
polyethylene, and borated polyethylene, as shown in Fig. 1. The cryostats, copper, and lead
shielding are enclosed in a radon exclusion box. The copper used in the cryostat, small parts
near the detectors, and the innermost copper shield were electroformed and machined in the
underground clean room to prevent contamination and cosmogenic activation. The double-β
decay data taking lasted from 2015 to 2021.

Figure 1 – The experimental setup of Majorana Demonstrator. See text for details.

2.2 Analyses and Latest Results

The Majorana Demonstrator uses the pulse shape discrimination (PSD) parameter AvsE
which depends on the maximum current amplitude A and reconstructed energy E to reject
multi-site events due to gammas. The energy-degraded, passivated surface alpha events are also
a potential background. They are rejected based on the slow collection of the holes, characterized
by the delayed charge recovery (DCR) parameter.

The Majorana Demonstrator achieved an energy resolution of 2.5 keV in full width at
half maximum (FWHM) at Qββ . It is the best among all 0νββ decay experiments.

The latest 0νββ results were published in 2019 with a total exposure of 26 kg yr, and reached
a median T1/2 sensitivity of 4.8× 1025 yr 12. The limit obtained is T1/2 > 2.7× 1025 yr at 90%
C.L., with an background index of B = 11.9 ± 2.0 counts/(FWHMtyr). The spectrum before
and after the AvsE and DCR cuts are shown in Fig. 2. An upcoming result with improved
analysis methods and new data of about 50 kg yr through November 2019 will be released soon.

Recently, the Majorana Collaboration published the results of the search for the double-β
decay to the excited states of 76Se 13. The search was performed by tagging the gammas emitted
from the decays of the excited states of 76Se in neighboring detectors. It set the most stringent
limits to date for double-β decay to each excited state of 76Se, thanks to the high detection
efficiency from operating the detector array in vacuum, as well as the excellent energy resolution
of the Majorana Demonstrator.
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Figure 2 – The latest energy spectrum for 0νββ search by Majorana Demonstrator, before and after various
analysis cuts. The inset shows the same spectra in the background estimation window, which spans 1950–2350 keV,
with regions excluded due to gamma backgrounds shaded in green and the 10 keV window centered on Qββ shaded
in blue. The solid blue curve shows the flat background estimated from the unshaded regions in the inset plus
the 90% C.L. upper limit on the number of counts in the Qββ peak.

3 Latest Results from GERDA

3.1 Experimental Setup

The GERDA (GERmanium Detector Array) experiment was located at the Laboratori Nazionali
del Gran Sasso (LNGS) of INFN, Italy, with an overburden of 3500m water equivalent which
allows for 6 orders of magnitude reduction of cosmic ray flux.

The full setup is illustrated in Fig. 3. The outermost layer is a water tank of 10m in
diameter, serving as a shield and cosmic veto. A liquid argon (LAr) cryostat is placed inside
the water tank, providing shielding as well as cooling for the detectors. The center region of
the LAr is instrumented as an active veto system, consisting of a curtain of wavelength-shifting
fibers connected to silicon photomultipliers and 16 cryogenic PMTs. This provides background
rejection by detecting the scintillation light caused by energy depositions in the LAr. About 40
detectors, enriched to 88% in 76Ge, are mounted on seven strings, forming a detector array at
the center of the LAr veto. In GERDA, three types of HPGe detectors were used:

1. Coaxial detectors. Their masses range from 1 to 3 kg.

2. Broad energy germanium (BEGe) detectors. They are smaller, about 0.7 kg, but have
superior PSD capability and energy resolution compared to the coaxial detectors.

3. Inverted coaxial (IC) detectors. They combine the merits of coaxial and BEGe detectors.
They are massive, about 2 kg, and have good PSD and energy resolution comparable to
those of the BEGe detectors at the same time.

GERDA went through two phases: Phase I ran from 2011 to 2013 and accumulated an
exposure of 23.5 kg yr; Phase II ran from 2015 to 2019, with a total exposure of 103.7 kg yr.

3.2 Analyses and Latest Results

GERDA employed two main background rejection techniques. The first is the PSD cut based on
A/E, the ratio between the maximum current amplitude A and reconstructed energy E, for the
BEGe and IC detectors, and artificial neural network for the coaxial detectors. This discriminates
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Figure 3 – Experimental setup of GERDA experiment. See text for details.

against multi-site events from gammas, as well as the surface events due to alphas and betas.
The second is the aforementioned LAr veto, which rejects background events that also deposit
energies in the LAr nearby. The effectiveness of those two techniques is demonstrated in Fig. 4.

As an analysis improvement in the final search for 0νββ decay in GERDA, data of each
detector are divided into partitions, i.e. periods of time in which various parameters, in particular
the energy resolution that changed over time due to hardware changes, are stable. For each
partition, an energy resolution is computed, and the average among the partitions is 3.1 keV.

The final GERDA results were published in late 2020 14. The Phase II spectrum is shown in
Fig. 4. In total, 13 events were observed in the analysis window near Qββ between 1930 to 2190 keV,
with the exclusion of the intervals (2104± 5) and (2119± 5) keV that contain two known back-
ground peaks. No excess of events near Qββ was found, and a world-leading lower half-life limit,
which coincides with the sensitivity, was set: T1/2 > 1.8× 1026 yr at 90% C.L. The achieved
background index B = 5.2× 10−4 counts/(keV kg yr) or about 1.6 counts/(FWHMtyr) is also
the best in the field.

4 Status of LEGEND

LEGEND (Large Enriched Germanium Experiment for Neutrinoless ββ Decay) is the next gen-
eration, ton-scale experiment searching for 0νββ decay in 76Ge using HPGe detectors 15. The
LEGEND collaboration was formed from the union of the GERDA and Majorana Collabo-
rations, together with a number of other institutions. LEGEND combines the merits of both
GERDA and Majorana Demonstrator, in particular the LAr technology used in GERDA,
and the radiopure part manufacturing technology used in Majorana Demonstrator.

LEGEND takes a phased approach. The first phase, LEGEND-200, will use 200 kg 76Ge
aiming to reach a sensitivity of T1/2 > 1027 yr with an exposure of 1 t yr and a background
index of B = 0.6 counts/(FWHMtyr). The second phase, LEGEND-1000, plans to use 1000 kg
76Ge with a background index of B = 0.03 counts/(FWHMtyr), and accumulate an exposure of
10 t yr. With the targeted sensitivity of T1/2 > 1028 yr, it will be able to probe mββ below the
inverted mass ordering region. The 3σ discovery sensitivities of LEGEND-200 and LEGEND-
1000 are shown in Fig. 5.

The LEGEND-200 setup is being assembled at LNGS, making use of the existing GERDA
infrastructure. In addition to reusing detectors from GERDA and Majorana Demonstrator,
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Figure 4 – (Top): Calibrated energy spectrum before and after the LAr veto and PSD cuts. (Center): Enlarged
view of the energy distribution of GERDA Phase II events between 1900 and 2650 keV before and after analysis
cuts. This energy interval includes the analysis window (edges marked by dashed lines) and the regions of expected
gamma lines (marked by gray areas). (Bottom): Result of the unbinned extended likelihood fit: The blue peak
displays the expected 0νββ decay signal for T1/2 equal to the limit, 1.8× 1026 yr. Vertical lines indicate the
energies of the events in the analysis window after the analysis cuts.

newly manufactured IC detectors will form the bulk of the array. After commissioning, physics
data taking will start in late 2021.

LEGEND-1000 has been proposed. A Preconceptual Design Report is being finalized. Pos-
sible locations include SNOLAB and LNGS, among others. The plan is to deploy four 250 kg
modules as shown in Fig. 6, and each module consists of IC detectors with masses up to 3 kg. To
reduce the background due to 42Ar, underground argon or detector encapsulation are considered,
which would also permit a low energy program searching for physics beyond the Standard Model.
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Figure 6 – (Left): A baseline conceptual design of the LEGEND-1000 76Ge array that accommodates four 250 kg
modules within a single vacuum-insulated LAr cryostat and water tank. (Right): A close-up of a single module,
showing the strings of germanium detectors and LAr scintillation instrumentation, as well as a re-entrant tube
made from a copper cylinder to separate the underground argon on the inside from the ordinary argon on the
outside.

5 Conclusion

Determining whether neutrinos are Majorana particles may shine light on several fundamental
problems in particle physics and cosmology, such as the origin of neutrino masses and matter-
antimatter asymmetry. The most promising approach so far is to search for 0νββ decay. HPGe
detectors with their unparalleled energy resolution and low background are particularly well
suited for this search.
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The latest 0νββ decay search results by the Majorana Collaboration are from 2019,
with a limit of T1/2 > 2.7× 1025 yr at 90% C.L., and a background index of B = 11.9 ±
2.0 counts/(FWHMtyr) 12. Majorana Demonstrator has recently completed its double-β
decay data taking. New results with about 50 kg yr exposure will be released in summer 2021.

The GERDA Collaboration published their final results on the search for 0νββ decay in late
2020, reporting the world-leading lower half-life limit of T1/2 > 1.8× 1026 yr at 90% C.L., and
background index of B = 5.2× 10−4 counts/(keV kg yr) (about 1.6 counts/(FWHMtyr)) 14.

LEGEND is the next generation HPGe experiment, aiming to probe mββ below the inverted
mass ordering region with a sensitivity of T1/2 > 1028 yr. The first phase, LEGEND-200, will
start taking physics data in late 2021. The second phase, LEGEND-1000, has been proposed.
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Neutrinos are elementary particles which are known since many years as fundamental mes-
sengers from the interior of the Sun. The Standard Solar Model, which gives a theoretical
description of all nuclear processes which happen in our star, predicts that roughly 99% of
the energy produced is coming from a series of processes known as the pp chain. Such pro-
cesses have been studied in detail over the last years by means of neutrinos, thanks also to the
important measurements provided by the Borexino experiment. The remaining 1% is instead
predicted to come from a separate loop-process, known as the CNO cycle. This sub-dominant
process is theoretically well understood, but has so far escaped any direct observation. An-
other fundamental aspect is that the CNO cycle is indeed the main nuclear engine in stars
more massive than the Sun. In 2020, thanks to the unprecedented radio-purity and temper-
ature control achieved by the Borexino detector over recent years, the first ever detection of
neutrinos from the CNO cycle has been finally announced. The milestone result confirms
the existence of this nuclear fusion process in our Universe. Here, the details of the detector
stabilization and the analysis techniques adopted are reported.

1 Solar physics and CNO neutrinos

Solar neutrinos are produced as the result of nuclear fusion processes that occur in the core
of the Sun, in the electron flavor (νe). Differently from light, they are able to travel from the
production site until the Earth, without being deflected or absorbed, and are therefore a direct
probe to the Sun’s interior. They have been indeed extensively used in the past to understand
the fundamental processes that power our star. From them, it was also obtained the experimen-
tal evidence of flavor oscillation in the neutrino sector 1,2.
Predictions of solar neutrino fluxes are provided by the Standard Solar Model (SSM), which
summarizes the current best knowledge about the physics of the Sun, and of stars in general.
The vast majority of the energy produced in the Sun comes from a series of reactions called pp
chain, which accounts for about 99% of the solar luminosity. The associated neutrino flux is
generated by various sub-processes, like the pp and the 7Be reactions.
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Beside the pp chain, another process is able to produce heat in the Sun’s core. Only recently
detected for the first time, the CNO cycle accounts for the remaining 1% in the solar luminosity
balance. The net contribution of the cycle is strongly dependent upon the core’s temperature
and metal content, which is why it is believed to be the dominant mechanism for energy con-
version in heavier stars 4. Neutrinos produced in the CNO cycle contribute to the mid-energy
range, partially overlapping with the pep spectrum. Figure 1 reports the energy spectra of solar
neutrinos, as produced by the different processes.
The solar neutrino flux provides a direct information of solar fusion processes. Although neu-
trinos small cross section is not influencing their own trajectory, nor their energy, they are still
subject to flavor conversion effects. Due to the dense environment of the Sun and the distance
traveled, the flux detected at Earth is no longer 100% made of νe, as it was at production.

Figure 1 – Solar-neutrinos energy spectra obtained from http://www.sns.ias.edu/~jnb/, using fluxes taken
from 3. The pp (red), pep (light blue), 7Be (blue), 8B (green), hep (grey) and CNO (orange) neutrino fluxes are
shown separately.

Neutrinos produced in the CNO cycle are a unique probe to the Suns primordial composition.
The CNO contribution to the Suns fusion processes depends on the cores metallicity, i.e. the
mass abundance of elements heavier than helium. The Sun is a relatively small and cold star
in the Universe and the CNO contribution to the luminosity budget is around 1%. For heav-
ier stars, having a mass greater than ∼1.3 solar masses, the CNO cycle is instead believed to
be the dominant process which burns hydrogen into helium. It is therefore considered as the
main nuclear fusion process occurring in the Universe. The precise CNO contribution in the
Sun, however, is unknown. The reason is that the Suns metallicity is not known with precision.
The metallicity indeed influences directly the efficiency of the cycle, since the metals Carbon,
Nitrogen and Oxygen are the elements who catalyze the process. The CNO neutrino flux is
then directly dependent upon the cores metallicity, which keeps memory of the Suns elemental
composition at the time of formation. Since the metal abundance in the core is believed not
to be influenced by the surface, CNO neutrinos preserve the cores information at the pristine
conditions.
Within the SSM, one can distinguish among the Low-metallicity (LZ) and High-metallicity (HZ)
scenarios, the first one based on three-dimensional hydro-dynamical models of the solar atmo-
sphere5,6 and the second one on a older one-dimensional modelling of the solar atmosphere7. LZ
model predicts a lower metal abundance in the Sun’s core than the HZ one and the ambiguity
is known as metallicity puzzle. This ambiguity is also enhanced from the fact that Helioseismol-
ogy measurements seem to prefer the HZ scenarios 3, while recent observations of Sun’s surface
luminosity point towards LZ scenarios. A precise measurement of the CNO neutrino flux could
be the solution to the metallicity puzzle, since the flux prediction changes as much as ∼30% in
case of LZ or HZ scenario assumption.
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2 The Borexino detector

Borexino is a large, low-background, liquid scintillator-based neutrino detector, located at the
Laboratori Nazionali del Gran Sasso (Italy). The particular location in the hearth of the Gran
Sasso Massif, under ∼3.800 m.w.e., ensure that the Cosic Ray-induced rate of muons is reduced
by a factor ∼ 106. The detector consists of a layered structure. The innermost part is the liquid
scintillator (LS) volume contained inside a nylon Inner Vessel (IV), which makes the primary
target for solar neutrinos. The radius of the IV is 4.25m. The light produced by the interactions
of neutrinos with the LS is collected by ∼2000 Photo-multiplier Tubes (PMTs), installed on a
spherical steel structure with a radius of 6.85m. To reduce the penetration of gamma radiation
coming from the steel and the PMTs into the LS, the space between the PMTs and the IV is
filled with a non-scintillating buffer liquid and another nylon vessel is placed in between. The
whole spherical structure is then contained inside an outer water tank, equipped with ∼200
PMTs, which is used as an active veto for cosmic radiation. A sketch of the detector can be
seen in Figure 2.

Muon PMTs Stainless Steel Sphere

Internal PMTs

Water Tank

Nylon Vessels

Scintillator

Non-scintillating Buffer

Figure 2 – Sketch of the Borexino detector.

The detection principle is based on neutrino-electron elastic scattering and therefore Borex-
ino is sensitive to all neutrino families. However, since the cross-section of charged-current (CC)
interactions is higher by a factor ∼6 with respect to neutral-current (NC) interactions, Borexino
essentially measures only electron neutrinos, coming from the Sun.

Borexino data-taking started in 2007 and has seen three different phases among its lifetime.
During Phase-I, from 2007 and 2010, the experiment released the first precision measurement of
7Be neutrinos 8 and of their flux modulation 9, together with the first direct observation of pep
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neutrinos 10. At the end of Phase-I the detector underwent a LS purification campaign, which
reduced the presence of several contaminants, like 85Kr and 210Bi. After that, at the end of
2011, the Phase-II data-taking period started. With the data collected during the whole Phase-
II, until May 2016, Borexino was able to provide a comprehensive measurement of all the pp
chain neutrino components11,12. Thanks to the refined measurement of 7Be and 8B fluxes, which
are also sensitive to the Sun’s metallicity, it was possible to extract a mild preference for the
HZ scenario, with a significance around 2σ 11. In an effort to stabilize the detector, to address
the detection of CNO neutrinos, the Borexino Collaboration completed the detector thermal
insulation between 2015 and 2016. The latest data-acquisition period of Borexino (Phase-III)
started in July 2016 and saw an improved thermal stability of the detector.

3 The CNO analysis

The energy of recoiling electrons after a CNO neutrino interaction shows a continuous distribu-
tion with an endpoint at 1.517 keV. The same energy region is populated by other backgrounds,
which limit the sensitivity towards the CNO neutrino events. The most important ones are the
β− particles emitted by the 210Bi contaminant and the pep-neutrino recoil electrons. These two
species have spectral features very similar to that of CNO neutrinos and their absolute rate
must then be constrained by means of independent inputs. The high-energy tail of the CNO
spectrum is also contaminated by β+ decays of the cosmogenic 11C isotope, which is treated
with a dedicated tagging algorithm.
The rate of pep-neutrinos interacting in Borexino can be efficiently constrained by means of a
combination of robust theoretical assumptions and various available data, down to 1.4% pre-
cision 13,14. The other main background, consisting of 210Bi decays, has an overall rate in the
detector which can be assumed to be in secular equilibrium with his parent nucleus 210Pb decay
rate, given the short 210Bi lifetime. The decay chain of 210Pb can be summarized as follows:

210Pb
β−−→

22.3yr

210Bi
β−−→
5d

210Po
α−→

138.4d

206Pb. (1)

210Pb decays are well below the analysis threshold and can be considered therefore invisible.
The 210Po, on the other hand, is an unstable isotope which produces mono-energetic α particles,
easily detectable in Borexino on an event-by-event basis. Provided that the secular equilibrium
in Equation 1 is maintained, the measured 210Po corresponds to the 210Bi rate.

3.1 Low Polonium Field

As discussed previously, the rate of 210Bi decays can be constrained via its link with the 210Po de-
cay rate, in the assumption that this latter term is only supported by in-equilibrium 210Pb decay
chain. Data collected by Borexino since its start, however, indicate that an out-of-equilibrium
component of 210Po is present in the detector. The source of this component is likely the surface
of the IV, from which 210Po is detached into the scintillator. The mean free path of 210Po atoms
is calculated to be very small in stable conditions. The presence, however, of convective motions
in the Borexino scintillator allow 210Po to spread among all the scintillator volume. Under this
conditions, the measured value of 210Po decay rate would be much higher than the 210Bi decay
rate, spoiling any possible constraint.
To limit convective motions in the scintillator volume, the Borexino Collaboration pursued a
careful-planned effort, culminated in the detector thermal insulation in 2015–2016 and the sub-
sequent installation of active temperature controls. This way, 210Po mixing has been strongly
suppressed since 2016, bringing to the formation of a very clean region around the centre of
the detector, named the Low Polonium Field (LPoF). The in-equilibrium 210Po decay rate in
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the LPoF region can be then measured. In a conservative approach, some residual contribu-
tion of convective 210Po has been considered and the measured 210Po rate has been therefore
translated into an upper limit for the 210Bi rate, which resulted to be 11.5±1.3 counts–per–day
(cpd)/100 ton. The quoted uncertainty includes both the statistical one and systematics contri-
butions, such as the uncertainties of the 210Po rate evaluation and the 210Bi inhomogeneity.

3.2 Spectral analysis

To extract the CNO neutrino interaction rate from data, a multivariate analysis has been per-
formed, simultaneously fitting the energy spectrum between 320 keV and 2.640 keV and the
radial distribution of events, after a selection procedure which removes noise events. The data
acquired between July 2016 and February 2020 have been considered for the analysis and events
have been selected inside a fiducial volume of 71.3 ton. Apart from the constrained pep-neutrino
and 210Bi rates, all other species rates (including CNO neutrinos) have been left free to vary in
the fit. The reference probability density functions (PDFs) used to fit both the energy and radial
distributions have been built by means of a complete Monte Carlo simulation. Considering only
statistical uncertainty, the best fit returns an interaction rate of CNO neutrinos in Borexino
R = 7.2+2.9

−1.7 cpd/100 ton (68% confidence interval) 15.
The effect of the fit configuration has been found negligible in the analysis. A careful accounting
of several systematic uncertainty sources in the final measurement has been performed, leading
to a total systematic contribution of [-0.5, 0.6] cpd/100 ton. The dominant contribution comes
from the scintillator light yield uncertainty.

3.3 Counting analysis

As a cross-check of the spectral analysis, a counting analysis has been performed on the same
data sample. Data events have been counted inside an energy region where the CNO signal-to-
background ratio is maximized, corresponding to [780 - 885] keV. The pep-neutrino and 210Bi
rate constraints used in the spectral analysis have been used in the counting analysis as well. The
CNO interaction rate is extracted by subtracting all background contributions, evaluated within
a certain uncertainty, and then propagating those uncertainties. As for the spectral analysis,
the dominant contribution is the uncertainty on the scintillator light yield.
The final measured rate is 5.6±1.6 cpd/100 ton, confirming the presence of CNO at 3.5σ level.

3.4 Results

Figure 3 summarizes the Borexino result on the measured CNO neutrino interaction rate.
The result of the spectral fit is reported in terms of a log-likelihood profile, with statistical
uncertainty only and also folded with systematics contributions. The best fit value is then
R = 7.2+3.0

−1.7 cpd/100 ton (68% confidence interval), including systematic uncertainties. The in-

ferred flux of CNO neutrino at Earth is Φ = 7.0+3.0
−2.0×108 cm−2 s−1 (68% confidence interval) 15.

The probability density function coming from the counting analysis is also reported. From the
profiling of the log-likelihood, an exclusion of no-CNO hypothesis is achieved with 5.1σ signif-
icance. A further hypothesis test with high statistics based on pseudo-datasets excludes the
no-CNO hypothesis with more than 5.0σ at 99% confidence level. The CNO neutrino mea-
surement performed by Borexino is compatible with both HZ and LZ metallicity scenarios. A
combined hypothesis test, including other solar neutrino fluxes measured by Borexino, shows a
preference for the HZ hypothesis at 2.1σ level, with still no significant improvement with respect
to the Phase-II measurement.
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Figure 3 – Summary of CNO counting and spectral analysis results. Left, counting analysis bar chart. Right,
CNO-neutrino rate negative log-likelihood (lnL) profiles, together with PDF from counting analysis and models
predictions. Figure from 15.

4 Conclusions

After more than 13 years of data taking, Borexino has proven to be a unique instrument to study
the Sun’s interior. The unprecedented level of radiopurity achieved and the overall control of
the detector backgrounds made possible the study of the basic processes which power our star,
by looking at the neutrinos that are produced. The analysis of data collected during Phase-I
and Phase-II provided the most accurate measurements of the pp chain neutrino fluxes. In
order to address the missing piece in the solar neutrino spectrum, the first ever detection of
CNO neutrinos, a long-lasting effort for the detector stabilization was needed. The formation
of a very clean region at the detector centre during Phase-III allowed to constrain the most
important backgrounds for the CNO analysis and, in turn, to eventually detect the presence
of CNO neutrino interactions in Borexino data. Thanks to Borexino, the two main processes
which fuel the Sun’s engine, and the one of all the other stars, have been finally disclosed. The
precision on the measured neutrino flux, however, is still not precise enough to claim for a clear
preference of one of the two metallicity scenarios.
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Cosmic Expansion: A mini review of the Hubble-Lemâıtre tension
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We present here a lightning review of the status of the Hubble-Lemâıtre tension. Instead of
discussing the broad array of proposed solutions found in the literature, we focus here on the
assumptions made to measure the Hubble constant from cosmic microwave background and
baryon acoustic oscillation data on the one hand, and from a calibrated distance ladder on the
other hand. From this discussion, we extract two important lessons that inform which kind
of physics-based solutions could plausibly resolve this tension.

1 Introduction

By the end of this decade, we will be celebrating the centennial of the discovery of the expansion
of the Universe. Ever since the pioneering work of Slipher1, Lemâıtre2, Robertson3, and Hubble
4, the value of the current expansion rate of the Universe has fascinated and puzzled astronomers.
Early estimates placed this Hubble-Lemâıtre expansion rate near H0 ∼ 500 km/s/Mpc, which
resulted in a rather awkward universe that is younger than some of the stars it contained 5,6.
Later estimates 7,8 pushed the value of the current expansion rate down to between 50 and 100
km/s/Mpc, somewhat alleviating the tension with stellar ages.

In the current era of precision cosmology, the debate 9,10,11 still rages on about what is the
exact value of H0, albeit over a smaller range of values. We now have multiple independent ways
to infer the value of the expansion rate using an array of cosmological and astrophysical data.
Of particular importance for this mini review are the detailed measurements of the temperature
and polarization spectra of the cosmic microwave background (CMB)12,13,14, the baryon acoustic
oscillation feature imprinted in the large-scale distribution of galaxies15, and the absolute magni-
tude of Type Ia supernovae calibrated using either cepheids16,17,18 or tip-of-the-red-giant-branch
(TRGB) stars 19,20.

These proceedings briefly summarize the status of the Hubble-Lemâıtre tension as of early
2021. The presentation on which these proceedings are based was aimed at an audience of
particle physicists who might not be entirely familiar with the details of how H0 is extracted
from both distance-ladder and CMB measurements. The presentation was limited to 15 minutes,
which means that I could discuss only a few facets of what is in reality a very rich problem.
Thus, instead of covering the wide range of proposed solutions found in the literature, I instead
focused on two simple lessons that are relevant to anyone trying to build a successful particle
model alleviating the tension. I apologize in advance for not mentioning the vast body of
literature that this tension has generated. I also apologize to the hard-working astronomers
whose technique to measure H0 I did not have time to mention in the talk: strong gravitational
lensing cosmography, cosmic chronometers, gravitational waves, surface brightness fluctuations,
Tully-Fisher relation, etc.
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Figure 1 – A current status of the Hubble-Lemâıtre tension in early 2021. The black diamond error bars show
the CMB measurements from WMAP, Planck, and SPT-3G, the blue square error bars show the distance ladder
(DL) measurements based on cepheids, and the red triangle error bars show the DL measurements of H0 based
on the tip of the red giant branch (TRGB).

2 The Tension

An illustration of the current status (as of early 2021) of the Hubble-Lemâıtre tension is shown
in Figure 1, which is an update to a similar figure found in Freedman et al. (2019)19. We clearly
see there the first Planck CMB data release in 2013-2014 was instrumental in establishing the
tension, with its statistical significance increasing with time as the error bars on the CMB and
cepheid-based distance ladder measurements shrunk. More recently, distance measurements
based on the tip of the red giant branch (at which the onset of core helium burning occurs)
have lead to H0 values that are somewhat intermediate between the CMB- and cepheid-based
measurements, potentially calling into question the statistical significance of the tension.

3 Hubble Constant Measurements

Fundamentally, every inference of the Hubble constant is always based on first establishing an
absolute distance scale, from which other distances can be compared. For CMB- and BAO-
based inferences of the Hubble constant, this scale is the physical size of the baryon-photon
sound horizon at the baryon drag epoch 21. For the distance-ladder-based inference of H0, this
absolute scale could be obtained via geometric parallax distances to Milky Way cepheids or red
giant branch stars, or the distance to a nearby galaxy measured using detached eclipsing binaries
22 or via maser emission 23. Needless to say that the value of the Hubble constant inferred from
any technique is only as accurate as the value of this absolute calibrator scale.

3.1 Cosmic microwave background and baryon acoustic oscillation

The hot hydrogen and helium plasma in the pre-recombination era of our Universe had a rela-
tivistic sound speed, hence allowing density waves to propagate over cosmological distances at
early times. These waves propagated until free electrons and protons combined to form neu-
tral atoms, allowing the photons to finally free stream out of baryonic density fluctuations and
forming what we now know as the CMB. With their sound speed plummeting due to the loss of
photon pressure support, the density waves then become frozen into the distribution of baryonic
gas. As the gas cools and start forming stars and galaxies, the memory of these early plasma

230



waves remains as they become imprinted into the large-scale distribution of galaxies. This phe-
nomenon is what we now refer to as the baryon acoustic oscillation (BAO) since it causes small
oscillations to appear in the galaxy power spectrum.

From this sound-wave picture, we expect the temperature of CMB photons to be strongly
correlated on angular scales corresponding to how far the plasma sound wave could have travelled
before the epoch of recombination. This angular scale is given by

θ∗ =
rs

DA(z∗)
, where rs =

∫ ∞
z∗

csdz

H(z)
and DA(z∗) =

∫ z∗

0

dz

H(z)
. (1)

Here, rs is the baryon-photon sound horizon, z∗ is the redshift at which baryons and photons
decouple, cs is the baryon-photon sound speed, H(z) is the Hubble expansion rate as a function
of redshift z, and DA(z∗) is the angular diameter distance to z∗. Since DA(z∗) is sensitive
to the expansion rate at late times, we have DA(z∗) ∝ H−1

0 . On the other hand, the sound
horizon is sensitive only to the Hubble expansion rate in the pre-recombination epoch and is thus
independent of H0. We thus schematically have θ∗ ∝ H0rs. While detailed measurements of the
CMB anisotropies yield a highly precise value of θ∗ 14, we see that measuring H0 from the CMB
requires us to know rs. Similarly, BAO observations are sensitive to the ratio of the comoving
sound horizon rs to the average angular diameter distance to the sample of galaxies used for
the measurements, θBAO = rs/DA(zgal) ∝ H0rs. Being a three dimensional measurement, we
can also observe the BAO signal for galaxies located at a similar sky location but different
redshifts, but this measurement is likewise sensitive to the product H0rs. This brings us to our
first important lesson of this mini review: The inference of the Hubble constant from
CMB and BAO data is only as good as our knowledge of the baryon-photon sound
horizon.

From Eq. (1) above, we see that rs depends on the baryon-photon sound speed, the Hubble
expansion rate in the pre-recombination era, and the epoch z∗ at which decoupling happens.
The value of z∗ is largely determined by standard atomic physics and the COBE FIRAS 24

measurement of the current CMB temperature, while cs depends primarily on the baryon-to-
photon ratio. On the other hand, H(z) depends on the energy content of the Universe at early
times, which in the standard Λ-Cold-Dark-Matter (ΛCDM) model is made of photons, neutrinos,
dark matter, and baryons. Within this model, the rich structure of the CMB temperature and
polarization anisotropy spectra provides constraints on the abundance of all these components,
hence allowing us to determine the actual value of our calibrator scale and thus inferred H0.
Of course, different assumptions about the energy budget of the early Universe could affect our
calculation of the sound horizon, which we discuss more below.

3.2 Distance ladder

Compared to the aforementioned case of the baryon-photon sound horizon which requires several
assumptions to be determined, the absolute calibrator scale for the distance-ladder inference of
the Hubble constant is based on simple trigonometric geometry. The simplest example of this is
the parallax distance to nearby stars, which can be simply determined by looking at the change
in sky position of said stars as compared to distant background stars and quasars as the Earth
orbits around the Sun. With this absolute distance scale in hand, a measurement of the photon
flux from this star reaching our telescopes here on Earth can be converted (via the 1/r2 flux
law) to its absolute luminosity. Knowing this, if we were able to observe the exact same star
placed at a different distance from us, we could immediately determine that distance by simply
measuring the flux hitting our telescopes. In the real Universe, while two stars are never exactly
the same, there exist stellar objects which have nearly constant absolute luminosities no matter
where they are in the sky. These so-called standard candles are key to establishing the distance
ladder required to infer H0.
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Of particular importance, both historically and for the current Hubble tension, are cepheid
variable stars whose luminosity is known to vary in a periodic way. The pioneering work of
Henrietta Leavitt 25 showed that there is a tight relationship between their oscillation periods
and their maximum detected flux. Once properly calibrated using the aforementioned parallax
distances to nearby cepheids, this Leavitt law can be used to turn period measurements of distant
cepheids into absolute luminosity measurements, which in turns tell us the absolute distance to
these variable stars. This technique can be used to measure the distance to nearby galaxies
but does not on its own tell us anything about the Hubble constant. Indeed, measuring the
expansion rate today of course requires us to probe objects that are in the Hubble flow. The
problem is that galaxies that are in the Hubble flow are quite distant from us, making it difficult
to directly observe cepheid variables in them. In other words, cepheids are just too faint to be
seen at cosmological distances.

Fortunately, the Universe has provided us with another type of standard candles that are
extremely bright and can be easily seen at cosmological distances from us: type Ia supernovae.
While we know that these are standard candles due the specific physical conditions leading
to these extraordinary explosions, we still need to calibrate them to determine their absolute
luminosity. This is where the cepheids and TRGB stars become handy: if we could measure
a type Ia supernova in a nearby galaxy that also host cepheids or TRGB stars, we could use
the latter to infer the absolute distance to this galaxy, and then use this distance to compute
(again using the 1/r2 flux law) the absolute luminosity of the supernova. This is the essence
of the cosmological distance ladder. Now, nearby galaxies hosting both cepheids and type Ia
supernovae are rare: 19 of these calibrator galaxies were known as of Riess et al. (2019) 18. This
number is expected to double in the near future. In addition, another set of calibrator galaxies
can be obtained from the TRGB method, further strengthening this rung of the distance ladder.

Equipped with the absolute luminosity (or magnitude in astronomy jargon) of type Ia super-
nova, we can use the measured flux from distant supernovae in the Hubble flow to immediately
determine their luminosity distances d away from us. Then, measuring their receding velocities
v via their redshifts, we can determine the Hubble constant via Hubble’s law, H0 = v/d (modern
analyses use more precise modeling of the expansion, but this doesn’t affect our main message
here).This means that the inference of the Hubble constant does not come from z = 0 obser-
vations. This brings us to our second main lesson of this mini review: the distance-ladder
measurements of the z = 0 expansion rate (H0) is based on information from higher
redshifts (typically z ∼ 0.02−0.15). This has immediate consequence on the type of solutions
that can successfully address the tension, which we discuss briefly below. Fundamentally, the
distance ladder does not measure H0 directly; what it actually measures is the absolute lumi-
nosity of type Ia supernovae, which is ultimately tied to the absolute geometric measurement
(from parallax or others) used to anchor the ladder. Ignore this at your own peril.

4 Interpretation and Solutions

The above discussion points to two possible interpretations of the Hubble-Lemâıtre tension. On
the one hand, one could blame the apparent discrepancy between distance ladder and CMB-BAO
inferences of the Hubble constant on an incorrect value of the baryon-photon sound horizon. On
the other hand, one could portray the tension as an issue with the inferred value of the absolute
luminosity of type Ia supernovae.

4.1 A sound horizon problem

Since CMB and BAO data are primarily sensitive to the parameter combination H0rs, increasing
the value of the Hubble constant inferred from these data to match that determined from the
cepheid-calibrated distance ladder requires us to decrease the size of the sound horizon. Perhaps
the most straightforward way to suppress the size of the sound horizon is to increase the Hubble
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expansion rate in the pre-recombination epoch, which requires us to increase the energy density
at that time. This suppresses the integrand of the sound horizon in Eq. (1), hence yielding a
smaller value. The challenge here is to shrink the sound horizon without ruining the complete
CMB temperature and polarization spectra, which have by now be measured with exquisite
precision. In particular, the CMB is sensitive to the behavior of the gravitational potentials
at early times, which themselves depend on the different energy components populating the
Universe. Adding new exotic energy components or increasing the energy density of known
components will invariably affect the behavior of the potentials, and thus modify the CMB
anisotropy spectra. The CMB is also sensitive to length scales other than the sound horizon
(in particular, the photon diffusion scale), which is general have different dependency on the
Hubble rate at these early epochs. Finally, changing the expansion rate at early times affects
not only the CMB but also the evolution of matter fluctuations, which can be probed via weak
gravitational lensing among other techniques. Despite these challenges, successful models have
been proposed and work continues to determine whether they can be made compatible with all
present and future cosmological data.

4.2 An issue with type Ia supernova luminosity

Another way to interpret the Hubble-Lemâıtre tension is that the type Ia supernova luminosity
inferred from the distance ladder is too dim. A higher luminosity would place the supernovae
further away from us for a given redshift, resulting in a lower inferred Hubble constant. A plau-
sible culprit is of course the underlying geometric absolute distance measurements underpinning
the whole distance ladder. As it turns out, there appears to be significant discrepancies 10,26

between different geometric distance measurements, including (but not exclusively) between dis-
tances inferred from cepheids and TRGB stars. More work (and data!) is needed to explore
whether this could be a viable interpretation of the current tension, Anyone interested in the
Hubble-Lemâıtre tension should pay close attention to work on this front in the next few years.

5 The Fallacy of Late Solutions

We conclude by mentioning that popular “late solutions” that aim at rapidly increasing the
Hubble expansion rate close to z = 0 do not actually address the root cause of the tension
27,26. This is because calibrated type Ia supernovae fundamentally tell us about their luminosity
distances from us, which depends on the integrated expansion history and not just on H0. In
other words, simply increasing H(z) as z → 0 does not necessarily lead to a redshift-distance
relation that is compatible with that inferred from the distance ladder.
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The Dark Photon

M. Fabbrichesi

INFN, Sezione di Trieste, via Valerio, 2, Trieste, Italy

After briefly recalling the difference between massive and massless dark photon, I review the
main constraints of the parameters of the two models. For the massless dark photon, I discuss
some of the most promising experiments and their discovery potential

New particles beyond the Standard Model (SM) have always been thought to be charged
under at least some of the same gauge interactions of ordinary SM particles. This assumption has
driven the theoretical speculations as well as the experimental searches of the last 50 years. As
the hope of a breakthrough along these lines is waning, interest in a dark sector—dark because
not charged under the SM gauge groups—is growing: Maybe no new particles have been seen
simply because they do not interact through the SM gauge interactions.

The dark sector may contain few or many states, and these can be fermions or scalars or
both, depending on the model. Dark Matter proper is found among these states, whose relic
density can be computed and constrained by observational data. In addition, these dark states
can interact among themselves.

If the dark and the visible sectors were to interact only gravitationally—which they cannot
avoid—there would be little hope of observing in the laboratory particles belonging to the dark
sector. We must assume that dark and ordinary sectors also interact through a portal—as the
current terminology has it—that is, through a sallow glimmer, in a manner that, though feeble,
is (at least in principle) experimentally accessible.

Among these possible portals, the vector portal is the one where the interaction takes place
because of the kinetic mixing between one dark and one visible Abelian gauge boson. The visible
photon is taken to be the boson of the U(1) gauge group of electromagnetism—or, above the
electroweak symmetry-breaking scale, of the hyper-charge—while the dark photona comes to be
identified as the boson of an extra U(1) symmetry (an idea first considered in the context of
supersymmetric theories in 3,4 and, more in general, in 5,6).

aThe names para-1, hidden-sector, secluded photon and U-boson 2 have also being used to indicate this particle.
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1 The vector portal

The most general kinetic part of the Lagrangian of two U(1)a and U(1)b gauge bosons is

L0 = −1

4
FaμνF

μν
a − 1

4
FbμνF

μν
b − ε

2
FaμνF

μν
b . (1)

The gauge boson Aμ
b is taken to couple to the current Jμ of ordinary SM matter, the other, Aμ

a ,
to the current J ′μ, which is made of dark-sector matter:

L = e JμA
μ
b + e′J ′μA

μ
a , (2)

with e and e′ the respective coupling constants.

As first discussed in 1, the classical Lagrangian can be diagonalized. What happens at the
quantum level and how the mixing manifests itself has been analyzed in detail in 7 for the
unbroken gauge theory as well as the spontaneously broken case (see, also, the appendix of 8).

The kinetic terms in Eq. (1) can be diagonalized by rotating the gauge fields as

(
Aμ

a

Aμ
b

)
=

⎛⎜⎜⎝
1√

1− ε2
0

− ε√
1− ε2

1

⎞⎟⎟⎠
(

cos θ − sin θ
sin θ cos θ

)(
A′μ

Aμ

)
, (3)

where now we can identify Aμ with the ordinary photon and A′μ with the dark photon. The
additional orthogonal rotation in Eq. (3) is always possible and introduces an angle θ which is
arbitrary as long as the gauge bosons are massless.

After the rotation in Eq. (3), the interaction Lagrangian in Eq. (2) becomes

L′ =

[
e′ cos θ√
1− ε2

J ′μ + e

(
sin θ − ε cos θ√

1− ε2

)
Jμ

]
A′μ

+

[
− e′ sin θ√

1− ε2
J ′μ + e

(
cos θ +

ε sin θ√
1− ε2

)
Jμ

]
Aμ. (4)

By choosing sin θ = 0 (cos θ = 1) (see right-side of Fig. ??) we can have the ordinary photon Aμ

coupled only to the ordinary current Jμ while the dark photon couples to both the ordinary and
the dark current J ′μ, the former with strength εe/

√
1− ε2 proportional to the mixing parameter

ε. The Lagrangian is therefore:

L′ =
[

e′√
1− ε2

J ′μ − eε√
1− ε2

Jμ

]
A′μ + eJμA

μ . (5)

Vice versa, with the choice sin θ = ε and cos θ =
√
1− ε2, we have the opposite situation

with the dark photon only coupled to the dark current and the ordinary photon to both currents,
with strength εe/

√
1− ε2 to the dark one. This latter coupling between the dark-sector matter

to the ordinary photon is called a milli-charge. Its value is experimentally known to be small 9.
The dark photon sees ordinary matter only through the effect of operators like the magnetic
moment or the charge form factors (of dimension higher than four). This is the choice defining
the massless dark photon proper:

L′ = e′J ′μA
′μ +

[
− e′ε√

1− ε2
J ′μ +

e√
1− ε2

Jμ

]
Aμ (6)

If the gauge symmetry is spontaneously broken, the diagonalization of the mass terms locks
the angle θ to the value required by the rotation of the gauge fields to the mass eigenstates and
we cannot have that one of the two currents only couples to one of the two gauge bosons.
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This is also the case when the U(1) gauge bosons acquire a mass by means of the Stueckelberg
Lagrangian

LStu = −1

2
M2

aAaμA
μ
a − 1

2
M2

bAbμA
μ
b −MaMbAaμA

μ
b . (7)

In this case, as in the spontaneously broken case, the angle θ is fixed and equal to

sin θ =
δ
√
1− ε2√

1− 2δε+ δ2
cos θ =

1− δε√
1− 2δε+ δ2

(8)

where δ = Mb/Ma, and we have no longer the freedom of rotating the fields as in Eq. (3). The
Lagrangian in Eq. (4) is now

L′′ =
1√

1− 2δε+ δ2

[
e′ (1− δε)√

1− ε2
J ′μ +

e (δ − ε)√
1− ε2

Jμ

]
A′μ

+
1√

1− 2δε+ δ2

[
eJμ − δe′J ′μ

]
Aμ . (9)

Whereas the Lagrangian in Eq. (9) is the most general, the simplest and most frequently
discussed case consists in giving mass directly to only one of the U(1) gauge bosons so that, for
instance, Mb = 0 in Eq. (7), the mass states are already diagonal. Even in this simple case,
the mass term removes the freedom of choosing the angle θ in Eq. (3). With this choice, δ = 0
in Eq. (9), the ordinary photon couples only to ordinary matter and the massive dark photon
is characterized by a direct coupling to the electromagnetic current of the the SM particles (in
addition to that to dark-sector matter) and described by the Lagrangian

L ⊃ − eε√
1− ε2

JμA
′μ � −e ε JμA

′μ , (10)

as in Eq. (5) above. This is the choice defining the massive dark photon. The coupling of
the massive dark photon to SM particles is not quantized—taking the arbitrary value eε. Be-
cause of this direct current-like coupling to ordinary matter, it is the spontaneously broken or
Stueckelberg massive dark photon that is mostly discussed in the literature and considered in
the experimental proposals.

2 Massive dark photon

The phenomenology of the massive dark photon is discussed in terms of its interaction with the
SM particles, as given by Eq. (10). The parameter space for the experimental searches is given
by the mass of the dark photon mA′ and the mixing parameter ε.

In collecting the limits on the parameters of massive dark photon is important to distinguish
two cases accordingly on whether its mass is smaller or larger than twice the mass of the electron,
the lightest charged SM fermion. The dark photon is visible if its mass is MA′ > 2me � 1 MeV
because it can decay into SM charged states which leave a signature in the detectors. If the mass
of the dark photon is less than 1 MeV, it cannot decay in any known SM charged fermion and
its decay is therefore completely invisible. Strong constraints exist for the invisible massive dark
photon. Even stronger constraints can be derived under the assumption that the dark photon
is Dark Matter. The current constraints are shown in Fig. 1.

3 Massless dark photon

The massless dark photon does not interact directly with the currents of the SM fermions, as
shown by the Lagrangian in Eq. (6). The higher-order operators through which the interaction
with ordinary matter ψi takes place start with the dimension-five operators in the Lagrangian

L =
eD
2Λ5

ψ
i
σμν

(
Dij

M + iγ5D
ij
E

)
ψj F ′μν , (11)
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Figure 1 – Existing limits on massive dark photon for invisible (mA′ < 1 MeV) and visible (mA′ > 1 MeV)
decays. [Plots from ref. 9]

where F ′μν is the field strength associated to the dark photon field A′μ, and σμν = i/2 [γμ, γν ]. The
operator proportional to the coefficientDM is the magnetic dipole moment and that proportional
to the coefficient DE is the electric dipole moment. The indices i and j in the fermion fields
keep track of the flavor and thus allow for flavor off-diagonal transitions. The scale Λ depends
on the parameters of the underlaying UV model. Typically, it is the mass of a heavy state, or
the ratio of masses of states of the dark sector, multiplied by the couplings of these states to
the SM particles.

The phenomenology of the massless dark photon depends on the effect of the higher-order
operator in Eq. (11) which mediates its interaction with the SM particles. This operator enters
the measured observables with an effective scale Λ and the absolute value d ij

M ≡ |Dij
M | of the

magnetic dipole coefficient (neglecting the CP-odd DE) which can eventually be related to the
parameters of the underlying UV model like masses and coupling constants.

Fig. 2 shows the more stringent experimental limits. Though these limits are on the combi-
nations dM/Λ2, with a factor depending on αD = e2D/4π, it is convenient to plot them as dM as
a function of Λ so as to easily see what values of the dipole coefficient are allowed given a value
for the scale Λ (and two representative value of αD).
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Figure 2 – Model-independent limits on the dark dipole operator for the interaction with leptons and
quarks. The strongest bounds come from supernovae (SN). Primordial nucleosynthesis (BBN) and collider
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dashed lines for αD = 0.1. [Plots from ref. 9]

The massless dark photon can be searched in several experiments, some of which are already
running:
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• Flavor physics: This is one of the most promising areas for searching for the dark photon
and the dark sector in general because none of the stringent astrophysical constrains dis-
cussed above applies given the flavor off-diagonal nature of the dipole operator in these
cases.

– Processes in Kaon physics at NA62, NA64 and KOTO: The Kaon decay
K → πA′ is forbidden by the conservation of angular momentum but the decay
K+ → π0π+A′ is allowed and the estimated branching ratio 10 is within reach of the
current sensitivity. The rare decays K+ → π+νν̄ 11 and KL → π0νν̄ 12 are other two
processes where the physics of the dark photon can play a crucial role 13;

– Decays at BESIII: Hyperion decays can be used for detecting the production of
A′ 14 and in the decay of charmed hadrons 15’

– Decays into invisible states: B-mesons at BaBar 16 and Belle 17 and KL,S and
other neutral mesons at NA64 18,19 can be used to study the dark sector (assuming
the invisible states belong to it). These decays are greatly enhanced by the Fermi-
Sommerfeld 20,21 effect due to their interaction with the massless dark photon—the
same way as ordinary decays, like the β-decay, are enhanced by the same effect—
making this another exciting area for searching the dark sector 22.

• Higgs and Z physics: The striking signature of a mono-photon plus missing energy can be
used to search Higgs 23,24,25 and Z-boson 26 decay into a visible and a dark photon. Again,
the stringent astrophysical constrains discussed above do not apply because the size of
the dipole operator is dominated (in the loop diagram) by the heavy-quark contribution’s
giving raise to the coupling to the dark photon.

• Pair annihilation: Collider experiment at higher energies and luminosities can use the same
striking signature of a mono-photon plus missing energy to search for the dark photon.
Even though the dipole interaction is suppressed and severely constrained in this case by
the astrophysical and cosmological bounds discussed, it is no more suppressed than the
equivalent cross sections for the massive case. Moreover, the dipole operator scales as the
center-of-mass energy in the process and higher energies make it more and more relevant;

• Magnons: An interesting possibility is the use of magnons in ferromagnetic materials and
their interaction with dark photons (QUAX proposal) 27,28. The estimated sensitivity is
again done for axions but can be translated for massless dark photons as in the discussion
about stars above.
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Axion-like particles (ALPs) are a generic and well motivated example of a light new particle
which can arise as pseudo Goldstone bosons within a theory of physics beyond the Standard
Model (BSM). ALPs with couplings to leptons will produce effects in lepton anomalous mag-
netic moments, which can be large enough to explain current experimental deviations in the
magnetic moments of the muon and the electron, while remaining in agreement with other
constraints. In the following, I present a discussion of these effects.

1 Introduction

The SM prediction for the muon anomalous magnetic moment aμ = (g − 2)μ/2
1 is in tension

with the combination of the measurements from the Brookhaven 2 and Fermilab 3 experiments,

Δaμ = aexpμ − aSMμ = (25.1± 5.9) · 10−10 , (1)

at a statistical significance of 4.2σ. In addition, a slight deviation of the electron anomalous
magnetic moment ae = (g − 2)e/2 has been observed. The central value of aexpe

4,5 deviated
from the SM prediction 6 previously, but is now statistically more significant due to an improved
measurement of the fine-structure constant in Caesium atoms 7. A recent measurement of the
fine structure constant in Rubidium 8 results in a deviation in the opposite direction,

ΔaCs
e = (−88± 36) · 10−14 , (2)

ΔaRb
e = (48± 30) · 10−14 . (3)

The statistical significance of the deviations are 2.4σ and 1.6σ, respectively. There is an un-
resolved tension of more than 5σ between 7 and 8, and we will concentrate on the earlier ΔaCs

e

prediction predominantly, while commenting on ΔaRb
e later.

The existence of a light axion like particle (ALP), a new gauge singlet pseudoscalar particle
which is a pseudo Goldstone boson of an approximate global symmetry spontaneously broken
in a BSM model, could underlie these deviations. We are agnostic about the specifics of the
BSM model that the ALP comes from, and work in an effective field theory (EFT) in which all
heavy BSM particles have been integrated out. ALP couplings to SM fields begin at operator
dimension 5, suppressed by the ALP decay constant f , which is related to the scale of new
physics.

2 Anomalous magnetic moments from flavour conserving ALPs

The relevant parts of the Lagrangian for the case of a flavour conserving ALP is

Leff = c�i�i
∂μa

f
�̄iγμγ5�i + cγγ

α

4π

a

f
FμνF̃

μν . (4)
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Figure 1 – Diagrams for an ALP contribution to lepton anomalous magnetic moments

There are several ALP contributions to the lepton anomalous magnetic moments. At the one-
loop level, there are penguin diagrams with the ALP attached only to fermion lines as well as
Barr-Zee diagrams with the ALP connected to fermions and the photon, as shown in Figure 1.
For the case of flavor conserving ALP couplings the different contributions have been discussed
in 9,10, and one finds

Δa� = − m2
�c

2
��

16π2f2

[
h1(x�) +

2α

π

cγγ
c��

(
log

μ2

m2
�

− h2(x�)
)]

, (5)

where

h1(x) = 1 + 2x+ (1− x)x log x− 2x(3− x)

√
x

4− x
arccos

√
x

2
, (6)

h2(x) = 1− x

3
+ x2 log x+

x+ 2

3

√
(4− x)x arccos

√
x

2
− δ2 − 3 . (7)

where x� = m2
a/m

2
� , δ2 = −3. Note that the contribution proportional to c2�� has the wrong sign

to explain the deviation of Δaexpμ with respect to the SM value, but the analogous expression
for ΔaCs

e has the correct sign.
If the ALP has no tree level coupling to photons, one is still induced at loop level through

the lepton coupling 10:

ceffγγ = cγγ +
∑
i

c�i�iB1(τ�i), (8)

where τ�i = 4m2
�i
/m2

a and

B1(τ) = 1− τ f2(τ) , f(τ) =

{
arcsin 1√

τ
; τ ≥ 1 ,

π
2 + i

2 ln
1+
√
1−τ

1−√1−τ ; τ < 1 .
(9)

For lepton masses much lighter than the ALP mass, the limit of this loop function is B(0) = 1.
By using this effective coupling in Eqn. 5, we can get an approximation of the full two loop result
in the case where only ALP couplings to leptons are present (a recent full two loop calculation
was presented in 11). In this way, we find the regions shown in Fig. 2. It can be seen that under
these assumptions both Δaμ and ΔaCs

e can be simultaneously explained.

3 Anomalous magnetic moments from flavour violating ALPs

If the ALP has lepton flavour violating (LFV) couplings, the part of the Lagrangian governing
ALP-lepton couplings becomes

Leff =
∂μa

f

(
�̄i(kE)ijγμPL�j + �̄i(ke)ijγμPR�j

)
. (10)

Then there is another contribution to (g − 2)�, which looks like the first diagram of Fig. 1,
but with the lepton in the loop of a different flavour to the external lepton. The form of this
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Figure 2 – Parameter space for which Δaμ (orange) and ΔaCs
e (yellow) can be explained at 95% CL by flavor-

conserving ALP couplings to muons and electrons for ma = 100MeV, 1GeV and 10GeV.

contribution depends on whether the lepton in the loop, which we label �j , is heavier or lighter
than the external lepton, labelled �i. If m�j < m�i ,

Δa�i =
m2

�i

16π2f2

(
|(ke)ij |2 + |(kE)ij |2

)(
x2i ln

x2i
xi − 1

− xi −
1

2

)
, (11)

where xi = m2
a/m

2
�i
. This contribution is always positive if ma > m�i . If instead m�j > m�i ,

Δa�i =
m�im�j

8π2f2
Re
[
(ke)

∗
ij(kE)ij

](
x2j ln

xj
(xj − 1)3

− 3xj − 1

2(xj − 1)2

)
, (12)

which can be positive or negative depending on the sign of the ALP-lepton couplings. Lepton
flavour violating interactions of the ALP can be strongly constrained 12,13 which limits the
ability of LFV couplings to provide sizeable constributions to Δa�i , but most of the constraints
generally depend also on the size of the lepton flavour conserving couplings. A notable exception
is the constraint from muonium-antimuonium oscillations, which depends only on μ− e flavour
violating couplings, and which completely rules out a combined explanation of Δaμ and ΔaCs

e

based on μ−e LFV couplings14. However, for ALP masses above about 1.5 GeV, this constraint
does still allow an explanation of ΔaCs

e only, via an ALP-μ-e coupling. Alternatively, LFV ALP
coupling to τ and μ can provide a contribution to Δaμ, while a coupling to τ and e can provide
a contribution to ΔaCs

e . However, both these couplings cannot be present at the same time
without producing an unacceptably large branching ratio of μ → eγ, via a similar diagram as
the leftmost diagram of Figure 1, with a τ in the loop and μ and e as external states. Therefore,
the best solution for a combined ALP explanation of Δaμ and ΔaCs

e with lepton flavour violating
couplings is with an ALP in the GeV mass range, whose μ− e couplings can fit ΔaCs

e , and with
τ − μ couplings which fit Δaμ.

4 Comment on implications of ΔaRb
e

If we instead focus on ΔaRb
e , some of the conclusions reached change. We can no longer fit

the central value of ΔaRb
e and Δaμ using only flavour conserving leptonic couplings, as in

Fig. 2, since both deviations are now in the negative direction and there is no way to loop-
induce a ceffγγ with the opposite sign as both cee and cμμ, as would be required. To fit both
measurements without lepton flavour violation would therefore require tree level couplings to all
three of electrons, muons and photons. By contrast, the explanations discussed involving LFV
couplings can be of either sign depending on the sign of the couplings, so these can be easily
adjusted to accommodate ΔaRb

e .
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5 Summary

Axion like particles are well motivated examples of light particles that can arise in models of
physics beyond the Standard Model. Here I have discussed the different ways that ALPs with
couplings to leptons (either flavour violating or flavour conserving) can induce effects in lepton
magnetic moments, and could underlie observed experimental deviations.
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Left-Right symmetric theories solve the strong CP problem and explain the small Higgs quartic
coupling at high energy scales via the Higgs Parity mechanism, which forces the Higgs quartic
coupling to vanish at the Left-Right symmetry breaking scale. They also predict three right-
handed neutrinos; one may be stable and provide dark matter, and another may decay and
explain the baryon asymmetry of the universe through leptogenesis. For the dark matter
abundance to arise from freeze-out, the required range of the Left-Right symmetry breaking
scale is 1010-1013 GeV, in remarkable agreement with the energy scale at which the Higgs
quartic coupling vanishes. The allowed parameter space can be probed by the warmness of
dark matter, precise measurements of the top quark mass and QCD coupling constant by
future colliders and lattice computations, and measurement of the neutrino mass hierarchy.

1 Introduction

Left-Right gauge symmetry, SU(2)L × SU(2)R, combined with space-time parity, can solve the
strong CP problem 1,2. We consider a theory with the minimal Higgs content, where SU(2)R,L

is broken by an SU(2)R,L doublet Higgs, HR,L. In contrast to theories with triplets and bi-
fundamentals, the theory can solve the strong CP problem without introducing extra symme-
tries 3,4,5. Furthermore, the Higgs Parity mechanism 5 can force the Standard Model (SM) Higgs
quartic coupling to vanish at the Left-Right symmetry breaking scale, explaining the small Higgs
quartic coupling at high energy scales.

Left-Right symmetry also predicts three right-handed neutrinos that are produced by gauge
boson exchange in the early universe. One right-handed neutrino may be stable enough to be
dark matter (DM), and the others may decay and produce the baryon asymmetry via leptogen-
esis 6. In this proceeding, we discuss a freeze-out scenario where the right-handed neutrinos are
in thermal equilibrium with the SM particles in the early universe and later decouple. Right-
handed neutrino DM would be over-produced, but the out-of-equilibrium decay of the other two
right-handed neutrinos dilutes the DM 7,8,9,10. We find that the DM abundance and successful
natural leptogenesis require the Left-Right symmetry breaking scale to be in the range 1010-1013

GeV, which agrees with the energy scale at which the Higgs quartic coupling vanishes. The
remaining parameter space can be probed by the warmness of DM, precision measurements of
the top quark mass and QCD coupling constant by future colliders and lattice computations,
and measurement of the neutrino mass hierarchy.

2 Left-Right symmetry and the strong CP problem

Parity symmetry can forbid the QCD θ term. In the SM, parity symmetry is explicitly broken
because the W boson couples only to left-handed fermions. To impose a parity symmetry on
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the theory, one must introduce a new SU(2)R gauge symmetry under which the right-handed
fermions are charged and a Left-Righty symmetry under which SU(2)L and SU(2)R are ex-
changed 1,2. The resultant gauge symmetry is SU(3)c × SU(2)L × SU(2)R × U(1)B−L. The
correction to θ from the phases of the quark mass matrix may be suppressed since the quark
yukawa coupling is Hermitian and hence possesses real eigenvalues. There is a danger, however,
of the Higgs fields obtaining complex field values generating a contribution to θ̄. This is in fact
the case if the quark mass is given by the condensation of SU(2)L × SU(2)R bi-fundamental
scalars, and one must impose extra symmetries to forbid the physical complex field value of the
bi-fundamental scalars 1,2,11,12.

This extra complexity is avoided if SU(2)R is broken by an SU(2)R doublet Higgs HR with
〈HR〉 ≡ vR and SU(2)L is broken by an SU(2)L doublet Higgs HL with 〈HL〉 ≡ v, and the
quark masses are generated by dimension-five operators

cuij
M

qiq̄jHLHR +
cdij
M

qiq̄jH
†
LH

†
R + h.c., (1)

where qi/q̄i are the left/right-handed quarks. The parity symmetry forces the coefficients cu,dij

to be Hermitian. The dimension-five operators may be generated by exchange of heavy Dirac
fermions; see 5 for possible gauge charges of them. It is also possible that some of the Dirac
masses are small so that some of the right-handed SM fermions dominantly come from the Dirac
fermions rather than the SU(2)R doublets. Since the phases of HR,L can be removed by gauge
transformations, no θ term is generated from the quark mass matrix. The charged lepton mass
is given by similar dimension-five operators.

Note that parity does not forbid phases in the quark mass matrix, and the CKM phase is
readily obtained. This is in contrast to the CP solution to the strong CP problem, where the
CKM phase is forbidden by the CP symmetry and must arise from spontaneous CP breaking,
reintroducing the strong CP problem unless a sophisticated mechanism is introduced 13,14,15.

3 Right-handed neutrino dark matter

Left-Right symmetry requires right-handed partners of the three left-handed neutrinos νi, namely,
the three right-handed neutrinos, Ni. One of them may be stable enough to be DM. The masses
of the left- and right-handed neutrinos are generated by

ci
2M

(
�̄i�̄iHRHR + �i�iHLHL

)
− bij

M
�i�̄jHLHR + h.c., (2)

where �i/�̄i are the left/right-handed leptons. Since vR 	 v, the masses of right-handed neutrinos
Mi are dominated by the first term. The left-handed neutrino mass is given by the second term
and the combination of the first and the third term,

mij = δij
v2

v2R
Mi − yikv

1

Mk
yjkv, yij ≡ bij

vR
M

. (3)

The second term in Eq. (3) is the see-saw contribution 16,17,18,19.
We identify N1 with DM. The cosmological production of N1 is as follows: The right-handed

neutrinos are kept in thermal equilibrium with the SM bath at sufficiently high temperatures in
the early universe by the SU(2)R × U(1)B−L gauge interaction and decouple at lower tempera-
tures. The resultant N1 abundance is greater than the observed DM abundance unless M1 < 100
eV. Such a mass range is excluded by the Tremaine-Gunn20,21,22 and warmness23,24,25,26 bounds.
We assume that N2 is long-lived, dominates the universe, and decays at a temperature TRH to
dilute N1. The N1 abundance is then

ΩN1

ΩDM
�
(

M1

10 keV

)(
300GeV

M2

)(
TRH

10MeV

)
. (4)
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Figure 1 – Constraints on the Left-Right symmetry breaking scale vR and the dark matter mass M1.

N1 must be cosmologically stable and N2 sufficiently stable to decay while dominating the
energy density of the universe, putting upper bounds on y1i and y2i. Moreover, N1 must be light
enough otherwise the required TRH is below the BBN bound of 4 MeV 27,28,29, putting an upper
bound on c1. From these bounds, one can show that the SM neutrino mass matrix is dominated
by the following two entries 10,

m22 =
v2

v2R
M2, m33 =

v2

v2R
M3 − y233

v2

M3
. (5)

One of the SM neutrinos is predicted to be much lighter than the other two. The mass of N2

is then enhanced over the mass of one of the two heavier SM neutrino masses by a factor of
(vR/v)

2. This relation provides a strong bound on the range of vR as we will see.
In Fig. 1, we show the constraints on vR and M1

30. In the orange-shaded region, the
required TRH is below the BBN bound of 4 MeV. In the blue-shaded region, the decay of N2 by
WR exchange prevents low enough TRH. In the green-shaded region, N1 is too warm. Future
observations of 21 cm lines can probe the warmness up to the green dashed line 31. We discuss
the red-shaded region and the red dashed line in the next section.

4 Leptogenesis from right-handed neutrinos

The decay of N2 into �HL can produce the baryon asymmetry through leptogenesis. The CP
violation is provided by the interference between the tree and one-loop decay diagrams. Since
y1i and y2i are required to be small, the quantum correction to the decay is dominated by y33,
and the lepton asymmetry produced per decay of N2 is proportional to y233.

Since y33 contributes to the SM neutrino mass as shown in Eq. (3), assuming no cancellation
between the two terms in m33, y

2
33 is at most m2

33v
2
R/v

4. The bound is saturated when the
two terms are comparable. With this upper bound, the observed baryon asymmetry can be
explained only to the right of the red dashed line in Fig. 1.

The baryon asymmetry is enhanced when M2 � M3, leading to a resonance 32. Such a
degeneracy can be explained by an approximate flavor symmetry. The symmetry is necessarily
broken by the charged lepton mass, so the maximal natural degeneracy is y2τ/(8π

2) � 10−6.
With this maximal natural enhancement, the region in Fig. 1 to the right of the red-shading is
consistent with the observed baryon asymmetry.
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The baryon asymmetry is also enhanced if a cancellation between the two terms in m33

allows a larger y33. Such a cancellation is natural if the dimension-five operators in Eq. (2)
result from a heavy singlet fermion S with the following interactions,

λ�3SHL + λ�̄3SHR +
1

2
MSS

2 + h.c. (6)

After integrating out S at tree-level, only one linear combination of ν3 and N3, which is dom-
inantly N3, obtains a Majorana mass and hence the SM neutrino remains massless. This can
be interpreted as a cancellation between the two terms in m33. The allowed parameter space,
however, is not as large as that achieved by M2 � M3

30.

5 Standard Model parameters and the Left-Right symmetry breaking scale

An intriguing feature of the SU(2)R × SU(2)L breaking by HR and HL is that the symmetry
breaking scale vR is predicted as a function of the SM parameters including the top quark mass
and the QCD coupling 5,30. The scalar potential of HR and HL is

V (HR, HL) = −m2
(
|HR|2 + |HL|2

)
+

λ

2

(
|HR|2 + |HL|2

)2
+ λ′ |HR|2 |HL|2 . (7)

We assume that m2 is positive and much larger than v. HR obtains a large vacuum expectation
value, m/λ1/2, and spontaneously breaks the Left-Right symmetry. After integrating out HR at
tree-level around this vacuum, the low energy effective potential of HL is

VLE(H) = λ′ v′2 |HL|2 − λ′
(
1 +

λ′

2λ

)
|HL|4 . (8)

The hierarchy v � vR is obtained only if the quadratic term is small, which requires |λ′| � 1.
Then the quartic coupling of HL is also enforced to be very small at the energy scale vR.
Quantum corrections, dominated by renormalization group running in the SM effective field
theory between vR and v, generate a positive SM Higgs quartic coupling at the weak scale
λSM(v) � 0.1. From the perspective of running from low to high energy scales, the energy scale
at which the SM Higgs quartic coupling nearly vanishes is the scale vR. We call this the “Higgs
Parity mechanism”. Threshold corrections to λSM(vR) are given in 30,33.

Since the running of λSM is determined by SM parameters, especially the top quark yukawa
and QCD coupling constants, vR is predicted as a function of these, and vice versa. In Fig. 2,
we recast the constraints of Fig. 1 into those on the top quark mass mt and the DM mass
M1, for a fixed QCD coupling constant. Remarkably, the allowed range of vR for N1 DM and
leptogenesis from N2 is consistent with the observed top quark mass, mt = (172.76±0.30) GeV.
The parameter space can be further probed by the warmness of DM, precision measurements
of the top quark mass and QCD coupling constant by future colliders 34,35,36,37,38 and lattice
computations 39, and measurement of the neutrino mass hierarchy.

6 Discussion

The lightness and stability of N1 may be disturbed by quantum corrections from the charged
fermion yukawa couplings. These corrections are sufficiently suppressed under certain conditions
on the UV completion of the dimension-five operators in Eqs. (1) and (2); see 30 for details.

For a low enough reheating temperature after inflation, the N1 abundance is set by freeze-in
rather than by freeze-out and dilution by N2,

10,30,40. See 10,30 for the analysis of this scenario
in the context of Left-Right symmetry.

The Higgs parity mechanism is applicable to a variety of theories where the SM Higgs has
a Z2 partner. Such theories provide correlations between SM parameters and the proton decay
rate 33, the DM direct detection rate 41, and gravitational waves and dark radiation 42.
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Figure 2 – Constraints on the top quark mass mt and the dark matter mass M1.
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Impact of Current Results on Nucleosynthesis

Keith A. Olive

William I. Fine Theoretical Physics Institute, School of Physics and Astronomy,
University of Minnesota, Minneapolis, Minnesota 55455, USA

The impact of recent results on Big Bang Nucleosynthesis is assessed. These include the
Planck likelihood distributions for the baryon density; recent progress in helium abundance
determinations; and a recent cross section measurement for d(p, γ)3He .

1 Introduction

As one of the deepest probes of early universe cosmology, Big Bang Nucleosynthesis (BBN),1–8

has the ability to set constraints on a wide spectrum of extensions of the Standard Model.9–12

These can often be cast in the form of a constraint on the number of neutrino flavors exceeding
the Standard Model value of 3. These limits only have meaning if we are confident that BBN
accurately accounts for the abundances of the light elements. This concordance in turn depends
on accurate measurements of the baryon density, and cross section measurements, and of course
accurate astrophysical abundance determinations.

The baryon density can be accurately determined from cosmic microwave background (CMB)
anisotropy measurements. Beginning with WMAP13 and more recently Planck,14 within the
standard model, BBN is effectively a parameter free theory.15 Precise knowledge of the baryon
density allows for well defined likelihood distributions for the BBN predictions.6,8, 9, 16–18 These
in turn can be convolved with observational likelihood functions to set constraints on the number
of neutrino flavors.

In this note, I will highlight the impact of 1) recent Planck data, 2) recent progress in 4He
abundance determinations, and 3) recent cross section measurements of d(p, γ)3He .

2 The Impact of the Planck Likelihoods

Certainly the most revolutionary change in BBN analyses has been the ability to accurately
fix the baryon density from CMB observations. Standard model results for BBN are shown in
Fig. 1 which plots the light element abundances as a function of the baryon density, Ωbh

2 (upper
scale) and η = nb/nγ (lower scale). In the left panel, the mass fraction, Y , for He is shown while
the abundances of D, 3He, and 7Li by number are shown relative to H. The line through each
colored band is the mean value as a function of η.8 The thickness of each curve depicts the
±1σ spread in the predicted abundances. The relative uncertainty, (the thickness of the curves,
relative to the central value) is shown more clearly in the right panel.

The vertical line in Fig. 1, shows the Planck determined value of the baryon density η =
(6.104 ± 0.055) × 10−10). As one can see, the relative thinness of the Planck line implies, that
there are definite predictions from BBN for each of the light element abundances.
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Figure 1 – Left: Primordial abundances of the light nuclides as a function of cosmic baryon content, as predicted
by standard BBN (“Schramm plot”). Curve widths show 1σ errors. Right: Fractional uncertainties in the light
element abundance predictions shown on the left. For each species i, we plot ratio of the standard deviation σi

to the mean μi, as a function of baryon-to-photon ratio. The relative uncertainty of the 4He abundance has been
multiplied by a factor of 10.

More formal analysis requires the construction of likelihood functions. Planck has provided
many likelihood chains from CMB anisotropy and other measurements. We have taken the
Planck likelihood chains which are based on temperature and polarization data, T+TE+EE+lowE,
as well as CMB lensing.8 Furthermore, we use the chains that do not assume any BBN relation
between the helium abundance and baryon density. Thus for fixed Nν , we have a likelihood func-
tion LCMB(η, Yp) (and a separate likelihood function, LNCMB(η,Nν , Yp), when Nν is not fixed).
In addition, from a Monte Carlo, we can construct a BBN likelihood function for each element,
X, LBBN(η;X) (and similarly LNBBN(η,Nν ;X) when Nν is not fixed), and from the observa-
tions, LOBS(X). BBN results are obtained by a convolution of the CMB and BBN likelihoods
by integrating over η. The result for each light element is shown in Fig. 2 (left) by the purple
shaded curves. The yellow-shaded curves correspond to the observational likelihood with the
exception of 3He where reliable primordial abundance measurements do not exist. Interestingly,
by integrating LCMB alone over η, we can determine the CMB likelihood for Yp. This is shown
by the cyan shaded curve. We see excellent agreement for D/H, good agreement for 4He, and
strong discrepancy in 7Li constitutes the persistent lithium problem.19

While the CMB plays a dominant role in determining the baryon density, BBN is able
to refine this determination. In Table 1, the mean values of η10 = 1010η from the various
convolutions of likelihood functions are given with their 1 σ uncertainties. Also shown is the
value of η10 at the peak of the likelihood. As one can infer from the BBN results shown in
Fig. 1, BBN and the observed helium abundance alone is not very apt at fixing η. Deuterium
does much better, though the uncertainty in η is still 4 times greater than the CMB alone. The
primary cause for a deviation in the CMB value of η is including the BBN relation between YP
and η. This case is labeled CMB+BBN, and does not use any abundance measurements. The
last line of the table gives the final result which includes the abundance measurements of D and
He, with η10 = 6.129 ± 0.040. One can repeat the process when Nν is not held fixed8 and the
best fit value of η10 drops to 6.090 ± 0.055. By marginalizing over η, we can obtain likelihood
functions for Nν , giving a mean value of 2.843± 0.154 when all likelihoods are convolved.
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Figure 2 – Light element abundance likelihood functions. Shown on the left are likelihoods for each of the
light nuclides, normalized to a maximum value of 1. The dark-shaded (purple) curves are the BBN+CMB
predictions, based on Planck inputs as discussed in the text. The light-shaded (yellow) curves show astronomical
measurements of the primordial abundances. For 4He, the medium-shaded (cyan) curve shows the independent
CMB determination of 4He. In the right panel, the effect of the d(p, γ)3He cross section is shown as described in
the text.

Table 1: The mean value (and its uncertainty) of the baryon-to-photon ratio as well as the value of η at the peak
of the distribution using different combinations of observational constraints.

Constraints Used mean η10 peak η10
CMB-only 6.104± 0.055 6.104

BBN+Yp 6.741+1.220
−3.524 4.920

BBN+D 6.148± 0.191 6.145

BBN+Yp+D 6.143± 0.190 6.140

CMB+BBN 6.129± 0.041 6.129

CMB+BBN+Yp 6.128± 0.041 6.128

CMB+BBN+D 6.130± 0.040 6.129

CMB+BBN+Yp+D 6.129± 0.040 6.129

3 Towards Precision 4He abundance determinations

The 4He abundance is determined from emission line data from extragalactic HII regions.20 To
account for systematics, a Markov-Chain Monte Carlo approach using the 4He abundance as
one of the several input parameters has been adopted.21,22 The 4He abundance is determined
simultaneously with several other physical input parameters which include the electron density,
temperature, optical depth, neutral hydrogen fraction, as well as parameters for underlying
absorption and reddening. The measured flux of six He and three H lines (relative to Hβ), are
compared with model predictions to obtain a χ2 statistic. The importance of an additional IR
line for 4He was proposed23 and when available showed marked improvements in the accuracy
of the 4He abundance determinations.24

Most recently, it was shown that adding an additional 2 He lines, and nine H lines to fit nine
input parameters can greatly improve the the accuracy of the fit.25 An example of the potential
improvement was demonstrated on data from Leo P. Table 2 shows the improvement made
in going from nine emission line ratios to fit eight parameters made in 2013,26 to 21 emission
line ratios to fit nine parameters. All of the parameters are found with smaller uncertainties
(sometimes significantly smaller) and a factor of 3 improvement in the helium mass fraction
uncertainty. The primordial 4He abundance is extracted from a linear fit to the data with
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respect to the oxygen abundance and is shown in Fig. 3.25 The resulting primordial abundance
is found to be YP = 0.2453 ± 0.0034, a 15% improvement solely due to Leo P. This is to be
compared with the uncertainty of 0.0002 in the BBN calculation.

Table 2: Physical conditions, He+/H+ abundance solution, and regression values of Leo P

Skillman et al. (2013)26 Aver et al. (2021)25

Emission lines 9 21
Free Parameters 8 9

He+/H+ 0.0837+0.0084
−0.0062 0.0823+0.0025

−0.0018
ne [cm−3] 1+206

−1 39+12
−12

aHe [Å] 0.50+0.42
−0.42 0.42+0.11

−0.15
τ 0.00+0.66

−0.00 0.00+0.13
−0.00

Te [K] 17,060 +1900
−2900 17,400 +1200

−1400
C(Hβ) 0.10+0.03

−0.07 0.10+0.02
−0.02

aH [Å] 0.94+1.44
−0.94 0.51+0.17

−0.18
aP [Å] - 0.00+0.52

−0.00
ξ × 104 0+156

−0 0+7
−0

χ2 3.3 15.3
p-value 7% 23%

O/H × 105 1.5 ± 0.1 1.5 ± 0.1
Y 0.2509 ± 0.0184 0.2475 ± 0.0057
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Figure 3 – Helium abundance (mass fraction) versus oxygen to hydrogen ratio regression calculating the primordial
helium abundance. The previous result is lighter grey, with the new result, based on including Leo P, shown with
a solid fit line and a bolded intercept. Leo P is also shown as bold.

4 The impact of New Cross Section Measurements

In contrast to 4He, the observed uncertainty in D/H is 3× 10−7 compared with the theoretical
uncertainty of 1.1 × 10−6, due to uncertainties in the experimental cross sections. Recently,
the d(p, γ)3He cross section was remeasured by the LUNA collaboration27 in the BBN energy
range with significantly higher accuracy than previous measurements. This data is shown in
Fig. 4 along with previous data as labeled. Also shown are several fits: one based on NACRE-
II data,28 a theory-based cross section,29 the LUNA collaboration fit27 and our fit including
previous data.30 The latter two are very similar, as the fit is driven by LUNA data.

While the new d(p, γ)3He cross section affects slightly the abundances of 4He and 7Li, the
dominant effect is on D/H, as might be expected. The effect of the d(p, γ)3He cross section on
the CMB-BBN likelihood functions is shown in the right set of figures in Fig. 2. In the upper
left is the previous result (as in the upper right of the left panel).8 The theory cross section, has
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Figure 4 – The astrophysical S-factor for d(p, γ)3He showing 1) the NACRE-II S-factor used in FOYY (blue
dotted); 2) the theoretical S-factor (green dot-dashed); 3) the LUNA global average (red dashed); and 4) our new
world average rate (black solid). The shading corresponds to the 68% uncertainty.

a significantly larger rate and therefore predicts substantially less D/H. The two bottom figures
are based on the LUNA fit and the combined fit.30 The mean value of D/H (×105) for each
case is 2.57± .13, 2.42± .10, 2.50± .11 and 2.51± .11. The new cross section shifts slightly the
best value for η10 to 6.123 ± 0.039. The residual error is due to the remaining uncertainty in
d(d, n)3He and d(d, p)3H. For related studies of this new cross section, see Ref.31

When Nν is not held fixed at the Standard Model value of 3, the likelihood analysis leads
to a mean value of Nν = 2.880 ± 0.144 implying a 95% upper limit of Nν < 3.16 and provides
strong constraints on physics beyond the Standard Model.
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We address the Type-I Seesaw mechanism with three right-handed neutrinos and Majorana
masses below the pion mass: we identify three distinct potentially viable regions in the param-
eter space, characterised by the value of the sterile neutrino lifetime, and show that the impact
of the sterile neutrino decay products on the abundance of light elements via photodisintegra-
tion (together with complementary existing bounds) effectively rules out solutions where the
decays take place between BBN and the CMB decoupling. Remarkably, solutions in which all
the three heavy neutrinos decay before BBN can generally account for the observed baryon
asymmetry of the Universe via freeze-in leptogenesis, without further requirements other than
complying with laboratory and cosmological constraints. We conclude that leptogenesis can
be tested in pion decay experiments.

1 Introduction

The massive nature of neutrinos (as well as lepton flavour mixing) and the baryon asymmetry
of the Universe (BAU) are two observations that call for the existence of new physics beyond
the Standard Model (SM) of particle physics. A simple inspection of the SM field content
shows a certain asymmetry in it, since all fermionic fields appear with both states of chirality
(left- and right-handed), except for neutrinos, that only show a left-handed component. The
extension of the SM field content by postulating the existence of a certain number of right-
handed neutrino fields νRi, i = 1, . . . , n constitutes the well known Type-I Seesaw mechanism 1,
where the extended field content results in new gauge-invariant operators in the most general
and renormalizable Lagrangian:

L = LSM+iνRi/∂νRi− 1

2
νcRi(MM )ijνRj + νRi(M

†
M )ijν

c
Rj −Fai Laεφ

∗νRi−F ∗
aiνRiφ

T ε† La , (1)

where La is the left-handed lepton doublet of flavour a = e,μ, τ , φ is the Higgs doublet, F is
a matrix of dimensionless Yukawa couplings, ε is the totally antisymmetric SU(2) tensor and
we have suppressed SU(2) indices; MM is a symmetric matrix of Majorana mass terms for the
fields νRi, which introduces a new energy scale in the theory.
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Figure 1 – Constraints on the active-sterile mixing elements for the different flavours: the gray regions are
excluded by direct laboratory searches of heavy-neutrinos. The yellow region would be excluded by the SN1987A
supernova event if a standard core-collapse supernova model is assumed 6, while the bound does not apply if a
collapse-induced thermo-nuclear explosion is considered 7. Green points show the identified solutions.

After electroweak symmetry breaking (EWSB) the Higgs field acquires a vacuum expectation
value v: in the seesaw limit, v|F | |MM |, the Lagrangian in Eq. (1) results in two non-vanishing
Majorana mass matrices for the light (mostly active) and heavy (mostly sterile) neutrinos,
respectively

mν = −θMMθT , MN = MM +
1

2
(θ†θMM +MT

MθT θ∗) , (2)

where θ = vFM−1
M quantifies the mixing Uai between active and sterile neutrinos

U2
ai = |Θai|2 with Θ = θU∗

N , (3)

and UN is the unitary matrix diagonalising MN . The diagonalisation of mν thus accounts for the
neutrino mass differences and lepton flavour mixing observed in neutrino oscillation experiments.

A relevant feature of the model in Eq. (1) is that the very same Lagrangian can account
as well for the generation of the BAU 2: the new Yukawa couplings Fai are in general complex
numbers, providing a new source of CP-violation, while the fields νRi can deviate from thermal
equilibrium during their evolution in the early Universe, producing a net lepton asymmetry L
as a result of their CP-violating interactions. If this happens before EWSB, the SM sphalerons
efficiently reprocess a fraction of L into a net baryon asymmetry B, thus accounting for the
observed BAU. This baryogenesis via leptogenesis mechanism is viable for a wide range of MM

values: for masses below the electroweak scale, the lepton asymmetry is typically generated
during the production of right-handed neutrinos from the thermal plasma (“freeze-in scenario”)3.

A phenomenologically interesting region of the parameter space is represented by right-
handed neutrinos with masses smaller than the pion mass: these particles can be looked for
in pion decay, and are subject to a nontrivial interplay of constraints coming from laboratory
experiments and cosmological impact 4.

2 MeV scale Type-I Seesaw

Sterile neutrinos with masses at the MeV scale are long-lived particles from the point of view of
accelerator experiments, with a decay length typically exceeding the size of the detector. Their
inverse lifetime is

τ−1
i ≈ 7.8 s−1 Mi

10 MeV

5

1.4 U2
ei + U2

μi + U2
τ i . (4)

The active-sterile mixing elements U2
ai are subject to strong upper bounds coming from direct

searches of sterile neutrinos in laboratory experiments 5, that result in the exclusion of the gray
regions in the mass-mixing plane of Fig. 1. An indirect upper bound on the active-sterile mixing
can be derived from the duration of the neutrino burst observed during the supernova explosion
SN1987A 6, since sterile neutrinos provide an additional cooling channel that would shorten

258



cosmological history

between BBN and CMB

= tCMB

= t50

= t0

CMB anisotropies

ionization of IGM

photodisintegration

[this work]

20 40 60 80 100 120 140

10
-26

10
-21

10
-16

10
-11

10
-6

Mi [MeV]

|U
i
2

10
-10

10
-8

10
-6

10
-4

10
-2

10
-12

10
-10

10
-8

m1 [eV]

|Y
B
|

Figure 2 – Left: constraints on the flavour sum of active-sterile mixings for heavy neutrinos, as a function of their
mass: the gray area is excluded by laboratory searches, while cosmological constraints exclude the pink, blue and
cyan regions, as labeled in the plot. The orange region is excluded by the photodisintegration bound 4.
Right: the predicted baryon asymmetry of the Universe YB as a function of the lightest active neutrino mass, for
the identified viable model realisations. The experimentally observed value is represented by the green line, while
the shaded region spans an order of magnitude variance.

the neutrino signal. However, the validity of this bound relies on the standard core-collapse
supernova model; if instead a collapse-induced thermo-nuclear explosion is considered 7, the
observed neutrinos could stem from the accretion disk and would be insensitive to the cooling
rates 8.

2.1 Cosmological history and existing constraints

The right-handed neutrino phenomenology in the early Universe is strongly determined by their
Yukawa couplings Fai, governing both their production rate and lifetime. Neutrino oscillation
data imply that at least two right-handed neutrinos thermalise in the early Universe 9: these
states must decay before the onset of Big Bang Nucleosynthesis (BBN), in order to not spoil its
predictions. In the Seesaw model with n = 3 right-handed neutrino fields, we can thus identify
three scenarios, depending on the lifetime of the third state:

i) all 3 heavy neutrinos thermalise and decay before BBN;

ii) 2 heavy neutrinos decay before BBN, the third one never thermalises and decays between
BBN and CMB decoupling;

iii) 2 heavy neutrinos decay before BBN, the third one is quasi stable and contributes to dark
matter.

Scenario iii) corresponds to the well-known Neutrino Minimal Standard Model (νMSM) 10, and
will not be discussed in further detail here. In Scenario i) the relevant cosmological constraint
comes from requiring a sufficiently short lifetime for the heavy-neutrinos, so that BBN is not
affected by the decay of this population 11: this puts a lower bound on the active-sterile mixing,
resulting in a nontrivial interplay between cosmology and direct laboratory searches, that leaves
the upper white strip in Fig. 2-left as the only viable region of the parameter space in this
scenario.

Scenario ii) is subject to a number of further phenomenological constraints: first of all,
sterile neutrinos decaying during (or after) BBN and before CMB decoupling can modify the
cosmological history of the Universe, by inducing for instance an additional epoch of matter
domination, a sizeable entropy injection, or by contributing to the effective number of relativistic
degrees of freedom Neff at the time of BBN. These effects lead to an excluded region in the
parameter space 9,12, labeled ‘cosmological history between BBN and CMB ’ in Fig. 2-left.
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In addition, sterile neutrinos decaying after CMB decoupling are subject to constraints
from CMB anisotropy 13, from the impact of their decay products on the intergalactic medium
(IGM)14 and from the produced X-rays15; the regions excluded by these constraints are reported
in Fig. 2-left, and labeled ‘CMB anisotropies’ and ‘ionization of IGM ’, respectively.

2.2 New cosmological constraint: photodisintegration of nuclei

The cosmological constraints discussed above would allow a viable region in the parameter space
of Scenario ii), reported in orange in Fig. 2-left. However, this window is actually excluded once
the impact of the heavy-neutrinos decay products on the photodisintegration of nuclei is taken
into account 4.

Indeed, even if heavy-neutrinos do not thermalise in the early Universe, their decay into
charged leptons after BBN affects the abundance of already formed light nuclei via photodis-
integration: the bound strongly depends on the hadronic branching fraction of the decaying
particle, which however vanishes for the mass values considered here. Thus, only electromag-
netic decay channels must be considered; their effect is included by following the procedure
described in Ref. 16 and using the public code ACROPOLIS 17: the non-thermal photon/electron
spectra are determined by solving the cascade equation, and are used in turn to compute their
photodisintegration impact on nuclear abundances by solving the relevant non-thermal Boltz-
mann equation. The resulting abundances are finally compared with observations 18

Yp = (2.45± 0.03)× 10−1 , (5)

D/1H = (2.547± 0.025)× 10−5 , (6)
3He/D = (8.3± 1.5)× 10−1 . (7)

The constraints resulting from this analysis exclude the orange region in Fig. 2-left, closing a
previously allowed window that was not excluded neither by a modified cosmological history
between BBN and CMB, nor by CMB observations. This result effectively rules out Scenario ii)
as a viable Seesaw realisation.

2.3 Exploration of the viable parameter space

A thorough analysis of the whole parameter space of the model is numerically challenging, given
its large dimensionality (18 free parameters) and the complex interplay between laboratory and
cosmological bounds. In order to outline the viability of Seesaw solutions in this mass range
we perform an explorative scan, by including neutrino constraints as well as all the previously
discussed bounds on heavy neutrinos: we only find viable solutions for a Normal Ordering of the
active neutrino masses, and report the results of this scan as green points in Fig. 1 and Fig. 2.
Since the model contains three heavy-neutrinos, each solution is represented by a triplet of
points. We notice that in order to comply with BBN constraints, heavy-neutrinos must feature
a relatively large mixing with the tau flavour, given that experimental bounds on this parameter
are considerably weaker than the corresponding ones on the electron and muon mixings. We
stress that it is not a priori evident that such solutions would exist, as they require a flavour
hierarchy in the heavy-neutrino mixing, and neutrino oscillation data constrain the viable range
of this hierarchy.

3 Leptogenesis from MeV-scale right-handed neutrinos

Having identified a set of representative viable solutions in the model, we can compute the BAU
generated by each of them. To describe the evolution of the heavy neutrino abundances and
lepton asymmetries in the early Universe, we employ the set of quantum kinetic equations given
in Ref. 19, and assume an initial vanishing matter-antimatter asymmetry as well as negligible
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heavy neutrino abundance at a temperature much larger than the sphaleron freeze-out temper-
ature Tsph 131 GeV. In this scenario, heavy-neutrinos are generated in the thermal plasma
from interactions involving their Yukawa couplings: until they remain out-of-equilibrium, the
interplay between CP-violating scatterings and oscillations can result in a lepton asymmetry, a
fraction of which is effectively converted into a baryon asymmetry by sphaleron interactions at
temperatures above Tsph (ARS or “freeze-in” leptogenesis 3).

The results of this computation are reported in Fig. 2-right: it is remarkable that by con-
sidering solutions where all the three heavy-neutrinos decay before BBN, the resulting BAU is
generally in the correct ballpark to account for the observed value, or larger. This is relevant
since we did not impose any additional requirement to the model, other than the phenomeno-
logical ones deriving from laboratory searches and cosmology.

4 Conclusion

The Type-I Seesaw mechanism is a minimal and motivated extension of the SM that can generally
account for both neutrino masses and BAU, and whose new physics scale can span a large interval
of phenomenologically allowed values, ranging from the MeV up to the GUT scale. We have
studied a realisation of the model including three right-handed neutrinos, all with masses below
the pion mass.

From previous studies in the literature three scenarios were allowed: i) all three heavy-
neutrinos decay before BBN, ii) two heavy-neutrinos decay before BBN and the third one decays
between BBN and the CMB decoupling and iii) two heavy-neutrinos decay before BBN and the
third one has a lifetime that greatly exceeds the age of the universe. Scenario iii) corresponds
to the well-known νMSM and has not been further addressed.

Our analysis shows that Scenario ii) is actually ruled out by the effect that the cascade
products produced in the decay of the long-lived heavy-neutrino would have on the abundance
of light elements, modifying their expected BBN abundance via photodisintegration.

For Scenario i) we perform an explorative scan of the parameter space, and find viable
solutions if light active neutrinos have a Normal Ordering mass spectrum. These solutions can
potentially be ruled out by the observed neutrino signal in the supernova event SN1987A, but
this conclusion depends on the underlying modelling of the supernova explosion.

By computing the final baryon asymmetry for the identified solutions, we find that most of
the viable points give a value in the correct ball-park of the observed BAU, or larger 4. This is
a nontrivial result given that the only imposed constraints were the phenomenological ones, i.e.
neutrino oscillation data, exclusion bounds from heavy-neutrino searches and heavy-neutrino
impact on cosmology. We conclude that it is thus possible to test leptogenesis in current and
future pion decay experiments.
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Determination of the fine-structure constant with a 81 parts-per-trillon accuracy
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The fine-structure constant α is a crucial parameter of the quantum electrodynamics theory
especially for evaluating the magnetic moment of electron or muon predicted by the standard
model. By using a matter-wave interferometer to measure the recoil velocity, we obtained
recently a new value of the fine-structure constant with an accuracy of 81 parts per trillion.
Using this value of the fine-structure constant, we obtained a prediction of the anomalous
magnetic moment of the electron with a relative uncertainty below 0.1 ppt. This is the most
accurate prediction of the standard model. This result is an important step in the way of
testing, in the electron sector, the discrepancy observed in the magnetic moment anomaly of
the muon.

1 Introduction

The fine-structure constant was introduced in 1916 by A. Sommerfeld to include relativistic cor-
rection to the Bohr model of the hydrogen atom. In this model, the velocity of the electron in
the first orbit is given by αc and the ionisation energy of the atom is given by hcR∞ = 1

2mec
2αe,

where R∞ is the Rydberg constant and me the mass of the electron. The first quantum descrip-
tion of the hydrogen atom with relativistic correction was obtained using the Dirac equation
in the 1930’s. Thanks to this equation, the fine-structure of the atom was precisely calculated.
This equation also predict that the g-factor of the electron was exactly 2.

However, it turns out that those prediction where incomplete. In the late 1940’s, experiment
exhibit discrepancy with the Dirac theory in the hydrogen spectra 1 and the g-factor of the
electron 2. Both results were explained using the Quantum Electrodynamics theory developed
the following years. In this theory, the fine-structure constant appears as the coupling constant
between elementary charged particles and photons.

The electron g-factor can be theoretically calculated. The correction to the Dirac equation
is called the anomalous magnetic moment : ae =

ga−2
2 . It can be decomposed in terms from the

QED, weak interactions and hadronic corrections.

ae (theo) = ae (QED) + ae (Weak) + ae (Hadron) (1)

where ae (QED) depends on the fine-structure constant :

ae(QED) =
∞∑
n=1

A(2n)
( α

2π

)n
+

∞∑
n=1

A(2n)
μ,τ

(
me

mμ
,
me

mτ

)( α

2π

)n
The graph on Fig. 1 represents the order of magnitude of each corrections.

The anomalous magnetic moment of the electron was measured in 2008 at Harvard 3. The
precision of this measurement (dashed line in Fig. 1) is smaller than the tenth order correction
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Figure 1 – Comparison of the order
of magnitude of each contribution to
the anomalous magnetic moment of the
electron. In orange, are the uncertainty
of those contributions. The dashed line
is the uncertainty of the Harvard mea-
surement.

from QED and the hadronic corrections (but not the weak correction). However, in order to
compare the experiment with the theory, one need to evaluate the QED correction with sufficient
accuracy, which require a precise determination of α.

2 Measuring the fine-structure constant with atom interferometry

Our determination of the fine-structure constant relies on the Rydberg constant. Indeed, it can
be obtained using :

α2 =
2R∞
c

h

me
=

2R∞
c

Ar(X)

Ar(e)

h

mX
(2)

where we have introduced in the equation the relative atomic masses Ar(X) of an atom X. All
terms are known with relative accuracy below 10−11 except the ratio h

mX
(or the mass mX, since

the Planck constant has a fixed value in the current SI). This is this last term whose precision
has been improved.

The principle of the experiment relies on the measurement of the recoil velocity vr of an
atom that absorbs a photon of wavevector k : vr =

h̄k
mX

. This velocity for a rubidium atom is of
the order of 6 mm/s.

The experimental setup is depicted on Fig. 2. A cloud of rubidium atoms is prepared and cool
down to 4μK using standard laser cooling techniques. Atoms are then launched in a magnetically
shielded tube where the atom interferometer is performed. The principle of the measurement
as been described in several references and relies on combination of Bloch oscillations with a
Ramsey-Bordé interferometer4,5. The technique of Bloch oscillations6 allows to transfer an large
number of recoil to the atoms (typically 1000) and the atom interferometer is used to measure
the change of velocity induced by the recoil : thanks to Raman transitions, the atomic wave
packets are split and recombined leading to interference fringes. The phase difference is scanned
by changing the frequency of the last two Raman pulses. The central fringe is observed when
the frequency compensate the Doppler effect induced by the Bloch oscillations.

Figure 3a shows an example of the spectrum obtained. The Doppler effect associated with
the 1000 recoils is of the order of 15MHz. The interfringe is 50Hz and it is possible to measure
the position of the central fringe with an uncertainty of about 50mHz by fitting 50 points (about
one minute of measurement). The relative uncertainty that we obtain on the determination of
the recoil velocity is therefore 6 × 10−10 for one hour of integration, as confirmed by the Allan
deviation of the measurements (Figure 3b).

The statistics of our experiment allow us to have a relative uncertainty of 8.5× 10−11 on
the mass of the atom, or 4.3× 10−11 on the fine-structure constant in 48 hours of integration.
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Figure 2 – Overview of the experimental setup (a) and of the trajectories of atoms (b and c). Atoms are prepared
using an optical molasses. The time sequence is the following : atoms are launched upward using Bloch oscillations
(B.O. in red). During their climb, two Raman π pulses are used to select the magnetically insensitive internal
state. Once atoms have reached to top of the chamber, Bloch oscillations are used to decelerated them. The
sequence of the interferometer starts then. It consists of four π/2 Raman pulses and one Bloch acceleration (c).

a

b

Figure 3 – a : example of spectrum : probability to be in the one output of the interferometer as a function of
the Raman frequency. Each point corresponds to one realisation and takes about 1 second to acquire. b : Allan
deviation of measurements taken over 48 continuous hours.

This good uncertainty represents an important asset of our experiment because it is significantly
better compared to previous experiments 7,5. It was thus possible to make measurements under
different experimental conditions and thus to study systematic effects.

3 Systematic effects

The main limitation of the experiment comes from systematic effects and not statistics. The
table 1 shows the relevant systematic effects evaluated in the experiment. A detailed descrip-
tion of each of these effects can be found in the reference 8 (and in particular in the method
supplement).

We will focus here only on the largest correction, the Gouy phase. In order to extract the
mass of the atom from the recoil velocity, one needs to know precisely the norm of the wavevector
k. In the case of a plane wave, the wavevector is proportional to the angular frequency of the
laser ω - quantity which can precisely measured : k = ω

c . In a more general way, the wavevector
is given by the phase gradient of the laser field. For a pure Gaussian beam, the phase can be
analytically calculated and, on the axis of the laser beam, there is a correction to the plane wave
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Source Correction [10−11]
Relative

uncertainty [10−11]
Gravity gradient -0.6 0.1
Alignment of the beams 0.5 0.5
Coriolis acceleration 1.2
Frequencies of the lasers 0.3
Wave front curvature 0.6 0.3
Wave front distortion 3.9 1.9
Gouy phase 108.2 5.4
Residual Raman phase shift 2.3 2.3
Index of refraction 0 < 0.1
Internal interaction 0 < 0.1
Light shift (two-photon transition) -11.0 2.3
Second order Zeeman effect 0.1
Phase shifts in Raman phase lock loop -39.8 0.6
Global systematic effects 64.2 6.8
Statistical uncertainty 2.4
Relative mass of 87Rb: 86.909 180 531 0(60) 3.5
Relative mass of the electron: 5.485 799 090 65(16) · 10−4 1.5
Rydberg constant: 10 973 731.568 160(21)m−1 0.1
Total: α−1 = 137.035 999 206(11) 8.1

Table 1: Error budget of the experi-
ment (corrections and their relative un-
certainty). Value of the fine-structure
constant obtained using eq. 2.

given by :

k =
ω

c
− 2

kw2
, (3)

where w is the waist of the laser at the position of the measurement. This effect has been
identified a long time ago 9. It is related to the Gouy phase shift which states that there is a
π phase shift at the waist of a Gaussian beam compared to a plane wave. Over the past years,
we have studied more carefully this effect. We have obtained a general formula to calculate
the wave vector in the paraxial approximation and shown that distortion on the wavefront due
to imperfections in the optics can change significantly the wave vector and induce systematic
effects 10,11. A Monte-Carlo simulation of the trajectories of atoms was performed in order to
calculated this effect which depends strongly on the position of atoms in the beam.

4 Results

a
b

The value of the fine-structure constant was used to compute a new theoretical value of
the anomalous magnetic moment of the electron. The value obtained is displayed on figure 4a
and is compared to the direct experimental measurement (red) and to the other determinations
from previous measurement of atom recoil (green and blue). This new value is in relatively good
agreement with the direct measurement. However, it differs significantly with the Cs experiment
at Berkeley (5.4σ). This difference remains yet unexplained.

Figure 4b shows the origin of the uncertainties on the evaluation of the difference δae between
the theoretical value and the experimental value of ae. The largest contribution comes from the
experimental measurement of ae. Thanks to our result, the contribution of the h/m ratio
measurement has decreased and is now close to the uncertainties coming from the mass ratios
(see eq. 2).
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The comparison between the experimental value and the theoretical value of ae constitutes
one of the most accurate tests of the standard model. It can be linked to the similar comparison
performed on the muon. From a theoretical point of view, the limitation for the muon does
not come from the fine-structure constant but from the hadronic contributions. This theoretical
value has recently been re-evaluated 17. Concerning the experiment, a recent measurement
obtained at Fermilab 18 confirms the Brookhaven measurement19. The conclusion is that there
is a discrepancy of 2.51(59)× 10−9 between the experiment and the theory for the muon.

The uncertainty and the discrepancy associated with the muon are much larger than that
obtained for the electron, however the muon is much heavier than the electron and therefore
more sensitive to potential new physics. A naive scaling implies that the ratio of δae/δaμ should
scale as (me/mμ)

212,13. The green line on 4b shows the discrepancy of the muon scaled to the
electron. Uncertainties are now too large to tell anything, however we can clearly see that with
some reasonable improvement on experiment involved in this comparison, it should be possible
to test the discrepancy observed for the muon is also present for the electron.

5 Conclusion

Using an atom interferometer to measure the recoil velocity of an atom that absorbs a photon, we
have been able to measure precisely the mass of this atom. Thanks to a dedicated experimental
setup, we achieved an unprecedented statistical uncertainty which allowed us to investigate
many systematic effects. This measurement allow us to present a determination of the fine-
structure constant α with an unprecedented relative uncertainty of 81 ppt. This measurement
differs significantly for the measurement made at Berkeley. This unexplained results need to be
clarified.

In order to improve this measurement, several path are investigated in our group : a new
measurement with rubidium 85 isotope could be performed in order to consolidate the measure-
ment made with the 87 isotope. Several systematic effects depends on the temperature of the
rubidium cloud. Using evaporative cooling, it is possible to reduce the temperature of the cloud
and produce a Bose-Einstein condensate. Comparison of the measurement at different temper-
ature with the model, will then be used to consolidate and improve the error budget. Finally, a
new experiment setup with a longer interaction zone should be build in order to further increase
the sensitivity.

In the next years, improvement of one order of magnitude is expected for the measurement
of ae

20. Recently, measurement of relative atomic masses in a Penning with uncertainties of
8× 10−12 have been demonstrated 21 and could be applied to rubidium atoms. It will then be
possible to probe physics beyond the standard model with comparable information from both
the electron and muon.
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In this talk I reviewed the theoretical calculation of the anomalous magnetic moment of the
muon in the Standard Model as it has been presented in the White Paper. I have also
commented on the most recent developments, both on the data-driven side, but in particular
for what concerns lattice calculations of hadronic vacuum polarization and hadronic light-by-
light. All this is presented in the light of the new measurement of (g − 2)μ recently released
by the Fermilab experiment, which led to an increase of the discrepancy with the Standard
Model from 3.7 to 4.2σ.

1 Introduction

This year between the Moriond EW Workshop and the publication of the proceedings a very
important event has significantly changed the situation concerning the muon g−2, to which this
talk was devoted: the Fermilab Muon g − 2 Collaboration has announced the result of the first
of its series of measurements.1 The present contribution will reflect the situation as it is now,
rather than as it was discussed at the workshop, but luckily the main conclusions presented in
my talk are essentially unchanged and the reasons of interest in this quantity further reinforced.
The comparison between the measurement and the Standard Model (SM) prediction, as it has
been presented in the White Paper (WP)2 showed a discrepancy at the level of 3.7σ with respect
to the Brookhaven measurement.3 The new experimental world average after the Fermilab result
differs from the SM by 4.2σ. Table 1 summarizes the various contributions to the SM value for
aμ and shows that, as is well known, the two main sources of uncertainty are both hadronic and
are the leading-order contribution, namely the hadronic vacuum polarization (HVP), and the
new structure at next-to-leading order, namely hadronic light-by-light (HLbL).

There are two further important news which happened at the same time as the Fermilab
announcement, both coming from the lattice: the BMW calculation of the HVP contribution has
been published4 and a second lattice evaluation of the HLbL contribution has appeared on the
arXiv.5 Concerning the former, while the article has been on the arXiv since more than a year,
the published version contained a slightly revised result which sits almost exactly in the middle
between the experimental and the WP number. This is an unsatisfactory situation which needs
to be clarified. The second lattice result, on the other hand, agrees very well with both the first
lattice calculation of the HLbL contribution as well as the data driven one, whose average is
taken as the SM value for HLbL in the WP. Such a confirmation is of course very welcome and
makes the perspective of further reductions in the final uncertainty for this contribution even
more concrete.
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Table 1: Summary of the different contributions to aμ in the Standard Model2 and comparison to the present
experimental world average.

Contribution Value ×1011 References

Experiment (E821) 116 592 089(63) Ref.3

Experiment (FNAL) 116 592 040(54) Ref.1

Experiment (World-Average) 116 592 061(41)

HVP LO (e+e−) 6931(40) Refs.6–11

HVP NLO (e+e−) −98.3(7) Ref.11

HVP NNLO (e+e−) 12.4(1) Ref.12

HVP LO (lattice, udsc) 7116(184) Refs.13–21

HLbL (phenomenology) 92(19) Refs.22–34

HLbL NLO (phenomenology) 2(1) Ref.35

HLbL (lattice, uds) 79(35) Ref.36

HLbL (phenomenology + lattice) 90(17)

QED 116 584 718.931(104) Refs.37,38

Electroweak 153.6(1.0) Refs.39,40

HVP (e+e−, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)
Total SM Value 116 591 810(43)
Difference: Δaμ := aexpμ − aSMμ 251(59)

2 Hadronic vacuum polarization

The evaluation of the HVP contribution has a long history and mainly relies on the formula first
discovered by Bouchiat and Michel sixty years ago,41 which expresses this contribution in terms
of the cross section e+e− → hadrons. Many experimental measurements (see2 for a complete
list) have provided essential input for the application of this formula. In recent years mainly
two groups have made a systematic and complete evaluation of this contribution and provided
regular updates: the latest analyses of DHMZ10 as well as KNT11 constitute the basis for the
SM number presented in the WP. But there is more than that: other analyses, like the one by
Jegerlehner and collaborators31 have also been considered and critically reviewed. Moreover,
analyses of exclusive channels which make use of theoretical arguments (like analyticity and
unitarity) to better constrain the data have also been used in the final average.8,9, 42

The method adopted to combine these analyses is the following: 1) central values are ob-
tained by simple averages (for each channel and mass range); 2) it is always the largest ex-
perimental and systematic uncertainty of the analyses considered which is taken; 3) half of the
difference between analyes (or between data by BABAR43 and KLOE44–47 in the 2π channel,
if this is larger) is added to the uncertainty. This led to the final result reported in Table 1,
which has a final relative uncertainty of 0.6%. This is larger than could potentially be achieved
in view of the precision of the data: but, as indicated, the combination procedure was aimed to
err on the conservative side.

After the WP was published, new results by the SND collaboration48 as well as an update
by the BESIII collaboration49 have been published. Their precision does not seem to be able to
significantly impact the current estimate, but they will motivate updates of the aHVP

μ evaluation.
New results by CMD-350 and BABAR are also expected in the near future.

2.1 Lattice

Lattice is a relatively new player in the aμ field. The calculation of a two-point function on the
lattice is almost routine, but the precision requirements for this case make the calculation very
challenging. First of all, what matters is an integral of this correlator over all possible momenta
(or spacetime points, in configuration space), and it happens that regions which contribute
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Figure 1 – Comparison of different evaluations of the HVP contribution and of the corresponding total result for
aSM
μ − aexp

μ . The evaluations above the dashed line have not been included in the WP average.

little to the final integral are particularly noisy and thereby contribute much to the uncertainty.
Moreover one needs to do the calculation in such a way that it can directly be compared to
data: this means with physical quark masses and all isospin-breaking effects included. The
latter give a small correction, which cannot be neglected at the level of precision needed here,
and are particularly hard to calculate. The same is true for the so-called disconnected diagrams,
both in the isospin limit and with isospin breaking. Finally, the usual extrapolations to infinite
volume and to the continuum limit also become particularly expensive with such high precision
requirements.

This is the reason why the several lattice calculations13–21 of this contribution which have
been discussed and combined in a final lattice result in the WP have reached a precision which
is about a factor four worse than that of the data-driven approach (see Table 1). The only
exception is the recently published BMW calculation,4 whose final result reads:

1010aHVP,LO
μ (BMW) = 707.5(2.3)stat(5.0)syst = 707.5(5.5) ,

which is higher by about 2.1σ than the data-driven evaluation and, after adding all other con-
tributions summarized in the WP, much closer to the experimental value of aμ. The situation
is illustrated in Fig. 1.

The discrepancy between the data-driven and the BMW result needs to be clarified. In view
of the long history of the data-driven approach, the vast experimental database which is used in
the calculation and all the independent checks which have been made over the years, I think that
it is fair to consider this as the reference SM value for aμ. The BMW result should be confirmed
(or disproved) by other lattice calculations of similar precision. While several collaborations are
working towards this goal it is difficult to predict when this will be achieved.

In the meanwhile several comments can be made: the BMW collaboration has made a state-
of-the-art and complete calculation of this quantity, which has addressed all relevant sources of
systematic effects. Particularly relevant is the progress concerning the finite volume corrections
which are now under good control. The dominant source of systematic uncertainty is represented
by the continuum extrapolation. The raw data show a rather steep dependence on the lattice
spacing and need to be analytically corrected before a controlled extrapolation can be carried
out. The problem here is that there is no first-principle method available to calculate these
corrections and one has to rely on a (very reasonable) model. The BMW collaboration has
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Table 2: Comparison of different evaluations of the hadronic light-by-light contribution broken down into its dif-
ferent components identified by the relevant intermediate hadronic state. PdRV(09) is Ref.,55 N/JN(09) Refs.56,57

and J(17) Ref.31

Contribution PdRV(09) N/JN(09) J(17) WP(20)

π0, η, η′-poles 114(13) 99(16) 95.45(12.40) 93.8(4.0)
π,K-loops/boxes −19(19) −19(13) −20(5) −16.4(2)

S-wave ππ rescattering −7(7) −7(2) −5.98(1.20) −8(1)

subtotal 88(24) 73(21) 69.5(13.4) 69.4(4.1)

scalars − − −
}

− 1(3)
tensors − − 1.1(1)

axial vectors 15(10) 22(5) 7.55(2.71) 6(6)
u, d, s-loops / short-distance − 21(3) 20(4) 15(10)

c-loop 2.3 − 2.3(2) 3(1)

total 105(26) 116(39) 100.4(28.2) 92(19)

addressed this point and estimated the model dependence of the continuum extrapolation. As
usual when estimating systematic uncertainties, it is difficult to judge the level of reliability of
the final estimate.

Another important aspect is the potential impact of the higher value of aμ on the running
of αem and on the value of αem(MZ): aμ is determined by an integral over the e+e− → hadrons
cross section. The same cross section determines also the running αem, though via an integral
with a different kernel function: in particular αem(MZ) is much more sensitive to the high-energy
region than to the low-energy one, whereas for aμ the opposite is true. Any increase in aμ must
be accompanied by an increase in Δαhad

em (MZ): its size can only be estimated if one knows the
energy distribution of the corresponding increase in the hadronic correction. Given the way the
lattice calculation is made, this information is not available. Three different analyses51–53 have
estimated the possible impact under different sets of assumptions. They all reached a similar
conclusion: unless one accepts to spoil the electroweak fit, the changes in the hadronic cross
section have to happen below 2 GeV, the lower the better. Since the region below 1 GeV is
dominated by the 2π channel, a specific analysis was dedicated to such a scenario54 and to
investigate the possible form and nature of the discrepancy with the data sets for this channel.

The scrutiny of the BMW calculation by other lattice collaborations is also on-going. In
particular, while no other collaboration was able to reach the same level of precision for the
complete physical quantity, it is possible to define so-called “window quantities”, which are
easier to calculate since they are less sensitive to systematic effects. A comparison of different
lattice calculations for this window quantity (which can be made in the isospin limit) is displayed
in Fig. 4 of Ref.4 and shows a disagreement at the level of ∼ 2σ among lattice calculations
of similar precision, in particular between the BMW and the one by RBC/UKQCD36 (whereas
BMW agrees well with Aubin et al.20). Interestingly, one can evaluate the same window quantity
starting from e+e− data: the result agrees with RBC/UKQCD but is again lower than BMW
and Aubin et al. A further conclusion one can draw from this comparison for the window
quantity is that a significant fraction of the difference in the hadronic cross section must happen
above 1 GeV.

3 Hadronic light-by-light

The evaluation of the HLbL contribution in the WP has been much improved with respect to the
time of the so-called “Glasgow consensus”55 (see also56,57 for a somewhat different assessment
of the situation circa 2009). This is mainly due to the formulation of a dispersive approach
for HLbL24,58–60 which earlier had been deemed to be impossible. Table 2 illustrates well the
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improvements, in particular for what concerns the first three rows of the table, added up in
the “subtotal” in the fourth row. As one can see by comparing the numbers in that row,
the uncertainty reduction has been six- to five-fold with respect to 2009. The remaining rows
contain smaller, but still relevant contributions for which the dispersive approach has not yet
been applied to its full potential. The reason is that there are conceptual difficulties in including
narrow resonances (beyond pseudoscalars) in such an approach: as it has been discussed in
Ref.24 the evaluation of the contribution of single poles in the different channels gives results
which depend on the choice of the basis for the HLbL tensor, unless a set of sum rules are
satisfied. This is automatically the case for pseudoscalars, but not for any other resonances. A
recent discussion of this problem for the case of scalars can be found in Ref.,61 which also shows
that progress in this direction is on-going. But it is important to stress that in the four central
rows (scalars to short-distance) a superficial comparison of the numbers seems to indicate that
uncertainties increased rather than decreased. This just reflects the fact that all possible sources
have been accounted for and the explicit goal was to estimate them more conservatively. This
is also seen in the way final uncertainties were added for this subset of contributions: linearly
in the WP, whereas all previous analyses added them quadratically. This is the reason why the
improvement in the uncertainty of the total does not look so impressive.

Among the remaining more uncertain contributions the axial vectors and the short-distance
part are the most relevant. For these contributions there is on-going activity and what is reported
in the WP is a snapshot of an evolving situation. The issue of short-distance constraints (SDC)
for HLbL has been first pointed out by Melnikov and Vainshtein (MV) in a seminal paper:22

besides deriving these constraints, MV also proposed a model for how to satisfy them. This
essentially consisted in including only the lightest pseudoscalar poles in the HLbL tensor (in the
limit of (g − 2) kinematics) to satisfy the longitudinal SDC, and the lightest axials to satisfy
the SDC of the transverse components. The present precision requirements made it necessary
to go beyond this model. Different attempts in this direction have been made recently: in
our group we considered a tower of excited pseudoscalars to satisfy the longitudinal SDC,28,62

whereas two different groups have addressed both the transverse as well as the longitudinal SDC
by considering a tower of axial resonances within a model of holographic QCD.63,64 While it is
clear that the axials have to play a prominent role in satisfying the SDC because the contribution
of excited pseudoscalars vanishes in the chiral limit, pseudoscalars have the unique advantage
that for them the ambiguities mentioned above are absent. This means that each of the two
approaches has drawbacks and only represents a step in the direction of a fully satisfactory
solution of the SDC. For this reason it is particularly important to compare these two model-
dependent solutions. This is done in the left panel of Fig. 2 which shows the contribution to aμ
of the states responsible for satisfying the longitudinal SDC as a function of Qmin, a lower cutoff
for all three photon momenta over which the HLbL contribution has to be integrated. The figure
shows that the solution in terms of excited pseudoscalars agrees well with different variants of the
holographic model of QCD, and that both give a significantly lower contribution than predicted
by the original MV model: keeping only the pion pole contribution for g − 2 kinematics is well
justified in the high-q2 region but is a bad approximation at low q2. Taking into account also
the transverse components led to the estimate shown in Table 2 for the contribution of short
distance.

Further developments on this topic have happened after the publication of the WP: Lüdtke
and Procura65 have analyzed the longitudinal SDC with a completely different approach based on
a set of interpolants and confirmed the estimate in the WP. Bijnens and his group have calculated
perturbative66 and non-perturbative67 corrections to the leading order OPE, which is essentially
given by the quark loop,22,27 which will allow for further reductions of the uncertainties in the
evaluation of this contribution. Theoretical aspects, in particulare concerning axial mesons, have
been further discussed in.68–71
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3.1 Lattice

Compared to the two-point function which is relevant for HVP, evaluating the four-point function
which enters the HLbL contribution is significantly more difficult on the lattice (and not only).
In this case, on the other hand, the precision requirements are much less severe. Attempts
at calculating the HLbL contribution have started much later than those for HVP, and much
of the early (but still recent) work was devoted to developing a calculational strategy.72–76

These efforts, which were carried out mainly by two lattice groups, RBC/UKQCD and Mainz,
have culminated in the first two complete lattice calculations of this contribution: first by the
RBC/UKQCD collaboration,36 a result which was early enough to be considered in the WP
and which in fact was averaged with the data-driven one and included in the SM prediction for
aμ, see Table 1. The Mainz collaboration first published a result in the SU(3) limit,77 and only
very recently completed the calculation for physical quark masses,5 thereby confirming both the
RBC/UKQCD result as well as the data-driven one. Both results are shown in Fig. 2.

4 Conclusions

I have briefly reviewed the current status of the Standard Model evaluation of the muon anoma-
lous magnetic moment. The comparison with the current experimental world average after the
recent Fermilab result shows a 4.2σ discrepancy, which makes this one of the most interesting
quantities in the search for deviations from the Standard Model and the quest for new physics.
The present picture isn’t as sharp as it could be because of the BMW result for the HVP con-
tribution, which shows a discrepancy with the calculation based on the data-driven approach.
With lattice calculations it is always important to make universality tests, namely to show that
different lattice formulations of QCD (in particular for what concerns fermion discretizations)
lead to the same result in the continuum limit. Work in this direction is on-going and will
hopefully soon clarify the situation.
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Implementation of the Ramsey’s technique of separated oscillating fields to search
for the neutron electric dipole moment with the magnetometry approach

S. Roccia on behalf of the nEDM Collaboration
Universite Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3, Grenoble, France,

and Institut Laue-Langevin, CS 20156 F-38042 Grenoble Cedex, France

The search for the neutron electric dipole moment is pushing the precision frontier by searching
for a very small hint for CP violation beyond the standard models of particle physics and
cosmology. This paper focuses on the main algorithm used for the last and best upper limit
on this quantity. This algorithm dominates the statistical error bar which in turn dominates
the total error bar.

1 The baryonic asymmetry of the universe and the neutron electric dipole moment

Explaining the Universe from the first principles is not an easy task. One puzzling aspect is the
observed over abundance of the matter over the antimatter. This over abundance is observed for
example by the AMS-02 space-based experiment by measuring the antiproton flux in space and
demonstrating that this flux has a pure secondary astrophysical origin 1. This over abundance
is quantified using the baryonic asymmetry η:

η =
nb − nb̄

nγ
(1)

where nb (resp. nb̄) is the number density of baryons (resp. anti-baryons) and nγ is the number
density of photons. This asymmetry was measured with two independent experiments probing
the universe at two different period in time. Observing the microwave background of the uni-
verse, the Planck satellite data was used to establish η = 6.09 ± 0.06 × 10−10 2 3. Also, using
the abundance of light elements together with nucleosynthesis models, one can get the following
bounds: 5.810−10 < η < 6.610−10 4.

The generally admitted hypothesis is that at the very early stage, the Universe is a system
at thermal equilibrium such that: Abb̄ =

nb−nb̄
nb+nb̄

= 0. At some point, the baryogenesis happened

and finally the Universe forms a new system at thermal equilibrium such that Abb̄ ≈ nb
nb

= 1
(hence η ≈ 0). It is interesting to understand what general statements can be made about the
baryogenesis as formulated by Sakharov in 1967 for the first time 5. A succesfull baryogenesis
scenario must contain:
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• An interaction that violates the baryonic number (B) to allow the conversion of matter
into antimatter or vice-versa.

• A time when the Universe goes out of thermal equilibrium and when the B-violating
interaction is acting to prevent a washout of any overabundance of matter (or antimatter).

• An interaction that violates C and CP to bias the production of matter over antimatter.

Electroweak baryogenesis is an appealing minimal scenario of baryogenesis based on the
realization of the second Sakharov condition at the electroweak phase transition 6 7. In 6, the
electroweak baryogenesis is computed within the Standard Model of particle physics for the third
Sakharov condition to predict η ≈ 10−18 in clear contradiction with the measured value. This
contradiction would be solved if additional sources of CP violation would be present, strongly
motivating models of particle physics beyond the Standard Model.

The neutron electric dipole moment is a CP-odd quantity that is sensitive to those new
sources of CP violation. In particular pushing the current sensitivity by two orders of magnitude
would probe the models of electroweak baryogenesis.

2 The measurement of the neutron electric dipole moment of the neutron

2.1 The neutron electric dipole moment

The neutron electric dipole moment dn can be probed by measuring the neutron precession
frequency when both a magnetic field and a parallel electric field are applied:

fn =
1

πh̄

∣∣∣μn
�B0 + dn �E0

∣∣∣ . (2)

To maximize the sensitivity to
∣∣∣dn �E0

∣∣∣ with respect to
∣∣∣μn

�B0

∣∣∣ (where μn is the neutron

magnetic dipole moment) a strong
∣∣∣ �E0

∣∣∣ = 11 kV.cm−1 electric field is applied in a weak
∣∣∣ �B0

∣∣∣ =
1 μT magnetic field. Those extreme experimental choices can only reduce the in-balance between
the two couplings to be as large as 9 orders of magnitude since the current upper limit on the
neutron electric dipole moment is8:

|dn| < 1.8× 10−26 e.cm. (3)

The neutron electric dipole moment is searched for by measuring the correlation between the
neutron precesssion frequency and the polarity of the electric field, see equation 2. To maximise
our sensitivity it is of primary importance to have a very accurate and precise measurement of

the magnetic field, to properly correct for the main coupling
∣∣∣μn

�B0

∣∣∣.
This paper will focus on the measurement of the neutron precession frequency in the ex-

periment establishing the upper limit of equation 3. The algorithm was improved to take full
advantage of our advance magnetometry system.

2.2 The magnetometry approach to the measurement of the neutron electric dipole moment

Our collaborative search for the neutron electric dipole moment is based at the Paul Scherrer
Insititute (PSI) in Villigen, Switzerland. A first stage in this search was done by using a deeply
upgraded version of a spectrometer designed and used previously at the Institut Laue-Langevin
(ILL) in Grenoble, France by the RAL/Sussex/ILL collaboration 9 10. This spectrometer was
moved to PSI in 2009 and the final data taking took part in 2015-2017. This timescale is a
hint of the effort needed to increase the sensitivity of such an experiment. The second stage
is to build a completely new spectrometer, called n2EDM and to pursue the search with an
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improved sensitivity by an order of magnitude. The design of this new spectrometer is based on
the experience gained during the 2009-2015 period. It is now in construction.

Our magnetometry system is composed of one cohabiting mercury magnetometer plus an
array of cesium scalar magnetometers. The mercury co-magnetometer is used to correct for the
fluctuations of the magnetic field with time. It is of primary importance to be able to search for
a very small correlation between the neutron precession frequency and the polarity of the electric
field over a long measurement time. It is very precise so that the correction of the fluctuation
of the magnetic field costs no more than 3 % of the statistical error bar. Its accuracy is an issue
that is well documented11 to be limited by the homogeneity of the magnetic field. This is why is
is associated with an array of cesium magnetometers12 that we use to homogenize the magnetic
field but also to monitor over the duration of the data-taking the value of the vertical gradient.
We will see later in this paper why this particular in-homogeneity is so relevant.

3 Analysis

3.1 On a blinded analysis

The nEDM collaboration committed to have a blind analysis of the data. It was implemented as
a shift affecting only the value of the neutron EDM, see 13 for details. Additionally, the data-set
was analysed independently by two analysis teams (named East and West). As described in
figure 1, such an offset was added twice to the data: A first time directly to the raw data, and
a second time, when a different offset was used for each analysis teams. This is why the two
analysis teams could take all analysis decisions (for example cutting out or not a sub-part of the
data-set) without being able to interpret its effect on the measured value of the neutron EDM
neither in absolute nor with respect to the other analysis team.

Raw data

First blinding stage 
blinded data

2nd blinding stage
West blinded data

2nd blinding stage
East blinded data

West analysis East analysis

Figure 1 – Scheme of the blinding process.

After few years of independent work, the two analysis results were compared in great detail
(prior to any unblinding). Each analysis choice was discussed and if one choice was obviously
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better than the other one, this choice was implemented in the two analysis. In this sense we
took the best of each analysis. The global effect of this convergence is still rather small and
noticeable only for extreme sub-data-sets.

3.2 Measurement of the neutron precession frequency

To measure the neutron precession frequency we implemented the Ramsey’s technique of sepa-
rated oscillating field. It consists in 5 steps. Equations 4 give the status of the polarisation at
the end of each step.

The first step ( 1© in 4) is the preparation step where polarised ultra-cold neutron are admit-
ted in the precession chamber where a constant, vertical, magnetic field �B0 holds the polarisation.
We assume an initial polarization α0. During the second step ( 2© in 4) of duration τ , a trans-
verse oscillating magnetic field �B1 is applied. Its amplitude is such that γnB1τ = π/2 to flip the
polarisation perpendicular to the main magnetic field �B0 and to initiate the Larmor precession of
the neutrons. The Larmor precession constitutes the third and longest (duration T >> τ) step
( 3© in 4). During the precession, the polarisation decreases due to depolarising effects (magnetic
non-uniformity, wall collisions) by a factor exp−T/T2 where T2 is the transverse depolarisation
time. This depolarisation effect is neglected during all the shorter steps since T2 >> τ . More
importantly, the polarisation accumulates during this time the phase δω = ω1 − ωL where ω1

is the pulsation of the �B1 oscillation magnetic field and ωL = γnB0 is the Larmor precession
frequency of the neutrons. Finally the last step ( 4© in 4) consists in applying the very same
�B1 oscillation magnetic field as in the second step. Once again the polarisation is flipped by
π/2. At the end, analysing the polarisation along the main z-axis one is sensitive to δω and can
access ωL knowing ω1.

1© �P (0) =

⎛⎝ 0
0
α0

⎞⎠ 2© �P (τ) =

⎛⎝ 0
α0

0

⎞⎠ 3© �P (τ + T ) =

⎛⎝α0 exp
−T/T2 sin(δωT )

α0 exp
−T/T2 cos(δωT )

0

⎞⎠
4© �P (τ + T + τ) =

⎛⎝α0 exp
−T/T2 sin(δωT )

0

α0 exp
−T/T2 cos(δωT )

⎞⎠ (4)

The polarisation along the main z-axis is measured by counting the number neutrons with
spin up and spin down and is named the assymetry A:

Pz = A =
N↑ −N↓
N↑ +N↓

= α0 exp
−T/T2 cos(δωT ) (5)

The neutron precession frequency is extracted for each cycle i from the data using the
following fit function which is derived from equation 5:

Ai = Ā − ᾱ cos

(
π Δfi

ν
− φ̄

)
. (6)

In equation 6, ν is the width of the Ramsey fringe and ν ∝ 1/T . This fit function is
constructed such that some averaged parameters can be fitted from data taken with the same
configuration. ᾱ is the averaged value of the polarisation at the end of the precession time,
ᾱ = ᾱ0 exp

−T/T2 . The parameter Ā is introduced to accommodate the averaged difference of
efficiency of the two spin-sensitive detection system. Finally, δω is split in two parts:

δω = ω1 − ωL =

(
ω1 −

γn
γHg

ωHg

)
+

(
γn
γHg

ωHg − ωL

)
(7)
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The first term is independent of the neutron precession frequency, it is the difference Δfi =
f1,i − γn

γHg
fHg,i between the frequency of the oscillating B1 field and the mercury precession

frequency corrected with the ratio of gyromagnetic ratios. The second term is the difference
between the neutron precession frequency and the mercury precession frequency. Since the two
species are precessing in the same magnetic field at the same time, this term is very small
and nearly constant for one magnetic configuration and can be approximated as φ̄. The main
contribution to φ̄ comes from the fact that neutrons, because of their very low energy, have a
center of mass shifted from the center of mass of mercury atoms by Δh = −3.9(3) mm 8. As a
consequence φ̄ ∝ γnΔhgz where gz is the vertical gradient of the magnetic field.

Then to extract the neutron precession frequency, one can do a two step approach: first
equation 6 is fitted to a data set taken with the same magnetic configuration to extract Ā, ᾱ
and φ̄. Then, for each cycle i, ωL,i is extracted knowing Ā, ᾱ and φ̄. This strategy was already
established in reference 14, but we did two new additions:

The first one consists in including higher order effects in equation 7 and to include the
correction due to the vertical gradient in Δfi such that Δfi = f1,i− γn

γHg
fHg,i−γnΔhgz,i. Then φ̄

is constant even in case of fluctuations of the vertical gradient during one magnetic configuration.
This new correction is possible thanks to the new array of cesium magnetometers12 and also
thanks to the new algorithms dedicated to an accurate online measurement of the vertical
gradient12. This new addition stays as an option to the analysis and the full analysis was done
with and without it and the results were compared15 since any correlation between gz and the
electric field would directly create a systematic effect.

The second new addition is the blinding of the data which is done directly on the neutron
precession frequency. Starting from equation 2, a shift on the neutron precession frequency Δνf
mimicking a neutron EDM df is given by:

Δνf =
2

h
df

�E. �B

| �B|
(8)

This frequency shift is then transformed into a shift in number of neutrons via equations 5 and
6. Its implies that the blinding software performs a Ramsey fit to extract Ā, ᾱ and φ̄. When the
number of spin up neutrons to be changed as spin down neutrons (or the opposite) is defined
and rounded, the associated change is done in the list of neutron events. Typical values for the
nEDM experiment are N↑ + N↓ = 15000, ᾱ= 0.75, T = 180 s and E0 = 11 kV/cm. Thus an
EDM offset df = 1.0× 1025e.cm would require a shift of about 3.39 neutrons in each cycle.

3.3 The figure of merit of the measurement of the neutron electric dipole moment

The sensitivity on the neutron EDM is given by the following figure of merit, assuming that the
sensitivity is given by the accuracy of the neutron precession frequency measurement alone, as
described in this paper:

σ(dmeas
n ) =

h̄

2αTE0

√
N
√
Ncycles

per day. (9)

It implies the strength of the electric field E0, the duration of the neutron free precession T ,
the neutron polarization at the end of the precession time α(T ) = α0 exp

−T/T2 , the number of
detected neutrons at the end of the precession time N(T ) = N↑ +N↓ and the number of cycles
per day Ncycles.

It is interesting to discuss the difference between the expected sensitivity back in 2010 and
the achieved sensitivity in 2016. The key parameters defining the sensitivity to the neutron
EDM are summarized in table 2.

Reducing the depolarization to reach α(T = 180) = 0.75 in average and α(T = 180) = 0.82
at best is discussed in reference 12. It implies to understand and minimize the depolarization
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PSI 2016 PSI predicted (2010) ILL 2006

α(T ) 0.75 0.75 0.58
T (s) 180 150 130
E (kV/cm) 11 10.8 7

Figure 2 – Summary of the sensitivity parameter achieved during the nEDM data taking in 2015-2016 with respect
to the predicted sensitivity in 2010 and to the one obtained before the upgrade at the ILL in 2006.

processes for neutrons. It also implies to be able to trim the magnetic field to be very homoge-
neous. This improvement is important because it also permits to increase the precession time
T . Having a long depolarization time T2 is necessary but not sufficient. The time stability of
the magnetic field is another issue that we overcome by stabilizing the magnetic shield with
a new technique for the idealization of the magnetic shield but also by actively stabilizing the
temperature and the ambient magnetic field.

At the end, the final statistical error bar is 1.11 times larger that the prediction coming from
equation 9, showing that the algorithm discussed in this paper is the main contribution to the
established upper limit.

4 Outlook

The magnetometry approach to measure the neutron electric dipole moment was pushed to its
limit with the last upgrade of this apparatus. The next phase for this technics in now to use a
two chamber spectrometer also fully equipted with magnetometry and co-magnetometry. Our
collaboration is now fully committed to build such a spectrometer, named n2EDM for which the
technical design report is now available 16.
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KOTO results

S. Shinohara on behalf of the KOTO collaboration
Department of Physics, Osaka University, Machikaneyama, Toyonaka, Osaka, 560-0043, Japan

The rare decay KL → π0νν was studied with the dataset taken at the J-PARC KOTO ex-
periment in 2016–2018. With a single event sensitivity of (7.20± 0.05stat ± 0.66syst)× 10−10,
three candidate events were observed in the signal region. After we studied contaminations
from K± and scattered KL decays, we estimated the total number of background events to be
1.22 ± 0.26. We conclude that the number of observed events is statistically consistent with
the background expectation. We set an upper limit of 4.9× 10−9 on the branching fraction of
KL→π0νν at the 90% confidence level. We explain the results of the 2016–2018 data analysis
and new methods to suppress backgrounds in future datasets.

1 Introduction

The rare kaon decay KL→π0νν directly breaks CP symmetry 1,2 and has a highly suppressed
branching fraction which is predicted to be (3.00± 0.30)× 10−11 in the Standard Model (SM) 3.
This decay is sensitive to new physics beyond the SM (e.g. 4,5) because its branching fraction is
predicted accurately. The current best upper limit on the branching fraction is 3.0×10−9 at the
90% confidence level (C.L.) 6 set by the KOTO experiment 7 at the Japan Proton Accelerator
Research Complex (J-PARC) with the dataset taken in 2015. An indirect upper limit, called
the Grossman-Nir bound 8, of 7.8 × 10−10 is set using the K+ → π+νν̄ decay by the NA62
experiment 9.

In this report, we explain the results of the 2016–2018 KOTO data analysis based on Ref. 7

and new methods to suppress backgrounds in future datasets.

2 The KOTO Experiment

The KOTO experiment is dedicated to studying the KL→π0νν decay. A 30-GeV proton beam
from the J-PARC main ring is incident on a gold production target in the Hadron Experimental
Facility. Particles produced at the target are guided through a 20-m-long beam line consisting
of two collimators and a sweeping magnet located between them. The beam consisting of
neutrons, photons, and KL’s at the end of the downstream collimator (beam-exit) enters the
KOTO detector shown in Fig. 1. The peak KL momentum is 1.4 GeV/c. The KL flux was
measured to be 2.1 × 10−7 KL’s per proton on target (POT). The nominal beam has a size
of 8 × 8 cm at the beam-exit. Beam particles that leak outside the nominal beam size due to
interactions with beam line components are referred to as “beam-halo” particles.

The detectable particles in the final state of KL → π0νν are the two photons from the π0

decay. We measure the energy and timing of photons with a 2-m-diameter cylindrical electro-
magnetic calorimeter (CSI) centered along the beam-axis with a 15 × 15 cm beam hole. The
CSI is composed of 2716 undoped-CsI crystals that have a length of 50 cm and a cross-section
of 2.5× 2.5 cm (5× 5 cm) inside (outside) the central 1.2× 1.2 m region.
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Figure 1 – Cross-sectional view of the KOTO detector. The beam enters from the left. Detector components with
their abbreviated names written in blue (in green and underlined) are photon (charged-particle) veto counters.
The origin of the z-axis, which lies along the beam-direction, is the upstream edge of the KOTO detector, 21.5
m away from the target. The x (horizontal) and y (vertical) axes are defined using a right-handed coordinate
system.

To ensure that there are no other detectable particles, the decay volume is surrounded with
hermetic veto counters. A cylindrical photon veto counter named Inner Barrel (IB), shown in
Fig. 2 left, was installed and used since 2016. Details of the apparatus are available in 7.

The waveform from the detectors is recorded by either 125-MHz or 500-MHz sampling ADCs.
To collect KL→π0νν samples, we have a first-level (Lv1) and a second-level (Lv2) trigger. The
Lv1 trigger is issued when the total deposited energy in CSI to be > 550 MeV with no coincident
hit in veto counters. In 2016, the Lv2 trigger decision was made based on the position of the
center of deposited energy (COE) in CSI, defined as RCOE =

∑
eiri/

∑
ei, where ei and ri are

the deposited energy and the (x, y) position of each CSI crystal, respectively. We selected events
whose RCOE was > 165 mm. In 2017 and 2018, the Lv2 trigger is issued based on the number of
electromagnetic showers in CSI. We selected events with the desired number of showers at the
online. The KL→2π0, KL→3π0, and KL→2γ decay samples were also collected with another
trigger using only the Lv1 trigger with a prescale factor.

3 Analysis

3.1 Event reconstruction and selection

In the offline analysis, adjacent crystals with deposited energies larger than 3 MeV in CSI were
grouped into a cluster, which was used to reconstruct the photon energy, timing, and position.
The opening angle (θ) between the two photons was calculated from cos θ = 1−M2

π0/(2Eγ1Eγ2),
where Mπ0 is the nominal π0 mass, and Eγ1 and Eγ2 are the energies of the two photons. Using
the opening angle and assuming the π0 → 2γ decays on the beam-axis, the π0 decay vertex
position (Zvtx) and the π0 4-momentum were calculated.

The selection criteria (cuts) were applied based on the information from CSI and veto
counters. The π0 from KL → π0νν decays is expected to have a finite transverse momen-
tum (Pt) due to the neutrinos. We required events in the signal region defined as the area
encompassing 130 < Pt < 250 MeV/c and 3200 < Zvtx < 5000 mm excluding the area with
Pt < 1/35|mm| (Zvtx − 4000 |mm|) + 130 MeV/c for 4000 < Zvtx < 5000 mm to suppress the
background from KL → π+π−π0 decays. To avoid bias, the cuts were determined using data
collected outside the blind region defined by 120<Pt<260 MeV/c and 2900<Zvtx<5100 mm.
Events were vetoed if the deposited energy exceeded a given threshold and its hit timing existed
within a given time window. Figure 2 right shows the distribution of IB deposited energy under
a loose cut condition. The agreement between data and Monte Carlo (MC) simulation validates
the response of the new detector IB in MC simulations.
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Figure 2 – Left: Picture of IB before the installation. Right: Distributions of IB deposited energy under a loose
cut condition in which the energy thresholds of IB and MB are loosened to 10 MeV, and veto cuts on IBCV and
MBCV are not applied. The black histograms represent the data. The red, blue, green, and magenta histograms
represent MC simulations of KL → 3π0, KL → 2π0, K±, and beam-halo KL → 2γ decays, respectively. Events
with the deposited energy lower than 1 MeV were filled as the −1 MeV deposited energy. The number of events
in the MC simulation except for KL→π0νν was normalized with KL yield. The orange histograms represent the
KL→π0νν MC, whose vertical axis is in arbitrary units. The pink lines and arrows indicate the region accepted
by the cuts. The data/MC ratios are shown below the panel. The error bars represent statistical errors.

Table 1: Summary of the numbers of background events with a central value estimate 7.

source Number of events

KL KL→3π0 0.01 ± 0.01
KL→2γ (beam-halo) 0.26 ± 0.07 a

Other KL decays 0.005 ± 0.005
K± 0.87 ± 0.25 a

Neutron Hadron-cluster 0.017 ± 0.002
CV-η 0.03 ± 0.01
Upstream-π0 0.03 ± 0.03

total 1.22 ± 0.26

a Background sources studied after looking inside the
blind region.

3.2 Normalization and single event sensitivity (SES)

In the 2016–2018 data analysis, the number of KL’s decayed in the decay volume (NKL
) was

estimated to be 2.28 × 1011 using KL → 2π0 decay samples. The acceptance for KL → π0νν
(Asig) was evaluated using MC simulations and was estimated to be 0.61% including a decay
probability. Based on these results, SES, defined as SES = (NKL

Asig)
−1, was estimated to be

(7.20 ± 0.05stat ± 0.66syst) × 10−10, which corresponds to 1.8 times better sensitivity than the
previous search 6.

3.3 Background estimation

Table 1 summarizes the expected numbers of background events for which we calculated each
central value and its uncertainty. The total number of background events in the signal region
was estimated to be 1.22 ± 0.26 by adding the central values of each background source. In
the 2016–2018 data analysis, two new types of backgrounds, one from K± decays and one from
beam-halo KL→ 2γ decays, were found and studied after looking inside the signal region. We
explain studies of backgrounds below, especially from K± and beam-halo KL→2γ decays.

K± decays If a K± is generated at the downstream collimator, the K± can enter the KOTO
detector. Among K± decays, K± → π0e±ν is the most likely source of background because
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Figure 3 – Left: Reconstructed K± mass (MK±) distribution after imposing the K±→ π±π0 selection criteria
except for the requirement on MK± . The bottom panel shows the ratio of data and MC for each histogram bin 7.
Right: Pt vs. Zvtx of the events after imposing the KL → π0νν selection criteria. The region surrounded by
dotted lines is the signal region. The black dots represent observed events, and the shaded contour indicates the
KL→π0νν distribution from the MC simulation. The black italic (red regular) numbers indicate the number of
observed (background) events in each region 7.

the kinematics of the π0 is similar to the one from the KL → π0νν decay. The K± flux was
evaluated using a K±→π±π0 decay sample collected in 2020 with a dedicated trigger, where the
trigger selected events with three clusters in CSI, one coincident hit in CV, and no coincident
hits in other veto counters. The CV is a charged-particle veto counter located in front of CSI.
The cluster whose x-y position in CSI was consistent with the hit position of CV was identified
as charged, while the others as neutral. The K± → π±π0 decay was reconstructed using the
feature of two-body decay. The Zvtx was reconstructed using the two neutral clusters with the π0

assumption. The π± direction was calculated from the Zvtx and the charged cluster position in
CSI, and its absolute momentum was obtained from the Pt balance between the π0 and π±. We
required the reconstructed K± invariant mass (MK±) to be 440< MK± <600 MeV/c2. Figure 3
left shows the MK± distribution after imposing the K±→π±π0 selection criteria except for the
requirement on MK± . Based on 847 K±→π±π0 candidate events, the ratio of the K± to KL

flux was measured to be (2.6± 0.1)× 10−5. Figure 3 right shows the Pt vs. Zvtx of K±→π0e±ν
MC events after imposing the cuts. The number of background events from K± decays (NK±

BG )
was estimated to be 0.84± 0.13, where 97% comes from K±→π0e±ν decays. The discrepancy
in the acceptance between data and MC for the cuts used in the KL → π0νν analysis against
K± decays was studied using another control sample collected in the 2020 special run. In this
control sample, we collected the data with the physics trigger while the sweeping magnet was
turned off to enhance the K± flux at the beam-exit. With this sample, we evaluated a factor to
correct NK±

BG to be 1.04 ± 0.26, where the uncertainty comes from the K± spectrum difference
between the configurations of the magnet on and off, as well as statistical uncertainties. Finally,
NK±

BG was estimated to be 0.87± 0.13stat ± 0.21syst.

Beam-halo KL → 2γ decays If the beam-halo KL decays into two photons away from the
beam-axis, the reconstructed Pt can be large because we reconstruct the π0 assuming that the
π0 decays on the beam-axis. We evaluated the yield of the beam-halo KL using KL → 3π0

events with large RCOE values. After multiplying the MC expectations by the measured beam-
halo KL yield, the number of the beam-halo KL → 2γ background events was estimated to be
0.26± 0.06stat ± 0.02syst, where the systematic uncertainty comes from the MC reproducibility
of the beam-halo KL spectrum.

288



 (mm)vtxZ
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

)c
 (

M
eV

/
t

P

0

50

100

150

200

250

300

350

400

450

500
439
436.79 3.83±

0
0.14 0.06±

0
0

0
0.20

0.09±

0
0

0
0.53 0.13±

4
1.97 0.35±

3
1.22 0.26±

including signal region

Figure 4 – Pt vs. Zvtx of the events after imposing the KL →π0νν selection criteria. The region surrounded by
dotted lines is the signal region. The black dots represent observed events, and the shaded contour indicates the
KL→π0νν distribution from the MC simulation. The black italic (red regular) numbers indicate the number of
observed (background) events in each region 7.

Other background sources For KL decays backgrounds, the numbers of background events
of KL → 3π0, KL → 2π0, KL → π+π−π0, and KL → π±e∓ν were estimated to be 0.01 ±
0.01, < 0.08, < 0.02, and< 0.08 (90% C.L.), respectively, using MC simulations. Backgrounds
from other KL decays were estimated using MC simulations and their aggregate number was
estimated to be 0.005±0.005. For backgrounds originated from neutrons, we studied the hadron-
cluster, CV-η (-π0), and upstream-π0 background caused by neutrons hitting CSI, CV, and NCC,
respectively. The NCC is located upstream of the decay volume. They were studied by data-
driven approaches, and the numbers of background events of hadron-cluster, CV-η, CV-π0, and
upstream-π0 were estimated to be 0.017± 0.002, 0.03± 0.01,<0.10 (90% C.L.), and 0.03± 0.03,
respectively.

4 Results

With the 2016–2018 dataset, we obtained an SES of (7.20 ± 0.05stat ± 0.66syst) × 10−10, and
estimated the total number of background events to be 1.22 ± 0.26. We examined inside the
signal region, and observed three events in the signal region, as shown in Fig. 4. The probability
of observing three or more background events is 13%. We conclude that the number of observed
events is statistically consistent with the background expectation. Assuming Poisson statistics
and considering uncertainties, we set an upper limit on the branching fraction of the KL→π0νν
decay in this dataset to be 4.9× 10−9 at the 90% C.L.

5 Prospects

In the 2016–2018 data analysis, we revealed that backgrounds from K± and beam-halo KL→2γ
decays were dominant backgrounds in our measurement. To suppress the background from K±

decays in future datasets, we installed a new charged-particle veto counter, named “Upstream
Charged Veto (UCV),” in the beam at the upstream edge of the KOTO detector in 2020. Figure 5
left shows UCV. The UCV consists of 0.5× 0.5 mm scintillation fibers that act as a scintillation
light radiator and a light guide to Multi-Pixel Photon Counters attached to the fiber. With
UCV, we expect to reduce the K± background by a factor of 20. For the future (2020∼), we
are considering to install a new UCV consisting of a 0.2-mm-thick scintillation film with a 1%
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Figure 5 – Left: Picture of UCV. Right: Schematic view of the beam-halo KL→2γ events.

detection inefficiency for charged particles. We are also considering to install a new sweeping
magnet at the beam-exit to reduce the number of K±’s entering the KOTO detector by a factor
of ten. To suppress the background from beam-halo KL → 2γ decays in future datasets, we
developed new cuts. A photon away from the beam-axis makes an electromagnetic shower in
CSI as shown in Fig. 5 right. However, it is difficult for a photon from the beam-axis to make this
shower development. The new cut extracted such shower development differences, and reduced
the beam-halo KL → 2γ background by 94% while keeping 90% of the signal efficiency. With
these updates, we expect to search for new physics via KL → π0νν decays with the sensitivity
of O(10−11) in KOTO.
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Conference Summary

Marco Pieri
University of California San Diego,

La Jolla, United States

This is the summary of the 2021 Moriond Electroweak conference that, due to COVID related
restrictions, this year took place in a fully virtual manner.

1 Introduction

This year at the online version of the Moriond Electroweak conference, there were 76 pre-recorded
talks, 41 Young Scientist Forum talks and 6 discussion sessions. These proceedings feature a
very brief summary of the conference, outlining a selection of the topics based on my judgment
and with some experimental bias. Sincere apologies to all speakers whose contributions are
not covered. These proceedings are organized as follows: after this very short introduction,
the sections of heavy flavours, standard model measurements, searches for beyond the standard
model phenomena, neutrino physics, dark matter searches and precisions measurements will
follow. Finally, I will mention the outlook and future prospects.

2 Highlight of the week: flavour physics and LFU anomalies

Heavy flavour physics has become perhaps the most exciting area in High Energy Physics during
the last few years, thanks to the hints of lepton flavour anomalies in B hadron decays that have
been reported several experiments.

2.1 R(K)

One of the highlights of the conference has been the new measurement of R(K) from LHCb 1,2

that was presented at the same time at Moriond Electroweak and in a CERN seminar.

RK is the ratio of the branching fractions B+ → K+μ+μ− and B+ → K+e+e−, including
their charge conjugates, defined in the q2 range q2min < q2 < q2max, where q2 is the dilepton mass
squared:

RK =
B(B+ → K+μ+μ−)
B(B+ → K+e+e−)

(1)
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In practice it is measured as the double ratio:

RK =
B(B+ → K+μ+μ−)

B(B+→ J/ψ(→ μ+μ−)K+)

/
B(B+ → K+e+e−)

B(B+→ J/ψ(→ e+e−)K+)
. (2)

using the resonant control channels B+→ J/ψ(→ μ+μ−)K+ and B+→ J/ψ(→ e+e−)K+. This
highly reduces the dependency on electron muon differences.

Figure 1 shows exemplary Feynman diagrams for the standard model decay and for a possible
beyond the standard model (BSM) contribution to the decay.

Figure 1 – Feynman diagrams of the B+ → K+μ+μ−decay in the SM and BSM.
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Figure 2 – Distribution of the invariant mass m(K+�+�−) for candidates with (left) electron and (right) muon
pairs in the final state for the non resonant B+ → K+μ+μ−signal channels with the fit projection superimposed.

Figure 2 shows the fits to the observed mass spectra in the muon and electron channels. The
analysis is statistically limited and the dominant systematic uncertainties are those related to
the fit model. The measured value of RK is:

RK = 0.846+0.042
− 0.039(stat.)

+0.013
− 0.012((syst.)

and differs from the SM prediction of 1 by 3.1 standard deviations. This measurement allows
LHCb to report the evidence of the violation of lepton universality in these decays.

Figure 3 shows the comparison of the measured RK with the previous measurements of Belle
and BaBar. Using the measured RK value and the previous measurement of B(B+ → K+μ+μ−),
LHCb also determines B(B+ → K+e+e−) to be B(B+ → K+e+e−) = 28.6+1.5

−1.4(stat.)±1.3(syst.)×
10−9 in the range 1.1 < q2 < 6.0 GeV2/c4.

2.2 B(B0
s → μ+μ−) and B(B0 → μ+μ−)

Another very important measurement from LHCb presented at Moriond EW this year was that
of the branching fraction B(B0

(s) → μ+μ−). The full Run 1 + Run 2 result has been shown 3.

294



0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 
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The B0
s → μ+μ−decay proceeds through flavour changing neutral currents penguin diagrams

and it is also helicity suppressed. As such, it is very sensitive to contributions from any new
physics beyond the standard model (SM).
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Figure 4 – Two-dimensional likelihood contours of the results for the B0
s → μ+μ−and B0 → μ+μ−decays for

ATLAS, CMS and LHCb and their combination using data collected until 2016. For each experiment and for the
combination, likelihood contours correspond to 1, 2 and 3σ are shown. The red point shows the SM predictions
with their uncertainties.

The status of the measurement of these very rare B decays before the conference is sum-
marized in Figure 4 and by the following ATLAS+CMS+LHCb combined measurements that
present a ∼ 2σ tension with the SM prediction:

B(B0
s → μ+μ−) = (2.69+0.37

−0.35)× 10−9;

B(B0 → μ+μ−) < 1.6(1.9)× 10−10 at 90% (95%) confidence level;

τB0
s→μ+μ− = 1.91+0.37

−0.35 ps.

The new LHCb results is based on all data collected until now. Figure 5 shows the mass
spectrum of the candidates with the fit and the 2D likelihood scan which shows that this new
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result is consistent with the SM predictions within 1σ. The measurements are:

B(B0
s → μ+μ−) = (3.09+0.46

−0.43
+0.15
−0.11)× 10−9;

B(B0 → μ+μ−) < 2.6× 10−10 at 95% confidence level;

τB0
s→μ+μ− = 2.07± 0.29± 0.03 ps.

.

Figure 5 – (Left) dimuon mass spectrum of the B0
s → μ+μ−and B0 → μ+μ−candidates with with the results of

the fit and all the signal and background components; (right) bidimensional likelihood scan.

Figure 6 – Likelihood contours for the b → s�� data in the plane spanned by ΔCbsμμ
9 = ΔCbsμμ

10 and ΔCuniv.
9

The shaded regions (delimited by full lines) correspond to the 1, 2 (3) regions around the best-fit point including
the recent data; the dashed lines denote the same likelihood contours, without the inclusion of the recent LHCb
measurement. The black pentagon denotes the SM-value, while the star (diamond) denotes the best-fit point to
the current (old) data.

2.3 Interpretations of LFU tensions

During the last years, LFU tensions have appeared from several measurements related to b → s��
transitions, such as branching fractions and angular observables of the decays B → K(∗)μ+μ−and
the RK and RK∗ ratios, and in the RD and RD∗ measurements related to b → c�ν transitions.
The last LHCb measurement of RK presented above, which represent the first evidence of LFU
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violations in a single measurement, reinforces the hints that something may really be going on
in the beauty sector.

One interpretation of these violations can be carried out within the EFT framework which
adds to the SM lagrangian dimension 6 non-renormalizable operators with their associated
Wilson coefficients. The most relevant operators to account for the observed tensions are C9

and C10. Global fits as function of these two Wilson coefficients show a very large tension
with the SM 4,5. Figure 6 shows the best fit of these parameters using all currently available
measurements.

2.4 Recent results from Belle II
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BBBBBBBBBBBBBBBBBBBBBBBBBBBBBeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeelllllllllllllllllllllllllllllllllllleeeeeeeeeeeeeeeeeeeeeeeeeeeeee IIIIIIIIIIIIIIIIIIIIIII   DDeteeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeccccccccccccccccccccccccttttoooooooooooooooooooooooooorrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr  [[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333335555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555 cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooollllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaabbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooorrrrrrrrrrrrrrrrrrrrrrrrrrrraaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaatttttttttttttttttttttttttttttttttttttoooooooooooooooooooooooooooooooooooooooooooorrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrsssss,,,,,,,, 1110011 institutes,
222222222222222222222222222222233333333333333333333333333333333333333333333  nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnaaaaaaaaaaaaaaaaaaaaaaaaaelectrons  (7 GeV)

positrons (4 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) + 
4 layers Si double sided strip DSSD

Belle II TDR, arXiv:1011.0352

BBBBBBBBBBBBBBBBBBBBBBBBBBBBeeeeeeeeeeeeelllllllle II Deteeeeeeeeeeccctttttttttttttttttttttttttttttttttttooooooooooooooooooooooorrrrrrrrrrrrrrrrrr

EM Calorimeter
CsI(Tl), waveform sampling electronics

els (DEPFET) + 
ble sided strip DSSD

Central Drift Chamber
Smaller cell size, long lever arm

oooooolllllllllllllllllllllllaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaabbbbbbbbbbbbbbbbbbbbbbbbbbbbooooooooooooooooooooooooooooooooooooorrrrrrrrrrrrrrrrrraaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaatttttttttttttttooooooooooooooooooooooooorrrrrrrrrrrrrrrrrrrrrsssss,,,,,, 1011 institutes,
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaatttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiioooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooonnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]

,,,,,, ,
]]

rrs,, 101 institutes, 
]] Particle Identification 

Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC 
(end-caps , inner 2 barrel layers)

Figure 7 – Sketch of the Belle II detector.

The Belle II detector, displayed in Figure 7, is the upgrade of the Belle detector for higher
luminosities with several new and improved sub-detectors. It is located at the SuperKEKB
collider which is the successor of KEKB and is an energy-asymmetric e+e− collider in Tsukuba,
Japan, with centre-of-mass energy of about m(Υ(4S)) = 10.58 GeV. The collider targets an
instantaneous luminosity of 6 × 1035cm−2s−1 (30 times larger than KEKB) and an integrated
luminosity of 50 ab−1 (50 times larger than KEKB). In June 2020, SuperKEKB achieved a new
world record of instantaneous luminosity of 2.4 × 1035cm−2s−1. Since 2019, Belle II already
collected almost 100 fb−1 of data.

Several new results are starting to appear from Belle2 6:

• recent results towards the measurement of Vcb,

• τ mass measurement,
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• time-independent mixing probability χd measurement,

• rediscovery of B → η′K,

• D0 lifetime measurement,

• measurement of the decay D∗+ → D0(→ π+π−π0)π+.

Another interesting measurement carried out with 63 fb−1 of data is that of B(B+ → K+νν̄)7

for which Belle II already obtains a competitive measurement with the limited integrated lumi-
nosity available.

2.5 Recent results from BES III

BES III carried out LFU tests in charm decays8 that become essential in light of the LFU tensions
in beauty decays, to shed light on the the nature of these anomalies. The BES III experiment
is located in Beijing on the BEPCII e+e− collider that is a two ring symmetric collider with a
luminosity of 1033 cm−2s−1. Results were shown based in an integrated luminosity up to 6.32
fb−1 collected at centre of mass energies between 3.773 and 4.226 GeV. BES III measured RD+

and RD+
s
in leptonic decays and several ratios between different lepton flavours in semileptonic

decays. All results are shown in Table 1 and provide no evidence for LFUV in charm decays.
Results on more data already recorded and also based on data to be collected in the near future
are expected soon.

Table 1: Several τ/μ and μ/e ratios of leptonic and semileptonic charmed meson decays.

3 Standard model measurements

Several SM measurements have been recently performed at the LHC and all are found in good
agreement with predictions. Most results are based on Run 2, in which the collected data usable
for analysis, i.e. with all detectors in optimal conditions at ATLAS and CMS, correspond to an
integrated luminosity of about 140 fb−1 per experiment. The cumulative delivered and recorded
integrated luminosities for ATLAS and CMS are shown in Fig. 8.

The analysis of Run 2 data is still being performed and will continue during the next run of
the LHC, Run 3, which will start in 2022 at a centre of mass energy between 13 and 14 TeV and
is expected to more than double the integrated luminosity of Run 2, with similar conditions.

3.1 Z plus jets measurements

Two examples of Z plus jets measurements were presented 9: one is the transverse momentum of
Drell-Yan lepton pairs from ATLAS and the other is the measurement of Z-boson production via
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Figure 8 – Delivered and recorded luminosity cumulative versus time for Run 2 2015-2018 during stable beams
for pp collisions at nominal centre-of-mass energy for (left) ATLAS and (right) CMS.

its invisible decay. Both are based on the 2016 data, corresponding to an integrated luminosity
of 36 fb−1.

The measurement of the transverse momentum of Drell-Yan lepton pairs probes perturbative
QCD at higher

√
s and is an important input to background predictions in searches and also

for SM precision measurements. The signal, except the one with multijets, is affected by a
very small background, and the measurement combines electrons and muons. The uncertainties,
mainly coming from lepton calibration, are highly reduced in the normalized differential cross
section measurement down to 0.2% at low p��T .

Figure 9 shows the comparison of the normalized p��T and φ∗η distributions with several
predictions. We can see how NNLOjet with or without NLO EW corrections agrees with the
measured unfolded distribution above a p��T of 20 GeV while at lower momenta some differences
are observed because of the large log contributions. Conversely, the RadISH NNLO fixed-order
+ N3LL resummation agrees well over the full spectrum. φ∗η is an observable alternative to p��T
which has limited resolution at low p��T .
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Figure 9 – ATLAS comparison of the normalized p��T (left) and φ∗η (right) distributions predicted by different
computations: Pythia8 with the AZ tune, Powheg+Pythia8 with the AZNLO tune, Sherpa v2.2.1 and RadISH
with the Born level combined measurement.

CMS measured the production of Z-boson production via its invisible decay Z → νν̄. This
is important on one side because it has a larger branching fraction than the decays into charged
leptons and allows considerably higher accuracy at high pT , on the other side because it con-
stitutes an important background to searches of new invisible particles such as dark matter
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particles. The measurement is carried out at high energy (pmiss
T > 250 GeV and p of the leading

jet > 100 GeV). The main background, after the full selection, comes from the W → �μ process
and is constrained with data from single-lepton control regions.

Figure 10 shows the absolute cross section for Z → νν̄, and for the combination Z → νν̄
and is Z → �+�− as fuction of pZT , compared to predictions. The data agree well with with
MadGraph 5 aMC@NLO and fixed-order calculations. The largest systematic uncertainties are
those related to the jet and pmiss

T scales, with a total of 6% on the integrated fiducial cross
section.
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Figure 10 – Absolute cross section differential in pZT from CMS for Z → νν̄ (left), and the combination Z → νν̄
Z → �+�− (right) compared with MadGraph 5 aMC@NLO and fixed-order calculations. The shaded bands
around the data points correspond to the total experimental uncertainty. The vertical bars around the predictions
correspond to the combined statistical, PDF, and QCD-scale uncertainties.

3.2 Multiboson measurements

Several results on multiboson measurements were shown by ATLAS and CMS among which the
measurement of WZ production by CMS 10 and that of WW production in γγ interactions by
ATLAS 11. Such processes are sensitive to the triple and quartic boson couplings and possible
anomalous gauge couplings.

CMS measured the pp → WZ inclusive and differential cross sections, polarization angles
and searched for anomalous gauge couplings using W and Z leptonic decays. The pp → WZ
production is studied in the trilepton final state at

√
s = 13 TeV, using a data set corresponding

to a total integrated luminosity of 137.2 fb−1.
The total and fiducial production cross sections were measured in the inclusive and in several

combinations of final-state flavour composition and total final-state charge. The total inclusive
cross-section is measured to be σTot(pp → WZ) = 50.6 ± 0.8(stat) ± 1.5(syst) ± 1.1(lumi) ±
0.5(theo) pb. The charge asymmetry in the production, for the dominant qq′ production mode,
was measured in terms of a charge asymmetry ratio of A+−

WZ = 1.409± 0.04. Both results are
in agreement with the theoretical calculations. The polarization was also measured and limits
on anomalous gauge couplings were derived. Figure 11 shows the total WZ production cross
section and the charge asymmetry ratio.

300



40 50 60
 WZ) / pb→(ppσ

 eee 

μ ee

eμμ

μμμ

 Combined 

CMS Preliminary  (13 TeV)-1137.2 fb

(NLO QCD+LO EWK)
POWHEG

(NNLO QCD+LO EWK)
MATRIX

(NNLO QCDxNLO EWK)
MATRIX

Statistical

Systematic

Luminosity

1 1.2 1.4 1.6 1.8 2
Z)- W→(ppσZ) / + W→(ppσ

 eee 

μ ee

eμμ

μμμ

 Combined 

CMS Preliminary  (13 TeV)-1137.2 fb

POWHEG+NNPDF31

MATRIX+NNPDF31

MATRIX+PDF4LHC15

MATRIX+CT14

Statistical

Systematic

Luminosity

Figure 11 – CMS total WZ production cross section (left) and charge asymmetry ratio (right) for each of the
flavour categories and for the total. The shaded vertical bands correspond to the the theoretical predictions from
POWHEG (blue) and MATRIX (grey). For each of the measurements, the best fit value is denoted with a white
point and three main groups of uncertainties (statistical, systematic and luminosity) are denoted as differently
coloured (red, blue, orange) bands with each one being added quadratically on top of the previous one. For the
charge asymmetry the blue and grey lines overlap in the plot. Predictions obtained using matrix and several
central replicas of different PDF sets are also shown.

ATLAS reported the observation of photon-induced production of W-boson pairs, γγ →
WW . The measurement is based on WW decays into one electron and one muon. The signifi-
cance of the observation is 8.4 standard deviations. The cross section of the γγ → WW process
in a fiducial volume close to the acceptance of the detector is 3.13 ± 0.31(stat.) ± 0.28(syst.)fb
identifying γγ interactions by requiring no additional tracks in the detector in addition to the
electron and muon. Figure 12 shows some leading order Feynman diagrams of the process
γγ → WW and the distribution of the number of additional tracks used to identify γγ colli-
sions.
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Figure 12 – The leading-order Feynman diagrams contributing to the γγ → WW process are the t-channel diagram
(left) proceeding via the exchange of a W boson between two γWW vertices and a diagram with a quartic γγWW
coupling (middle). The distribution of the number of tracks associated with the interaction vertex (right). The
signal region requires a selection of ntrack=0, as indicated by the vertical dashed line. The lower panel shows the
ratio of the data to the prediction.
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3.3 W boson decay branching fractions

Both ATLAS 12 and CMS 13,14 measured the W branching fractions using tt̄ decays. The two
experiments followed different approaches: ATLAS measured the ratio B(W → τν)/B(W → μν)
using the impact parameter to distinguish the W → τ → μ decay from the W → μ decay in
their full Run 2 data to measure the ratio of the two branching fractions while CMS measured
all leptonic W branching fractions using the lepton transverse momentum (pT ) in all possible
W decays.

ATLAS measured the ratio:

B(W → τν)/B(W → μν) = 0.992± 0.013[±0.007(stat)± 0.011(syst)]

which is in very good agreement with the SM prediction.
CMS studied all the branching fractions of the W boson using 2016 LHC data collected at√

s = 13 TeV. A maximum likelihood estimate of the W branching fractions was carried out
by fitting to the data in each event category simultaneously. The branching fractions of the W
boson decaying into electron, muon, and tau lepton final states are measured using the transverse
momenta of electrons, muons and hadronic taus classified into multiple categories based on the
number of isolated charged leptons, jets and b-tagged jets. A simultaneous maximum likelihood
fit of the lepton pT in all categories is carried out to determine the leptonic branching fractions
which are measured to be (10.83± 0.10)%, (10.94± 0.08)%, and (10.77± 0.21)%, for e, μ and τ
respectively are consistent with lepton universality.

Figure 14 shows examples of the lepton pT spectra in different categories while Fig. 15 shows
the results of the CMS measurements of the W leptonic branching fractions, compared to the
LEP results.

3.4 Four top production

Four top production is a massive final state with at least ∼ 700 GeV total mass. It is highly
sensitive to the magnitude and CP structure of the top-Higgs Yukawa coupling. The expected
SM production cross section is σtttt = 12± 2.4fb at 13 TeV from NLO QCD+EW calculations.
This process has been searched for by ATLAS and CMS 15 and a recent ATLAS analysis in
the same sign 2 lepton and 3 lepton final state (total branching fraction ∼ 12% gave the first
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Figure 14 – Distributions of the lepton pT used in the fits for the ee, μ+μ−, and eτ channels for number of jets
(Nj) and of b-tagged jets (Nb) equal to 2. The bottom panels show the ratio of data over prefit expectations,
with the grey band and hatched areas indicating MC statistical and systematic uncertainties, respectively.

Figure 15 – Summary of the measured values of the W leptonic branching fractions compared to the corresponding
LEP results. The vertical green-yellow band shows the extracted W leptonic branching fraction assuming lepton
universality (the hatched band shows the corresponding LEP result).

evidence for this process with 4.3σ significance (2.4σ expected) and a measured cross section of
24+7
−6fb, approximately twice that expected in the SM. The combination of this result with that

of the 1 lepton and 2 lepton opposite sign yields a significance of 4.7σ.

The ATLAS result is shown in Fig. 16.

CMS has a similar sensitivity in the same sign 2 lepton and 3 lepton final state but measures
a cross section approximately equal to that of the SM and obtains a significance of 2.6σ for 2.7σ
expected.

3.5 H → μμ measurement

Among the recent measurement of the Higgs boson properties, a very relevant one has been the
first evidence of the Higgs boson decay into a pair of muons 16 that constitutes the first evidence
of the Higgs boson coupling to second generation fermions. The results from ATLAS and CMS
are the following: CMS result: obs. (exp.) significance 3.0σ (2.5σ) ATLAS result: obs. (exp.)
significance 2.0σ (1.7σ).
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to the same data set for the individual final states (1L/2LOS and 2LSS/3L) and the combined signal strength
from all analysis regions.

Figure 17 shows the CMS result in terms for reduced coupling versus mass for the Higgs
boson coupling with the various SM particles.
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Figure 17 – The best fit estimates for the reduced coupling modifiers extracted for fermions and weak bosons
from the resolved κ-framework compared to their corresponding prediction from the SM.
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3.6 Double Higgs boson production

CMS presented a new full Run 2 results in the H → γγ channel 17. They studied both the
inclusive production and the VBF production. The inclusive production is mainly sensitive to
the triple Higgs coupling, and to the top Yukawa coupling, while VBF has a special sensitivity
to the coupling between 2 vector bosons and two Higgs bosons. Figure 18 shows the most
prominent Feynman while Fig. 19 shows the constrains obtained for these two couplings.

From the combined with other channels, we expect from Run 2 plus Run 3 a precision
of approximately 100% on HH cross section per experiment while more improvements in the
analysis methods are still possible.

Figure 18 – (left) Feynman diagram of a SM process contributing to the production of Higgs boson pairs via
ggF at LO. (right) Feynman diagram that contributes to the production of Higgs boson pairs via VBF at LO,
involving the HHVV vertex (c2V ). .
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Figure 19 – (left) Expected and observed 95% CL upper limits on the product of the HH production cross section
and B(HH → γγbb) obtained for different values of κλ assuming κt= 1. The green and yellow bands represent,
respectively, the one and two standard deviation extensions beyond the expected limit. The long-dashed red line
shows the theoretical prediction. (right) Expected and observed 95% CL upper limits on the product of the VBF
HH production cross section and B(HH → γγbb) obtained for different values of c2V .

4 Searches for physics beyond the SM

During the last three years, most standard searches based on the LHC Run 2 data have been
completed and at this point, the largest part of the analysis efforts are aimed at signatures
and models that have not yet been covered. For example, supersymmetry (SuSy) could still be
hiding in some parameter space that is less conventional and therefore more difficult to access.
Typical cases are those lacking the most peculiar signature of SuSy, i.e. the missing transverse
momentum, for example scenarios with R-Parity conservation in compressed SuSy particle mass
spectra or with R-Parity violation. Another important case that is addressed is the expansion
of searches in a phase space which predicts the existence of long lived particles (LLP).
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4.1 Supersymmetric particle searches

Supersymmetry solves some of the theoretical shortcomings of the standard model by introducing
supersymmetric partners of all standard particles with spin differing by 1/2. The R-parity,
defined as (−1)3(B−L)+2S where B is the baryon number, L is the lepton number and S the spin,
is introduced and can be conserved or violated in the theory. If it is is conserved, supersymmetric
particles can only be produced in pairs and the lightest supersymmetric particle is stable and can
be an excellent candidate for dark matter. In this case the typical signature for supersymmetric
particle production is the presence of missing transverse momentum. If R-parity is violated,
instead, all SuSy particles finally decay into standard model particles.

No signal has been yet observed in the searches for SuSy particles in the different models
and exclusion limits have been derived. The searches for charginos, neutralinos and sleptons,
superpartners of charged bosons, neutral bosons and leptons, respectively, are those that give
less stringent limits and for which several analyses are still ongoing at the LHC. Figure 20 shows
exclusion limits for RPV and RPC sleptons in ATLAS 18 and CMS 19.
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Figure 20 – (left) Expected (dashed) and observed (solid) 95% CL exclusion limits from ATLAS on slepton/s-
nuetrino NLSP pair production with RPV χ̃0

1 decays via λ12k, or λi33 where i,k ∈ 1,2. The limits are set using the
statistical combination of disjoint signal regions. Where two (or more) signal regions overlap, the signal region
contributing its the observed CLs value to the combination is the one with the better (best) CLs expected value.
(right) Cross section upper limits and exclusion contours at 95% CL from CMS for an SMS model of slepton
pair production, as a function of the slepton and χ̃0

1 masses, obtained from the results in the slepton search
regions. The area enclosed by the thick black curve represents the observed exclusion region, while the dashed
red lines indicate the expected limits and their ±1 and ±2 s.d. ranges. The thin black lines show the effect of the
theoretical uncertainties in the signal cross section.

A very interesting idea was shown, to look for sleptons and dark matter in γγ interactions
at the LHC 20. In γγ interactions one can measure both the initial state photons, from the
momentum loss of the scattered protons measured in the forward detectors and the final state
charged leptons produced in the process: γγ → �̃�̃ → χ̃0

1�χ̃
0
1� where χ̃0

1 is the dark matter (DM)
candidate. The Feynman diagrams of the signal and main background processes are shown in
Fig. 21.

If a signal is seen, both masses of the slepton and of the DM candidate could be measured:
the lepton mass would equal 1/2 the mass of the diphoton and the DM mass 1/2 the missing
mass. Figure 22 shows how the signal would be visible over the main WW background with an
integrated luminosity corresponding approximately to that collected in Run 2 of the LHC.

Other Run 2 searches that are still of great interest are those for sparticles produced in
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Figure 21 – Exclusive pair production of (left) scalar leptons (sleptons) decaying to dark matter χ̃0
1 and (right)

SM diboson WW background using the LHC as a photon collider.

Figure 22 – Kinematic distributions; diphoton mass (left) and missing mass (right) mass for benchmark slepton
signals (lines) and WW background (filled), normalized to 100 fb−1 for dileptons produced in γγ interactions.
The lower panel estimates the statistical significance after integrating the signal S and background B counts with
the indicated bound on the variable.

models with no or very small missing transverse momentum (MET) 21 where it is thought that
signs of supersymmetry could hide, as the signature of its presence is much less obvious.

Pair production of top squarks has been searched for when the top squarks decay into a top
and light flavour jets. Two SuSy models are assumed, one with RPV with no MET and the
other a Stealth supersymmetry scenario with stable LSP and low MET. The Feynman diagrams
of the two models are shown in Fig. 23.
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Figure 23 – Diagrams of top squark pair production with decays to top quarks and additional light-flavour quarks
for the RPV SUSY model (left) and with decays to top quarks and gluons for the Stealth model (right).
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The CMS analysis searches for events with 1 lepton and a large number of jets. Events are
categorized using a neural network discriminant. No signal is found and exclusion limits are
derived, shown in Fig. 24 which lead to lower mass limits of 675 GeV in the RPV SUSY scenario
and 900 GeV in the Stealth SUSY scenario.
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Figure 24 – Expected and observed 95% CL upper limit on the top squark pair production cross section as
a function of the top squark mass for the RPV (left) and Stealth (right) SUSY models. Particle masses and
branching fractions assumed for each model are included on each plot. The expected cross section computed at
NNLO+NNLL accuracy is shown in the red curve.

4.2 Searches for leptoquarks

Figure 25 – Main Feynman diagrams for leptoquark production and decay: pair production (left), and in combi-
nation with a lepton (right).

Other searches that have gained more interest recently as may be related to the LFU anoma-
lies are those for leptoquarks. Leptoquarks couple to a lepton and a quark at the same interaction
vertex and carry non-zero baryon and lepton numbers. They can be produced in pair and singly
in association with a lepton as depicted in Fig. 25. Leptoquarks can be scalar (spin 0) and vec-
tor (spin 1) and can couple to the different fermion generations. In the case of third generation
leptoquark, the up-type LQs, LQu

3 , decay into bτ or tν and the down-type LQs, LQd
3, decay into

tτ or bν . ATLAS and CMS have recently reported several results of searches for leptoquarks of
the third generation 22.

ATLAS searched for a third-generation scalar leptoquarks LQd
3 decaying into a top quark

and a τ -lepton. They searched for the pair production of LQ in the tτtτ decay mode. The search
is carried out in several categories corresponding to combinations of leptons from the decay of
the top quarks and τ leptons. No signal is observed and limits are derived. The 95% upper limit
on the pair production cross section is shown in Fig. 26 left.
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Figure 26 – (left) ATLAS observed (solid line) and expected (dashed line) 95% CL upper limits on the LQ3d
pair production cross section as a function of mLQ3d resulting from the combination of all analysis channels,
assuming B=1. The surrounding shaded band corresponds to the ±1 standard deviation (±1σ) uncertainty
around the combined expected limit, as estimated using the asymptotic approximation (see text). The red line
and band show the theoretical prediction and its ±1σ uncertainty. (right) CMS observed and expected (solid and
dotted black lines) 95% CL upper limits on σ(pp → LQSLQS), as a function of the mass of the LQS , with k= 1.
The bands represent the one- and two-standard deviation variations of the expected limit. The solid blue curve
indicates the theoretical predictions at LO.

Also CMS performed a search for leptoquarks coupled to third-generation fermions, and pro-
duced in pairs and singly in association with a lepton, investigating the tτνb and tτν signatures
in the hadronic decays of the top quark and the τ lepton. No excess is found in the data and
lower limits between 0.98 and 1.73 TeV are obtained depending on the spin of the leptoquarks
and on the leptoquark-lepton-quark vertex coupling. Fig. 26 right shows the upper limit on the
production cross section of a pair of leptoquark. The limits obtained start to exclude a part of
the parameter space preferred by the B-physics anomalies.

4.3 Searches for Higgs bosons in extended Higgs sectors

Another area of interest is that related to the Higgs secto and addresses the question if the H(125)
Higgs boson is alone or if there is an extended Higgs sector? The Two Higgs Doublet Model
(2HDM) with the possible addition of an additional singlet is needed for SUSY for example but
there are no hints of its validity so far.

Several searches have been carried out for SM Higgs boson decays into a pair of pseudoscalar
Higgs bosons a23. Fig. 27 left shows the results in terms of exclusion limits of the ATLAS search
for H → aa → bbμμ. They observe the largest excess of events above the expected background
at an a mass of 52 GeV. The excess has a local significance of 3.3σ corresponding to a global
significance of 1.7σ. Figure 27 right shows instead the summary of all ATLAS searches for this
process in the different decay channels.

An incarnation of the two doublet Higgs model, called spontaneous flavour violation (SFV)
framework, can predict arbitrary couplings of the Higgs boson to quarks 24. Large couplings to
any generation quarks can be present and, given the current constraints, new Higgs bosons with
large couplings to the light quarks may be present with masses as low as ∼ 100 GeV. Such Higgs
bosons can also mix with the standard Higgs boson producing deviations of their couplings from
the standard model ones. Figure 28 shows possible modifications of the couplings in the SFV
model.
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Figure 27 – (left) ATLAS upper limits on B(H → aa → bbμμ) as a function of the signal mass. For comparison,
the expected (observed) limits from the ATLAS previous 36 fb−1 result are shown in dashed (solid) blue line.
Black and red dots show masses for which the hypothesis testing was done. In between these points, the limits
and p-values are interpolated and may not be fully representative of the actual sensitivity. (right) Observed and
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Figure 28 – (left) Black contours: enhancement of the down-quark 125 GeV Higgs Yukawa couplings in the up-
type SFV 2HDM, as a function of the alignment parameter cos(β − α) and the Yukawa coupling of the second
Higgs doublet to down quarks κs.The heavy Higgs mass scale is set to mH = 500 GeV. (right) Cross section as a
function of mH and λhdd̄ for fixed cos(β − α) = 0.025. Rates should be compared to the LO SM di-Higgs cross
section at the 13 TeV LHC, σSM, LO

hh = 14.5 fb.

4.4 Searches for long lived particles

Another area of great interest at the LHC in this phase is that of the long lived particles (LLP)
that are predicted in many models and can have a large variety of signatures, possibly able to
escape observation until now. Both ATLAS and CMS have searched for several types of them
and are planning to boost even more these searches in Run 3 also thanks to new triggers being
developed for such signatures. Two examples of these searches are the following 25. The search
for disappearing tracks in ATLAS where the signal would be a chargino that decays into an
almost mass-degenerate LSP and a low pT pion that escapes detection. The signature in the
detector is depicted in Fig. 29 and the 95% lower limit on the chargino mass for different lifetimes
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is shown in Fig. 30.
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Figure 29 – A pictorial representation of signal and background processes for the search for disappearing tracks.
Detectors are not to scale and for illustration purposes only. The signal chargino decays into a charged pion and
neutralino. ”Fake”, ”Muon” and ”Electron or hadron” in the figure represent the fake-tracklet background, the
muon background and electron or hadron backgrounds respectively.
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band on the expected limits. The red line shows the observed limits and the red dotted lines, the corresponding
1σ uncertainty on the signal cross-section.

CMS searched instead for LLPs that decay and produce displaced vertices within the LHC
beam pipe. The two benchmark models used for multijet and dijet signals are shown in Fig. 31
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Figure 31 – Diagrams of the multijet signal model (left) showing long-lived neutralinos (χ̃0) or gluinos (g̃) decaying
into top, bottom, and strange quarks via virtual top squarks (t̃), and the dijet signal model (right) showing long-
lived top and anti-top squarks decaying into two down-type quarks. In both cases, the long-lived particles are the
LSPs in their respective models.
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while Fig. 32 left shows a sketch of the two displaced vertices and the definition of the distance
variable used in the analysis.
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Figure 32 – (left) Schematic diagram of an event with two signal vertices with the beam spot B at the origin.
The beam direction is perpendicular to the x-y plane shown. The distance between the vertices is defined as dV V .
The distance from the beam spot to the vertices is defined as dBV and the angle between the vertex displacement
vectors is defined as ΔφV V . (right) The 95% CL observed exclusion limit from different CMS hadronic long-lived
particle analyses on the pair production cross section of a long-lived gluino in the mini-split model, assuming a
100% branching fraction for the gluino to decay into a quark-antiquark pair and the lightest neutralino. The
gluino and neutralino masses are assumed to be 2400 GeV and 100 GeV, respectively and the gluino is treated
as a neutral, non-interacting particle.

Figure 32 right shows a summary of the results from different hadronic long-lived particle
analyses, including the one described above that is indicated by “EXO-19-013”. The most
stringent bounds to date are set on the models considered for LLP proper decay lengths (cτ
between 100 μm and 15 mm for all masses considered).

4.5 Searches for Heavy Neutral Leptons

A very nice result comes from the experiment NA62 on the search for Heavy Neutral Leptons
(HNL) 26. Using Kaon beams from the CERN SPS to search for Heavy Neutral Leptons in the
context of the νMSM 27 that is a SM extension which explains neutrino oscillations, dark matter
and baryon asymmetry of the Universe. It has 3 right-handed sterile neutrinos in addition to
the standard model particles. The search is made in the channels K+ → eνH and K+ → μνH
in the νH mass ranges of 144–462 and 200–384 MeV/c2 in Ke and Kμ case, respectively.

Figure 33 shows the missing mass spectrum in these two channels. In case of a signal, a
narrow peak is expected above the background. No signal is observed and limits are derived
that are shown in Fig. 34. The limits in the mass range of approximately 150-450 MeV/c2 are
the strictest to date.

5 Neutrinos

The study of neutrinos mainly consists in the measurements of the parameters of the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix that describes the relationship between the flavour
eigenstates νμ, and ντ and the mass eigenstates ν1, ν2, and ν3:⎛⎝1 0 0

0 c23 s23
0 −s23 c23

⎞⎠⎛⎝ c13 0 s13e
iδCP

0 1 0
−s13e

iδCP 0 c13

⎞⎠⎛⎝ c12 s12 0
−s12 c12 0
0 0 1

⎞⎠

312



Figure 33 – Missing mass distribution measured in the two decay channels K+ → eνH and K+ → μνH at NA62.

Figure 34 – 90% C.L. upper limits on the coupling constant squared and function of the HNL mass from the full
RUN I of NA62 (2016-2018) compared to other experiments.

where cij ≡ cos(θij) and sij ≡ sin(θij).

The main open questions are: if δCP is non-zero implying CP violation; the sign Δm2
32 =

m2
3 −m2

2, that reflects the normal or inverted mass ordering; and if θ23 is maximal and if it is
smaller or larger than π/4.

5.1 Results from T2K

The T2K experiment studies neutrinos produced at the J-PARC accelerator and detected in
the near detectors and in the Super-Kamiokande detector located 295 Km away, which is a
Cherenkov detector made of 50 kilotons of pure water and 11,000 20-inch photomultipliers. A
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sketch or the T2K long baseline neutrino experiment J-PARC is shown in Fig. 35.

Figure 35 – The T2K experiment sends an intense beam of muon neutrinos from Tokai, which is on the east coast
of Japan, to Kamioka at a distance of 295 km in western Japan.

Neutrinos oscillate from the place where they are produced with a frequency proportional
to to Δm2/L and an amplitude determined by the parameters of the PMNS matrix. The
CP violating phase δCP is measured from the difference of the rate of νμ disappearance, νe
appearance and that of ν̄μ disappearance, ν̄e appearance. The latest result 28, based on a
number of 3.6×1021 protons on target is shown in Fig. 36 left. T2K excludes at 90% confidence
level the CP conserving values of δCP of 0 and π and all the values between 0 and π and slightly
favours the normal mass ordering.

A comparison with the NOvA results in the plane δCP /π vs sin(θ23) is shown in Fig. 36
(right). The largest part of the 1σ allowed contours by the two experiments is not overlapping
but there are still some regions that are in common.

Summarizing all current results, most of data on neutrino oscillations to date from solar,
atmospheric, reactor and accelerator experiments are well explained by the 3ν oscillation hy-
pothesis, confirming that the three-neutrino scenario is well proven and robust 29.

Figure 36 – (left) δχ2 versus δCP for the normal and inverted mass orderings. Different Feldman-Cousins confidence
level intervals are shown by the shaded bands. (right) comparison with NOvA results

5.2 Measurement of the electron neutrino mass

An updated result has been shown by the KATRIN (Karlsruhe Tritium Neutrino) experiment
which is the most sensitive experiment to date for the measurement of the electron neutrino
mass. The measurement is based on the tritium β-decay. The emitted β-electrons are measured
near the tritium endpoint in a high precision spectrometer. KATRIN is designed to potentially
reach an upper limit of 0.2 eV/c2 at 90% C.L. in 5 years of operation. The previous KATRIN
result, based on the first dataset collected between March and May 2019, yielded a measurement
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of the electron anti-neutrino mass of m2 = 1.0+0.9
−1.0 eV2 and an upper limit on the electron anti-

neutrino mass of 1.1 eV at 90% confidence level. Updated results using the second KATRIN
datasets were presented at the conference 30. The results of the fits of the endpoint of the
spectrum are illustrated in Fig. 37.

Figure 37 – Tritium β-decay spectrum measured in KATRIN. Individual fits to both KATRIN measurement
campaigns. Here the 12 detector rings are combined to a single detector area.

The best fit to the data gives m2
ν = 0.26 ± 0.34 eV2 which corresponds to an upper limit

of mν < 0.9 eV2 at 90% C.L. that combined with the previous mass campaign yields an upper
limit of mν < 0.8 eV2 at 90% C.L. which is the most stringent to date.

5.3 Studies of the reactor antineutrino anomaly

The reactor antineutrino anomaly (RAA) is related to the discrepancies between data and
expectations observed in reactor antineutrino experiments at short distances from the reactor
producing the antineutrinos. Oscillations into a fourth neutrino state with Δm2 ∼ eV2 could
explain this observation. Figure 38 shows the current status of the measurements compared to
the expectations while Fig. 39 shows the allowed regions in the Δm2

new) vs sin(2θnew plane.

Figure 38 – Ratio of the measured and predicted neutrino rate versus the distance from the reactor compared to
the predictions of a 3 neutrino model and a 3 neutrino plus 1 sterile neutrino model.
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Figure 39 – Regions in the Δm2
new vs sin(2θnew) plane allowed by the RAA at different confidence levels.

The RAA is being investigated by several experiments at reactors31, among which STEREO,
PROSPECT and DANSS. All of them exclude the best-fit point of the sterile neutrino hypothesis
derived by the current status of RAA but there is still a large parameter range that is allowed
by all current measurements. The exclusion contours of the three experiments are shown in
Fig. 40.

Figure 40 – Exclusion contours for (left) DANSS, (middle) STEREO and (right) PROSPECT. Overlaid are the
the best-fit point and the allowed regions of the RAA.

5.4 Neutrinoless double-β decay

The neutrinoless double-β decay (0νββ) has been searched for at many experiments since many
years. It is a lepton flavour violating process and its observation would be a strong indication
that neutrinos are Majorana particles. Feynman diagrams for the double-β decay are shown in
Fig. 41.

The most sensitive detectors for the detection of this process are germanium detectors where
the source is also detector and in which the double-β decay process searched for is 76Ge→ 76Ge +
2e−. These detectors have high efficiency, the best energy resolution and the lowest background
index among all 0νββ decay experiments. Furthermore they use commercial technology and can
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be operated at relatively high temperatures of approximately 100 ◦K.

Figure 41 – Feynman diagrams of: (left) double beta decay: two neutrons are changed into protons inside the
nucleus, emitting two electrons and two antineutrinos; (right) neutrinoless double beta decay: this process could
be observed thanks to the exchange of a Majorana massive neutrino between the two W bosons.

Figure 42 – Top: Energy distribution of GERDA Phase II events between 1900 and 2650 keV before and after
analysis cuts. This energy interval includes the analysis window (edges marked by dashed lines) and the regions
of expected γ lines (marked by gray areas), among those the prominent γ line at 2615 keV. Bottom: Result of
the unbinned extended likelihood fit: the blue peak displays the expected 0νββ decay signal for T1/2 equal to
the lower limit, 1.8 × 1026 years. Vertical lines indicate the energies of the events in the analysis window after
analysis cuts.

The GERDA experiment, located at LNGS below 3500 m.w.e. recently obtained the world’s
best half-life limit: T1/2 > 1.8× 1026 years at 90% C.L. 32

5.5 Detection of solar CNO neutrinos

Another interesting result that was presented at the conference is the first detection of solar
CNO neutrinos at Borexino 33. Borexino is a liquid scintillator experiment located at the under-
ground Laboratori Nazionali del Gran Sasso in Italy. Borexino reported the direct observation
of neutrinos produced in the CNO cycle in the sun. The metallicity of a star is defined as the
relative content of elements heavier then He and in the Standard Solar Model (SSM) one can dis-
tinguish among high (HZ) and low (LZ) metallicity scenarios. The CNO flux is highly sensitive

317



to the solar core metallicity and its observation is the first step towards a direct measurement
of the solar metallicity using CNO neutrinos. The measurement of Borexino is a CNO neutrino
flux of: 7.0+3.0

− −2.0× 108cm−2s−1, corresponding to a significance of 5σ.

6 Dark Matter

A large number of astrophysical observations provide overwhelming evidence of the existence of
the so-called Dark Matter (DM), that is invisible to standard observation, and indicate that there
should be about 5 times more dark matter than ordinary matter. However until now, even if we
see the effects of the dark matter, we are unable to say anything about its characterization: it
could be made of particles of masses in a very wide range, by celestial objects such as primordial
black holes or be due to modified gravity.

A wide program of research is in place to detect dark matter if it is made of unknown
particles through its direct detection or through its production at colliders.

6.1 Results from XENON 1T

XENON 1T is the most sensitive detector for the study of DM-nucleon interaction. It is a
dual phase XENON TPC, immersed in a 700 t water tank to veto muons. It has reported
results based on the exposure of 1.3 t fiducial liquid Xe mass for 279 live days, from November
2016 to February 2018. It searched in a wide mass range of the weakly interacting massive
particles (WIMPs) 34,35,36,37, did not observe any signals and obtained the upper limits on the
WIMP-nucleon cross section reported in Fig. 43.

Figure 43 – XENON 1T 90% confidence level upper limits on the DM-nucleus scattering cross section as function
of the mass of the dark matter particle.

The XENON 1T experiment also reported the first observation of the nuclear decay of 124Xe
via two-neutrino double electron capture (2νECEC):

124Xe → 124Te+ νe + νe.

The expected signature of this decay is a mono energetic peak at 64.3 keV due to a cascade
of X-rays and Auger electrons from the double electron capture. Figure 44 shows the detected
energy spectrum with the observed excess which corresponds to a significance of 4.4σ. The
measured half-life of this process is (1.8 ± 0.5(stat) ± 0.1(syst)) × 1022 years, corresponding to
about 1012 times more than the age of the Universe, makes it the rarest process ever directly
observed.
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Figure 44 – (left) The best-fit contribution from 2νECEC with N2νECEC = 126 events is shown by the solid black
line and the full fit is indicated by the solid red line. The background-only model without 2νECEC (red dashed
line), again over the full-fit range, clearly does not describe the data. (right) Zoomed region around 64.3 keV.

XENON 1T also studied the energy spectrum of the electron recoil and observed a very good
agreement with the expectations over most of the range from 1 to 210 keV, with some excess in
the low energy region. Fig. 45 shows the low energy range of the spectrum of recoil electrons.
In the region from 1 to 7 keV, 232±15 events are expected from the background and 285 events
are observed, corresponding to an excess from 3.0 to 3.4σ, depending on the assumed signal
hypothesis. Such an excess could be due to new physics, for example solar axions or bosonic
dark matter, or to unexpected background, like unaccounted tritium background. The fitted
concentration of tritium to explain the excess is (6.2 ± 2.0)× 10−25 mol/mol 3H/Xe. Such a
value is not expected from the xenon purity but it is also difficult to exclude, as it is extremely
small.

Figure 45 – Low energy range of the electron recoil spectrum where the data display an excess over the background
model.

In any case, given the differences in expected signal shape for the different signals and the
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background, as shown in Fig. 46, it should be possible to disentangle the different possibilities
with more data that are expected soon.

Figure 46 – Fits to the data under various hypotheses. The null and alternative hypotheses in each scenario
are denoted by grey (solid) and red (solid) lines, respectively. For the tritium (a), solar axion (b), and neutrino
magnetic moment (c) searches, the null hypothesis is the background model B and the alternative hypothesis is B
plus the respective signal. Contributions from selected components in each alternative hypothesis are illustrated
by dashed lines. Panel (d) shows the best fits for an additional statistical test on the solar axion hypothesis, where
an unconstrained tritium component is included in both null and alternative hypotheses. This tritium component
contributes significantly to the null hypothesis, but its best-fit rate is negligible in the alternative hypothesis,
which is illustrated by the orange dashed line in the same panel.

6.2 ADMX, Axion Dark Matter eXperiment

Axions could provide a solution to two distinct problems, the origin of dark matter and the
strong CP problem, i.e. why neutron EDM is so small. Axions can have a mass from order of a
peV to approximately 10−2 eV and couple to the photons with a coupling gaγγ proportional to
mass of the axion ma.

ADMX (Axion Dark Matter eXperiment) is an axion haloscope, which uses a strong magnetic
field to convert axions to microwave photons that can be detected. The experiment is composed
of a magnet, a microwave cavity, and ultra-sensitive low-noise quantum electronics. ADMX
scans over frequency to probe different axion masses 38. Figure 47 shows the results, in terms of
90% CL upper limit on the coupling with the indication of the sensitivity of the 100 MHz scan
carried out in 2020. ADMX plans to enlarge the search region by extending the scan up to 4
GHz in the next year or two.

6.3 Results from ANAIS-112

The DAMA/LIBRA experiment (based on NaI(Tl) scintillator) and its predecessor DAMA/NaI,
based on more than 20 years of observation, indicate the presence of a modulation at 12.9σ C.L.
in the 2-6 keV energy region that strongly hints the presence of DM particles in the galactic halo.
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Figure 47 – ADMX exclusion plot of the axion-photon coupling as function of the axion mass. The results from
the runs of 2010, 2018 and 2019 are shown as well as the sensitivity of the 2020 run. The coupling predictions of
the two popular models KSVZ and DFSZ are also indicated.

In fact, due to the revolution of the Earth around the Sun it is expected that the intensity of
the flux of DM particles should be maximal on the 2nd of June that is what is actually observed
in the data. The final modulation results from DAMA/LIBRA 39 are shown in Fig. 48.

Figure 48 – Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA in the
(2–6) keV energy intervals as a function of the time. The superimposed curve is the cosinusoidal functional form
A cosω(t− t0) with a period T = 1 yr, a phase t0 = 152.5 day (June 2nd) and ω modulation amplitude, A, equal
to the central value obtained by best fit on the data points.

ANAIS-112, located at the Canfranc Underground Laboratory in Spain, under 2450 m.w.e.
is one of the experiments that is trying to confirm or refuse DAMA/LIBRA’s observation using
the same NaI(Tl) target. It is taking data since August 2017. For now Anais-112 do not see any
hints of modulation in their data40. However, some words of caution are in order before refuting
the results of DAMA/LIBRA. The response of the two detectors to the energy depositions
from dark matter particles could be different as the scintillation produced by nuclear recoils is
quenched with respect to electron recoils that are used for the calibration. There are still many
uncertainties in the quenching factor (QF) values and dependences for NaI, nevertheless, the
QF has been measured for different quality crystals and results should appear soon, possibly
giving more confidence in the negative modulation results of ANAIS-112.
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Figure 49 – (left 2 plots) ANAIS-112 fit results for three years of data in the [1-6] keV (left) and [2-6] keV (right)
energy regions, both in the modulation (blue) and null hypothesis (red). (right) Comparison between ANAIS-
112 results on annual modulation using three years of data and DAMA/LIBRA modulation best fit. Estimated
sensitivity is shown at different confidence levels as coloured bands: green at 1σ, yellow at 2σ, and cyan at 3σ.

6.4 Primordial black holes

The possibility that primordial black holes (PBH) could account both for the baryon asymmetry
of the universe (BAU) and for the dark matter in the universe was also discussed41,42 in a scenario
in which the gravitational collapse of large inhomogeneities at the quark-hadron epoch generates
both. Figure 50 shows the comparison of a possible prediction of this model with the current
constraints taken from43 and indicates that this proposal is consistent with current observations.

Figure 50 – Comparison of a prediction of the model (dark blue line) with constraints for the lognormal mass
function. The red solid line shows the 2σ upper bound on the fraction of DM in PBHs, fPBH, from the observed
merger rate by LIGO, and the red dashed line shows the 2σ lower limit on fPBH assuming that all observed BHs
are primordial. The black solid curve shows the constraint on fPBH from non-observation of the stochastic GW
background by the second LIGO observation run, and the black dashed line the projected sensitivity of the final
phase of LIGO. The yellow, purple and light blue regions are excluded by the microlensing results from EROS
and MACHO (M), and by lack of lensing signatures in type Ia supernovae (SNe), respectively. The dark blue,
orange, red and green regions are ruled out by Planck data, survival of stars in Segue I (Seg I) and Eridanus II
(Eri II), and the distribution of wide binaries (WB), respectively.
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6.5 Search for DM at accelerators

Another very active field in the search for DM is at particle accelerators. DM could be produced
in different ways in particle collisions and, given its characteristics of no or very weak interactions
with ordinary matter, would result in missing energy and momentum in the events. Several
models of DM production can be searched for, depending of the portal between SM particles
and DM particles:

• Vector portal → Dark Photon / Z’

• Scalar portal → Dark Higgs / Dark Scalar

• Pseudoscalar portal → Axion-Like Particles

• Neutrino portal → Sterile Neutrinos

Many different searches have been performed with the LHC data and unfortunately all gave
negative results until now. Two recent examples of searches for which the Higgs sector is assumed
to be the portal for the production of DM, with the SM Higgs boson or additional Higgs bosons
coupling to DM particles, are that for a dark photon in Higgs decays by CMS and that for
a h → bb̄ produced in association with a pseudo-scalar Higgs boson decaying to invisible DM
particles.
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Figure 51 – (left) Event display for an event selected in the 2b merged signal regions. The event contains a
large radius jet (with the yellow bar indicating the associated energy deposit in the hadronic calorimeter) with a
reconstructed mass of 121 GeV and pT of 1.2 TeV. The direction of the missing transverse momentum is indicated
by the dashed white line. Muons from decays in the b-tagged jets are indicated with red lines. (right) Exclusion
limits for the 2HDM+a signal with tan β = 1 and ggF production. The solid black line shows the observed limit
at 95% CL, the dashed black line the expected limit.

CMS searched for a Higgs boson produced in vector boson fusion decaying to an undetected
particle and a photon 25. The results are interpreted in the context of a dark photon model
(H → γγD) and this is the first such search in vector boson fusion. No excess is observed in the
data and, assuming the SM cross section, a 95% confidence level upper limit on the branching
fraction of 3.5% is derived (expected (2.8)%). This results is also combined with an analogous
search in the ZH production channel giving an upper limit on the branching fraction of 2.9% at
95% confidence level ((2.1)% expected).

ATLAS instead searched for a mono Higgs into bb̄ events and interpreted the results in a
Two-Higgs-Doublet model with an additional pseudoscalar a (2HDM + S) 44. The signature
consists in missing transverse momentum and b-tagged jets consistent with a Higgs boson. A
candidate event display is shown in Fig. 51 left. Figure 51 right shows instead the exclusion
limits in a 2HDM + S model in the mA versus ma plane: masses of a are excluded up to 520
GeV and 240 GeV for tanβ = 1 and tanβ = 10 and a Dark Matter mass of 10 GeV, respectively.
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Limits on the visible cross sections are set and range from to 0.05 fb to 3.26 fb, depending on
the missing transverse momentum and b-quark jet multiplicity requirements.

Another interesting result has been obtained at Belle II using the data of the 2018 pilot run,
corresponding to only 0.2-0.4 fb−1: They performed a search for axion-like particles (ALPs)
a → γγ 45. The exclusion limits on the ALP are shown in Fig 52 and are the most restrictive to
date in the mass range 0.2 < ma < 1 GeV/c2.

Figure 52 – (left) Expected and observed 95% CL limits on the ALP cross section e+e− → γa. (right) Upper
limit at 95% CL on the ALP-photon coupling from this analysis and previous constraints from electron beam-
dump experiments and e+e− → γ + invisible, pro- ton beam-dump experiments, e+e− → γγ, a photon-beam
experiment, and heavy-ion collisions.

7 Precision measurements

7.1 Update of the measurement of the number of neutrino families at LEP

An update of the measurement of the number of neutrino families at LEP was presented46,47. The
beam-beam effects related to the deflection of outgoing small angle particles caused by the large
charge density bunches modify the acceptance of the luminometer systems of the experiments
as depicted in Fig. 53. These effects were not considered at the time of the measurements. After
taking them into account and also updating the Bhabha theoretical cross section according to the
latest calculations, the integrated luminosity measured by the LEP experiments is found to be
underestimated by about 0.1%, which is larger than the estimated experimental uncertainties.
The quantities that are found more affected by this effect are the number of light neutrino
species, mainly sensitive to the peak cross section, and to a lesser extent the hadronic cross
section at the Z peak and the Z width. When accounted for, this effect modifies the number of
light neutrino species determined at LEP from the measurement of the hadronic cross section

Figure 53 – Illustration of the effect of the focusing Lorentz force experienced by the charged leptons emerging
from a Bhabha interaction. The dashed lines show the original direction of the leptons, while the full lines show
their direction after the electromagnetic deflection induced by the opposite charge bunch.
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at the Z peak from Nν = 2.9840 ± 0.0082 to Nν = 2.9963 ± 0.0074 in agreement with the SM
within 0.5σ.

The luminosity measurement biases on and off the Z peak have also been found to modify
the hadronic cross section at the Z peak and the Z width.

In summary, the main changes observed are:

• Nν = 2.9963± 0.0074 from Nν = 2.9840± 0.0082,

• σ0
had = 41.4737± 0.0326 nb from σ0

had = 41.540± 0.037 nb,

• ΓZ = 2.4955± 0.0023 GeV from ΓZ = 2.4952± 0.0023 GeV.

7.2 Measurement of the fine structure constant α

An impressive measurement which has recently been reported is the determination of the fine
structure constant α with an accuracy of 81 parts-per-trillion 48,49. The measurement is carried
out by measuring the recoil velocity of rubidium atoms with an atom interferometer. The result,
as shown in Fig. 54 together with other measurements is:

α−1 = 137.035999206(11)

Figure 54 – Measurements of α from different experiments.

From the figure it is apparent that there is a large tension with the Berkeley result from
2018 which is an experiment based on a similar method. The discrepancy with this measurement
needs to be clarified.

7.3 Theoretical status of (g − 2)μ in the standard model

In 2020 an extensive review of the status of the theory predictions of the value of (g− 2)μ in the
standard model was carried out and documented in a white paper 50,51.

The final outcome of the study is a value of the theoretical prediction in the SM of:

αSM
μ = (g − 2)μ = 116591810(43)× 10−11

that compared to the experimental value measured at Brookhaven 52: yields a discrepancy of
3.7σ.

αSM
μ = (g − 2)μ = 116592089(63)× 10−11

One interesting possible update of this result is related to the QCD lattice calculations
of the the Hadronic Vacuum Polarization (HVP) effects recently carried out by the Budapest-
Marseille-Wuppertal (BMW) team53. They are the state-of-the-art lattice calculations but differ
from the dispersive ones currently used. If the BMW results were confirmed and used for the
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Figure 55 – Comparison between the (g − 2)μ measurement and its theoretical prediction, using different calcu-
lations of the HVP contribution.

theory prediction, the discrepancy between theory and experiment would be reduced below 2σ.
Figure 55 shows the comparison between the (g−2)μ measurement and the theoretical prediction
obtained using different calculations of the HVP contribution.

After the conference and before the submission of these proceeding, a new result has been
presented from the Muon g-2 experiment at Fermilab 54. It confirms the previous results and
when combined with them strengthens the discrepancy with the predictions which reaches 4.2σ.

7.4 Measurement of electric dipole moment of the neutron

Recently, a new measurement of the electric dipole moment (EDM) of the neutron was performed
at the Paul Scherrer Institute (PSI) 55,56. It uses Ramsey’s method of separated oscillating
magnetic fields with ultracold neutrons (UCN). Figure 56 shows a sketch of the spectrometer
used to measure the neutron EDM at PSI. The measured value of the neutron EDM is dn =

Figure 56 – Scheme of the spectrometer used to search for an nEDM. A nonzero signal manifests as a shift of the
magnetic resonance frequency of polarized UCNs in a magnetic field when exposed to an electric field.
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(0.0± 1.1(stat)± 0.2(syst)× 1026e cm.
This is the most precise measurement to date and compared to previous measurements has

a systematic uncertainty reduced by a factor 5 and it is for the first time dominated by statistic
uncertainties. As such it gives hopes to soon stop setting limits and be able to measure a non
zero value for the neutron EDM.

8 Outlook

In High Energy Physics, we continue to progress on all fronts. The SM seems in very good
shape for what concerns EW precision measurements. The new LFU results shown during
the conference, together with some long-standing tensions, such as that of (g − 2)μ that even
increased with the new results from the Muon g-2 experiment at Fermilab after the conference
These results give us hope to find some limitations of the SM and to gain access to unpredicted
phenomena.

Figure 57 shows the LHC schedule and the expected integrated luminosity increase of Belle
II. Next year, the next LHC Run will start and, together with the increase of the integrated
luminosity that will be collected by Belle II, will give us further opportunities to search for direct
and indirect effects of the possible LFU violation hinted by the current anomalies.

Figure 57 – (left) LHC schedule from 2011 until the end of the expected HL-LHC operation in 2035. (right)
Expected integrated luminosity at Belle II.

The coming years will surely see further progress in all areas addressed in the conference
and the whole community will have plenty of opportunities to further exercise their ingenuity
and creativity in the quest of the understanding the laws of nature.

A few final words about COVID are that, after more than one year of difficulties, in the best
case scenario limited to a more or less strict confinement and no travel, let’s hope we will soon
be able to return to a more normal life, that will allow us to travel, meet and discuss in person,
and have face-to-face interactions. Let’s also hope that this difficult experience will help us to
appreciate more our normal routine and will help us further improve our science interaction
methods.
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Evidence for the standard model Higgs boson decaying to a photon and a
low-mass lepton pair with the ATLAS detector at the LHC

A. Basalaev on behalf of the ATLAS Collaboration

Deutsches Elektronen-Synchrotron (DESY),
Notkestrasse 85, Hamburg, Germany

A search for the Higgs boson in the final state with a photon and a lepton pair (muons or
electrons) with an invariant mass mll < 30 GeV is presented. The analysis uses a data set of
pp collisions at a center-of-mass energy of 13 TeV corresponding to an integrated luminosity of
139 fb−1 collected with the ATLAS detector at the Large Hadron Collider. The search strategy
is presented, with a focus on a novel approach for resolving close-by electron candidates.
Evidence for the Higgs boson decaying to a photon and a low-mass lepton pair is found with a
3.2σ significance over the background-only hypothesis, compared to an expected significance
of 2.1σ. The best-fit value of the signal strength parameter, defined as the ratio of the observed
signal yield to the one expected in the Standard Model, is measured to be μ = 1.5± 0.5. The
Higgs boson production cross-section times the H → ��γ branching ratio for mll < 30 GeV is
determined to be 8.7+2.8

−2.7 fb.

1 Introduction

A particle consistent with the properties of the Standard Model (SM) Higgs boson was dis-
covered by the ATLAS and CMS collaborations in 2012 1,2. Since then, it has been observed
independently in the H → γγ, H → bb̄, H → ZZ(∗) → �+�−�+�−, H → WW (∗) → eνμν, and
H → ττ decay channels. With the full data set from the second run (2015-2018) of the LHC,
corresponding to 139 fb−1 of integrated luminosity, it becomes possible to explore rarer decay
channels.

One of these channels is a decay to two leptons and a photon H → ��γ, where � = e, μ.
With more data in the future, this three-body decay can be used to probe the CP properties
of the Higgs boson 3,4. It can also be sensitive to coupling modifications introduced by possible
extensions to the SM 5. The H → ��γ decay may occur in the following ways: in association
with final state radiation at the tree level, through a Z boson H → Zγ → ��γ or via a virtual
photon H → γ∗γ → ��γ at the one-loop level. The dominant Feynman diagrams are shown in
Figure 1. For the present search6, a requirement on the lepton pair invariant mass mll < 30 GeV
was used; in this regime, decays predominantly occur through γ∗, and other contributions are
negligible.

The CMS Collaboration reported a 95% CL upper limit on σ × B of 4.0 times the SM
prediction for the low-mass (mμ+μ− < 50 GeV) H → μ+μ−γ process based on a 35.9 fb−1 data

Copyright 2021 CERN for the benefit of the ATLAS Collaboration. Reproduction of this article or parts of
it is allowed as specified in the CC-BY-4.0 license.
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set 7. The H → Zγ → ��γ channel was explored by the ATLAS and CMS Collaborations as
well 7,8.
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Figure 1 – dominant Feynman diagrams for the H → ��γ decay.

2 Object and event selection

The analysis uses 139 fb−1 of high-quality LHC data recorded with the ATLAS detector 9 in
2015-2018. The events in this analysis are required to pass a combination of single-lepton,
dilepton, diphoton, and lepton-photon triggers. For the 2017 and 2018 data taking periods,
an additional trigger was used with an upper threshold on hadronic leakage in the calorimeter,
but no requirement on the width of the shower. This dedicated trigger recovered a significant
fraction of low-me+e− H → e+e−γ events, where the electrons tend to be highly collimated,
resulting in reduced trigger efficiencies of traditional electron triggers.

Events with at least one γ candidate and at least two oppositely-charged electrons or muons
are required. Jet candidates are used to suppress backgrounds and to select events produced
through vector-boson fusion (VBF). Standard reconstruction techniques are used for muon and
jet reconstruction 6. In the standard reconstruction, (resolved) electron and photon candidates
are reconstructed from the electromagnetic (EM) topoclusters and matching tracks in the ID. In
events with highly collimated electrons, the corresponding EM calorimeter deposits often merge.

To recover such ee-merged events, merged electrons are reconstructed by matching two
tracks to a single EM topocluster. To calibrate the energy of the merged electrons, the energy
calibration for converted photons with r = 30 mm is used, due to their kinematic similarities.
For the same reason, track requirements are applied to merged electron candidates to suppress
converted photons. A multivariate discriminator is trained to separate the signal merged electron
events from jet backgrounds. The identification and isolation efficiency is measured in data using
a tag-and-probe method with the Z → ��γ events and reaches ∼ 50%.

The candidate events are further selected and categorized using the kinematic requirements
aimed at increasing the expected significance. They are classified in three types (ordered by

priority): targeting the VBF Higgs boson production mode, high-p��γTThrust
a, and low-p��γTThrust

events. With ee-resolved, ee-merged and μμ events, this results in nine analysis categories.

3 Signal and background modelling

The signal yield is extracted from the m��γ distribution by fitting it with parametric functions.
The expected signal contribution is modelled using Monte-Carlo simulated (MC) H → γ∗γ
events and fitting the m��γ distribution with a double-sided Crystal Ball (DSCB) function,
featuring a Gaussian core and asymmetric power-law tails. An illustration of signal model in
the ee-merged high-p��γTThrust and ee-resolved low-p��γTThrust categories is shown in Figure 2.

The backgrounds in this analysis consist of a non-resonant component, and a much smaller
resonant background from H → γγ in the electron categories. The non-resonant background

ap��γTThrust = |�p��γT × t̂|, where t̂ = (�p��T − �pγT)/|�p��T − �pγT|. This quantity is strongly correlated with the �p��γT .
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Figure 2 – left: m��γ distribution for simulated H → γ∗γ signal 6 in the ee-merged high-p��γTThrust and

ee-resolved low-p��γTThrust categories (circles), and corresponding signal models (lines); right: m��γ distribution

for data 6 (black circles) and the non-resonant background template in μμ low-p��γTThrust category. Contributions
from different background sources are shown: the simulated ��γ processes (green), the data-driven estimate for
background with a misidentified photon (��j, red) or a lepton pair (γj, blue).

is modelled by fitting a background template with a smoothly falling function in the m��γ ,
selecting from exponential, exponential of a second-order polynomial, or power-law functions.
The functional form is chosen per category, based on the fit to a background-only template
(described below) with a signal-plus-background model. Since the background template contains
no signal, any fitted signal corresponds to a measurement bias (spurious signal); the function
minimizing the spurious signal is chosen. Additionally, other criteria, such as goodness of fit,
and number of degrees of freedom, are taken into account. The resonant H → γγ background
contribution is estimated using the DSCB function from the signal fit normalized to the expected
H → γγ yield.

The background template mentioned above is constructed combining the non-resonant ��γ
processes estimated using MC samples, and a smaller contribution from events with misidenti-
fied photons, electrons or muons is estimated using a data-driven technique. The data-driven
estimation is based on inversion of the identification and isolation requirements, thereby forming
control regions enriched in the corresponding background. The relative contribution of events
with a misidentified photon amounts to 10%. The estimated fractions of events with misidenti-
fied leptons are 4% in the μμ low-p��γTThrust category, 2% in the ee-merged low-p��γTThrust category,

and 30% in the ee-resolved low-p��γTThrust category. As an example, the background composition

in the μμ low-p��γTThrust category is shown in Figure 2.

The resulting signal and background functions are used to construct a likelihood model, with
systematic uncertainties implemented as nuisance parameters. The profile likelihood method is
used to estimate the ratio of the observed signal yield to the one expected in the SM, μ, and the
significance of the excess. Additionally, the σ × B(H → ��γ) for mll < 30 GeV is measured by
multiplying σSM × BSM with μ and propagating the systematic uncertainties, considering only
theoretical uncertainties in the acceptance, while uncertainties in the predicted cross-sections
and branching ratio do not apply.

4 Results

The search is dominated by the statistical uncertainty, with systematic uncertainties amounting
to just 35% of the total uncertainty on μ. Among the systematic uncertainties, the uncertainty
associated with the fit bias dominates with 6.1%. The theoretical uncertainty in BSM(H →
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γ∗γ → ��γ) contributes with 5.8%. Other uncertainties with smaller contributions include the
uncertainties associated with the QCD scale and with the parton density functions, uncertainties
related to identification efficiencies for the objects in the event, and the uncertainties in the
energy/momentum calibration.

In Figure 3 the m��γ distribution is shown with every data event reweighted by a category-
dependent weight. The signal plus background model is also shown, as well as the background-
only components: the non-resonant background and the resonant H → γγ.

An excess is found with a 3.2σ significance over the background-only hypothesis, compared to
an expected significance of 2.1σ. The best-fit value of the signal strength parameter is measured
to be μ = 1.5 ± 0.5. The Higgs boson production cross-section times the H → ��γ branching
ratio for mll < 30 GeV is determined to be 8.7+2.8

−2.7 fb.
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Measurement of CP structure in Higgs boson decays to a pair of τ leptons at CMS

Guillaume Bourgatte on behalf of the CMS Collaboration
Institut Pluridisciplinaire Hubert Curien, 67200 Strasbourg, France

The CMS experiment at LHC has performed the first measurement of the CP structure of
the tau Yukawa coupling. The measurement is based on a data sample corresponding to the
Run 2 data, collected in proton-proton collisions at

√
s = 13 TeV by the CMS experiment.

Dedicated analysis techniques are used to reconstruct the decay planes of the tau leptons
produced in Higgs boson decays, and exploit their angular correlations. Machine learning
techniques are deployed to distinguish between signal and background events. The measured
value of the CP mixing angle is 4 ± 17◦, at 68% confidence level. The observed significance
of the separation between the CP-even and CP-odd hypotheses is 3.2 standard deviations,
compatible with predictions for the standard model Higgs boson.

1 Introduction

Since its discovery in 2012 by the ATLAS 1 and CMS 2 experiments at the CERN LHC, the
Higgs boson has been scrutinized in detail. Its mass and couplings have been measured with
increasing precision and it behaves, for now, like predicted by the Standard Model (SM). The
SM predicts a pure scalar (CP-even, JCP = 0++) state for the Higgs boson. The CP structure
study of the couplings of the Higgs boson is of great interest because a deviation from the SM
would be a sign of a new physics.

The ATLAS and CMS experiments have made several coupling measurements with vector
bosons and these studies excluded a pure pseudoscalar (CP-odd, JCP = 0+−) state 3. The Hττ
coupling can be decomposed into a CP-even and a CP-odd coupling denoted as κτ and κ̃τ
respectively:

LY = −mτH

v
(κτ τ̃ τ + κ̃τ τ̃ iγ5τ), (1)

with mτ the τ lepton mass and v=246 GeV the vacuum expectation value. The mixing angle
φττ for the Hττ coupling can be defined in terms of the couplings as tan(φττ ) =

κ̃τ
κτ
.

The decay of a (pseudo)scalar Higgs boson into two fermions can be written as 4,5:

Γ(H → f f̄) ∝ 1− szs̄z ± Cs⊥s̄⊥, (2)

with s and s̄ the spin vectors of the τ leptons in the τ rest frames, z and ⊥ the longitudinal and
transverse components respectively, and C a unitary complex number. The sign in the transverse
term is positive (negative) if H is a scalar (pseudoscalar). For mixed couplings C takes a complex
value. The transverse spin components of the τ affect the angular correlation of the di-τ decay
products. For example, for τ decays to a charged pion and a neutrino, the transverse momentum
components of the charged pions are mainly anti-aligned for a scalar decay, and aligned for a
pseudoscalar. Consequently, the angle between the decay planes of the τ leptons is sensitive to
φττ .
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2 Analysis strategy

This is the first analysis6 that directly measures the potential mixing between a scalar and pseu-
doscalar state in the Hττ coupling. It uses the 137 fb−1 data set of pp collisions at

√
s = 13 TeV

collected with the CMS experiment 7 at the LHC in 2016-2018. Three templates are used for
the signal: φττ = 0, π2 ,

π
4 corresponding to a scalar Higgs, a pseudoscalar Higgs and a mixed

Higgs CP state with maximal violation respectively. A τ decaying to hadrons will be noted as
τh, and a τ decaying to a muon as τμ. The most sensitive channels, τhτh and τμτh, are studied
and cover about 50% of all possible di-τ final states. The Higgs CP state measurement is per-
formed by measuring the angles between the τ decay planes, which is the observable φCP, that
is model-independent. Methods applied to obtain these decay planes are presented below.

2.1 Impact parameter method

The impact parameter (IP) method is used for one charged particle decays by exploiting the
finite tau lifetime. It’s defined as the vector, called j±, between the primary vertex and the
point of closest approach of the track of the charged particle. The decay plane is then defined
by j± and the charged particle momentum direction. But the sensitivity to the Higgs CP state
of the observable φCP is improved in the frame where the sum of the charged particles momenta
coming from Higgs decays is null (ZMF). Then, the four-vector λ± is defined in the laboratory
frame as (0, ĵ±) with ĵ± the impact parameter unit vector. These vectors, with the charged
pion, are boosted in the ZMF and become λ∗± and q∗± respectively. λ̂∗±⊥ is then defined as the
unitary vector of the transverse component of λ∗± w.r.t. q∗±. From these vectors, φ∗, O∗ and
φCP are reconstruct as:

φ∗ = arccos(λ̂∗+⊥ · λ̂∗−⊥ ),

O∗ = q̂∗− · (λ̂∗+⊥ × λ̂∗−⊥ ),

φCP =

{
φ∗ if O∗ ≥ 0

2π − φ∗ if O∗ < 0
.

(3)

2.2 Neutral pion method

The neutral pion method is used for decays with more than one outgoing hadron. Unlike the
IP method, λ is the four-momenta vectors sum of the π0. The φCP angle is calculated in the
same way as in the IP method, but in order to avoid destructive interference from differently
polarised states of the mesons, the following observables need to be defined:

yτ
±
=

Eπ±−Eπ0

Eπ±+Eπ0
,

yτ = yτ
−
yτ

+
,

(4)

with Eπ± and Eπ0 the energy of the charged and neutral pions respectively in the laboratory
frame. If yτ < 0, φCP is shifted as 2π − φCP.

This method is also applicable to a three charged particles decay via an a1 resonance. The
pion pair with an opposite electric charge with an invariant mass the closest to the neutral ρ
mass is selected. Then, the pion from the pair with charge opposite to that of the τ is treated
as a π0, and only the momentum of the pion with same sign as the τ is used for the calculation
of the ZMF.

3 Events reconstruction and selection

The analysis reconstructs and selects events similarly to previous Higgs to tau tau analyses 8,9,
but some specific object identifications are used to match the needs of this analysis.
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τh leptons are reconstructed with the Hadron-Plus-Strip (HPS) algorithm 10. A deep neural
network called DeepTau 11 is used to improve the identification and reject jets, electrons and
muons misidentified as τh candidates. The reconstruction of the tau decay planes necessitates a
very good decay modes reconstruction. A boosted decision tree algorithm is applied on top of
the τh selection to better distinguish π, ρ, a1pr1 , a3pr1 and π±π∓π±π0 decays 12.

The primary vertex (PV) position is refitted by an Adaptive Vertex Fitter (AVF) algorithm
13. Due to the finite tau lifetime, tracks emanating from its decay do not originate from the
PV and are removed from the fit. A constraint on the beamspot is added and leads to an
improvement of the PV resolution in the transverse plane of a factor 3 for signal events, while
the z coordinate is largely unaffected.

The impact parameter of the charged track from the tau lepton decay is derived using a
helical extrapolation of the track parameters. Events with a decay mode including a muon or a
single pion are discarded if their impact parameter significance is below 1.5 to avoid a dilution
of the sensitivity.

4 Event categorisation and unrolled plots

The two main backgrounds in this analysis are events with two genuine taus and events with
a jet misidentified as a τh. The former is estimated with an embedding method 14 and the
latter by calculating fake factors. Both methods are data-driven estimations and are common
in Higgs analyses 8,9. In order to enhance the sensitivity of the analysis, events are categorized
according to their probability to be signal or background. A BDT is used for the τhτh channel
and a neural network for the τμτh channel. Each event, depending on the class receiving the
highest score, is assigned to one of these three categories: the Higgs, or signal, category used to
infer the CP quantum numbers of the boson, the genuine τ category including all background
processes involving two genuine τ , and the jet-fakes category including all remaining background
processes.

Then, the events in φCP distributions are split in intervals of increasing MVA score. These
distributions, called unrolled distributions, are equivalent to 2D distributions of the MVA score
versus φCP.

φCP distributions in backgrounds processes involving two genuine τ leptons or lepton misiden-
tified as τh are known to be flat in absence of reconstruction level effects and they are then
flatten by merging the bins. However, φCP distributions in the jet-fake background are not
flat but symmetric in φCP = 180◦. Hence this background is symmetrised, like backgrounds in
π + π and μ+ π channels where the impact parameter method is applied twice. Moreover, the
(pseudo)scalar signal templates are symmetrised in φCP = 180◦ and the maximally mixed signal
template is anti-symmetrised in φCP = 180◦.

5 Results

The CP-mixing angle φττ is extracted by performing a simultaneous fit to the data using the
likelihood function L(�μ, μττ , φττ , �θ), with �μ = (μggH, μqqH) the Higgs boson production signal
strength modifier w.r.t. the SM value, μττ the branching fraction modifier w.r.t. the SM value
of H → ττ decay, φττ the CP-mixing angle and �θ the nuisance parameters that account for the
systematic uncertainties. This fit gives a rejection of the pseudoscalar Hττ coupling hypothesis
w.r.t. the scalar one at an observed (expected) sensitivity of 3.2 (2.3) standard deviations. The
observed (expected) φττ value is 4± 17◦ (0± 23◦) at 68% CL, and ±36◦ (±55◦) at 95% CL.
Furthermore, this result can be decomposed as φττ = (4± 17(stat)± 2(bin− by − bin)± 1(syst)
±1(theory))◦ corresponding to the statistical, bin-by-bin fluctuations in the background samples,
experimental systematical and theoretical uncertainties components respectively.

This result is compatible with the SM predictions within the experimental uncertainties. In
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Fig. 1, scans of the branching fraction modifier w.r.t. the SM value μττ versus φττ (left) and of
κτ and κ̃τ (right) as defined in Eq. 1 are displayed.
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Figure 1 – Two-dimensional scans of the branching fraction modifier w.r.t. the SM value μττ versus φττ (left)
and the (reduced) CP-even (κ) versus CP-odd (κ̃) tau Yukawa couplings (right). All other Higgs couplings are
fixed to the SM expectation values 6.

6 Conclusion

This is the first measurement of the CP structure of the tau Yukawa coupling. The pure
pseudoscalar Higgs boson hypothesis is excluded with 3.2 (2.3) observed (expected) standard
deviations. The observed (expected) mixing angle is found to be 4± 17◦ (0± 23◦) at 68% CL.
The measurement is consistent with the SM expectation, and reduces the allowed parameter
space for extensions of the SM. As this analysis is mainly limited by the amount of data, the
result will be improved with Run 3 and HL-LHC data.
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The cross section for W or Z boson production in association with two photons is measured
in proton-proton collisions at a centre-of-mass energy of 13TeV is reported in this talk. The
data set corresponds to an integrated luminosity of 137 fb−1 collected by the CMS experiment
at the LHC. Limits on anomalous quartic gauge couplings are also set in the framework of an
effective field theory with dimension-8 operators.

1 Introduction

The production of multiple electroweak (EW) vector bosons in proton-proton (pp) collisions
represents a powerful probe to test the standard model (SM). Processes involving the associated
production of a vector boson V = W,Z alongside two photons, denoted as Vγγ, are very rare,
and their occurrence is predicted by the nonabelian nature of the EW interactions. The strength
of the interaction between the W boson and the photon is dictated by the values of triple and
quartic gauge couplings (TGC, QGC). Direct couplings between the Z boson and the photons
are forbidden by the SM. Possible deviations from the predicted couplings values are manifested
as an increased pp → Vγγ production cross section at high photon momentum and can arise
in many beyond the SM theories. A model-independent parametrisation of the predictions
involving anomalous quartic gauge couplings (aQGCs) can be calculated in an effective field
theory framework by introducing dimension-8 operators 1.

Both the CMS and ATLAS Collaborations have measured the Vγγ production cross sections
in pp collisions at a centre-of-mass energy of

√
s = 8TeV by exploiting the CERN LHC Run

1 available luminosity 2,3,4. The measured cross sections were found to be compatible with the
SM prediction and limits on the aQGCs parameters were placed.

In this work, the first measurement of the Vγγ production cross section in pp collisions at
a centre-of-mass energy of

√
s = 13TeV performed with data collected by the CMS detector

between 2016 and 2018 and corresponding to an integrated luminosity of 137 fb−1 is presented.
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2 Analysis strategy

The Wγγ (Zγγ) process is studied in events with a lepton (two opposite-sign same flavour
leptons) and two photons collected by the CMS detector. A detailed description of the CMS
detector, together with a definition of the coordinate system and relevant kinematical variables,
can be found in Ref. 5

For these measurements, events are selected using isolated single-lepton trigger require-
ments6; only the leptonic decays of the V boson into electrons or muons are considered. Leptons
are pre-selected with pT > 15GeV in the pseudorapidity range |η| < 2.5. A set of selection cri-
teria 7,8 are used to separate genuine leptons from misidentified ones. Background contributions
due to jets misidentified as leptons are rejected by applying a lepton isolation criteria. The
electron (muon) isolation variable is obtained by summing the transverse momenta of charged
hadrons, compatible with the primary vertex, neutral hadrons, and photons inside a cone of
radius ΔR =

√
(Δφ)2 + (Δη)2 = 0.3 (0.4) around the lepton direction.

Photons are selected with pT > 20GeV and |η| < 2.5. A medium photon identification 8 is
used to select prompt photons (i.e. not from hadron decays) in the final state. The background
coming from jet misidentified as photons is reduced by requiring the photon candidates to
be isolated with respect to the hadronic activity in the event. For this purpose, the same
isolation variable previously described for the electron selection is used. The background coming
from electrons misidentified as photons is reduced by requiring the reconstructed photons to be
separated from each other and from each reconstructed lepton by ΔR > 0.4. Additionally,
photons candidates are removed if the the invariant mass of any combination of the selected
electron(s) and one or more photons is compatible the Z boson invariant mass.

For a Vγγ event to be selected, the leading pT electron (muon) is required to have pT >
35 (30)GeV. For a Zγγ event to be selected, the invariant mass of the dilepton system is required
to be m�� > 55GeV.

The backgrounds in the Vγγ signal region are categorised as events with a genuine photon
or with another object misidentified as a photon. The largest contribution comes from jets
misidentified as photons. It is estimated by exploiting a control sample in data following the
methodology employed in Refs. 2,4. A vector boson is selected together with at least one photon
that passes the standard selection, except for the isolation requirement in both data and Monte
Carlo (MC). From the Vγ events, categorised with respect to the photon isolation into signal
and background control regions, the isolation probabilities for a prompt-photon and for a jet
to be reconstructed as an isolated photons are extracted. These probabilities are then used to
extrapolate the background fraction in the Vγγ phase space. The systematic uncertainty on
the misidentified jet background includes the choice of the Vγ control region, the photon initial
and final-state radiation modelling in the Vγ simulation, and the Vγ background cross section
theoretical uncertainty.

Another important source of background, relevant in the Wγγ electron channel, originates
from electrons that are reconstructed as photons because the deposit in the calorimeter is not
associated with a track in the tracker. The invariant mass of an electron and a photon is
reconstructed in data and MC. This mass distribution is fitted and a correction factor, obtained
in intervals of the photon pT and |η| is computed. The MC simulation is then corrected for these
factors on an event-by-event basis if a reconstructed photon matches a generator-level electron.
The systematic uncertainty on the misidentified electron background includes uncertainty in the
fitting procedure and the choice of the fit model.

The remaining minor contributions from processes that have genuine photons are estimated
using MC simulations and referred to as “others”.
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3 Results

The prefit diphoton pT distributions for the Wγγ and Zγγ analyses are shown in Figure 1. A
good agreement is observed between the data and the predictions thus validating the background
estimation procedure.
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Figure 1 – Distribution of the transverse momentum of the diphoton system for the Wγγ electron (upper left)
and muon (upper right) channels and for the Zγγ electron (lower left) and muon (lower right) channels. The
background estimate for electron (jet) misidentified as photons is shown in light brown (purple). The remaining
background is shown in green. In the ratio plots, the grey hashed area is the statistical uncertainty in the sum of
signal and backgrounds, while the uncertainty in the black dots is the statistical uncertainty of the data. In blue,
the expected distribution for an example value of the anomalous coupling parameters is also shown 9.

3.1 Inclusive cross section measurements

Binned maximum likelihood fits to the diphoton pT distributions in Figure 1 are performed
to extract the cross section and the significance of the results. The statistical and system-
atic uncertainties are included in the likelihood function in the form of nuisance parameters.
The measured cross sections are 13.63+1.93

−1.89 (stat)
+4.04
−4.02 (syst)±0.08 (PDF + scale) fb for the Wγγ

channel and 5.41+0.58
−0.55 (stat)

+0.64
−0.70 (syst) ± 0.06 (PDF + scale) fb for the Zγγ channel. These re-

sults are in agreement with the SM predictions obtained at next-to-leading order accuracy from
MadGraph5 amc@nlo. The Wγγ production is measured with a significance of 3σ thus rep-
resenting the first evidence of this process in pp collisions. The Zγγ production is measured with
a significance of 5σ and represents the first observation of this process in pp collisions at 13TeV.
The dominant uncertainties are those related to the misidentified jet background estimation, to
the photon scale factors, and to the Vγ background cross section theoretical uncertainty.
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3.2 Limits on anomalous quartic gauge couplings

Limits on aQGCs parameters, parametrised in the framework of an effective field theory as
as dimension-8 operators, are extracted at 95% confidence level by fitting the diphoton pT
distributions in Figure 1. The high pT bins in the distributions are the more relevant ones for
the determination of the limits. The expected and observed results are presented in Table 1.
Limits obtained for the fT5, fT6, fT7, fT8 and fT9 parameters are competitive with other diboson
and triboson results obtained by the ATLAS and CMS Collaborations at 13TeV. The fT0, fT1

and fT2 parameters are probed for the first time using the Zγγ channel.

Table 1: Expected and observed 95% confidence intervals for the different aQGCs parameters in the Wγγ and
Zγγ channels 9.

Wγγ[TeV−4] Zγγ[TeV−4]
Parameter Expected Observed Expected Observed

fM2/Λ
4 [−57.3, 57.1] [−39.9, 39.5] - -

fM3/Λ
4 [−91.8, 92.6] [−63.8, 65.0] - -

fT0/Λ
4 [−1.86, 1.86] [−1.30, 1.30] [−4.86, 4.66] [−5.70, 5.46]

fT1/Λ
4 [−2.38, 2.38] [−1.70, 1.66] [−4.86, 4.66] [−5.70, 5.46]

fT2/Λ
4 [−5.16, 5.16] [−3.64, 3.64] [−9.72, 9.32] [−11.4, 10.9]

fT5/Λ
4 [−0.76, 0.84] [−0.52, 0.60] [−2.44, 2.52] [−2.92, 2.92]

fT6/Λ
4 [−0.92, 1.00] [−0.60, 0.68] [−3.24, 3.24] [−3.80, 3.88]

fT7/Λ
4 [−1.64, 1.72] [−1.16, 1.16] [−6.68, 6.60] [−7.88, 7.72]

fT8/Λ
4 - - [−0.90, 0.94] [−1.06, 1.10]

fT9/Λ
4 - - [−1.54, 1.54] [−1.82, 1.82]

4 Summary

This work represents the first measurement of the Vγγ process in pp collisions at a centre-of-
mass energy of

√
s = 13TeV exploiting the full LHC Run 2 data set. The measured cross sections

are in agreement with the NLO SM predictions within their uncertainties. The corresponding
significances for observing the signal are 3 and 5 standard deviations, respectively. Limits on
anomalous quartic gauge couplings are set using both channels. The limits presented in this
work are obtained for the first time with the Zγγ channel by the CMS Collaboration.
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Measurement of four-top-quark production cross section in pp collisions at
√
s = 13
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Barcelona Institute of Science and Technology (BIST),
Barcelona, Spain

A measurement is presented of four-top-quark production using 139 fb−1 of proton-proton
collision data at a center-of-mass energy of 13 TeV collected by the ATLAS detector at the
Large Hadron Collider. Events are selected if they contain a single lepton (electron or muon)
or an opposite-sign lepton pair in association with multiple jets. The events are categorized
according to the number of jets and how likely these jets are to contain b-hadrons. A mul-
tivariate technique is then used to discriminate between signal and background events. The
measured four-top-quark production cross-section is 26+17

−15 fb, with a corresponding observed
(expected) significance of 1.9 (1.0) standard deviations over the background-only hypothesis.
The result is combined with the previous measurement performed by the ATLAS Collabo-
ration in the multilepton final state. The combined four top-quark production cross-section
is measured to be 24+7

−6 fb, with a corresponding observed (expected) signal significance of
4.7 (2.6) standard deviations over the background-only hypothesis. It is consistent within 2.0
standard deviations with the Standard Model prediction of 12.0 ± 2.4 fb.

1 Introduction

Given that the top quark is the known heaviest elementary particle in the Standard Model
(SM), it has a large coupling to the SM Higgs boson and is predicted to have large couplings to
hypothetical new particles in many models beyond the Standard Model (BSM). For this reason,
it is important to study rare production processes involving the top quark. In particular, the
production of four top quarks (tt̄tt̄) has not been observed yet and is expected to be enhanced
in several BSM scenarios, such as gluino pair production from supersymmetric theories 1,2, pair
production of scalar gluons 3,4, or the production of a heavy scalar or pseudoscalar boson in
association with a top-quark pair (tt̄) in type II two-Higgs-doublet models (2HDM) 5,7.

The tt̄tt̄ production process is also sensitive to the magnitude and charge conjugation and
parity properties of the Yukawa coupling of the top quark to the Higgs boson 8,9, as well as to
various four-fermion couplings in the context of the effective field theory framework. The top-
quark Yukawa coupling could be directly measured or constrained by the tt̄tt̄ production process,
without assumptions on the Higgs decay 8. All of these considerations make it interesting to
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Figure 1 – Examples of tree-level Feynman diagrams for SM tt̄tt̄ signal (left and middle) and one of the main
backgrounds, tt̄ production in association with b-jets (right). 13

search tt̄tt̄ production both within the SM, and BSM processes. The tt̄tt̄ cross section in proton-
proton collisions at a center-of-mass energy of

√
s = 13 TeV is predicted to be σtt̄tt̄ = 12±2.4 fb

at next-to-leading order (NLO) in QCD including electroweak corrections 12. Example Feynman
diagrams for SM tt̄tt̄ and tt̄ processes are shown in Fig. 1.

1.1 Signatures

Figure 2 – Branching ratio for the decays of four W
bosons.

Usually the top quark decays into a W bo-
son and b-quark; consequently, the tt̄tt̄ pro-
cess can be categorized according to theW bo-
son decays, which can be leptonic or hadronic.
The final states with two same charged lepton
or with more than two leptons is identified
as 2LSS/3L channel, whereas final states with
one lepton or an oppositely-charged lepton
pair are collectively identified as the 1L/2LOS
channel. Although the 2LSS/3L channel occu-
pies only 13% of branching on the whole chart,
it features a low level of background contam-
ination from SM processes. On the other
hand, the 1L/2LOS channel has the largest
branching fraction (55%) but is affected by
a large background from tt̄+jets, including
heavy-flavour jets.

In this article, the measurement of the tt̄tt̄ quark production in the 1L/2LOS channel 13

and the combination with previously published first evidence of this process in the 2LSS/3L
channel 11 is discussed. Both channels use 139 fb−1 of ATLAS 13 TeV pp collision data.

2 Analysis Strategy

Events are required to satisfy requirements of at least two b-tagged jets, and at least eight (six)
jets in the 1L (2LOS) channel. The events are then categorized, depending on the jet and b-jet
multiplicities, into control regions and signal regions. The b-tagging requirements for the event
categorisation are defined based on different b-tagging operating points with average expected
efficiencies of 60%, 70% and 85% 10, respectively by N60%

b , N70%
b and N85%

b in Table 1. The
former are depleted in signal and are used to improve the background prediction, whereas the
latter are used to search for the signal. A profiled likelihood fit is performed across the control
and signal regions summarized in Fig. 3. In the signal region categories, BDT distributions are
used, whereas in the control regions categories the distribution of scalar sum of the jets and
lepton(s) transverse momentum were used.
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Table 1: The b-tagging requirements for 1L and 2LOS channels 13.

Name N60%
b N70%

b NN85%
b

2b - =2 -
3bL ≤2 =3 -
3bH =3 =3 =3
3bV =3 =3 ≥3
≥4b (2LOS) - ≥4 -
4b (1L) - =4 -
≥5b (1L) - ≥5 -

Figure 3 – Schematic view of the event categorisation in the 1L channel (left) and 2LOS channel (right) 13.

The different b-tagging event categories result in different compositions of the tt̄+jets back-
ground. The validation regions (3bV) are used to ensure that the background prediction after
the likelihood fit is able to describe data in regions with background composition similar to that
of the signal regions, and they are not used in the fit. The relative contribution of signal and
backgrounds in all regions are shown in Fig 4. The main challenge of this analysis is the small
signal-to-background ratio, as shown in the figure.

Figure 4 – The relative contribution of signal and backgrounds in all region in the 1L channel (left) and 2LOS
channel (right) 13.
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3 Results

The post-fit results across all event categories are found to be in good agreement for each
distribution and total yield. An example BDT post-fit distribution, and summary of post-fit
event yields per category are shown in Fig. 5.

Figure 5 – Example BDT post-fit distribution in the 1L channel (left) and summary of post-fit event yields per
category (right) 13, both in the 1L channel

The measured signal strength μ, defined as the ratio of the measured cross section to the
SM prediction is,

μ = 2.2+0.7
−0.7(stat)

+1.5
−1.0(syst) = 2.2+1.6

−1.2.

The observed significance of the measured tt̄tt̄ is 1.9 σ. The largest contribution on the system-
atic uncertainty is from tt̄tt̄ and tt̄+jets modelling 13.

3.1 Combined Results

A combined likelihood fit is performed across all event categories considered in the 1L/2LOS
and 2LSS/3L analyses in order to obtain the combined signal strength. Fig. 6 (right) compares
the signal strengths measured by the individual analyses as well as their combination.

The combined SM tt̄tt̄ production cross section is measured to be,

σtt̄tt̄ = 24± 4(stat)+5
−4(syst) = 24+7

−6fb

with a corresponding observed (expected) signal significance of 4.7 (2.6) standard deviations over
the background-only hypothesis. The measured cross section is consistent within two standard
deviations with the SM predicted cross section of σSM

tt̄tt̄ = 12.0±2.4 fb which includes NLO QCD
and electroweak corrections 12.
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Figure 6 – (Left) Observed and expected event yields as a function of log10(S/B), where S and B are the post-fit
signal and total background yields, respectively. (Right) Comparison of the signal strength measured by the
individual analyses, as well as their combination. 13.
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ttGamma inclusive and differential measurement by CMS

Lukas Lechner
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Institute of High Energy Physics, Vienna, Austria

The production cross section of a top quark pair in association with a photon is measured in
proton-proton collisions at the center-of-mass energy of 13 TeV. The data set of 137 fb−1 was
recorded by the CMS experiment during the LHC Run II. The measurement is performed in
events with a well isolated, highly energetic lepton (electron or muon), with at least three jets
from the hadronization of quarks and one isolated photon. The photon may be emitted from
initial state radiation, from the top quarks, as well as from decay products of the top quarks.
The analysis makes use of simultaneous likelihood fits in several signal and control regions to
distinguish the tt̄+γ signal process from various backgrounds. The inclusive cross section for a
photon with transverse momentum of pT ≥ 20 GeV is measured as 800±46 (syst)±7 (stat) fb,
in good agreement with the prediction from the standard model. The measurement is also
carried out differentially in several kinematic observables and interpreted in the framework of
the standard model effective field theory.

1 Introduction

The large amount of proton-proton collision data at a center-of-mass energy of
√
s = 13 TeV

at the CERN LHC allows for precision measurements of standard model (SM) processes with
very small production rates. Precision measurements of top quark production provide a testing
ground for the SM predictions and for phenomena beyond the standard model (BSM).

A measurement of the inclusive and differential production cross section of a top quark-
antiquark pair and a photon (tt̄γ) is performed in the semileptonic (electron or muon) decay
channels1. The analysis uses a data sample recorded by the CMS detector2 during Run II (2016–
2018) of the LHC which corresponds to an integrated luminosity of 137 fb−1. Examples of
Feynman diagrams at leading order contributing to the tt̄γ signal topology are shown in Fig. 1.

Figure 1 – Representative LO Feynman diagrams for the tt̄γ signal process in the single lepton channel.

The measurement is conducted in a signal region with exactly one lepton, exactly one photon,
and three or more jets among which at least one is b tagged. Events are subsequently classified
into one of three categories based on the matched generator particle. In the “genuine photon”
category, the reconstructed photon is matched to a generated photon that originates from a
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lepton, a boson, or a quark. The “hadronic photon” category is comprised of events where the
photon is matched to a generated photon that originates from a hadron, or if no photon match
is found at all. In the “misidentified electron” category, the photon is matched to an electron.

For the extraction of the inclusive cross section, the signal region is binned in 3 bins of the
observable M3, where M3 is computed as the 3-jet invariant mass of the jet combination among
all reconstructed jets that maximizes the magnitude of the transverse momentum vector sum.
Differential cross sections are measured for pT(γ), |η(γ)| and the angular separation of the lepton
and the photon, ΔR(�, γ), and unfolded to a fiducial phase space volume defined at the particle
level.

2 Fiducial phase space definition

The fiducial region of the analysis is defined at particle level by applying a similar event selection
to the stable particles after the event generation, parton showering and hadronization but before
the detector simulation. Electrons (muons) must have pT > 35 (30) GeV and |η| < 2.4 and must
not originate from hadron decays. Photons are selected if they do not originate from hadron
decays, satisfy pT ≥ 20 GeV and |η| < 1.4442, and are found outside a cone of ΔR > 0.4
around the leptons. Photons inside a cone of ΔR ≤ 0.1 are added to the lepton before the
lepton selection. The photon must be isolated from all stable particles except neutrinos with a
pT > 5 GeV. Jets are clustered using the anti-kT algorithm with R = 0.4 using all final state
particles excluding neutrinos and are selected if a requirement of pT > 30 GeV and |η| < 2.4 is
fulfilled. A ghost matching method to b hadrons is used to determine the flavour of the jets, with
those matched to b hadrons tagged as b jets. Finally, the overlap of jets and other candidates is
removed by excluding jets within ΔR ≤ 0.4 of lepton candidates or within ΔR ≤ 0.1 of photon
candidates.

3 Background estimation

Several background processes can mimic the signal and their contributions to the signal regions
are estimated using background enriched control regions. The QCD multijet background with
misidentified or nonprompt leptons is estimated by normalizing suitable templates obtained from
an event sample with leptons passing loose lepton isolation criteria. A background from pho-
tons produced via the fragmentation or hadronization of particles inside hadronic jets (hadronic
photons) is estimated in a control region with relaxed criteria on the shower shape of the photon
in the ECAL and the photon charged-hadron isolation. Events without b-tagged jets are domi-
nated by backgrounds with promptly produced photons (Wγ,Zγ). Using the invariant mass of
the lepton and the photon, a further significant component of backgrounds with misidentified
electrons can be separated from the prompt backgrounds.

4 Results

The observed data, as well as the predicted signal and background yields in the control and
signal regions are shown in Fig. 2 and 3 (left). A comparison of the measured cross sections and
the SM prediction is shown in Fig. 3 (right). The combined cross section of the Njet = 3 and
Njet ≥ 4 channels within the fiducial phase space is measured to be

σfid.(tt̄γ) = 800± 46 (syst)± 7 (stat) fb, (1)

in good agreement with the SM prediction.
The differential cross section is measured as a function of pT(γ), |η(γ)| and ΔR(�, γ). Results

are obtained simultaneously for the e and μ channels, the 3 jet and ≥ 4 jet bins, and for the three
data taking periods. For each bin, the signal strength is left floating in the profiled likelihood fit.
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Figure 2 – Predicted yields and observation in the control regions in the Njet = 3 and Njet ≥ 4 selections for
post-fit values of the nuisance parameters 1.
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Figure 3 – Predicted yields and observation in the signal regions in the Njet = 3 and Njet ≥ 4 selections for
post-fit values of the nuisance parameters (left). Summary of the measured inclusive cross sections normalized to
the NLO prediction (right) 1.
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The reconstruction level distributions are unfolded to the fiducial particle level phase space using
a response matrix, that takes into account both detector response and acceptance corrections.
The differential cross sections, obtained by this procedure, are shown in Fig. 4.
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Figure 4 – The unfolded differential cross sections for pT (γ) (left), |η(γ)| (middle), and ΔR(�, γ) (right) 1.

The differential cross section measurement is interpreted in the context of SM effective field
theory in the Warsaw basis 3, formed by 59 independent Wilson coefficients of mass dimension
6. The operators ctZ and cItZ induce electroweak dipole moments of the top quarks and the
spectrum of pT(γ) is a sensitive probe to such modifications. Fig. 5 (right) shows the best-fit
result in the two-dimensional plane spanned by ctZ and cItZ and the log-likelihood scan. The
SM prediction is within the 95% confidence interval of the best-fit value of the ctZ and cItZ
coefficients. Fig. 5 (left, middle) displays the one-dimensional scans, where in each figure, all
other Wilson coefficients are set to zero. The corresponding 1D confidence intervals at 68 and
95% CL are the most stringent direct constraints to date.
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Figure 5 – Results of one-dimensional scans for the Wilson coefficients ctZ (left) and cItZ (middle), and for
the two-dimensional plane (right). The shading quantified by the color scale on the right reflects the negative
log-likelihood ratio with respect to the best-fit value, designated by the star. The green and orange lines indicate
the 68 and 95% CL contours from the fit, respectively. The dot shows the SM prediction 1.
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Recent results from MEG and status update for MEG II
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The MEG experiment completed data taking in 2013 after several years and published in
2016 the most stringent upper limit on the BR(μ+ → e+γ) < 4.2× 10−13 at 90% confidence
level. Recently, the search for μ+ → e+X,X → γγ was conducted using the full MEG data
sample and the results reported. To improve the sensitivity to the BR(μ+ → e+γ) down to
6× 10−14, the experiment has been upgraded as MEG II. The MEG II apparatus is ready for
an engineering run at the end of 2021. Furthermore, MEG II plans to perform a measurement
of the beryllium anomaly in the beginning of 2022.

1 The MEG Experiment

The MEG experiment was designed to search for the charged lepton flavour violating (cLFV)
decay μ+ → e+γ. This decay is of special interest as it is completely forbidden within the Stan-
dard Model with massless neutrinos. Even when considering the observed neutrino oscillations
the estimated branching ratio remains highly suppressed. Many theories beyond the Standard
Model predict an experimentally accessible BR(μ+ → e+γ) in a sizable part of their parameter
space that can be excluded by setting a more stringent limit.

For this purpose, the detector of the MEG experiment was designed as shown in Figure 1.
The incoming muons were stopped on a dedicated stopping target. Photons from the μ+ → e+γ
decay would be detected by the liquid xenon calorimeter while the positrons would first pass
through the drift chambers and end up in the timing counter. A more detailed description can
be found in the dedicated article 1.

The search for the time coincidence of a 52.8MeV photon and a 52.8MeV positron in back

Figure 1 – Sketch of the MEG experiment.
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to back geometry was conducted over several years and data taking ended in 2013. The final
result of the MEG experiment2

BR(μ+ → e+γ) < 4.2× 10−13 at 90% C.L. (1)

presents the most stringent bound on this cLFV decay.

2 Muon Decay to a Positron and two Photons

While for the μ+ → e+γ search, only events with one photon are considered, the data taken
contains events with two synchronous photons detected in the xenon calorimeter. In combination
with an appropriate positron detection, this could be the signature for the decay

μ → eX X → γγ (2)

where X stands for a yet undiscovered, short-living particle. While no evidence has been found
experimentally so far, theories offer many potential candidates, such as ALPs3,4,5,6, Majoron7,8,
familon9,10,11,12, flavon13,14, flaxion15,16, hierarchion17 or strongly interacting massive particles18,19.

The search of signatures of the X-particle decay at different masses was performed on the
full MEG data base. The main findings20 are summarised in Figure 2. The observations match
the expected background and no significant excess could be found. Thus new upper limits on
the BR(μ+ → e+X,X → γγ) versus the X-particle mass were established.

Figure 2 – Upper limits on the BR(μ+ → e+X,X → γγ) versus the X-particle mass.

3 Status of the MEG II Upgrade

After the MEG experiment was completed, the existing apparatus has been substentially up-
graded for the MEG II experiment. For this process, the shortcomings of the MEG detector
were considered and improved equipment was installed 21,22. While for the xenon calorimeter
the PMTs on the inner face were replaced by SiPMs, the drift chambers were replaced by a
large cylindrical drift chamber and the timing counter completely redesigned to use a pixelated
approach.

During the pre-engineering run in 2020, all subsystems were operated with a subset of the
readout electronics and all calibration methods proven to be working with the upgraded detector.
With the full readout electronics available, MEG II will perform a full engineering run in the
second half of 2021.
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Figure 3 – MEG II Detector visualisation.

4 Future Plans

The ultimate goal of the MEG II experiment is to measure the branching ratio of the decay
μ+ → e+γ. The sensitivity of the MEG II experiment21 is 6× 10−14 with three years of data
taking.

Another physics result that can be obtained with the MEG II apparatus is an independent
measurement of what is known as the beryllium anomaly23. It was first interpreted as sign of
physics beyond the Standard Model due to a 16.7MeV X-boson, which was backed with a later
observation in helium24. Later, theorists offered an explanation for the observations in beryllium
using advanced calculations including NLO terms and the detector setup used to observe the
anomaly25. Yet it remains uncertain if the same explanation would hold for what was observed
with helium.

With the MEG II drift chamber and timing counter, the apparatus offers a spectrometer
with excellent electron and positron detection capabilities. By using the proton beam from a
CW accelerator already used for lithium based calibrations on a dedicated target and adjusting
the magnetic field accordingly, the anomaly can be measured with a different detector geometry
and technology while offering the potential to search for the signature in the angular distribution
as well as in the invariant mass distribution.

The measurements are foreseen in the beginning of 2022. The expected performances of
the MEG II detectors are such to discriminate unambiguously between the explanation of the
beryllium anomaly due to the 16.7MeV X-boson and its SM interpretation.

5 Conclusion

The MEG experiment searched for the cLFV decay μ+ → e+γ with unprecedented accuracy.
The most stringent upper limit BR(μ+ → e+γ) < 4.2× 10−13 at 90% C.L. was established.
Moreover, the decay μ+ → e+X, X → γγ was investigated. The upper limits depending on the
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mass of the X-particle are shown in Figure 2.
The upgrade to the MEG II experiment is completed and the apparatus is now ready to start

an engineering run in the second half of 2021. The physics goal is to search for the μ+ → e+γ
with a sensitivity of 6× 10−14 with three years of data acquisition.

A result to be expected earlier in 2022 is an independent measurement of what has been
reported as the beryllium anomaly. Using the MEG II spectrometer and the existing proton
accelerator used for lithium-based calibrations, this measurement can be completed in the be-
ginning of 2022 with a short time of data acquisition.
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Search for electroweak production of charginos and neutralinos in final states with
three leptons and missing transverse momentum with the ATLAS experiment

M. Aparo
University of Sussex, School of Mathematical and Physical Sciences,

Pevensey II, Falmer, Brighton BN1 9QH, UK

A new search for electroweak production of charginos and neutralinos decaying to final states
with three light leptons – electrons or muons – and missing transverse momentum is presented.
The analysis is performed by using the full Run-2 data sample – corresponding to an integrated
luminosity L = 139 fb−1 – collected with the ATLAS experiment. Results are interpreted in
the context of an R-parity-conserving simplified model in which charginos and neutralinos
decay via the intermediate production of W and Z bosons or W and Higgs (h) bosons. The
new results significantly extend published constraints on relevant sparticle masses.

1 Introduction

Supersymmetry (SUSY)1 is one of the theoretical extensions of the Standard Model (SM). With
SUSY it is possible to ensure the naturalness in the prediction of physics observables at higher
energy than the electroweak scale. In addition, in many SUSY models, if R-parity2 is conserved,
SUSY particles (sparticles) must be produced in pairs and the Lightest Supersymmetric particle
(LSP) is stable, electrically neutral, and weekly interacting. The LSP would then constitute
a viable candidate for dark matter, producing collider signatures with large missing transverse
momentum. In the ATLAS experiment3 at the Large Hadron Collider (LHC)4, the cross section
for producing sparticle pairs is highly dependent on their mass5,6. Strongly interacting sparticles
(squarks and gluinos) generally have larger cross sections then electroweakly-interacting sparti-
cles of equal masses. In particular, charginos (χ̃±i , i = 1, 2) and neutralinos (χ̃0

j , j = 1, 2, 3, 4)
are the mass eigenstates (states are ordered by increasing values of their mass) formed from the
linear superposition of the SUSY partners of the Higgs and electroweak gauge bosons: higgsino,
wino and bino. If squarks and gluinos were much heavier than charginos and neutralinos, then
the electroweak production of the latter may be the dominant SUSY process at the LHC. Exist-
ing limits on the masses of squarks and gluinos 7 extend well beyond the TeV scale. Therefore,
electroweak direct productions of χ̃±1 χ̃

0
2 decaying in multileptonic final states may be important

probes to search for SUSY at the LHC.

2 χ̃±1 χ̃
0
2 → WZ/h → 3� search

A search for direct χ̃±1 χ̃
0
2 production into a three lepton (electrons or muons) final state is

described in the context of an R-parity conserving simplified model in three different scenarios
(Figure 1). In all of them, χ̃±1 and χ̃0

2 – assumed to be mass-degenerate and purely Wino – decay
into a pair of χ̃0

1 – a Bino-like, stable LSP – via an intermediate state with: off-shell W and
Z bosons (“Off-shell WZ” scenario), on-shell W and Z bosons (“On-shell WZ” scenario) and
on-shell W and SM Higgs bosons (“On-shell Wh” scenario). The final state considered is that
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with three isolated electrons or muons and missing transverse momentum – from the undetected
neutrinos and neutralinos – and no b-tagged jets.

Figure 1 – Diagrams of the production of χ̃±1 χ̃
0
2 decaying to 3� via off-shell WZ (left), via on-shell WZ (center)

and on-shell Wh (right).

Event selections enriched in signal (signal regions, or SRs), are designed independently for
each of the targeted scenario. In the WZ (on-/off-shell) analysis, two of the three leptons in the
final state are required to be consistent with the decay of a Z/Z∗, whilst the remaining lepton
is associated with the W/W ∗ boson. The event selection is mainly based on the presence of a
pair of same flavour opposite sign (SFOS) leptons and the invariant mass of such pair (m��) is
used as a discriminant.

In order to define SRs for the “Off-shell WZ” scenario, events are required to have 1GeV ≤
mmin

�� ≤ mmax
�� < 75GeV, which also helps to maximally suppress combinatorial backgrounds

with an on-shell Z boson. Moreover, to further suppress the background with Fake/Non-Prompt
(FNP) leptons, especially from SM Z+jets events, a dedicated isolation requirement is used on
the lepton with the lowest pT , which is commonly also the most FNP-like lepton of the three.

Events targeting the “On-shell WZ” scenario are selected by requiring the invariant mass of
the SFOS leptons to be compatible with the mass of the Z boson (|mSFOS

�� −mZ | < 15 GeV).
If more then one SFOS pair is present in the event, the pair with the invariant mass closest
to mZ is associated with the decay of the Z boson, whilst the third lepton is assigned to the
W boson decay. As well as in the “Off-shell WZ” case, the search is then carried out using
a sophisticated multi-bin SRs approach with various kinematic variables (light jet multiplicity,
m��, transverse mass mT ) in order to enhance the sensitivity for different chargino-neutralino
mass splitting (Δm(χ̃±1 /χ̃

0
2, χ̃

0
1)) scenarios, exploit topologies with jets from initial state radiation

and, in general, to take into consideration the differences in signal and background kinematics
and composition.

Finally, in the “On-shell Wh” scenario, the opposite-sign lepton pair coming from the decay
of the SM h boson can either be of the same or different flavour. In the former case, the SRs
are defined such that the invariant mass of the SFOS pair is incompatible with the mass of the
Z boson (|mSFOS

�� − mZ | ≥ 15 GeV). This allows the “On-shell Wh” SRs to be orthogonal to
the ones defined for the “On-shell WZ” scenario. The search is then carried out by employing
a similar binned SRs approach as in the “On-shell WZ” case. If no SFOS lepton pair is found,
events are also considered if they have a different flavour opposite sign (DFOS) lepton pair and
a third lepton (associated with the W boson) forming a same flavour same sign (SFSS) pair
with one of the other two leptons. In this case, SRs are defined by binning in the light jet
multiplicity while requiring a small angular separation between the DFOS leptons to achieve a
better signal-to-background separation.

The SM backgrounds for this search can be divided into irreducible and reducible. To the
first category belong all those background with a final state analogous as that expected from
the signal, such as fully-leptonically decaying SM WZ events, which is also the dominant back-
ground for this search. The WZ yields in Monte Carlo (MC) simulations are normalised to data
in dedicated control regions (CRs). Some SRs, especially those with DFOS leptons, are also
sensitive to irreducible backgrounds from SM Higgs and Triboson processes. SM events with at

360



least one FNP lepton – such as in SM Z+jets processes – make up the reducible background,
which is estimated through the use of data-driven techniques. All SRs, CRs, and validation
regions (VRs) for each one of the searches are designed to be orthogonal to one another. The
final background estimate is obtained with a profile log-likelihood fit 8, simultaneous in all CRs
and SRs.

3 Results

The full Run-2 results from the data observed in all SRs show no significant excess with respect
to the SM prediction (Figure 2). Model-dependent upper limits on m(χ̃±1 /χ̃

0
2) and m(χ̃0

1) at
95% Confidence Level (CL) are set for simplified model scenarios taken into account (Figure 3)
using the CLs prescription in the signal-plus-background hypothesis 9.

Figure 2 – Comparison of the observed data and expected SM background yields in the SRs for “On-shell WZ”
(top, left) and “On-shell Wh” (top, right) and “Off-shell WZ” (bottom) scenario 10.

For “On-shellWZ” scenario, m(χ̃±1 /χ̃
0
2) are excluded up to 640 GeV for a massless χ̃0

1, and up
to 300 GeV for Δm(χ̃±1 /χ̃

0
2, χ̃

0
1) close to mZ . In case of Δm(χ̃±1 /χ̃

0
2, χ̃

0
1) of 5-90 GeV – the phase

space covered by the “Off-shell WZ” analysis – m(χ̃±1 /χ̃
0
2) are excluded up to 200-300 GeV. For

the “On-shell Wh” scenario, m(χ̃±1 /χ̃
0
2) are excluded up to 185 GeV for m(χ̃0

1) below 20 GeV.
In this case, the observed exclusion limit is weaker than the expected limit, which is explained
by the mild excess found in one of the DFOS SRs; the limits are however compatible within
2σ. These results have been recently published 10, and the obtained exclusion limits are greatly
improved compared to the previous equivalent search using the Run 1 8 TeV dataset 11.

4 Conclusions

The search for electroweak direct production of χ̃±1 /χ̃
0
2 with boson-mediated decays to multi-

leptonic final states is one of the key analyses to search for SUSY at the ATLAS experiment at
the LHC. The new results in a three-lepton final state presented in this document significantly
extend the known constraints on charginos and neutralino masses in the context of the simplified
model taken into consideration. Moreover, the possibility to statistically combine these results
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Figure 3 – Exclusion limits at 95% CL for the WZ -mediated scenarios (left) and the Wh-mediated scenario
(right) 10.

with analogous ones, carried out in different channels and final sates, will allow to further probe
the SM predictions in specific phase spaces whilst searching for physics beyond the SM.
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Search for new physics in the lepton plus missing transverse momentum final state
in proton-proton collisions at 13 TeV center-of-mass energy
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A search for physics beyond the standard model in final states with an electron, or muon,
and missing transverse momentum is presented. The analysis uses data from proton-proton
collisions at 13 TeV center-of-mass energy, collected with the CMS detector at the LHC in
2016, 2017, and 2018 corresponding to a total integrated luminosity of 137 fb−1. No significant
deviation from the standard model prediction is observed. Model-independent limits are set on
the production cross section of W ′ bosons decaying into lepton plus neutrino final states. The
best exclusion limit obtained is 5.7 TeV at 95% confidence level on the mass of a sequential
standard model W ′ boson with standard-model-like couplings and comes from combining
electron and muon decay channels. Constrain on W oblique electroweak parameter is also
presented, for the first time using LHC data.

1 Introduction

Experimental evidence from the last half-century has established the standard model (SM) as
a foundational theory of particle physics. However, several fundamental physical aspects are
still not explained by the SM. To address a variety of open issues many compelling beyond the
standard model (BSM) theories have been proposed.

This presentation focuses on a search for new physics using the final state containing a
charged lepton (electron or muon) and a neutrino in a inclusive way. As neutrinos can not
be detected directly by the CMS detector, their existence is inferred from an imbalance in the
transverse momentum, �pT, within the event. This imbalance in �pT is referred to as missing
transverse momentum, �pmiss

T = −∑�pT of all reconstructed particles in the event.

We look for the presence of a signal resonance in the high-mass tail of the transverse mass
(MT) distribution of the charged lepton and the pT imbalance system, where events from
background processes are rare. The main discriminating variable, MT is defined as MT =√
2 pT pmiss

T (1− cos[Δφ(pT, �pmiss
T )]), where pT is the magnitude of the lepton’s transverse mo-

mentum and Δφ(pT, �p
miss
T ) is the azimuthal opening angle between the directions of �pmiss

T and
of the lepton. The shape of the MT distribution is studied using a binned likelihood method.

This analysis uses data corresponding to an integrated luminosity of 137 fb−1 of proton-
proton collisions at

√
s = 13 TeV, recorded by the CMS detector at the LHC between 2016

and 2018. The results of 2017 and 2018 data analysis here presented are combined with the
published result for 2016 data 1.
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2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid. A more detailed description of the CMS detector can be found in Ref. 2.

3 Background estimation and object reconstruction

To model the SM backgrounds large samples of events having high MTare simulated. The
main irreducible background is W→ �ν, with � = e, μ, and τ . The W→ τν is considered
as background, mainly contributing when the τ lepton decays into an electron or a muon. To
estimate the dominant SM W boson backgrounds precisely, a combination of different samples is
used: off-shell W boson generated at high-mass, inclusive on-shell W + jets samples and boosted
W bosons. Other processes contributing to the background are tt̄, single top, Drell–Yan, diboson
and QCD.

Electrons are reconstructed from clusters of energy deposits in the ECAL matched to hits in
the tracker, and the candidates are required to pass a set of identification and isolation criteria
optimized for high energy values.

Muons are reconstructed by matching tracks from the inner tracker with hits, or segments,
in the muon system. The information from the tracker and the muon system are combined in an
efficient way as to keep good pTresolution and low sensitivity to energy losses due to radiative
processes of energetic muons.

Jets are reconstructed offline from the energy deposits in the calorimeter towers, clustered
using the anti–kT algorithm 3 with a distance parameter of 0.4.

4 Event selection

Signal events are selected by requiring the presence of one isolated high momentum lepton. Elec-
tron events were triggered by a single electromagnetic cluster having ET> 200 GeV and |η| < 2.5.
Muon events were collected using a single-muon trigger requiring a muon with pT > 50 GeV
and |η| < 2.4. The offline thresholds of the lepton pT must be above the efficiency plateau
of the trigger. The offline electrons are required to have pT > 240 GeV and muons required
pT > 53 GeV. The lepton and pmiss

T are expected to be nearly back-to-back in the transverse
plane and balanced in transverse momentum. We require the ratio pT/p

miss
T to be between

0.4 and 1.5. At the same time we require the azimuthal angular difference between the lepton
�pT and �pmiss

T to be Δφ(�pT, �p
miss
T ) > 2.5.

The resulting MT distributions in the electron (left) and muon (right) channels are shown
in Fig. 1, combining the three years’ data sets. The binning is set according to the resolution.

Several sources of uncertainty can modify the shape, or normalization, of the transverse mass
distribution of the lepton + �pmiss

T system, impacting the background and signal description. For
each source of uncertainty the full analysis is repeated with the value of the relevant parameters
shifted up and down by one standard deviation.

5 Results

The data and SM prediction agree well within the uncertainties. Thus, no significant deviation
from expectation is observed.

364



Figure 1 – MT distributions for the electron (left) and muon (right) channels after applying selection criteria.

5.1 Exclusion limit on the SSM W’ boson model

Limits on σW′ × B as a function of W′ boson mass, in the SSM scenario 4, are shown in Fig. 2
(left). The signal theoretical cross section is calculated to NNLO in QCD precision level. The
PDF and αs uncertainties are shown as a narrow band around the cross section line. The
intersection of the central value of the σW′ × B and the limit curve gives the exclusion limit on
the W′ boson mass.

Masses, MW′ , below 5.4 TeV (5.3 TeV expected) and 5.6 TeV (5.5 TeV expected) are excluded
in the electron and muon channel, respectively. The exclusion limit increases to 5.7 TeV (5.6 TeV
expected) when combining both channels.

5.2 Exclusion limit on the model-independent cross section

A model-independent (MI) upper limit at 95% CL is set on σ×B×A× ε, Figure 2 (right). The
MI limit is determined using a single-bin counting method with all events above a threshold,
Mmin

T , summed together. If the background yield is low enough this method provides comparable
sensitivity to that of the multi-bin method. The resulting MI limit can be reinterpreted using
other models having the same final states.

Figure 2 – The 95% CL observed (solid line) and expected (dashed line) limits for an SSM W′ boson as a function
of W′ boson mass (left) and model-independent limits as a function of Mmin

T threshold (right).
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5.3 Exclusion limit on the W parameter

The comparison between the dilepton transverse mass spectra in data and expected SM back-
ground contributions allows the oblique W and Y parameters 5 to be constrained. The �ν final
state is sensitive only to W parameter. For non-null W values, the modification of the �ν
MT distributions at generator level, relative to that of the SM, can be obtained by re-weighting
with the ratio of propagators as a function of W parameter.

To find the W parameter value that best reproduces data, a binned negative log-likelihood
fit has been implemented. By combining the electron and muon channel distributions from the
2017 and 2018 pp collision data at

√
s = 13 TeV, a fit value of W = −12+5

−6×10−5 is found. The
outcome of the fit and the region allowed (1 and 2 standard deviation bands) by these results in
the W parameter together with the one derived from LEP results 6 in the W − Y space, at 2σ
CL is shown in Fig. 3. This result improves previous limits by more than an order of magnitude
in the oblique W parameter’s value.

Figure 3 – Region in the Y −W parameter phase space allowed by the current analysis at the 2σ level.

6 Summary

A search for a deviation relative to SM expectations in events with a final state consisting of
a lepton (electron or muon) and missing transverse momentum in proton-proton collisions at a
center of mass energy of 13 TeV has been performed. This search used data collected by the
CMS detector between 2016 and 2018 corresponding to 137 fb−1 of total integrated luminosity.
No evidence for new physics was observed when examining the transverse mass distributions.

The 95% CL exclusion limits on an SSM W′ boson are set to be 5.7 TeV at 95% CL. In
addition, model-independent limits are provided.

This is the first time using the dilepton final states within LHC Run 2 data to derive the
exclusion limits on the oblique W parameter coming from an effective field theory interpretation
of data and SM expectation.
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A search for heavy neutral Higgs bosons is performed using the LHC Run 2 data, corresponding
to an integrated luminosity of 139 fb−1 of proton-proton collisions at

√
s = 13 TeV recorded

with the ATLAS detector. The search for heavy resonances is performed over the mass range
0.22.5 TeV for the τ+τ− decay with at least one τ -lepton decaying into final states with
hadrons. No significant deviation from the expected standard model background is observed.
Model independent and model dependent limits in the minimal supersymmetric standard
model benchmark scenarios are set.

1 Introduction

The ATLAS and CMS collaborations discovered in 2012 a new boson with a mass of 125 GeV1,2.
Current measurements 3,4 indicate that the new particle is compatible with the Higgs boson
predicted by the standard model (SM)5,6,7. However, the SM can not explain many observations
such as the dark matter. The minimal supersymmetric SM (MSSM)8,9 is one of the simplest, yet
interesting, extensions of the SM. The Higgs sector of the MSSM contains two Higgs doublets,
which results in five physical Higgs bosons, e.g. h, H, A, and H±, after electroweak symmetry
breaking.

At tree level, the properties of the MSSM Higgs sector depend only on two non-SM pa-
rameters, which can be chosen to be the mass of the pseudoscalar Higgs boson, mA, and the
ratio of the vacuum expectation values of the two Higgs doublets, tanβ. Beyond tree level, the
Higgs sector is affected by additional parameters, the choice of which defines various MSSM
benchmark scenarios. In the M125

h scenario 10, the parameters are such that the mass of the
lightest CP -even Higgs boson, mh, is close to the measured mass of the Higgs boson discovered
at the LHC 11 and the masses of all superparticles are heavy enough to only mildly affect the
production and decays of the MSSM Higgs bosons.

The couplings of the MSSM heavy Higgs bosons to down-type fermions are enhanced with
respect to the SM for large tanβ values, resulting in increased branching fractions to τ -leptons
and b-quarks, as well as a higher cross section for Higgs boson production in association with
b-quarks (bbH). In this analysis, we search for a massive scalar and pseudoscalar resonances, i.e.
A and H, decaying into a τ -lepton pair. As the mass difference between the A and H bosons is
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much smaller than the experimental resolution, they are treated as degenerate in mass. Higgs
boson production through gluon fusion or in association with b-quarks is considered (as shown
in Fig. 1).

g

φ = h/A/H

g g

g

b

b

φ = h/A/H

g

b

b

φ = h/A/H

Figure 1 – Example Feynman diagrams for gluon fusion (left) and b-associated production in the four-flavour
scheme (middle) and five-flavour scheme (right) of a neutral MSSM Higgs boson.

2 Analysis strategy

In this analysis, we consider τlepτhad and τhadτhad decay channels, where τlep denotes the decay
of the τ -lepton into neutrinos and an electron (τe) or into neutrinos and a muon (τμ) and τhad
denotes the decay into a neutrino and hadrons. The τlepτhad channel account for 46% of the ττ
decays, while the τhadτhad channel account for 42% of the ττ decays.

To exploit the different production modes in the MSSM, events are divided into two cat-
egories: the b-tag category for events containing at least one b-jet and the b-veto category for
events containing no b-jets.

The ττ mass reconstruction is crucial for good separation between signal and background
events. However, its reconstruction is challenging due to the presence of neutrinos from the
τ -lepton decays. The chosen mass reconstruction is the total transverse mass, defined as

mtot
T =

√
(pτ1T + pτ2T + Emiss

T )2 − (pτ1
T + pτ2

T +Emiss
T )2 for either (�,τhad−vis) or (τ1had−vis,τ

2
had−vis)

as (τ1, τ2).
Compared to dedicated algorithms, such as MMC and MOSAIC, it was found that mtot

T

gave similar performance, and was slighlty better at high mass. This is because mtot
T tends to

reconstruct jets faking taus at lower masses than MMC and MOSAIC do.

3 Results

The distribution of mtot
T can be found in Fig. 2. The data are found to be in good agreement

with the SM backgrounds. Model independent upper limits on the cross section times branching
fraction are set at the 95% confidence level (C.L.) as a function of the boson massmΦ (Φ = A/H).
They are computed using a modified frequentist CLs method 12 with the profile likelihood ratio
as the test statistic, where asymptotic approximation is used 13.

The upper limits for a production entirely via ggF and entirely via b-quark associated pro-
duction are shown in Fig. 3. For ggF, the lowest local p0, the probability that the background can
produce a fluctuation greater than the excess observed in data, is 0.014 (2.2σ) at mΦ = 400 GeV,
while for b-quark associated production it is 0.003 (2.7σ) at mΦ = 400 GeV. These results are
interpreted in terms of the MSSM in Fig. 3, which shows the regions in the mA − tanβ plane
excluded at the 95% C.L. in the M125

h scenario.

4 Conclusion

In conclusion, a search for heavy neutral Higgs bosons decaying into a pair of τ -leptons is
performed in the mass range 0.2–2.5 TeV using a data sample corresponding to an integrated
luminosity of 139 fb−1 from proton–proton collisions at

√
s = 13 TeV recorded by the ATLAS

detector at the LHC. The data is in good agreement with the expected SM backgrounds. Upper
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limits on the cross section for the production of a scalar boson times the branching fraction to
ττ final states are set at the 95% C.L., significantly increasing the sensitivity and explored mass
range compared to previous searches 14,15,16. They are in the range 240–1.2 fb (230–1.0 fb) for
gluon–gluon fusion (b-associated) production of scalar bosons with masses of 0.2–2.5 TeV. In the
M125

h scenario, the data exclude tanβ > 8 for mA = 1.0 TeV and tanβ > 21 for mA = 1.5 TeV
at the 95% C.L..
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Figure 2 – The mtot
T for the b-veto (left) and b-tag (right) categories of the τlepτhad channel (top) and τhadτhad

channel (bottom). The binning displayed is that entering into the fit. The predictions and uncertainties for the
background processes are obtained from the fit assuming the background-only hypothesis. Expectations from
signal processes are superimposed. Overflows are included in the last bin of the distributions.
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Figure 3 – The observed and expected 95% CL upper limits on the production cross section times branching
fraction for a scalar boson (φ) produced via ggF (left) and b-associated production (middle). The limits are
calculated from a statistical combination of the τlepτhad and τhadτhad channels. The excluded region from the
2015–2016 data ATLAS search is depicted by the dotted pink line. The 95% CL upper limits on tan β as a
function of mA in the M125

h scenario is shown (right). The lowest value of tanβ considered for the M125
h scenario

is 0.5. In the small lower-left region shown in solid blue, the mass splitting between A and H bosons is above 50%
of the mass resolution and therefore the simple addition of the cross sections is not valid. However, this region of
parameter space in the M125

h scenario provides predictions that are incompatible with the measured mass value
of the observed Higgs boson by more than 3σ. The exclusion limit around mA = 350 GeV reflects the behavior
of the A → ττ branching fraction close to the A → tt̄ kinematic threshold for low tanβ. The hatched area defines
which side of the curve is excluded by the search.
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Vector-like Leptons in Light of the Cabibbo-Angle Anomaly
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Assuming the unitarity of the Cabibbo-Cobayashi-Maskawa (CKM) matrix and comparing
the elements Vud and Vus extracted from beta and kaon decays, respectively, a discrepancy of
∼3σ emerges, called the ”Cabibbo Angle Anomaly” (CAA). This tension can be explained
via modified W couplings to leptons, but in order to consistently assess the validity, a global
fit including the electroweak (EW) precision constraints and the low energy tests of lepton
flavour universality (LFU) is necessary. Performing such a fit for gauge-invariant dimension-6
operators, we find that even when assuming LFU, including the CKM elements Vus and Vud

into the electroweak fit has a relevant impact, shifting the best fit point significantly.
Vector-like leptons (VLLs) are prime candidates for a corresponding UV completion since they
can affect the W and Z couplings to leptons already at tree-level. We find a simple scenario
consisting of a singlet, N , coupling to electrons and a triplet, Σ1, coupling to muons which
not only explains the CAA but also improves the electroweak fit in such a way that its best
fit point is preferred by more than 4σ with respect to the SM.

1 Introduction

In the recent years, even though no new particle has been discovered, after the Higgs boson, at
the LHC, intriguing hints for new physics in the flavour sector have been collected. The long
standing tension in the anomalous magnetic moment of the muon, recently confirmed by the
g−2 experiment at Fermilab, as well as global fits to b → s�+�− and b → cτν data, convincingly
point towards new physics (NP) with a significance of ≈ 4.2σ, >5σ and >3σ, respectively.

In addition, there is the deficit in first row CKM unitarity, known as the Cabibbo Angle
Anomaly (CAA) 1,2,3 which has been recently studied as a possible sign of LFU violation 3,4,5,6,7

and lepton flavour violation (LFV) 7,8 opening the road for interesting connections to other
anomalies in the flavour sector, such as Z → b̄b 9, τ → μνν 9, the aforementioned b → s��
9,10 and the recent CMS observations in dilepton final state searches 11. In particular, it has
been shown in Ref 3,5 that modified couplings of gauge bosons to neutrinos provide a solution
to the CAA satisfying the bounds from EW precision measurements and from the low-energy
observables testing LFU. Due to SU(2)L invariance, it is difficult to build a UV complete model
which modfies only the W and Z couplings to neutrinos and it seems more natural to modify
the gauge boson couplings to neutrinos and charged leptons simultaneously. In this context,
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vector-like leptons (VLL) are prime candidates since they modify the gauge boson couplings to
leptons already at tree-level.

VLLs appear in several extensions of the SM, such as Grand Unified Theories, composite
models or models with extra dimensions and, last but not least, are involved in the type I and
type III seesaw mechanisms. In addition, just adding VLLs to the SM results in a consistent
UV complete (renormalizable and anomaly free) extension of it, that can thus be studied on its
own.

2 EFT Approach

At the dimension-6 level, disregarding magnetic operators whose effect vanishes at zero momen-
tum transfer and which can only be generated at the loop level, there are three operators (not
counting flavour indices) in the SU(3)c×SU(2)L×U(1)Y -invariant SM EFT, which modify only
the gauge boson couplings to leptons 12,13

L = LSM +
1

Λ2

(
C

(1)ij
φ� Q

(1)ij
φ� + C

(3)ij
φ� Q

(3)ij
φ� + Cij

φeQ
ij
φe

)
, (1)

with

Q
(1)ij
φ� = φ†i

↔
Dμφ �̄iLγ

μ�jL , Q
(3)ij
φ� = φ†i

↔
D

I

μφ �̄iLτ
Iγμ�jL , Qij

φe = φ†i
↔
Dμφ ēiRγ

μejR , (2)

where Dμ = ∂μ + ig2W
a
μτ

a + ig1BμY , i and j are flavour indices and the Wilson coefficients C
are dimensionless. These operators result in the following modifications of the Z and W boson
couplings to leptons after EW symmetry breaking

L�,ν
W,Z =

(
�̄fΓ

�ν
fiγ

μPLνiWμ + h.c.

)
+
[
�̄fγ

μ
(
Γ�L
fiPL + Γ�R

fi PR

)
�i + ν̄fΓ

ν
fiγ

μPLνi

]
Zμ , (3)

with

Γ�L
fi =

g2
2cW

[(
1− 2s2W

)
δfi +

v2

Λ2

(
C

(1)fi
φ� + C

(3)fi
φ�

)]
, Γ�R

fi =
g2
2cW

[
−2s2W δfi +

v2

Λ2
Cfi
φe

]
,

Γν
fi = − g2

2cW

[
δfi +

v2

Λ2

(
C

(3)fi
φ� − C

(1)fi
φ�

)]
, Γ�ν

fi = − g2√
2

(
δfi +

v2

Λ2
C

(3)fi
φ�

)
,

(4)
where we used the convention v ≈ 246GeV and the terms proportional to the Kronecker delta
correspond to the (unmodified) SM couplings.

3 Vector-like Leptons

Vector-like leptons (VLLs) are fermionic singlets under SU(3)c, whose left- and right-handed
components transform in the same way under SU(2)L × U(1)Y and interact with SM leptons
and the Higgs doublet via Yukawa type interactions. The six representations of VLLs allowed
by the SM gauge groups are shown in Table 1. Since these fermions are vectorial, they can have
bare mass terms (already before EW symmetry breaking) and interact with SM gauge bosons
via the covariant derivative. The interactions of the VLLs with the SM leptons are given by

−Lint
NP = λi

N �̄i φ̃ N+λi
E �̄i φE+λi

Δ1
Δ̄1 φ ei+λi

Δ3
Δ̄3 φ̃ ei+λi

Σ0
φ̃† Σ̄I

0 τ
I �i+λi

Σ1
φ† Σ̄I

1 τ
I �i+h.c. ,

(5)
where i is a flavour index and τ I = σI/2 are the generators of SU(2)L. Interactions of two
different VLLs with the Higgs give rise only to dim-8 effects in the Z and W couplings, and are
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therefore neglected in the following. Integrating out the VLLs at tree-level, we find the following
expressions for the Wilson coefficients defined in Eq. (1)

C
(1)ij
φ�

Λ2
=

λi
Nλj†

N

4M2
N

− λi
Eλ

j†
E

4M2
E

+
3

16

λi†
Σ0
λj
Σ0

M2
Σ0

− 3

16

λi†
Σ1
λj
Σ1

M2
Σ1

C
(3)ij
φ�

Λ2
= −λi

Nλj†
N

4M2
N

− λi
Eλ

j†
E

4M2
E

+
1

16

λi†
Σ0
λj
Σ0

M2
Σ0

+
1

16

λj†
Σ1
λi
Σ1

M2
Σ1

(6)

Cij
φe

Λ2
=

λi†
Δ1

λj
Δ1

2M2
Δ1

−
λi†
Δ3

λj
Δ3

2M2
Δ3

Table 1: Representations of the VLLs under SU(2)L × U(1)Y .

SU(2)L U(1)Y
N 1 0
E 1 -1
Δ1 = (Δ0

1,Δ
−
1 ) 2 -1/2

Δ3 = (Δ−3 ,Δ
−−
3 ) 2 -3/2

Σ0 = (Σ+
0 ,Σ

0
0,Σ

−
0 ) 3 0

Σ1 = (Σ0
1,Σ

−
1 ,Σ

−−
1 ) 3 -1

4 Observables

Modified gauge boson couplings to leptons induce relevant effects in several physical observables.
Therefore, in order to properly assess the possibility of the NP explaining the CAA, we need
to take into acount all the relevant experimental constraints. Here, we have EW precision
observables and the low energy observables testing LFU, such as K, τ and π decays. In the
following we briefly review these observables and the induced modifications in terms of the
Wilson coefficients discussed in Section 2. In the following we assume that each VLL couples to
only one generation of SM leptons.

4.1 Electroweak Precision Measurements

The EW sector of the SM has been tested with very high precision at LEP, Tevatron and
LHC. It can be completely parameterised by only three Lagrangian parameters and we choose
the set with the smallest experimental error, consisting of the Fermi constant (GF =), the

mass of the Z boson (mZ) and the fine structure constant (αem). The operators Q
(3)ee
φ� and

Q
(3)μμ
φ� modify the extraction of the Fermi constant from muon decay, μ → eνν̄, leading to the

following relation between the quantity appearing in the Lagrangian, GLF , and the measured one

Gexp
F = GLF

(
1 + C

(3)μμ
φ� + C

(3)ee
φ�

)
. For the numerical analysis, we consider the full set of EW

observables (see Ref. 14 for details) implemented in HEPfit 15 taking into account the effects in
GF and in Eq. (4).

4.2 LFU tests

Strong constraints on the violation of LFU in the charged current, i.e. modifications of the W�ν
couplings, are extracted from ratios of W , kaon, pion and tau decays with different leptons in the
final state, which exhibit reduced experimental and theoretical uncertainties. Note that in all
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these ratios the dependence on g2, the Fermi constant, etc. drop out and only the modifications

induced by the operators Q
(3)ii
φ� remain.

4.3 Cabibbo Angle Anomaly

As outlined in the introduction, the CAA is the discrepancy which recently emerged in the first
row CKM unitarity. Using the compilation of Ref. 16, the tension amounts to ∼3σ

|Vus|2 + |Vud|2 + |Vub|2 = 0.9985(5) . (7)

Here, the uncertainty of Vub is immaterial, therefore if there is a NP effect, it must be related
to the extraction of Vus or/and Vud. The most precise determination of Vud is currently the one

from super-allowed β decays (V β
ud)

17, while Vus is given by the average from semi-leptonic Kaon

decays (V K�3
us ) and K → μν/π → μν (V

Kμ2
us ). The latter allows to measure very precisely the

ratio Vus/Vud and the effects of modified W couplings drop out in the ratio. Concerning V β
ud and

V K�3
us , including the modified couplings in Eq. (4) and the indirect effect of GF , we find

|V Kμ3
us | �

∣∣∣∣V Lus(1− v2

Λ2
C

(3)ee
φ�

)∣∣∣∣ , |V β
ud| �

∣∣∣∣V Lud(1− v2

Λ2
C

(3)μμ
φ�

)∣∣∣∣ , (8)

where V Lus and V Lud are the elements of the (unitary) CKM matrix appearing in the Lagrangian.

5 Analysis & Results

We start performing a model independent analysis of the effective operators in Eq. (1). As a first

step we assume LFU, supplementing the SM with three additional parameters: C
(3)
φ� , C

(1)
φ� and

Cφe. Interestingly, even under this assumption, including the CAA into the fit has a significant

impact. In fact, the 68% C.L. regions for C
(3)
φ� and C

(1)
φ� , including Eq. (8), do not overlap with

the 68% C.L. regions for which the CAA is not considered. Next, we allow for LFU violation and
consider three different scenarios: the general case with six independent parameters, and two

scenarios with three parameters: C
(1)
φ� = −C

(3)
φ� ,already considered in Ref. 3, and C

(3)ii
φ� only (we

neglect Cφe which does not have a relevant impact on the fit). We find that all these scenarios
give a better fit to data than the SM (details in Ref. 14).
In a second step, we perform a global fit for the patterns of Wilson coefficients given by each
representation of VLL. We find that, individually, they can only describe data similarly well as
the SM. This can be seen from the obtained IC values of 93, 99, 96, 98, 95 and 92 for N, E,
Δ1, Δ3, Σ0 and Σ1, respectively. Therefore, in order to find a minimal model which is able to
improve the agreement with data, we allow for more than one VLL representation at the same
time. Interestingly, we find that this can be achieved with a singlet N coupling only to electrons
and a triplet Σ1 coupling only to muons. The results of the corresponding two-dimensional fit
are depicted in Fig. 1, which shows that NP is preferred by more than 3σ with respect to the SM
( shown by the (0, 0) point of the plane). Since this combination of VLLs describes experimental
data so well, we show the posteriors for the most relevant observables in Table 2.

6 Conclusion

The CAA has recently taken its place in a established and coherent pattern of anomalies pointing
to lepton flavour universality violation, containing b → s��, (g− 2)μ, R(D(∗)), etc. In this work,
we assessed how modified gauge boson couplings to leptons can solve the tension in the CAA,
satisfying all the constraints from EW precision data and low energy observables testing LFU.
Firstly, we perfomed a global fit to the SMEFT operators which directly modify the W and Z
couplings to leptons at the dim-6 level, finding several patterns of Wilson coefficients which are

374



able to solve the CAA and simultaneously improve the EW fit. Then, we considered VLLs as a
concrete UV complete extension of the SM since they induce the required coupling modifications
at tree-level. We found a very interesting simple model, consisting of a singlet N and a triplet
Σ1 coupling only with electrons and muons, respectively, which solves the tension in the CAA
and strongly improves the global agreement with the data. This result not only supports the
idea of interpreting the CAA as a hint of LFU, but provides also an interesting starting point
to study correlations with other anomalies by finding combined explanations.

Figure 1 – Global fit with one generation of the VLL N coupling to electrons and one generation of the VLL Σ1

coupling to muons. The red regions are preffered at the 68%, 95% and 99.7% C.L.

Table 2: Posteriors for the observables with the largest pulls with respect to the SM, in our model in which N
mixes with electrons and Σ1 with muons. Here, R(Y ) = A[Y ]

A[Y ]SM
, where A is the amplitude, and it is defined in

such a way that in the limit without any mixing between the SM and the VLLs, the ratios are unity. Note that

|V Kμ3
us | and |V β

ud| are the predictions for these CKM elements as extracted from data assuming SM.

Observable Measurement SM Posterior NP Posterior Pull

MW [GeV] 80.379(12) 80.363(4) 80.369(6) 0.56

R
[
K→μν
K→eν

]
0.9978± 0.0020 1 1.00168(39) −0.80

R
[π→μν
π→eν

]
1.0010± 0.0009 1 1.00168(39) 0.42

R
[ τ→μνν̄
τ→eνν̄

]
1.0018± 0.0014 1 1.00168(39) 1.2

|V Kμ3
us | 0.22345(67) 0.22573(35) 0.22519(39) 0.77

|V β
ud| 0.97365(15) 0.97419(8) 0.97378(13) 2.52
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Search for single production of a vector-like quark T decaying to a top quark and
a Z boson with the Z boson decaying to neutrinos

Taozhe Yu,
on behalf of the CMS collaboration

Institute of High Energy Physics,19 Yuquan Road,
Shijingshan District, Beijing 100049, China

A search is presented for single production of a vector-like quark T with the electric charge of
+2/3 in the decay channel featuring a top quark and a Z boson, with the top quark decaying
hadronically and the Z boson decaying to neutrinos. The search uses data collected by the
CMS experiment in proton-proton collisions at a center-of-mass energy of 13 TeV recorded at
the CERN LHC in 2016–2018, corresponding to an integrated luminosity of 136 fb−1. The
search is sensitive to a T quark mass between 0.6 and 1.8 TeV with decay widths ranging
from negligibly small up to 30% of the T quark mass. Reconstruction strategies for the top
quark are optimized for Lorentz-boosted and non boosted regimes. At 95% confidence level,
in the studied T quark mass range the product of the cross section and branching fraction is
excluded above values in the range 15–602 fb for a T quark of narrow decay width, and above
values in the range 16–836 fb for decay widths from 10 to 30% of the T quark mass.

1 Introduction

New heavy color-triplet spin-1/2 fermions with nonchiral couplings, referred to as vector-like
quarks (VLQs), are predicted in many extensions of the standard model (SM) 1 2 in order to
resolve theoretical issues, such as the hierarchy problem. While the masses of the chiral quarks
of the SM arise from Yukawa couplings to the Higgs field, for VLQs non-Yukawa coupling terms
in the Lagrangian are allowed.

This letter presents a search for the single production of a vector-like quark T with electric
charge +2/3, where the T quark decays to a top quark (t) and a Z boson. The analysis is
performed in proton-proton (pp) collision data at

√
s = 13 TeV collected with the CMS detector

in Run 2 of the LHC in 2016–2018. An example of a leading order (LO) Feynman diagram for
single T quark production and decay is shown in Fig. 1.

This analysis targets tZ final states where the top quark decays hadronically via t → Wb →
q′q̄b and the Z boson decays to neutrinos. Neutrinos are not detected in the experimental
apparatus, therefore a full reconstruction of the T quark four-momentum cannot be performed,
and signal events are characterized by a large transverse momentum (pT ) imbalance.
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Figure 1 – A representative leading order Feynman diagram for the production of single vector-like quark T
decaying into a Z boson and a top quark.

2 Data and simulation

This analysis is based on pp collision data at
√
s = 13TeV collected with the CMS detector in

Run 2 of the LHC during the years 2016–2018, and corresponding to an integrated luminosity of
136 fb−1.Simulated background samples are generated at LO with MADGRAPH5 aMC@NLO 4

for W+jets, Z+jets, and for events with jets arising exclusively from quantum chromodynamics
(QCD) interactions (multijet events). The next-to-LO (NLO) generator POWHEG 2.0 5 6is
used to simulate top quark-antiquark pairs produced in association with jets (tt̄+jets) 7 and
single top quark 8 events.

Signal event samples are generated in the 4-flavor scheme at LO using MADGRAPH5 aMC@NLO
interfaced to PYTHIA 8.2. A singlet T quark is assumed, which is produced in association with
a bottom quark with suppressed right-handed coupling to SM particles. The generated T quark
mass in the samples ranges from 0.6 up to 1.8 TeV, and several hypotheses on the T quark width
Γ are considered. Narrow-width samples are generated in mass steps of 0.1 TeV and with width
set to 10 GeV, which is much smaller than the experimental resolution. Large-width samples
are generated in mass steps of 0.2 TeV and with Γ set to 10, 20, and 30% of the resonance mass
mT . The cross section values for the production of a single T quark with Γ/mT of 1, 10, 20,
and 30% are reported in Table 1

3 Background estimation

Three different top quark candidate reconstruction strategies are exploited. A top quark can-
didate can be identified as a single t jet (merged case), or it can be reconstructed from the
combination of one W jet and one b jet (partially merged case), or of three narrow jets (resolved
case). The major sources of background after the event selection are tt̄+jets, W+jets, and Z+jets
events where the Z boson decays to neutrinos. For the merged categories the Z+jets background
is the leading one, followed by relevant contributions from W+jets and tt̄+jets events. For
the partially merged categories the tt̄+jets background is by far the dominant one. For the
resolved categories the tt̄+jets background is the leading one, followed by relevant contributions
from W+jets and Z+jets events. The contributions from minor backgrounds, such as single top
quark and multijet events, are estimated from simulation and they are found to be negligible.

In order to account for simulation mismodeling effects in the signal extraction procedure,
correction factors to the simulation are derived from dedicated background-enriched samples in
data, referred to as control regions. These correction factors are then applied to the background
MT distributions in the signal regions before performing the fit.
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Table 1: Theoretical cross sections for single production of a T quark in association with a bottom quark, and with
the T quark decaying to tZ, for mass hypotheses between 0.6 and 1.8 TeV in steps of 0.1 TeV, and for resonance
widths which are 1, 10, 20, and 30% of its mass. The uncertainties are obtained by halving and doubling the
values of hadronization and factorization scales.

mT [TeV] σ(pp → Tbq → tZbq)(uncertainty) [fb]
Γ/mT = 1% Γ/mT = 10% Γ/mT = 20% Γ/mT = 30%

0.6 175(34) 1750(340) 3500(690) 5200(1000)
0.7 78(16) 780(160) 1520(310) 2240(710)
0.8 41.5(8.6) 409(85) 790(170) 1150(250)
0.9 23.3(5.0) 228(49) 437(94) 630(140)
1.0 13.6(3.0) 132(29) 251(55) 360(80)
1.1 8.2(1.8) 79(18) 150(34) 214(48)
1.2 5.1(1.2) 49(11) 93(21) 131(30)
1.3 3.25(0.75) 31.2(7.3) 59(14) 82(19)
1.4 2.12(0.50) 20.3(4.8) 37.9(9.0) 54(13)
1.5 1.41(0.34) 13.4(3.2) 25.0(6.0) 35.2(8.4)
1.6 0.94(0.23) 9.0(2.2) 16.8(4.1) 23.5(5.7)
1.7 0.64(0.16) 6.2(1.5) 11.5(2.8) 16.0(3.9)
1.8 0.45(0.11) 4.2(1.1) 7.9(2.0) 11.0(2.8)

4 Result

The signal extraction procedure is based on a simultaneous maximum likelihood fit to the MT

distributions in all signal regions. Systematic uncertainties are treated as nuisance parameters,
assumed to be described by a log-normal probability density function, for systematic uncertain-
ties that affect the rate, or a Gaussian probability density function, for systematic uncertainties
that affect the MT distribution shape. Upper limits at 95% confidence level (CL) are set on the
product of the single T quark production cross section and T → tZ channel branching fraction.
The limits are determined using the CLs method,taking the profile likelihood ratio as the test
statistic with the asymptotic limit approximation.

The observed and expected combined upper limits from the six event categories, as functions
of the T quark mass, and for several hypotheses on its width, are shown in Figs. 2 and 3.

5 Summary

A search for the single production of a vector-like quark T with electric charge +2/3 decaying to
a top quark and a Z boson has been presented with LHC proton-proton collision data collected
by the CMS experiment and corresponding to an integrated luminosity of 136 fb−1. This is the
first search of single T quark production based on the full Run 2 dataset of the LHC. Upper
limits at 95% confidence level were set on the product of the production cross section and the
T → tZ channel branching fraction. Values greater than 602 to 15 fb for masses in the range 0.6
to 1.8 TeV were excluded at 95% confidence level for a T quark of negligible resonance width
produced in association with a bottom quark. Values greater than 836 to 16 fb for masses in the
range 0.6 to 1.8 TeV were excluded at 95% confidence level for a T quark of resonance width
from 10 to 30% of its mass. These results provide the best exclusion limits on the production
of single vector-like T quarks in the tZ decay channel over the mass range 0.6 to 1.2 TeV and
1.5 to 1.8 TeV. An interpretation of these results using a theoretical framework in which the T
quark is a singlet, and assuming a resonance width 5% of the mass, led to the exclusion of a T
quark of mass below 0.98TeV. The excluded mass range extends up to 1.4TeV for a resonance
width 30% of the mass.
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Figure 2 – Observed and expected 95% CL upper limits on the product of the single T quark production cross
section and the T → tZ branching fraction, as functions of the T mass for a narrow-width resonance (upper left),
and a width of 10% (upper right), 20% (lower left), and 30% (lower right) of the T mass.
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The MoEDAL experiment - recent results and ongoing searches

Aditya Upreti, on behalf of the MoEDAL collaboration
Department of Physics, The University of Alabama, Tuscaloosa, Alabama

The MoEDAL experiment at the LHC is designed to search for highly ionizing signatures of
new physics including magnetic monopoles (MMs), dyons (particles with both magnetic and
electric charges) and massive (pseudo-) stable charged particles. MoEDAL is deployed in the
LHCb cavern at IP8 and primarily consists of passive nuclear track detectors (NTDs) and
Magnetic Monopole trappers (MMTs). MoEDAL has reported one of the strongest limits
MM production in 13 TeV proton-proton collisions via Drell-Yan and the photon fusion mech-
anisms. The latter was studied for the first time at a LHC experiment. MoEDAL also placed
the first limits on the production of dyons at a collider experiment. The MoEDAL experi-
ment is conducting the first search for MMs in the 2018 5.02 TeV/n Pb-Pb collisions via the
Schwinger mechanism, with the results awaited. The MoEDAL’s Apparatus for Penetrating
Particles (MAPP) subdetector will be installed in the UGCI gallery at IP8 for LHC Run-3 to
search for milli charged particles (mQPs) and long lived neutral particles (LLPs).

1 Introduction

Magnetic Monopoles (MMs) are hypothetical fundamental particles consisting of a net magnetic
charge and producing a magnetic field. There are several motivating factors behind the search
for MMs. Their existence would symmetrize the Maxwell equations of electrodynamics with the
duality transformation. It would explain the quantization of electric charge according to Diracs
proposal 1. MMs are also predicted to exist in the Grand Unified Theories (GUTs), superstring,
and quantum gravity theories.

The MoEDAL experiment (Monopoles and Exotics Detector at LHC) is the 7th experiment
at the LHC. It comprises a dedicated set of detectors for the search of highly ionizing particles,
especially MMs, at the LHC. Besides MMs, it is also sensitive to massive (pseudo-) stable charged
particles that are predicted to exist in Beyond Standard Models (BSMs).

This article is organized as follows. Section 2 gives a brief description of the MoEDAL
detectors, deployed at the IP8. MoEDAL recent results on monopole searches are presented in
section 3. Section 4 gives an outlook on MoEDAL’s ongoing search for MMs in 2018 Pb-Pb
collisions at the LHC via the Schwinger mechanism. The ongoing search for MMs trapped in
CMS Run-1 beam pipe is briefly outlined in section 5. Finally, section 6 describes the MoEDAL-
MAPP subdetector which would be deployed at IP8 for LHC Run-3 for the search of mQPs and
LLPs.

2 The MoEDAL detectors

The experimental setup 3 consists of Nuclear Track Detector (NTD) sheets and aluminum trap-
ping detectors (MMTs). When a MM (or a highly ionizing particle) traverses through the NTD
sheets, it would leave a damage area along the tracks which would later be etched and mea-
sured. The NTDs are analyzed by ultra-fast scanning microscopes. Due to their high threshold
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properties and several radiation lengths of material budget between beam pipe and NTD stacks,
they are sensitive only to new physics.

The trapping detector comprises 800 kgs of Aluminum bars. These are placed around the
LHCb VELO detector. Aluminum is well suited for the trapping volume due to its large anoma-
lous nuclear magnetic moment. It is predicted that 27Al13 nuclei (100% natural abundance),
due to its large nuclear magnetic moment would bind a magnetically-charged particle with an
energy of 0.52.5 MeV and capture it inside the atomic lattice2,3 . The Magnetic Monopole Trap-
pers (MMT) blocks, after exposure, are scanned for trapped magnetic charges with a SQUID
magnetometer at the ETH Zurich. Aluminum is non-magnetic, thus, favors the stability of
SQUID magnetometer during measurements. In the measurement, the magnetometer feedback
is translated into a magnetic pole in units of Dirac charge gD after multiplying with a calibra-
tion constant. A magnetic charge present in the sample would induce a persistent current in the
superconducting coil, proportional to its pole strength.

In addition to the passive detectors, a real-time TimePix pixel detector array is used for mon-
itoring MoEDALs radiation environment and possible highly ionizing beam-related backgrounds.
The TimePix pixel device array forms the only active component of MoEDAL’s detectors.

3 Results from MoEDAL’s monopole searches

The MoEDAL detector started taking data in 2015. MoEDALs first result (from 8 TeV pp
collisions - LHC Run-1) placed leading limits on MMs with g ≥ 2gD 4. This was followed by its
first paper on LHC Run-2 data in 2017 (13 TeV pp collisions) in which magnetic charges up to 5
gD and masses up to 6 TeV were searched for the first time. Mass limits exceeding 1 TeV were
set for the Drell-Yan mechanism with spin 1/2 MMs 5. In 2018, results were published from the
search for spin 1 MMs, and limits were placed on β-dependent and β-independent MM couplings.
In the recent publication 6, the photon-fusion MM production mechanism was analyzed for the
first time in collider searches. With this, MoEDAL experiment placed world-leading mass limits
in range 1.5-3.75 TeV for magnetic charges > 2gD up to 5gD for MM spins 0, 1/2 and 1. In 2021,
MoEDAL set first limits 7 on the production of dyons in a collider experiment analyzing 6.46
fb1 of 13 TeV pp collisions during 20152018. Mass limits in the range 7903130 GeV were set for
dyons up to 5 Dirac magnetic charges (5gD) and electric charge 1e200e. Figure 1 summarizes
these results. a

Figure 1 – (a) - A summary of MoEDAL’s mass limits for MMs via Drell-Yan mechanism for magnetic charge
up to 5gD. (b) - First cross section limits on the production of Dyons in a collider experiment with 13 TeV pp
collisions

aThe mass limits calculated with Feynman-like diagrams. The Feynman-like diagrams do not account for the
non-perturbative nature of large monopole-photon coupling. Thus, tree-level calculations are used indicatively.
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4 Search for MMs via Schwinger mechanism

The Schwinger mechanism of pair production, formally developed by Schwinger 8, following the
results of Sauter, Heisenberg, and Euler has been studied in the context of MMs 9. It is a
non-perturbative phenomenon in which electron-positron pairs are produced in presence of a
static electric field. The electromagnetic dual 10 of the Schwinger process in presence of strong
magnetic fields would produce MMs. The pair production, instead of originating from a collision
of two elementary particles, stems from the quantum mechanical decay of an electromagnetic
field where vacuum pairs tunnel into existence. The heavy-ion collisions are of foremost interest
in the study of the Schwinger mechanism since they produce very strong magnetic fields, scaling
linearly with the ion charge Z. The magnetic field strength of the heavy ions also increases in
magnitude with the collision energies.

(1) (2)

Figure 2 – The schematic diagram of the Schwinger process. (1) - The ultra-peripheral 5.02 TeV Pb-Pb collisions
at the LHC produce the strongest magnetic fields in the known Universe. (2) - MMs could be produced in
these strongest magnetic fields due to quantum mechanical tunneling via the electromagnetic dual of Schwinger
mechanism.

The LHC accelerates heavy ions, such as the Pb nuclei stripped entirely of electrons and
collides them. The latest heavy-ion run in November 2018 collided lead ions with a collision
energy per nucleon of 5.02 TeV corresponding to a relativistic Lorentz factor γ ≈ 2675. The
ultra-peripheral heavy-ion collisions produce extremely strong magnetic fields, fleetingly. These
magnetic fields are the strongest in the known Universe. 11 The maximum magnetic field pro-
duced at the instant of collisions at LHC energies is B≈ 7.6GeV 2 ≈ 1020 Gauss. As a comparison,
the magnetic fields in neutron stars and magnetars are thought to be around 1015 - 1016 Gauss.
Thus, these collisions would be prime locations to search for MMs produced by the Schwinger
mechanism as the largest cross-sections for pair production would correspond to the largest val-
ues of the magnetic field. The complication regarding the breakdown of perturbative expansion
due to strong coupling does not apply to the Schwinger mechanism. In presence of a weak,
slowly varying, external field, the rate of pair production can be calculated by semi-classical
instanton methods [13]. This would lead to the first MM search free from the strong coupling
complication due to perturbation theory.

MoEDAL is ideally suited to study the Schwinger mechanism of MM production experimen-
tally. Its MMT detectors were exposed to 0.237nb−1 of 5.02 TeV Pb-Pb collisions at IP8. The
simulations and analysis of data of the 2018 Pb-Pb run are currently ongoing and the results
are awaited.

5 CMS Run-1 beam pipe

The MoEDAL collaboration is examining the central section of CMS beryllium beam pipe de-
ployed for LHC Run-1 and removed in the first long shutdown of the LHC (LS1), for the presence
of trapped MMs. The beam pipe, cut into pieces and passed through a SQUID magnetometer,
and is being examined for the presence of trapped magnetic charges. The results from the study
are awaited.
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6 The MoEDAL-MAPP subdetector

MAPP ?,13 is an upcoming active detector being installed in the UGCI gallery at IP8 as an
extension of the MoEDAL experiment for the LHC Run-3. It would consist of two sub-detectors,
a 150 m3 LLP detector for search for beyond Standard Model long-lived neutral particles and a
central 3 m3 scintillation detector for mCPs. The MAPP detector, via MAPP-mCP, is designed
to search mini-charged particles. These particles are predicted in dark QED and could be
produced via the Drell-Yan process. The detector is sensitive down to Q = 3e/1000 for masses
0.1 GeV < M(mCP) < 100 GeV. The fractional charges are additionally also considered to
probe a possible non-conservation of electric charge proposed in several Standard Model (SM)
extensions.

The MAPP detector region comprises a decay zone of up to 10 meters which would aid the
search for the long-lived particles. There is at least 25 m of rock which prevents SM collision
products from IP8 from reaching the detector. In addition to this, there is a 100 m rock
overburden which aims to protect MAPP detectors from cosmic rays. The MAPP-LLP would
search for a new long-lived scalar particle (the Dark Higgs) which couples to the Standard Model
Higgs. This detector would look for two charged lepton tracks in the decay of the new scalar.
Thus, the MAPP sub-detector will increase the scope of the MoEDAL experiment to several
BSM searches.
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Measurements of CKM matrix elements at LHCb

Blaise Delaney, on behalf of the LHCb Collaboration
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Inclusive and exclusive measurements of the CKM matrix elements |Vub| and |Vcb| exhibit
a long-standing discrepancy. An extraction of their ratio, |Vub|/|Vcb|, is performed using a
first observation of the B0

s → K−μ+νμ decay, with the B0
s → D−s μ+νμ decay used as a

normalisation channel, in two regions of B0
s → K− momentum transfer.

The Cabibbo-Kobayashi-Maskawa (CKM) matrix elements 1,2 are fundamental parameters of
the Standard Model (SM) of particle physics encoding the strength of the coupling in quark
transitions. Precise determinations of such parameters allow to test the unitarity of the CKM
matrix. In particular, the CKM elements |Vub| and |Vcb| can be accessed by studying b → u�ν�
and b → c�ν� transitions at tree level, respectively, where � denotes a muon or an electron.
Experimental determinations of such parameters amount to inclusive or exclusive measurements.
The former involve reconstructing only the leptonic part of the decay, whereas the latter aim
to reconstruct a specific decay process. Notably, |Vub| and |Vcb| display a long-standing tension
between the exclusive and inclusive determinations3 differing by about three standard deviations.

The LHCb Collaboration has performed an exclusive extraction of the ratio of CKM ma-
trix elements |Vub|/|Vcb| using B0

s decays 4 from a data sample, corresponding to an integrated
luminosity of 2 fb−1, collected from pp collisions at a centre-of-mass energy of

√
s = 8 TeV,

in 2012, at the LHCb experiment 5,6. The newly observed signal decay a, B0
s → K−μ+νμ, is

studied in conjunction with the normalisation channel, B0
s → D−s μ+νμ, in order to extract the

ratio |Vub|/|Vcb|. The signal and normalisation decays are reconstructed from K−μ+ and D−s μ+

inclusive samples, respectively, where the D−s candidate is reconstructed in the K+K−π− final
state.

Exclusive measurements make use of form factors (FF) to parameterise the hadronic current
as a function of the dilepton invariant mass, or the B0

s → Y momentum transfer, q2, where Y
denotes either a K− or a D−s candidate. Experimentally, this observable is constructed using
the known B0

s mass 7, the reconstructed B0
s flight direction and through the application of a

multivariate regression algorithm 8. The ratio of CKM matrix elements |Vub|/|Vcb| is determined
from the ratio of the signal and normalisation branching fractions, as

B(B0
s → K−μ+νμ)

B(B0
s → D−s μ+νμ)

=
|Vub|2
|Vcb|2

× FFK

FFDs

, (1)

where FFK and FFDs denote the form factor integrals FFY = |Vxb|−2
∫ dΓ(B0

s→Y μ+νμ
dq2 ) dq2 with

x ∈ {u, c}. The calculation of the B0
s → K− form factors has been performed following the light

aCharge conjugation is implied throughout.
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cone sum rules (LCSR) 9 approach and using lattice QCD (LQCD) 10. The latter provides a pre-
cise determination of the form factors at high momentum transfer while the LCSR calculations
are more precise in the low-q2 region. Given the complementarity of such precision regimens,
the extraction of the CKM ratio is performed in two regions of B0

s → K− momentum transfer:
q2 < 7GeV2/c4 (“low”) and q2 > 7GeV2/c4 (“high”). The boundary in q2 is chosen such that
comparable signal yields are obtained from fits to the data samples. The LCSR calculation 9 of
the B0

s → K−μ+νμ form factor integral yields FFK(q2 < 7GeV2/c4) = 4.14 ± 0.38 ps−1, while
the LQCD prediction 10 results in FFK(q2 > 7GeV2/c4) = 3.32 ± 0.46 ps−1. Furthermore, the
LQCD prediction of the normalisation B0

s → D−s form factors by McLean et al. 11 is used across
the full q2 range. The experimental determination of the ratio of branching fractions involves
performing the measurement of the ratio of efficiency-corrected yields

RBF ≡ B(B0
s → K−μ+νμ)

B(B0
s → D−s μ+νμ)

=
NK

NDs

εDs

εK
× B(D−s → K+K−π+), (2)

where NK and NDs denote the signal and normalisation yields extracted from fits to the
data samples. The term εK/εDs is the ratio of efficiencies associated to the reconstruction of
B0

s → K−μ+νμ and B0
s → D−s μ+νμ decays, obtained from simulation samples. In the two q2 re-

gions, the efficiency ratios are εK/εDs(low) = 1.109 ± 0.018 and εK/εDs(high) = 0.553 ± 0.009,
respectively; across the q2 range, this is found to be εK/εDs(all) = 0.733 ± 0.009. The esti-
mate of B(D−s → K+K−π−) = (5.39 ± 0.15)% is taken from the PDG average 7. The yield is
extracted through a binned maximum-likelihood fit to the corrected mass 12, defined as

mcorr =
√
m2

Y μ + p2⊥/c2 + p⊥/c, (3)

where mY μ denotes the invariant mass of the Y μ combination. The term p⊥ represents the
momentum component of the visible Y μ system perpendicular to the B0

s flight direction. In the
B0

s → D−s μ+νμ normalisation channel, the charmless combinations of kaon and pion tracks are
removed though a fit to the D−s candidate invariant mass, m(K+K−π−), in 40 bins of corrected
mass between 3000 MeV/c2 and 6500 MeV/c2. Figure 1 illustrates the fit to the corrected mass
distributions for the signal B0

s → K−μ+νμ and normalisation B0
s → D−s μ+νμ processes. The

statistical uncertainty due to the limited size of the fit templates is propagated to the statistical
uncertainty of the extracted yields 13. The measured B0

s → K−μ+νμ yields in the two regions
of momentum transfer are found to be NK(low) = 6922 ± 285 and NK(high) = 6399 ± 370;
this is the first observation of the B0

s → K−μ+νμ decay. The extraction of the B0
s → D−s μ+νμ

decays results in a yield of NDs = 201450±5200 events. The ratio of branching fractions is thus
obtained in the low and high B0

s → K− momentum transfer regions and across the full q2 range
as:

RBF(low) = (1.66 ± 0.08 (stat) ± 0.07 (syst) ± 0.05 (Ds))× 10−3,
RBF(high) = (3.25 ± 0.21 (stat)+0.16

−0.17 (syst) ± 0.09 (Ds))× 10−3,
RBF(all) = (4.89 ± 0.21 (stat)+0.20

−0.21 (syst) ± 0.14(Ds))× 10−3,

where the three uncertainties are statistical, systematic and due to the D−s → K+K−π− branch-
ing fraction 7, taken as an external input. The largest systematic uncertainty is due to the
modelling of the signal and background corrected mass distributions and, in particular, to the
form factor models used to derive the signal shapes.

Finally, the CKM ratio |Vub|/|Vcb| is determined using the predictions of the form factor
integrals FFK and FFDs and following Eq. 1, in the two regions of B0

s → K− momentum
transfer, giving

|Vub|/|Vcb|(low) = 0.0607 ± 0.0015 (stat) ± 0.0013 (syst) ± 0.0008 (Ds) ± 0.0030(FF),

|Vub|/|Vcb|(high) = 0.0946 ± 0.0030 (stat)+0.0024
−0.0025 (syst) ± 0.0013 (Ds) ± 0.0068(FF),
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Figure 1 – The distribution of the corrected mass of selected B0
s → K−μ+νμ events with q2 < 7GeV2/c4 (top,

left), q2 > 7GeV2/c4 (top right) and the B0
s → D−s μ+νμ events across the full q2 range (bottom). The binned

maximum-likelihood fit projections are overlaid.

where the uncertainties are statistical, systematic, and due to the D−s branching fraction and
form factor integral estimations, respectively. Figure 2 illustrates the |Vub|/|Vcb| extractions with
the uncertainties combined. The measurement obtained through the study of baryon decays14 is
also displayed, along with the ratio of the exclusive averages of |Vub| and |Vcb| obtained from the
PDG 7. As shown, the measured value of |Vub|/|Vcb| obtained at high q2 is compatible with both
the PDG averages and the Λ0

b → pμ−νμ result, also obtained through a LQCD form factor calcu-
lation15. The tension between the low- and high-q2 CKM extractions using B0

s decays originates
from the difference between the theoretical prescriptions used to compute the B0

s → K− form
factor integrals. Such incompatibility manifests when considering the prediction of FFK in the

0 0.1 0.2

cbV/ubV

μν+μ− K→0
sB LCSR (Khod.& Rus.2017)

4c/2 < 7 GeV2q

μν+μ− K→0
sB LQCD (MILC2019)

4c/2 > 7 GeV2q

μν−μ p→0
bΛ LQCD (Detmold2015)

4c/2 > 15 GeV2q

(PDG)
exclcbV/

exclubV

LHCb

Figure 2 – Measurements of the CKM ratio |Vub|/|Vcb| obtained at low and high q2 using B0
s decays 4 and Λ0

b

transitions 14. The last entry is given by the ratio of the exclusive PDG 7 averages of |Vub| and |Vcb|.
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region q2 < 7GeV2/c4. The LQCD calculation 10 in this region yields FFK = 0.94 ± 0.48 ps−1.
In contrast, the LCSR prediction 9 results in the estimate FFK = 4.14 ± 0.38 ps−1; the latter is
used in this analysis owing to its higher precision.

In conclusion, the exclusive extraction of |Vub|/|Vcb| is performed using B0
s decays in two

regions of B0
s → K− momentum transfer. Conducting measurements of |Vub| and |Vcb| using

various b-hadron decays provides complimentary information and leads to stringent constraints
on the CKM Unitarity Triangle 16,17. To this end, efforts are underway 18 to perform the first
observation of B+

c → D0(∗)μ+νμ decays and to accomplish a measurement of |Vub|/|Vcb| using
the decay process B+

c → J/ψμ+νμ as a normalisation channel.
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Synergies of top and B anomalies in SMEFT ∗
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We present constraints on Wilson coefficients from a combined fit to data from top-quark and
beauty-physics measurements within the Standard Model effective field theory. We consider
present data on top-quark pair production and decay, b → s flavor changing neutral currents,
and Z → bb̄ decay, as well as different future scenarios. These comprise projections for HL-
LHC, Belle II, and a lepton collider using the example of CLIC. We investigate opportunities
for detecting deviations from the Standard Model hinted at by present data on b → s transi-
tions. In the fit, we find strong synergies between top-quark and beauty physics that allow to
tighten constraints on various coefficients.

1 Effective theories for new physics

Due to the absence of any direct observation of physics beyond the Standard Model (BSM),
present data suggest that BSM particles could very well be too heavy to be directly detected
by experiments at the LHC. This opens up a different approach well known from flavor physics
and recently applied to top-quark physics: indirect searches employing effective field theories
(EFT). In this regard, the Standard Model EFT (SMEFT) has become very popular as it
allows model-independent searches for BSM physics combining different physics sectors in one
consistent framework. The key concept of this framework is to add higher-dimensional operators
Oi consistent with the Standard Model (SM) symmetry groups to the SM Lagrangian. Each of
the operators appears together with a corresponding Wilson coefficients Ci and is suppressed by
inverse powers of the scale of BSM physics Λ. Leading contributions to LHC physics obeying
lepton and baryon number conservation arise at dimension six:

LSMEFT = LSM +
∑
i

C
(6)
i

Λ2
O

(6)
i +O

(
Λ−4

)
. (1)

In this framework, deviations from the SM correspond to non-zero Wilson coefficients.
SU(2)L invariance of the SMEFT Lagrangian links up-type and down-type quarks. Rotating

quark fields from the flavor basis qiL/R to the mass basis q′iL/R =
(
Sq†
L/R

)
ij
qjL/R connects different

physics sectors with q = u, d and flavor indices i, j = 1, 2, 3. The CKM matrix reads

V = (Su
L)
† Sd

L . (2)

While rotations of right-handed quark fields can simply be absorbed in the definition of the
Wilson coefficients, contributions involving quark doublets relate up and down sector via CKM-
matrix elements. Consider the following example:

Cij
eqO

ij
eq = Ĉkl

eq (ēRγμeR)
(
ū′kLγ

μu′lL + V †mkVlnd̄
′m
L γμd′nL

)
, (3)

∗DO-TH 21/15
†Speaker
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Figure 1 – Constraints on SMEFT coefficients C̃i in Eq. (5) from a fit of eight coefficients to top-quark data, Zbb
data, and B-physics data. Shown are the smallest intervals containing 90% posterior probability (left) and the
two-dimensional projection of the posterior distribution in the C̃qe-C̃

+
lq plane (right). The star denotes the SM.

Plots from Ref. 1 or adopted.

where Ĉ
(1)kl
eq = Cij

eq

(
Su
L

)†
ki

(
Su
L

)
jl
denotes Wilson coefficients in the mass basis. Here, we work

in the up-type basis where CKM matrix elements appear in interactions of down-type quarks.
In the following, we apply this framework to a combined analysis of present top-quark, Zbb̄,

and B data. In addition, we consider future projections for measurements at HL-LHC, Belle II,
and a future lepton collider using the example of CLIC. We only consider contributions from
operators with third generation quarks (in the flavor basis), i.e. only Ĉ33

i �= 0, that interfere
with the SM process. We use the convention C̃i = Ĉ33

i v2/Λ2 with v = 246GeV being the Higgs
vacuum expectation value. In total, we include the following eleven coefficients in our analysis:

C̃uB , C̃uG , C̃uW , C̃(1)
ϕq , C̃(3)

ϕq , C̃ϕu , C̃eu , C̃lu , C̃qe , C̃
(1)
lq , C̃

(3)
lq , (4)

where we assume lepton flavor universality. While this is not a strong assumption presently as
most b → s�+�− data is muon-specific, it is important once b → sνν̄ modes are included and
those from e+e− colliders. To combine top-quark and B-physics data 2, we employ the wilson

package 3 to match SMEFT onto the low-energy weak effective theory 4 (WET) and to include
renormalization group evolution 5. SMEFT coefficients are given at the scale μ = 1TeV.

2 Fit to present data

We consider measurements of top-quark physics, namely total cross sections of pair production
processes at the LHC (tt̄, tt̄γ, and tt̄Z), the total decay width of the top quark, and W -boson
helicity fractions. We further include data on Z → bb̄ transitions and B physics in the form
of total and differential branching ratios, angular distributions, and asymmetries 1. Angular
distributions on b → sμ+μ− data are of particular interest as they hint at deviations from the
SM. In total, this allows us to constrain the following eight SMEFT coefficients:

C̃uB , C̃uG , C̃uW , C̃(1)
ϕq , C̃(3)

ϕq , C̃ϕu , C̃qe , C̃+
lq , (5)

where we also introduced the useful linear combinations C̃±i = C̃
(1)
i ±C̃

(3)
i to avoid flat directions

in the multidimensional parameter space.
To derive constraints on Wilson coefficients in a Bayesian reasoning, we employ the EFTfitter

tool 6. For all coefficients we consider a uniform distribution over the interval −1 ≤ C̃i ≤ 1 as
the prior distribution. In Fig. 1 we show results from a fit of eight coefficients in Eq. (5) to data
from top-quark measurements, Zbb data, and B-physics. We show both the one-dimensional
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projection (left) as well as the two-dimensional projection in the C̃qe-C̃
+
lq plane of the smallest

90% region of the posterior distribution. As can be seen in the one-dimensional projections,
the strongest constraints are obtained for the four-fermion coefficients C̃qe and C̃+

lq , O(10−3).

Constraints on C̃uB, C̃uG, C̃uW , C̃
(1)
ϕq , and C̃

(3)
ϕq are roughly one order of magnitude weaker with

a total width of the smallest interval around (5 − 7) × 10−2. In contrast, C̃ϕu remains almost
unconstrained as constraints from tt̄Z data are weak due to limited precision and contributions
to B physics are strongly suppressed by the matching conditions. Interestingly, we find two
solutions for several coefficients, which stem from correlations induced by matching the SMEFT
basis onto the WET basis. Inclusion of top-quark data allows to resolve these correlations 2

to a certain degree. However, in this case the sensitivity of top-quark data does not suffice to
completely remove the non-SM branches from the posterior distribution.

The two semileptonic four-fermion coefficients are of particular interest as they are related
to anomalies seen in b → sμ+μ− transitions. As shown in the two-dimensional projection of
the posterior distribution in the C̃qe-C̃

+
lq plane (Fig. 1, right), we see deviations from the SM in

these two coefficients.

3 Future projections

To estimate the impact of future experiments on constraints on SMEFT coefficients, we adopt
estimates of the expected precision at HL-LHC 7, Belle II 8, and a future lepton collider at
the concrete example of CLIC 9. If no present measurement for an observable is available, we
consider the SM value, and take into account central values of present data otherwise.

We distinguish between two scenarios: In the ’near future’ scenario, we take into account
projections for measurements at HL-LHC and Belle II. In this case, Belle II is of particular
interest, as it is expected to give further insights in the B anomalies. A lepton collider such as
CLIC has yet to be decided to built, and thus we consider data from such an collider as a ’far
future’ scenario.

Combining observables from these experiments allows to test the complete eleven-dimensional
parameter space of Wilson coefficients. We show the results from a fit of all eleven coefficients
to present data and near-future projections (light blue), CLIC projections (grey), and the com-
bined set in Fig. 2. As shown in the plot where the total width of the smallest 90% interval
are shown, the four-fermion coefficients can be constrained to a level of O(10−4). In contrast,
the weakest constraints are found for C̃ϕu, for which the width of the interval is around 10−1.
Constraints on the remaining coefficients are at the level of O(10−2). Combining present data
with projections for HL-LHC, Belle II (especially b → sνν̄), and CLIC significantly improves the
constraints on the SMEFT coefficients. While in most cases one dataset is more sensitive to a
specific operator and thus drives the constraints, we find an particularly significant enhancement

by more than two orders of magnitude for both C̃
(1)
lq and C̃

(3)
lq . The reason is that the different

sets of observables have different sensitivities: Constraints from CLIC are almost orthogonal to
those obtained from present data and near-future projections for HL-LHC and Belle II.

This is shown in Fig. 2 (right) where we give the two-dimensional projection of the posterior

distribution in the C̃
(1)
lq − C̃

(3)
lq plane obtained from fits to all eleven coefficients. We find that

both C̃
(1)
lq and C̃

(3)
lq show significant deviations from the SM in the combined fit assuming that

Belle II data confirms present LHCb central values.

4 Conclusions

We presented results from fits of SMEFT coefficients to current top-quark, Z → bb̄, and B-
physics data obtained in a fit of eight coefficients in Eq. (5) to the combined set. We discussed
how the combination of the different datasets allows to tighten constraints on the SMEFT coef-
ficients considered here. Exploiting the SU(2)L-symmetry link between top-quark and beauty
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Figure 2 – Constraints on SMEFT coefficients C̃i in Eq. (4) from a fit of all eleven coefficients to present data
and projections. Shown are the width of the smallest intervals containing 90% posterior probability (left) and
two-dimensional projections of the posterior distribution (right) from fits to present data, HL-LHC and Belle II
projections (light blue), CLIC projections (grey), and the combined set (blue). Plots from Ref. 1.

physics enabled us to constrain four-fermion operators involving top-quarks and charged leptons
to a level of O(10−3). Due to hints for BSM physics in b → sμ+μ− transitions, we find deviations
from the SM in two semileptonic four-fermion coefficients tested with present data, see Fig. 1.

In the future, measurements at HL-LHC and Belle II will improve the constraints on several
coefficients, while inclusion of top-quark data from a future lepton collider is paramount to
remove flat directions in the parameter space and to constrain all eleven coefficients in Eq. (4)
simultaneously, see Fig. 2. Four-fermion coefficients are constrained at a level of O(10−4), and
different sensitivities of top-quark and beauty data allow to see significant deviations from the
SM in two coefficients assuming present central values on b → sμ+μ− data.

Acknowledgments

SB is very grateful to the organizers to be given the opportunity to present this work. CG is
supported by the doctoral scholarship program of the Studienstiftung des deutschen Volkes.

References

1. S. Bißmann, C. Grunwald, G. Hiller and K. Kröninger, [arXiv:2012.10456 [hep-ph]].
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no.2, 136 (2020) doi:10.1140/epjc/s10052-020-7680-9 [arXiv:1909.13632 [hep-ph]].
3. J. Aebischer, J. Kumar and D. M. Straub, Eur. Phys. J. C 78, no.12, 1026 (2018)

doi:10.1140/epjc/s10052-018-6492-7 [arXiv:1804.05033 [hep-ph]].
4. W. Dekens and P. Stoffer, JHEP 10, 197 (2019) doi:10.1007/JHEP10(2019)197

[arXiv:1908.05295 [hep-ph]].
5. R. Alonso, E. E. Jenkins, A. V. Manohar and M. Trott, JHEP 04, 159 (2014)

doi:10.1007/JHEP04(2014)159 [arXiv:1312.2014 [hep-ph]].
6. N. Castro, J. Erdmann, C. Grunwald, K. Kröninger and N. A. Rosien, Eur. Phys. J. C
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Corrections to models of B-physics decay anomalies

Nudžeim Selimović

Physik-Institut, Universität Zürich, CH-8057 Zürich, Switzerland

Motivated by the recent anomalies observed in semileptonic decays of B-mesons, the class of
models denoted as ”4321” is introduced and analysed. The importance of calculating next-
to-leading-order (NLO) effects in performing precise compatibility tests of data with 4321
predictions is discussed. On the one hand, the coupling of the U1 ∼ (3,1)2/3 leptoquark
appearing in the spectrum to the third-generation fermions is large, giving rise to sizable
NLO corrections in the relevant semileptonic operators. On the other hand, the new source
of flavor violation is introduced with the vector-like fermions, resulting in the processes whose
relevance can only be quantified at the loop order.

1 Introduction

It has been almost a decade now since the first deviations from the Standard Model (SM) pre-
dictions were observed in semileptonic decays of B-mesons [1]. The measurements by various
collaborations that followed lead to a coherent pattern of the SM deviations, which are now
known as ”B anomalies”. The hints collected so far are grouped into two categories: i) devia-
tions from τ/μ and τ/e universality in b → c�ν̄ charged currents, and ii) deviations from μ/e
universality in b → s�+�− neutral currents. As shown in the recent study [2], the combined
significance of deviations is at the level of 4σ for both charged and neutral current observables.

In order to provide a combined explanation, it was recognized that ingredients of the New
Physics (NP) should be: i) an approximate U(2)5 flavour symmetry implying dominant couplings
of the new sector to the third generation fermions [3], and ii) a TeV-scale vector leptoquark,
U1 ∼ (3,1)2/3, as a particularly successful mediator. The different UV-complete models incor-
porating the two ingredients [4–7] share the TeV-scale dynamics which is always characterized
by the gauge group G4321 ≡ SU(4) × SU(3) × SU(2) × U(1) acting in a family non-universal
way. As a general feature, these models collectively denoted as ”4321”, contain new gauge fields
acquiring mass in the G4321 → GSM spontaneous symmetry breaking. Moreover, realistic reali-
sations involve the vector-like fermions which induce couplings between the new SU(4) vectors
and the light SM generations.

In this talk I want to report some of the most important results concerning the NLO effects
associated with the new fields, calculated in a series of papers [8–10]. The motivation comes
from the expectation that these corrections are sizable since coupling of the leptoquark to SM
fermions must be large (O(3)) in order to explain B-physics data, while being consistent with
collider searches. Additionally, vector-like fermions introduce a new source of flavor violation
which results in the flavour-changing neutral current (FCNC) amplitudes absent at tree-level.
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2 The 4321 models

The 4321 models are based on the G4321 ≡ SU(4)×SU(3)′×SU(2)L ×U(1)X gauge symmetry,
with the corresponding gauge fields denoted by HA=1,...,15

μ , Ca=1,...8
μ , W 1,2,3

μ and B′μ, and the
gauge couplings g4, g3, g2 and g1, respectively. The SM gauge group corresponds to the G4321

subgroup SU(3)c × U(1)Y ≡ [SU(4)× SU(3)′ × U(1)X ]diag, with SU(2)L being the SM one. It
is useful to define the mixing angles θ1,3, relating the 4321 gauge couplings to the SM ones

gs = g4 sin θ3 = g3 cos θ3 , gY =
√

3
2 g4 sin θ1 = g1 cos θ1 , (1)

with gs and gY denoting the SU(3)c and U(1)Y gauge couplings. In terms of the 4321 gauge
eigenstates, the SM gluon, Ga

μ, and hypercharge gauge boson, Bμ, can be written as

Ga
μ = cos θ3C

a
μ + sin θ3H

a
μ , Bμ = cos θ1B

′
μ + sin θ1H

15
μ , (2)

while the new massive vectors G′ aμ , Z ′μ , U
1,2,3
μ read

G′ aμ = − sin θ3C
a
μ + cos θ3H

a
μ , Z ′μ = − sin θ1B

′
μ + cos θ1H

15
μ ,

U1,2,3
μ = 1√

2
(H9,11,13

μ − iH10,12,14
μ ) . (3)

Table 1: Minimal matter content.

Field SU(4) SU(3)′ SU(2)L U(1)X

ψL 4 1 2 0

ψ±R 4 1 1 ±1/2

q′ iL 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

Ω3 4̄ 3 1 1/6

Ω1 4̄ 1 1 −1/2

In most 4321 models, the G4321 → GSM

breaking is triggered by the vacuum ex-
pectation values of two scalar fields trans-
forming in the antifundamental of SU(4),
Ω1 and Ω3, singlet and triplet under
SU(3)′, respectively.a The would-be SM
fermions are charged non-universally un-
der the 4321 gauge group, as summarised
in Table 1. Here i = 1, 2, ψL ≡
(q′3L �′3L ), ψ+

R ≡ (u3R ν3R) and ψ−R ≡
(d3R e3R). The prime in the fields in-
dicates that these are not mass eigen-
states.

Table 2: Additional fermion content. Here χL =
(Q′L L′L) and χR = (QR LR). The prime in the
χL components indicates that these are not mass
eigenstates.

Model Field SU(4) SU(3)′ SU(2)L U(1)X
χL 4 1 2 0

I QR 1 3 2 1/6
LR 1 1 2 −1/2

II χL,R 4 1 2 0

In order to introduce the couplings of SU(4)
vectors to the light generations, and 2-3 CKM
matrix elements, we add to the minimal con-
tent one family of left-handed fermions, trans-
forming in the fundamental of SU(4) and
SU(2)L, and one family of right-handed part-
ners. The massive fermions are vector-like un-
der the SM gauge group, therefore, the right-
handed partners should transform in the fun-
damental of SU(2)L, but there is freedom in
the SU(4)× SU(4)′(⊃ SU(3)′) transformations. As shown in Table 2, we consider two possible
realisations: Model I discussed in [6], and Model II in [7]. In both cases, having two SU(4)
charged fermions, ψL and χL, leads to a new flavor symmetry that we denote U(2)ξ, with
ξL = (ψL, χL)

T . This symmetry is broken by the fermion masses, causing mixing among ψL and
χL, and also the SU(4)-singlet fermions, q′L and �′L. Whatever the source of SU(4) breaking is,
the mass terms read

Lmass = Ψ̄q ′
L Mq QR + Ψ̄� ′

L M� LR , (4)

aAn additional scalar field, transforming in the adjoint of SU(4) and singlet under the rest, is often introduced
is some 4321 models [4, 7].
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with the left-handed fermions arranged into the flavor vectors Ψq ′
L = (q′ 2L , q′ 3L , Q′L)

T and Ψ� ′
L =

(�′ 2L , �′ 3L , L′L)
T , and Mq,� being the 3-dimensional mass vectors. Without loss of generality, these

mass vectors can be written as

Mq,� = W̃q,�Oq,�

(
0 0 mQ,L

)T
, (5)

where mQ,L are the vector-like fermion masses. Here, the 3×3 unitary matrices W̃q,� parametrize
the mixing among SU(4) states, while the 3×3 orthogonal matrices Oq,� parametrize the mixing
among different SU(4) representations. Explicitly, these matrices read

W̃q,� =

(
1 0
0 Wq,�

)
, Oq,� =

⎛⎝ cos θQ,L 0 sin θQ,L

0 1 0
− sin θQ,L 0 cos θQ,L

⎞⎠ , (6)

where θQ,L are the mixing angles, and Wq,� being 2× 2 unitary matrices. To better understand
the origin of the flavor mixing matrices, it is convenient to follow the analogy with the SM.
Here, the SU(4) group puts quarks and leptons into a multiplet, which will be misaligned after
the SU(4) breaking, similar to the up-down quark misalignment inside the SU(2)L multiplet of
the SM. This misalignment will cause the quark-lepton flavour mixing which is parametrised by
the physical combination of Wq and W� matrices, W †

qW� = W , appearing in the U1 interaction,
and can be viewed as a generalization of the CKM matrix to SU(4) or quark-lepton space. In
this sense, the U1 leptoquark is analogous to the SM W , while the Z ′, G′ are analogous to the
SM Z. These interactions can be written in the SU(4) basis, or in the quark (Qi

L) and lepton
(Li

L) components of ξiL, that in the mass-eigenstate basis are given by⎛⎜⎝ 0

Q1
L

Q2
L

⎞⎟⎠ = P23Oq

⎛⎜⎝ q2L
q3L
QL

⎞⎟⎠ ,

⎛⎜⎝ 0

L1
L

L2
L

⎞⎟⎠ = P23O�

⎛⎜⎝ �2L
�3L
LL

⎞⎟⎠ , (7)

with P23 = diag(0, 1, 1) a projector onto SU(4) states. The interactions read (i = 1, 2)

L ⊃ g4√
2
(Q̄i

LWij U/Lj
L + h.c.) +

g4

2
√
6

(
Q̄i

LZ
′/ Qi

L − 3 L̄i
LZ

′/ Li
L

)
+ g4 Q̄i

LG
′/ a T aQi

L . (8)

As in the SM, FCNCs proportional to the W matrix are generated at the loop level. Computing
these contributions to ΔF = 1 semileptonic and dipole operators, as well as ΔF = 2 hadronic
and leptonic amplitudes, represents one of the main results of this work.

3 NLO results

3.1 Gauge sector

In this subsection I report the main results concerning the relation between low- and high-energy
observables beyond the tree level. In particular, we evaluate the NLO corrections in two largest
couplings, g4(m

2
U ) and gs(m

2
U ), to the Wilson coefficients of the dimension-six semileptonic

operators involving SM third-generation fermions, with mU being the U1 leptoquark mass. The
following normalization is adopted

L = − g24
2m2

U

∑
k

Ck(μ)Ok , (9)

with the most relevant operators being those generated by the U1 tree-level exchange

OU
LL = (�̄′3Lγ

μq′3L)(q̄
′3
Lγμ�

′3
L) , OU

LR = −2(�̄′3Le
′3
R)(d̄

′3
Rq
′3
L ) + h.c. . (10)
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Firstly, we calculated one-loop corrections to the corresponding 4-fermion amplitudes in the full
theory, employing the dimensional regularisation with MS renormalisation scheme as the most
convenient because of the infrared singularities and the precise knowledge of gs(μ). Proceeding
this way, an additional step of expressing the (unphysical) coupling g4 in the Lagrangian in
terms of some high-energy physical observable is needed. To this end, we chose the inclusive
leptoquark width, and used it to define the corresponding physical coupling. Secondly, the
matching between the full and the effective theory was performed. The main result is that
both NP and QCD corrections are positive, together reaching 20% (40%) increase in CLL (CLR),
implying enhanced U1 contribution at low-energy using the fixed high-energy inputs [8,9]. This
is an important phenomenological consequence meaning that all collider bounds dominated by
the on-shell production of the new states will be weaker at fixed low-energy contribution once
the quantum corrections are taken into account.

3.2 Flavour changing neutral currents

The 4321 models are exposed to relevant constraints originating from FCNC processes not
present at tree-level, but receiving contributions from U1 loops proportional to the W matrix.
As notable examples, I want to assess the UV sensitivity of Bs − B̄s mixing and B → K(∗)νν̄
transition. In the case of Bs − B̄s mixing, the one-loop contribution to the Wilson coefficient
parametrising this process is

CNLO
bs =

g24
2m2

U

α4

4π

(
sin θQ cos2 θLW12W

∗
22

)2( m2
L

4m2
U

+O
(
m4

L

m4
U

))
, (11)

and is completely controlled by the vector-like lepton mass, mL, for fixed charged-current
anomaly. This can be used to extract the upper bound on mL, and in combination with direct
searches squeeze the parameter space for these particles, putting them in the O(1 TeV) ballpark.
Similarly, we performed the first complete analysis of the U1 impact in B(B → K(∗)νν̄). Both
implementations of the 4321 model (Model I and II in Table 2) predict 15% to 60% enhancement
with respect to the SM expectation, in the parameter region which provides a good fit to the
B-anomalies. The Belle II Collaboration should be able to measure this branching fraction with
a 10% error assuming the SM value, probing all of the parameter space of the 4321 models [11].
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The beauty of the rare: B(s) → μ+μ− at the LHCb

S. Ferreres Solé
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The latest and improved measurements in B0
(s) → μ+μ− processes have been performed by

LHCb using full Run 1 and Run 2 data. The measurement of the branching fraction of
B0

s → μ+μ− is presented as the most precise single experiment measurement of such a rare
process. While no significant excess is found for B0 → μ+μ−, an stringent upper limit is set
for its braching fraction. Both results are in agreement with SM predictions and with previous
results.

1 Theoretical beauty

Flavour changing neutral currents (FCNC) are suppressed in the SM for several reasons. They
are forbidden at tree level and can only take place through loop transitions involving multiple
weak interactions. This adds to their branching fraction calculation loop and weak interaction
suppression factors. Apart from this, they are also affected by the GIM mechanism, arising from
the unitarity property of the CKM matrix.

The B0
s → μ+μ− and B0 → μ+μ− decays, which will be further referred to as B0

(s) → μ+μ−,
fall under this category. Such decays are even further affected by helicity suppression, originating
from the relation between the spin of the B0

(s) and the helicity of the muons.
These processes can be described using effective field theory. Their decay amplitude can be

written using an effective Hamiltonian as 1:

M(B0
(s) → μ+μ−) = 〈μ+μ−|Heff |B0

(s)〉 ∝
∑

i=10,S,P

Ci 〈μ+μ−|Oi|B0
(s)〉 (1)

where Ci are the perturbative Wilson coefficients and Oi are the non-perturbative Wilson op-
erators, describing the short and long distance effects, respectively. The B0

(s) → μ+μ− final
state is purely leptonic whereas the initial state is purely hadronic, resulting in a lack of direct
interaction between the two. Consequently, the matrix element in Eq. 1 can be factorised into
the hadronic and leptonic parts, resulting in a very clean theoretical calculation:

M(B0
(s) → μ+μ−) =

∑
i=10,S,P

Ci 〈μ+μ−|Oi,ll|0〉 ⊗ 〈0|Oi,qq|B0
(s)〉 (2)

All these properties make B0
(s) → μ+μ− decays extremely rare in the SM with very precise

predicted time-integrated branching fraction 2:

B(B0
s → μ+μ−) = (3.66± 0.14)× 10−9

B(B0 → μ+μ−) = (1.03± 0.05)× 10−10
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As a final remark, only the Wilson operator O10 describing axial vector interactions con-
tributes to the B0

(s) → μ+μ− processes in the SM. While this operator is strongly affected by
helicity suppression, the scalar and pseudo-scalar contributions, OS and OP , are not helicity
suppressed. Apart from adding a whole new type of interaction to the process, NP might also
arise from new axial vector interactions, such that C10 = CSM

10 +CNP
10 , which is currently the main

sensitivity test related to the latest anomalies observed 3. Hence, a small difference between the
measured and the theoretical values of the branching fraction might be a strong hint of NP.

2 Experimental beauty

An improved measurement of the B0
(s) → μ+μ− branching fractions has been performed by

LHCb using the full Run 1 and Run 2 data 4,5. To perform the analysis, a pair of opposite
charged muons with invariant mass, mμ+μ− ∈ [4900, 6000]MeV/c2, are selected by requiring
them to form a good-quality vertex displaced from the interaction point.

The signal yields are obtained from a maximum likelihood fit to the dimuon invariant mass.
To increase the separation between signal and background, the fit is performed in bins of a
Boosted Decision Tree (BDT) classifer, which categorizes events as more or less signal-like. This
is done by assigning an score between 0 and 1 to each event such that, the closer the score to 0,
the more background-like the event is. The BDT distribution of events for the full Run 1 and
Run 2 datasets is shown in Fig. 1 where the dash green lines represent the limits of the signal
mass region.

Figure 1 – Distribution of events for the full dataset in BDT and invariant mass of the muons. The dashed green
lines represent the signal mass region.

From the signal yields the branching fractions are determined using B+ → J/ψK+ and
B0 → K+π− as normalization channels, the former having similar particle identification (PID)
and trigger requirements as the signal and the latter, similar kinematics.

Due to the limited statistics on the signal sample, several calibrations and estimations have
to be performed to constrain the fit parameters, such as the estimation of the shapes and yields
of the various backgrounds components, the signal shape calibration and the BDT calibration
among others. The yields of the exclusive backgrounds are estimated from a combination of
theoretical inputs, simulation and techniques based on data.

In addition, the mean and the width of the B0
(s) → μ+μ− mass shapes, both described by

a Double-Sided Crystal Ball (DSCB) function 6, are also calibrated. For the mean, fits to the
invariant mass of the B0

s → K+K− and B0 → K+π− data samples are performed using a DSCB
as the mass shape. Fits to the charmonium (J/ψ, ψ(2S)) and bottonium (Υ(1S), Υ(2S), Υ(3S))
resonances decaying to two muons are used to calibrate the width of the signal shape, which
is determined from the interpolation σμμ(mμμ) = a0 + a1 · mμμ, where the a0 and a1 are the
interpolation constants. Finally, the tail parameters of the DSCB signal shapes are obtained
from simulation samples, which are smeared with the resolution determined from the previously
mentioned q̄q resonances.
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2.1 BDT calibration

The B0
(s) → μ+μ− decays are extremely rare processes and the measurements of their branching

fractions are statistically limited. Therefore, the sensitivity of the data sample should be in-
creased as much as possible. This is achieved by dividing the data sample in subsets of the BDT
score and performing the mass fit simulatenously in all these subsets. Several binning schemes
have been studied among which the best performant one has been found to be a six BDT bins
scheme with the limits 0, 0.25, 0.4, 0.5, 0.6, 0.7 and 1.

As the fit is performed in bins of the BDT, the expected relative yield of B0
(s) → μ+μ− events

per BDT bin should be estimated, a procedure known as BDT calibration. The BDT calibration
can be performed on corrected data, using the normalization channel B0 → K+π− corrected
for the trigger and PID requirements, or on weighted simulation, directly from a B0

(s) → μ+μ−

simulation sample weighted to take into account the simulation and data differences. Fig. 2
displays the estimated yields of B0 → μ+μ− for Run 2 obtained following the two different
approaches. While the former strategy was followed in the previous analysis7, this time the latter
has been analysed and used. As shown in Fig. 2, both strategies are in very good agreement and
the uncertainty on the relative yields determined from the weighted simulation is significantly
smaller with respect to results obtained from the previous strategy. This uncertainty reduction
on the BDT calibration has a direct impact on the final uncertainty of the branching fraction
measurement.

Figure 2 – Expected BDT distribution for B0 → μ+μ− candidates using the two methods: in black B0 → μ+μ−

weighted simulation and in red B0 → K+π− corrected data.

2.2 Final fit and results

The BDT calibration together with more ingredients, such as the signal calibration or the back-
ground estimation briefly mentioned before, are taken into account in the final invariant mass
fit by constraining some of its parameters and shapes. Fig. 3 displays the mass distribution
of the B0 → μ+μ− and B0

s → μ+μ− candidates with BDT larger than 0.5 in green and red,
respectively. In the same figure, the exclusive and combinatorial background distributions are
also shown. From the fit, the branching fraction of B0

s → μ+μ− is determined while a stringent
upper limit is set for the B0 → μ+μ− branching fraction:

B(B0
s → μ+μ−) = (3.09+0.46+0.15

−0.43−0.11)× 10−9

B(B0 → μ+μ−) < 2.6× 10−10 at 95% CL

where the first and second uncertainties on the B0
s → μ+μ− branching fraction correspond

to the statistical and systematic uncertainties, respectively. The values measured are in good
agreement with the previous results and with the SM predictions. This can also be seen from
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Implications of b → s�+�− constraints on b → sνν̄ and s → dνν̄

S. Descotes-Genon a, S. Fajfer b,c, J. F. Kamenik b,c, M. Novoa-Brunet a ∗

aUniversité Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
bJožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

cFaculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia

We investigate the consequences of deviations from the Standard Model observed in b →
sμμ transitions for flavour-changing neutral-current processes involving down-type quarks
and neutrinos, under generic assumptions concerning the structure of New Physics. We derive
the relevant Wilson coefficients within an effective field theory approach respecting the SM
gauge symmetry, including right-handed currents and assuming a flavour structure based on
approximate U(2) symmetry, and only SM-like light neutrinos. We discuss correlations among
B → K(∗)νν̄ and K → πνν̄ branching ratios in the case of linear Minimal Flavour Violation
and in a more general framework, highlighting in each case the role played by various New
Physics scenarios proposed to explain b → sμμ deviations. This talk is based on Ref. 1.

1 Introduction

Recent experimental data in B physics hint towards deviations from Lepton Flavour Univer-
sality (LFU) in semi-leptonic b-quark decays 2. These deviations can be interpreted model-
independently in terms of specific contributions to short-distance Wilson coefficients Ci of the
weak effective Hamiltonian 3,4. The global fits to b → s�� data 5 show that these deviations
exhibit a consistent pattern favouring a significant additional New Physics (NP) contribution
to Cμ

9 (of the order of 25% of the SM contribution) together with smaller contributions to Cμ
10

and/or Cμ
9′ . Among the most prominent scenarios 5 one can find the one-dimensional scenarios

Cμ,NP
9 = −1.06, Cμ,NP

9 = −Cμ,NP
10 = −0.44 and Cμ,NP

9 = −Cμ,NP
9′ = −1.11. Small contributions

to electron operators Ce,NP

9(′),10(′) are allowed by the data, but they are not required to accurately

describe the deviations. However, contributions to tau operators are mostly unconstrained 6.

The SM neutrinos reside in the same leptonic weak doublets as the left-handed charged
leptons. Therefore, decay modes with neutrinos in the final state offer complementary probes of
NP. In particular, decays B → hsνν̄, with hs standing for hadronic states of strangeness equal
to 1, are known for their NP sensitivity 7. Another related and particularly interesting question
is whether NP is only present in b → s transitions or also in other Flavour-Changing Neutral
Currents (FCNC). The measurements of s → dνν̄ and b → sνν̄ rates should help to differentiate
among NP models with different flavour and chiral structures in both the quark and lepton
sectors. In the kaon sector K → πνν̄ decays arguably offer the best sensitivity to NP 4. The
main goal of our approach is to determine the impact of the current b → s�� results on future
measurements of B → K(∗)νν̄ and K → πνν̄ in a general effective theory framework and to
illustrate the potential correlations among these measurements.

∗Speaker

401



2 NP in semileptonic FCNC decays

Possible heavy NP contributions are written in terms of SU(2)L gauge invariant operators 8

Leff. = LSM − 1

v2
λq
ijλ

�
αβ

[
CT

(
Q̄i

Lγμσ
aQi

L

) (
L̄α
Lγ

μσaLβ
L

)
+ CS

(
Q̄i

LγμQ
i
L

) (
L̄α
Lγ

μLβ
L

)
+C ′RL

(
d̄iRγμd

i
R

) (
L̄α
Lγ

μLβ
L

)
+ C ′LR

(
Q̄i

LγμQ
i
L

) (
�̄αRγ

μ�βR

)
+ C ′RR

(
d̄iRγμd

i
R

) (
�̄αRγ

μ�βR

)]
,

(1)

where Qi
L = (V CKM∗

ji ujL, d
i
L)

T and Lα
L = (UPMNS

αβ νβL, �
α
L)

T . This Lagrangian, extending the

one considered in Ref. 8 to include right-handed fields, is chosen to reproduce the results of
the global fits to b → s�� data∗ discussed in Sec. 1. The presence of operators with lepton
doublets in Eq. (1) is the basis for the connection between flavour-changing neutral currents
involving charged and neutral leptons that we explore in the following. We assume that the
same flavour structure encoded in λq

ij and λ�
αβ holds for all operators. We then classify the

NP flavour structures in terms of an approximate U(2)q=Q,D flavour symmetry acting directly
on the quark fields, under which two generations of quarks form doublets, while the third
generation is invariant. We will focus on down-type quarks. One can write q ≡ (q1L, q

2
L) ∼ (2,1),

d ≡ (d1R, d
2
R) ∼ (1,2) while d3R, q

3
L ∼ (1,1) . In the exact U(2)q limit only λq

33 and λq
11 = λq

22 in
Eq. (1) are non-vanishing. To avoid excessive effects in neutral kaon oscillation observables, we
thus furthermore impose the leading NP U(2)q breaking to be aligned with the SM Yukawas,
yielding a General Minimal Flavour Violating (GMFV) 9 structure with the singlet field defined
as d3L = bL + θqe

iφq (VtddL + VtssL), whereas d
1
L = dL, d

2
L = sL (and similarly for q3L), where θq

and φq are fixed but otherwise arbitrary numbers. The linear MFV limit9 is recovered by taking
θq = 1 and φq = 0 (taking Vtb = 1) †. In (G)MFV, right-handed FCNCs among down-type
quarks are suppressed so that we may set C ′RL = C ′RR = 0 then. Departures from the (G)MFV
limit may manifest through additional explicit U(2)q breaking effects appearing as λq

i �=j �= 0.

For the lepton sector we assume an approximate U(1)3� symmetry (broken only by the neu-
trino masses) yielding λ�

i �=j � 0 as required by stringent limits on lepton flavour violation10,11,12.
We consider here only (SM-like) left-handed neutrinos. Since neutrino flavours are not tagged
in current and upcoming rare meson decay experiments, we need to assume specific ratios of
U(1)3� charges (λ�) in order to correlate FCNC processes involving charged leptons and neutri-
nos. We consider three well known examples from the existing literature. First, the simplest
(scenario 1) λ�

ee = λ�
ττ = 0 implies significant NP effects only in muonic final states. Secondly,

the anomaly-free assignment (scenario 2) λ�
μμ = −λ�

ττ and λ�
ee = 0 allows for gauging of the lep-

tonic flavour symmetry and is thus well suited for UV-complete model building 13,14. And lastly,
the hierarchical charge scenario (scenario 3) λ�

ee � λ�
μμ � λ�

ττ
‡ which is motivated by models

of partial lepton compositeness and flavour models accounting for hierarchical charged lepton
masses 15,16. The expressions of the branching fractions and the weak effective Hamiltonian
Wilson coefficients as a function of the coefficients of Eq. (1) can be found in Ref. 1.

3 Results

We first consider the limit of (linear) MFV in which b → sνν̄ and s → dνν̄ FCNC transitions are
rigidly correlated through their dependence on CS−CT , even before considering the implications
of b → s�+�−. In Fig. 1 (left) we show the branching ratio of B → hsνν and K+ → π+νν̄
normalised to their respectively SM value R(i → f) ≡ B(i → f)/B(i → f)SM. The allowed
region for these ratios is shown shaded in Fig. 1 (left) for arbitrary MFV NP effects on two

∗b → s�� data suggests scenarios limited to axial and vector NP (O�
9(′),10(′)), without scalar or tensor NP.

†Note that, because of the rigid flavour breaking structure within the linear MFV regime, the flavour con-
struction in Eq. (1) does not imply extra assumptions, any additional flavour re-scalings of individual operators
can be absorbed into the flavour universal Ci’s.

‡For concreteness we consider λ�
αα/λ

�
μμ = mα/mμ with α = e, τ .
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(dark grey, 2ν) or three (light grey, 3ν) neutrino flavours. In the case of the three specific U(1)3�
scenarios, the red, purple and dashed brown curves correspond to the allowed 1D regions for Sc.
1, 2 and 3 respectively. In the b → s�+�− analysis, the MFV limit corresponds to the (Cμ,NP

9 ,

Cμ,NP
10 ) scenario or in terms of the operators in Eq. (1) (CS + CT , C

′
LR). Since B → hsνν̄ and

K → πνν̄ depend on the orthogonal CS −CT combination, interesting implications can only be
derived in specific scenarios allowing us to convert the information from b → s�+�− observables
into a constraint on CS and CT . The simplest possibilities CS = 0 or CT = 0 are indicated as
black × and + respectively in the inset plot for scenario 1 and brown ♦ or � respectively for
scenario 3 (already being probed by B(K+ → π+νν̄) measurement and close to being probed by
B → K(∗)νν̄ at the B-factories). On the other hand, in scenario 2, no significant deviations are
expected in either case. Both ratios R are bounded by the same minimal value (1−Nν/3) where
Nν is the number of neutrino flavours affected by NP. Also shown are the present experimental
constraints coming from NA62 17 and B-factories 18. An interesting observation is that a pair of
future B → hsνν̄ and K → πνν̄ rate measurements outside of this (albeit large) region would
be a clear indication of non-MFV NP.

( )

(+
+ )

+×+

Figure 1 – Left: correlation between the ratios R(B → hsνν̄) (hs = K,K∗, Xs) and R(K+ → π+νν̄) in the MFV
limit. Right: correlation between the ratios R(B → Kνν̄) and R(B → K∗νν̄) in presence of right-handed NP in
b → sμμ (Cμ,NP

9 , Cμ,NP
9′ ). Regions are explained in the text.

Beyond the linear MFV limit any correlation between b → s and s → d FCNCs is lost.
Nonetheless, the potential presence of right-handed b → s FCNCs in the (Cμ,NP

9 , Cμ,NP
9′ ) scenario§

as well as the leptonic flavour structure of NP can both still be probed using correlations among
two B → hsνν̄ modes, as shown in Fig. 1 (right) for the case R(B → Kνν̄) vs. R(B → K∗νν̄).
The diagonal blue line corresponds to the (G)MFV case (Cμ,NP

9′ = 0). In scenario 1 and scenario

2 the b → s�� fit 1σ region for (Cμ,NP
9 , Cμ,NP

9′ ) singles out a narrow region (inside the solid
green and dashed purple lines respectively) around the diagonal in this plane, whereas scenario
3 (inside dot-dashed red line) leaves a much larger region allowed. Conversely, a measurement
of the two b → sνν̄ modes outside of the region for scenario 1 would indicate significant (right-
handed FCNC) NP couplings to other neutrino species, e.g. ντ . Without information on the
size of the right-handed FCNCs from b → sμ+μ−, the allowed region assuming significant
NP couplings to 1, 2, 3 neutrinos is above and on the right of the solid, dashed, dotted grey
contours, respectively. The horizontal and vertical bands correspond to the 90 % CL limits on
the observables for R(B → K∗νν̄) (orange) and R(B → Kνν̄) (blue). First note that in the
MFV limit relative NP effects in both modes are expected to be identical as indicated by the
diagonal blue line. Beyond MFV however, any deviation from the diagonal would indicate the

§Note that the additional inclusion of Cμ,NP
10 to this NP scenario does not alter our conclusions, as it corre-

sponds to the addition of C′LR which is not involved in b → sνν̄.
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presence of right-handed currents and the amount of deviation from the diagonal would directly
indicate the number of lepton flavours affected by NP.

In summary, we have investigated, in a general EFT framework, the consequences of b → sμμ
SM deviations in other FCNC processes. Under specific assumptions, we have studied the
correlation between the branching ratios for B → hsνν̄ and K+ → π+νν̄ and between B → Kνν̄
and B → K∗νν̄. The measurement of this modes could establish NP flavour breaking beyond
(G)MFV as well as indicating the number of lepton flavours affected by NP.
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Physics reach of D(s) → π(K)�� and other charming null test opportunities

Marcel Golz
Fakultät für Physik, TU Dortmund, Otto-Hahn-Str. 4, D-44221 Dortmund, Germany

We discuss possibilities to test physics beyond the Standard Model in |Δc| = |Δu| = 1
semileptonic, hadronic and missing energy decay modes. Clean null test observables such as
angular observables, CP-asymmetries and lepton universality tests are presented and model-
independent correlations as well as details within flavorful, anomaly-free Z′ models are worked
out.

1 Introduction

Flavor Changing Neutral Current (FCNC) charm decays are sensitive probes of physics beyond
the Standard Model (BSM). The underlying c → u�� quark transition is the up-type cousin of
the down-type FCNC transitions b → s�� and s → d��. With down-type quarks in the leading
loop diagrams, the up-type sector suffers from a severe GIM cancellation. Together with the
loop suppression, the GIM mechanism leads to tiny Standard Model (SM) contributions to rare
charm decays and in turn to a high sensitivity to New Physics (NP).

In the SM, semileptonic decays, such as D+ → π+�+�−, D+
s → K+�+�−, are dominated by

long-range dynamics with sizable hadronic uncertainties. Therefore, NP searches in branching
ratios are challenging as the NP nature and long-range QCD parameters need to be disentangled
simultaneously.

As a prime example, the dilepton invariant mass (q2) differential branching ratio of the
D+ → π+μ+μ− decay is shown in Fig. 1. Clearly, contributions from intermediate ρ, ω, η, φ
and η′ resonances (indicated in orange) dominate the perturbative SM contributions (in blue)
in the full kinematic range. Therefore, a non-resonant region does not exist in rare charm
decays. Measurements of the resonance tails are still useful, as they provide information on the
underlying QCD dynamics that otherwise produce huge uncertainties, as evident from the width
of the orange bands.

On the other hand, the GIM mechanism also leads to C10 = 0, such that any observable
proportional to C10 constitutes a clean null test of the SM. Recent experimental and theoretical
progress is summarized in Ref.1 This includes upper limits such as B(D+ → π+μ+μ−) <
6.7 × 10−8 at 90% CL2 and B(Λc → p��) < 7.7 × 10−8 at 90% CL,3 first measurements in
D0 → P1P2��

4 and the first observation of CP-violation in the charm sector in ΔACP.
5 On the

theoretical side research interest is increasing and ongoing, see Refs.6–19
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Figure 1 – SM differential branching ratio for D+ → π+μ+μ−. (Non-)resonant contributions are shown in orange
(blue). Uncertainties arise in the resonant contributions from the model of a sum of Breit-Wigner shapes including
unknown strong phases and from scale uncertainties of the SM Wilson coefficients in the non-resonant case. Both
contributions include uncertainties from form factors. Figure taken from Ref.13

The aim of this letter is to present null test strategies that overcome the issue of large
uncertainties from non-perturbative origin and therefore provide clean tests of the SM.

2 Null test strategies in rare charm decays

2.1 Angular observables

The first class of observables is constructed from the full angular distribution of D → P��

1

Γ�

dΓ�

d cos θ
=

3

4
(1− FH)(1− cos2 θ�) +

1

2
FH +AFB cos θ� , (1)

where Γ� =
∫ q2max

q2min
dΓ/dq2 dq2 and θl denotes the angle of the �

− and the D meson in the dilepton

rest frame. These two angular observables are the lepton forward backward asymmetry, AFB,
and the flat term, FH , which are shown in Fig. 2 in the high q2 region (above the φ resonance)
left and right plot, respectively. AFB vanishes in the SM and only receives contributions from
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Figure 2 – Lepton forward backward asymmetry AFB (left) and flat term FH (right) for various benchmark
contribution to Wilson coefficients. The SM is zero in the left plot and sufficiently below the blue curve in the
right plot and therefore not shown. Figures taken from Ref.13

interference terms between two different Wilson coefficients (WCs). Hence, any signal is a clear
sign of BSM physics. Largest contributions are obtained for combinations involving scalar and
tensor WCs, as they reveive no suppression by the light lepton mass m�. The flat term FH

is not zero in the SM, however only contributing via m� suppressed terms, which are small in
the muon case and negligible for electrons in the final state. Similar to AFB, tensor and scalar
contributions do not suffer from this suppression and produce signal sufficiently above the SM
expectations.
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2.2 CP asymmetries

CP asymmetries are sizable at the resonances due to interference of possible CP violating BSM
contributions with the resonance contribution. First pointed out in Ref.,6 this resonance cat-
alyzed CP asymmetry has been promoted as a null test in the literature many times,7,8, 11,13 as
the SM contribution is negligible due to small CKM phases and, again, the strong GIM sup-
pression. A benchmark scenario around the φ resonance is shown in the left plot of Fig. 3 for
D+

s → K+μ+μ−. Recently, the LHCb collaboration has reported the first observation of charm
CP violation in hadronic decays,5 where the NP nature of the measurement is not settled. In
Ref.14 the connection between these two CP violating observables is studied in the framework
of flavorful, anomaly-free Z ′ models and a strong correlation is found. As evident from the right
plot in Fig. 3, a large NP contribution to ΔACP coincides with large CP violating effects in
semileptonic decays. The benchmark in the left plot of Fig. 3 is |Im(C9)| ∼ 0.1.

1.00 1.02 1.04 1.06 1.08
q2 [GeV2]

−1.0

−0.5

0.0

0.5

1.0

A
C
P
[G
eV

−
2
]

δφ = π

δφ = 0

δφ = π/2

δφ = −π/2

0.0 0.5 1.0 1.5 2.0
|ΔANP

CP| · 103
10−3

10−2

10−1

100

101

|Im
( Cμμ

′
9,
10

) |

model 2 βμμ
9,10

model 9 βμμ
9

model 9 βμμ
10

model 10 βμμ
9

model 10 βμμ
10

model 10μβμμ
9,10

Figure 3 – The left plot shows the CP asymmetry around the φ resonance for D+
s → K+μ+μ− and a benchmark

value of C9 = 0.1 exp(iπ
4
) and various different fixed strong phases taken from Ref.13 The right plot displays the

correlation between large values of ΔACP and Im(C9, 10) within different flavorful, anomaly-free Z′ models. The
right plot is taken from Ref.14

2.3 Lepton universality tests

Lepton universality (LU) is deeply rooted in the SM, however put to test in b → s transitions
with increasing significance.20 Similar tests of LU ratios are also possible in rare charm decays,
where sizable effects are possible due to enhancements originating from the interference of NP
with the resonant contributions.8,11,13

A new approach to test LU was presented recently in Refs.16,17 Here, dineutrino modes,
which in the case of rare charm decays are null tests of the SM themselves and do not suffer
from resonance domination, are constrained utilizing different flavor assumptions in the charged
lepton sector and exploiting the SU(2)L link between charged leptons and neutrinos in the
Standard Model Effective Field Theory (SMEFT). For example upper limits for B(D+ → π+ν̄ν)
are obtained assuming LU, charged lepton flavor conservation (cLFC) and without assumptions
(general):

B(D+ → π+ν̄ν) < 2.5× 10−6 (LU) ,

B(D+ → π+ν̄ν) < 1.4× 10−5 (cLFC) ,

B(D+ → π+ν̄ν) < 5.2× 10−5 (general) .

(2)

A measurement above one of the respective bounds implies the breakdown of the assumed flavor
symmetry.
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3 Conclusion

We have presented null test strategies for the search for NP with rare charm decays. Huge
uncertainties of resonant contributions dominating the decay modes of interest can be overcome
in angular observables, CP-asymmetries, lepton universality ratios and dineutrino modes. Syn-
ergies, such as the correlation between CP violating observables in hadronic and semileptonic
decays or the SU(2)L link between charged leptons and neutrinos were presented and provide a
formidable road to observe NP in rare charm decays.
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Time dependent CP violation in Charm decays at LHCb

Roberto Ribatti, on behalf of the LHCb collaboration
Scuola Normale Superiore and INFN Sezione di Pisa, Pisa, Italy

The latest measurement of time-dependent CP violation in D0 → K+K− and D0 → π+π−

decays at the LHCb experiment is presented. The analysis uses data sample of pp collisions
recorded by the LHCb experiment from 2015 through 2018, corresponding to an integrated
luminosity of 6 fb−1. The time-dependent CP violation parameter ΔY is determined to be
ΔY = (−2.7± 1.3± 0.3)× 10−4. No evidence of CP violation in D0 mixing is observed.

1 Introduction

Charmed mesons are the only mesons that contain up-type quarks where CP violation can
be measured. In the Standard Model (SM) these CP violation effects are highly suppressed,
O(10−4–10−3), due to the smallness of the CKM matrix elements involved in these processes.
Hence, the measure of CP violation in charm provides good sensitivity to beyond SM operators
that couple to up-type quarks only. Due to the smallness of these CP violation effects, very
large data samples are needed to measure them. Such datasets are now available thanks to the
LHCb experiment, that collected the largest sample of charmed hadron decays ever, allowing
the first CP violation observation in charm decays in March 2019.1 The observable that allowed
the discovery is the difference of the time-integrated CP asymmetries of D0 → K+K− and
D0 → π+π− decays, ΔACP , which is mainly sensitive to CP violation in the decay. However,
large theoretical uncertainty on nonperturbative QCD effects do not allow to unequivocally
establish if this observation is compatible or not with the SM. Further measurements are crucial
to shed light on CP violation phenomenology in the up-type quarks sector. In these proceedings,
the latest LHCb measurement of the time-dependent CP violation observable ΔY is illustrated.

2 Definition of ΔY and experimental status

The time-dependent asymmetry of the D0 decay rates, Γ, into the final state f = K+K− or
π+π− is

ACP (f, t) ≡
Γ(D0 → f, t)− Γ(D0 → f, t)

Γ(D0 → f, t) + Γ(D0 → f, t)
. (1)

Due to the smallness of mixing, it can be approximated as

ACP (f, t) ≈ adf +ΔYf
t

τD0

, (2)

where adf is the direct CP asymmetry, τD0 is the D0 lifetime and the slope ΔYf is approximately

equal to the negative of the Af
Γ parameter used in previous measurements.2 The expected value

of ΔY in the SM is O(10−5–10−4),3,4 while the current world average is ΔY = (3.1±2.1)×10−4,5

showing no evidence of CP violation in the mixing.
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Figure 1 – Distribution of m(D0π+
tag) for the (left) K

+K− and (right) π+π− decay channels. The signal window
and the lateral window employed to remove the combinatorial background (grey filled area) are delimited by the
vertical dashed lines.

3 Analysis workflow

The new measurement presented here is performed using the full Run 2 data sample collected
by the LHCb experiment during 2015–2018, corresponding to an integrated luminosity of 6 fb−1

of pp collisions at
√
s = 13TeV.6 The D0 meson is required to originate from a D∗+ →D0π+

strong decay, where the D∗+ meson has been produced in the pp collision primary vertex (PV).
The charge of the low momentum pion emitted together with the D0 unequivocally determines
its flavour at production. The asymmetry of D∗+ and D∗− yields is evaluated in 21 intervals of
decay time in the range [0.45, 8] τD0 . All intervals are chosen to be equally populated, except
for the last two, which contain half the number of candidates.

Combinatorial background A signal window for the m(D0π+
tag) invariant mass is defined

around the D∗+ mass peak, [2009.2, 2011.3]MeV/c2, retaining about 96.9% of the D∗+ mesons,
with a purity of 95.5% (94.1%) for theK+K− (π+π−) final states. The residual background lying
under the D∗+ mass peak mainly consist of associations of genuine D0 decays with unrelated
pions. This combinatorial background is subtracted by using background candidates in the
lateral mass window [2015, 2018]MeV/c2, weighted with a negative coefficient equal to the ratio
of the integral of the background distribution in the sideband and signal windows. Signal and
background m(D0π+

tag) distributions are fitted to data and are based on empirical models. The
signal probability density function (PDF) is described by the sum of two Gaussian functions
and a Johnson SU distribution.7 The background PDF, instead, is

√
m(D0π+)−m0 × {1 +

α[m(D0π+)−m0]+β[m(D0π+)−m0]
2}, where m0 is defined as the sum of the D0 and π+ masses

and α and β quantify small deviations from a square-root function. The weighting coefficient is
evaluated independently for each decay-time interval. An example of the fits, performed on the
time-integrated distribution, is reported in Fig. 1. After the sideband subtraction, a total yield
of about 58 (18) million candidates for the K+K− (π+π−) decay channel is found.

Momentum-dependent asymmetries The measured raw asymmetry between the number
of D0 and D0 decays into final state f at time t is equal to

Araw ≈ ACP (f, t) +Adet(π
+
tag) +Aprod(D

∗+), (3)

where Adet(π
+
tag) is the asymmetry due to π+

tag and π−tag detection efficiency difference and
Aprod(D

∗+) is the D∗+ production asymmetry in the pp collisions. These two nuisance asymme-
tries do not directly depend on D0 decay time, but they depend on the D0 kinematic variables.
Trigger requirements induce a correlation between the D0 decay time and its kinematic vari-
ables, as shown in Fig. 2 (left), leading to time-dependent nuisance asymmetries. These are
removed by weighting the kinematic distributions of π+

tag and π−tag candidates and of D0 and D0
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Figure 2 – (Left) Normalised distributions of the D0 transverse momentum, in different colours for each decay
time bin. Decay time increases from blue to yellow colour. (Right) Linear fit to the time-dependent asymmetry
of D0 →K−π+ decays (red) for raw data and (black) after the kinematic weighting. Only a subsample of the
data is used in both figures.

candidates to match their average. This equalises their kinematics and makes their asymme-
tries equal to zero by construction. The weighting is performed with a binned approach in two
successive steps. The effectiveness of this procedure is cross-checked at high precision by relying
on D0 →K−π+ decays, for which ΔY is expected to be negligible. Thanks to its abundant
yield, about 519 million candidates, this channel is sensitive to spurious asymmetries at a level
of 5×10−5. Figure 2 (right) illustrates the effect of the correction applied to this control sample.

Secondary decays Once the combinatorial background is subtracted, the largest remaining
background consists of secondary D∗+ decays, which are not produced in the PV, but come
from the decay of B mesons. Since decay time is measured from PV the decay time of these
candidates is biased towards higher values. This background is reduced to a 4% level by requiring
the D0 impact parameter (IP) to be less than 60μm. In fact, while for primary decays the D0

momentum points back to its PV and its IP is zero within experimental resolution, this does
not necessarily happen for secondary decays. The measured asymmetry is equal to

Atot(t) = Asig(t) + fB(t)[AB(t)−Asig(t)], (4)

where Asig and AB are the asymmetries of primary and secondary D∗ decays, respectively, and
fB is the fraction of secondary decays. The fraction of secondary decays is determined with a
template fit to the two-dimensional distribution of the IP versus decay time of the D0 meson,
without distinguishing between D0 and D0 candidates. The fitted fraction is shown in Fig. 3
(left). In addition to fB, also AB can depend on the D0 reconstructed decay time, mainly due
to B0 mixing, thus inducing a time-dependent nuisance asymmetry. The asymmetry difference,
AB − Asig, is measured from a subsample enriched in secondary decays, obtained by requiring
IP(D0) > 100μm. This quantity is found to be compatible with being constant as a function
of decay time, as shown in Fig.3 (right). Knowing fB(t) and AB − Asig, Asig is computed with
Eq. 4. The size of the correction to ΔY in the D0 →K−π+ control sample is −0.26× 10−4.

4 Results

The asymmetry of the D0 and D0 yields is fitted with a linear function and ΔY is measured for
the two final states, as shown in Fig.4 (left). The results are:

ΔYK+K− = (−2.3± 1.5± 0.3)× 10−4, ΔYπ+π− = (−4.0± 2.8± 0.4)× 10−4.

The measurements are statistically limited and show no evidence of CP violation. Figure 4
(right) shows a comparison of these results with the previous determinations. Thanks to this
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ΔY [10−4]

BaBar 2012
–8.8 ± 25.5 ± 5.8

CDF 2014
+12.0 ± 12.0

LHCb 2015 μ− tag (3 fb−1)
+12.5 ± 7.3

Belle 2016
+3.0 ± 20.0 ± 7.0

LHCb 2017 D∗+ tag (3 fb−1)
+1.3 ± 2.8 ± 1.0

LHCb 2020 μ− tag (5.4 fb−1)
+2.9 ± 3.2 ± 0.5

LHCb 2021 D∗+ tag (5.7 fb−1)
–2.7 ± 1.3 ± 0.3

World average
–0.9 ± 1.1 ± 0.3

Figure 4 – (Left) Linear fit to the time-dependent asymmetry of (top) D0 →K+K− and (bottom) D0 →π+π−

candidates. (Right) Summary of the most precise ΔY measurements to date, including the present one. The
world average without including the present measurement was ΔY = (3.1± 2.0± 0.5)× 10−4.

measurement the world average improves by nearly a factor two, reaching the unprecedented
precision of 1.1× 10−4.

5 Future prospects

Promising results that use the full LHCb Run 2 data sample have been shown at this conference.
We have just barely started to approach SM upper limits for CP violation in charm decays.
LHCb–Upgrade I will start in 2022 and 23 (50) fb−1 of integrated luminosity are expected to
be collected by the end of Run 3 (4). The new LHCb data acquisition and trigger system will
grant to increase the efficiency per fb−1 for charm hadronic modes by about a factor of 2.8 A
statistical precision for ΔY smaller than the SM predictions, O(10−5), is expected with the
LHCb–Upgrade Phase II in Run 5 and beyond, when the delivered integrated luminosity will
approach 300 fb−1.
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The precise determination of the CKM matrix element |Vcb| is important to test the unitar-
ity of the CKM matrix and to search for loop-level new physics effects. We present a new
method for the determination of |Vcb| using q2 moments from B → Xc�ν̄� decays. With
new experimental input it will be possible to determine the non-perturbative hadronic ma-
trix elements entering the total semileptonic B → Xc�ν̄� rate in the heavy-quark expansion.
Exploiting reparametrization invariance, the number of these parameters can be reduced to
8 at O(1/m4

b). This method allows for the simultaneous determination of these parameters
and |Vcb|, taking into account also the theoretical uncertainties from missing higher order
contributions in the heavy quark expansion and corrections from the strong interaction.

1 Introduction

The Heavy-Quark-Expansion (HQE) has become the standard tool in the description of inclusive
decays containing heavy hadrons and is by now well advanced allowing for precise predictions 1.
The inclusive determination of |Vcb| from B → Xc�ν̄ decays in particular relies on the HQE
and due to the increasing precision of the experimental data it has become more important to
simultaneously increase the precision of the theoretical approach.
The HQE is set up as an operator-product expansion (OPE) by re-phasing the heavy b-quark
field in terms of its velocity. This allows to write the total rate and moments of kinematic
distributions as a power-expansion in 1/mb which introduces non-perturbative matrix elements
at each order with coefficients that are perturbatively calculable as an expansion in αs. The
differential decay width can for example be written schematically as

dΓ = dΓ0 + dΓμπ

μ2
π

m2
b

+ dΓμG

μ2
G

m2
b

+ dΓρD

ρ3D
m3

b

+ . . . (1)

where the dΓi can be computed perturbatively and the non-perturbative dynamics are enclosed
into the HQE-parameters μ2

π, μ
2
G, ρ

3
D ∼ 〈B| b̄viDμ . . . iDνΓμ...νbv |B〉, which are related to B-
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meson matrix elements containing covariant derivatives Dμ and a set of Dirac-matrices Γi.
Currently the extraction of |Vcb| is based on measurements of the total rates as well as spectral
moments like the charged lepton energy and the hadronic invariant mass 2,11,12. A fully data-
driven determination of |Vcb| in this approach is however ususally only performed up to order
1/m3

b , where one has four independent parameters. Starting at order 1/m4
b one has nine addi-

tional parameters, which cause a high level of proliferation that complicates their determination.
Since the uncertainty in |Vcb| is dominated by the lack of knowledge about theoretical higher
order corrections 3,10 it would be highly desireable to include those corrections without retaining
to a model.

2 Reparameterization invariance

The HQE for semileptonic b → c decays is set up with an OPE of the time-ordered product of
two weak currents

R(S) =
∞∑
n=0

C(n)
μ1...μn

(S)⊗ b̄v(iD
μ1 . . . Dμn)bv, (2)

here the symbol ⊗ represents the proper contraction of the spinor indices, bv are b-quark fields,
S = v− q/mb, with the lepton momentum q and C are the Wilson coefficients of the OPE. The
key observation of Reparameterization Invariance (RPI) is that this expression must be invariant
as long as all orders in the OPE are taken into account. This means that when performing a
transformation δRP of the form vμ → vμ+δvμ the OPE in eq.(2) is invariant. In particular when
considering the behaviour of the respective elements under the transformation

δRPvμ = δvμ, δRPiD
μ = −mbδvμ, δRPbv(x) = imb(x · δv)bv(x) (3)

it becomes apparent that the RPI connects different orders in the OPE and hence also relates
different non-perturbative parameters with each other via the formula 4

δRPC
(n)
μ1...μn

(S) = mbδv
α
[
C(n+1)
αμ1...μn

(S) + C(n+1)
μ1α...μn

(S) + C(n+1)
μ1...μnα(S)

]
. (4)

Because of RPI the total rate depends only on a reduced set of parameters, which are given by
fixed linear combinations of the HQE parameters defined for the general case. Therefore the set
only consists of eight parameters instead of the thirteen needed in the case of non-RPI observables
5. This in turn lifts the level of proliferation one faces when fixing their numerical values with
experimental data. However this method excludes the use of the lepton energy moments and
hadronic invariant mass moments, as they depend on the full set of HQE-parameters. It can be
shown though that the moments of the invariant lepton mass q2 are RPI and can therefore be
used to extract the reduced set of parameters 5. They are defined with a lower cut q2cut and the
mass ratio ρ = (mc/mb)

2 as

〈(q2)n〉 =
∫ (1−√ρ)2

q2cut

dq2 (q2)n
dΓ

dq2

/∫ (1−√ρ)2

q2cut

dq2
dΓ

dq2
. (5)

In addition we also define the ratio R∗, which is also RPI

R∗ =
Γq2≥q2cut
Γtot

. (6)

Since these quantities are independent of |Vcb| they can be used to determine the reduced set of
HQE-parameters, which can subsequently serve as input in the total rate and the determination
of |Vcb|.
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3 Perturbative Corrections

We want to focus now on the fact that the HQE is a double expansion in 1/mb as well as in αs.
In order to reach the highest possible accuracy in the determination of |Vcb| it is necessary to
include also perturbative corrections to the partonic contribution of the rate and the moments,
as well as to some of the 1/mb corrections. The double expansion can be written as

〈(q2)n〉 = Γ0(m
2
b)

n

{
μ3

[
X

(n)
0 +

(αs

π

)
X

(n)
1 +

(αs

π

)2
X

(n)
2 + . . .

]

+
μ2
G

m2
b

[
g
(n)
0 +

(αs

π

)
g
(n)
1 + . . .

]
+

ρ̃3D
m3

b

[
d
(n)
0 +

(αs

π

)
d
(n)
1 + . . .

]

+
r4E
m4

b

l(n)rE
+

r4G
m4

b

l(n)rG
+

s4B
m4

b

l(n)sB
+

s4E
m4

b

l(n)sE
+

s4qB
m4

b

l(n)sqB

}
, (7)

which shows how αs corrections can systematically be added to the different contribtutions in
the OPE. We include all corrections to the rate and the q2-moments to the highest order known
6; see table 1 for an overview of the different known corrections.

Table 1: Collection of all known contributions to the total rate as well as the q2 moments. The masses mkin
b and

mMS
c correspond to corrections coming from the change of the mass scheme. On the right side of the table the

corresponding authors with the year of publication of the respective contributions are given.

tree αs α2
s α3

s

Rate � � � �
Jezabek, Kuhn, (1989); Gambino et al., (2005) ;

Melnikov, (2008); Pak, Czarnecki, (2008).

Fael, Schönwald, Steinhauser, (2021).

q2-moments � � � !
Jezabek, Kuhn, (1989)

Melnikov, (2008)

μ2
π � � ! Becher, Boos, Lunghi, (2007).

μ2
G � � !

Alberti, Gambino, Nandi, (2014);
Mannel, Pivovarov, Rosenthal, (2015) .

ρ3D � � ! Mannel, Pivovarov, (2019).

1/m4
b � Dassinger, Mannel, Turczyk, (2007)

mkin
b /mMS

c � � �
Bigi,et. al, (1994, 1997) ;
Czarnecki, Melnikov, Uraltsev, (1998);
Fael, Schönwald, Steinhauser, (2020).

Currently αs corrections are known for the HQE-parameters μ2
π, μ

2
G and ρ3D. For all parameters

at order 1/m4
b , no αs corrections are known - they are however expected to be rather small 7.

For the q2 moments we include αs corrections and in future versions also α2
s contributions will

be added. In addition we consistently include corrections for the rate up to order α3
s for the

first time. It is worth mentioning that by changing the mass scheme, further αs corrections are
introduced 8 and therefore we also include those to α3

s for both masses, mb and mc, in the MS-
and the kinetic scheme. The advantage for choosing different schemes is that some quantities are
known by e.g lattice calculations which may serve as additional input and give more precision
to the fits.

4 Conclusion

The extraction of |Vcb| from inclusive decays based on the HQE with a relative uncertainty of
about 2% is one of the best known CKM elements.
One of the main theoretical challenges is the determination of higher order effects in 1/mb,
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because their proliferation complicates an extraction from data. As discussed, the exploitation
of RPI can reduce the number of independent parameters from thirteen to eight up to order
1/m4

b and hence lift the amount of proliferation to an extent that enables the inclusion of these
orders in an experimental fit, see 9 in these proceedings for the experimental details.
To execute this procedure one needs on the one hand observables which are RPI - the total
rate and the lepton invariant mass moments - and on the other hand a collection of all state-of-
the-art corrections to the different quantities coming with it. To this end we have developed a
software package which includes all those quantities and can be used as theoretical input in fits
to the experimental data 6. The new method, combined with the collection of all perturbative
corrections in different mass schemes, will make it possible to significantly increase the accuracy
of |Vcb| in future determinations.
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We present the measurement of the first to fourth order moments of the four-momentum
transfer squared, q2, of inclusive B → Xc�ν decays using the full Belle data set consisting of
711 fb−1 of integrated luminosity at the Υ(4S) resonance for � = e, μ. The measured moments
are crucial experimental inputs for a novel, data-driven approach to determine inclusive |Vcb|,
which we implement in order to extract a preliminary value of |Vcb| × 103 = 41.7± 1.2.

1 Introduction

Precise measurements of the absolute value of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element Vcb are important to deepen our understanding of the Standard Model of Particle Physics
(SM)1,2. The current world averages of Vcb from exclusive and inclusive determinations are3:

|V excl.
cb | = (39.25± 0.56)× 10−3 ,

|V incl.
cb | = (42.19± 0.78)× 10−3 , (1)

where the uncertainties are the sum from experiment and theory. Both world averages exhibit
a disagreement of approximately 3 standard deviations with one another.

Inclusive determinations of |Vcb| exploit the fact that the total decay rate can be expanded
into a manageable set of non-perturbative matrix elements using the Heavy Quark Expansion
(HQE). A novel and alternative approach4 to determine |Vcb| from inclusive decays exploits
reparametrization invariance that reduces the full set of 13 non-perturbative matrix elements
present in the total rate to a set of only 8 parameters at the order of O(1/m4

b). The key prereq-
uisite giving rise to the reparametrization invariance in the total rate holds only for the moments
of the four-momentum transfer squared, q2, of B → Xc�ν decays. The first measurement of the
first moment of the q2 spectrum was reported by CLEO5 with a lepton energy requirement of
1GeV. Here, a first systematic study of the first to fourth moments, 〈q2〉, 〈q4〉, 〈q6〉, 〈q8〉 without
a lower lepton energy cut and using a progression of cuts q2 ∈ [3.6, 10.1] GeV2 is presented.

2 Event Reconstruction

The full Belle data set of (772 ± 10) ×106 B meson pairs, that were produced at the KEKB
accelerator complex6 with a centre-of-mass energy of

√
s = 10.58GeV, is analysed for this

measurement. Monte Carlo (MC) samples of B meson decays and continuum processes (e+e− →
qq̄ with q = u, d, s, c) are simulated using the EvtGen generator7, while the detector response is
modelled with GEANT38. The modelling of inclusive semileptonic B → Xc�ν signal decays is
described in detail elsewhere9.
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Figure 1 – The reconstructed MX distribution for q2 > 3.6GeV2 (left) and the corresponding binned signal
probabilities (right).

Collision events are reconstructed using the Full Reconstruction algorithm10, which recon-
structs one of the two B mesons by making use of hadronic decay channels. In total 1104 decay
cascades are reconstructed, resulting in an efficiency11 of 0.28% and 0.18% for charged and neu-
tral B meson pairs. The output classifier score of this neural network represents the estimated
quality of the reconstructed candidates, denoted as the Btag, and the best candidates for each
event are selected. In order to suppress continuum processes the Btag candidates are required

to have a beam-constrained mass of Mbc =
√
(s/2)2 − |ptag|2 > 5.27GeV.

After the reconstruction of the Btag candidate all remaining tracks and clusters are used to
reconstruct the signal side. By using the momentum of the Btag candidate together with the
precisely known initial beam-momentum, the signal B rest frame is defined as:

psig = pe+e− −
(√

m2
B + |ptag|2,ptag

)
. (2)

Since multiple leptons are likely to originate from a double semileptonic b → c → s cascade,
exactly one signal lepton per event is required. In addition, the charge of the signal lepton
is required to be opposite to that of the Btag charge. The four-momentum of the hadronic
system, pX , is reconstructed from the sum of the remaining unassigned charged particles and
neutral energy depositions. Furthermore, the hadronic mass of the X system is reconstructed as
MX =

√
(pX)μ(pX)μ . With the X system reconstructed, the four-momentum of the neutrino

in the event is estimated by calculating the missing four-momentum,

Pmiss = (Emiss,pmiss) = psig − pX − p� . (3)

For correctly reconstructed semileptonic B → Xc�ν decays Emiss ≈ |pmiss| and events with
Emiss − |pmiss| ∈ [−0.5, 0.5] GeV are selected. Finally, the four-momentum transfer squared is
reconstructed as q2 = (psig − pX)2.

3 Calculation of Moments

In order to subtract background events a two step procedure is carried out. First, a binned
likelihood fit of the MX distribution is performed to determine the number of expected sig-
nal and background events. The signal and background templates for the fit are determined
from MC samples, while systematic uncertainties are incorporated via nuisance-parameter con-
straints. Next, the determined number of background events is used to construct binned signal
probabilities defined as

wi =
N i

Total −N i
Bkg

N i
Total

. (4)

422



Figure 2 – The generator-level and reconstructed B → Xc�ν moments for the first moment for different q2

selections (left), together with the residual bias correction factors Ccal and Cacc (right).

The binned signal probabilities for each q2 selection are fitted with a polynomial least-square fit
of a given order n to determine continuous event-wise weights, w(MX). Figure 1 shows the MX

spectrum and the wi distribution for the selection with q2 > 3.6GeV2.

The reconstructed q2 values are corrected from reconstruction and selection effects by per-
forming three sequential steps: firstly, an event-wise calibration function is applied as a function
of the reconstructed q2 value to correct for resolution distortions. This linear calibration func-
tion is determined by comparing the reconstructed and generator-level moments and is derived
separately for each order of the moments we wish to measure. Subsequently, the calibrated q2

values are calculated by inverting the calibration curve for each order m: q2mcal = (q2m−am)/bm,
with am and bm denoting the intercept and slope. Subsequently, residual bias that may arise
from small non-linearities in the extracted calibration curves is corrected with a global correction
factor, denoted as Ccal. Lastly, acceptance and selection losses are corrected by applying a global
correction factor, Cacc. The residual bias correction factor Ccal is determined by comparing the
calibrated and generator-level moments for each order and q2 selection, while Cacc is determined
by comparing the generator-level moments with a sample without any selection criteria. The
linear calibration functions as well as the additional correction factors are determined from MC
samples that are statistically independent from the samples used in the background subtraction
procedure and are shown in Figure 2 for the first moment. Finally, the q2 moments are given
by

〈q2m〉 = Ccal · Cacc∑events
i w(MXi)

events∑
i

w(MXi) · q2mcal i . (5)

4 Results

Figure 3 shows the first to fourth order measured q2 moments for electrons and muons. In the
shown ratio many of the associated systematic uncertainties cancel and all reported moments
are compatible with the expectation of lepton flavour universality.

A χ2-fit is performed12 to the combined measured moments using a conservative estimate
for theoretical uncertainties in order to extract a value of |Vcb| × 103 = 41.7± 1.2.

5 Outlook

Preliminary measurements of the first to the fourth moments of the B → Xc�ν q2 spectrum with
several selections on q2 are reported. The measured moments are crucial experimental inputs
for a novel, data-driven approach to determine inclusive |Vcb|, which we implement in order to
extract a first preliminary value. The final analysis will incorporate a few modifications including
additional systematics regarding signal and background modelling, as well as improving the

423



Figure 3 – The first to fourth order measured moments for electrons and muons with the total statistical and
systematic errors scaled by a factor of 10. Note that the individual electron and muon moments are strongly
correlated.

calculation of the background subtraction functions. Additionally, a different set of q2 selections
will be considered for the final measured moments.
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Search for τ → �γ in the Belle experiment

K. Uno on the behalf of Belle Collaboration

Niigata University, Niigata 950-2181, Japan

Lepton-flavor violation (LFV) is forbidden in the Standard Model but possible in several new
physics scenarios. In many of these scenarios, the radiative decays τ± → �±γ (� = e, μ) are
predicted to have the largest probability, making them particularly appropriate channels to
search for the Belle experiment. The result of a search for LFV via τ± → �±γ using full data
of the Belle experiment corresponding to an integrated luminosity of 988 fb−1 is reported. No
significant excess over predictions for the Standard Model is observed and the upper limits on
the branching fraction, B(τ± → μ±γ) ≤ 4.2 × 10−8 and B(τ± → e±γ) ≤ 5.6 × 10−8, are set
at the 90% confidence level.

1 Introduction

Lepton-flavor violation (LFV) is forbidden in the Standard Model but occurs with a yet un-
observably small probability, O(10−40), via neutrino oscillations 1. However, several theories
beyond the Standard Model (BSM) such as minimal supersymmetric standard model, grand
unified theories and seesaw mechanisms 2,3,4 predict LFV processes occurring at an observable
level in experiments. Therefore, an observation of LFV is a clear signature of BSM, making the
search for LFV is one of the most important physics tasks. In this article, a result of a search
for τ± → �±γ decays at the Belle experiment is reported. The total integrated luminosity is 988
fb−1 and accordingly the number of tau pairs is 912× 106 5.

The Belle detector was a large-solid-angle magnetic spectrometer consisting of a silicon vertex
detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold Cherenkov
counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and
an electromagnetic calorimeter (ECL) comprising CsI(Tl) crystals. All these components are
located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron
flux-return located outside of the coil is instrumented with resistive plate chambers to detect
K0

L mesons and muons (KLM). The detector is described in detail elsewhere 6.

This analysis uses Monte Carlo (MC) simulated samples to optimize event selection as well as
to estimate signal and background contributions. Signal MC samples and generic τ+τ− processes
are generated by KKMC and TAUOLA7. Other background processes, e+e−γ (e+e− → e+e−γ),
μ+μ−γ (e+e− → μ+μ−γ), two-photon (e+e− → e+e−�+�−), and qq̄ (q = u, d, s, c, b) processes
are generated by BHLUMI 8, KKMC 7, AAFHB 9, and EvtGen 10, respectively. The detector
simulation is done using GEANT3-based program 11. Signal MC samples are τ+τ− pair samples
with one of the tau decaying to the �±γ final state and the other generically. The �γ pair has
an invariant mass of mτ ∼ 1.78 GeV/c2 and the total energy in the center-of-mass (CM) frame
of ECM

�γ ∼
√
s/2. Here,

√
s is the total CM energy.
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2 Event selection

Exactly two oppositely charged tracks with zero total charge are required to reject qq̄ events.
A τ+τ− pair event is divided into two hemispheres in the CM frame using a thrust vector 12:
signal- and tag-side τ . The signal-side τ decays to a muon (electron) and a photon for the τ± →
μ±γ (τ± → e±γ) search. The number of photons in the signal side should be exactly one and
the photon must have Eγ > 0.5 GeV and −0.602 < cos θγ < 0.829 to remove misreconstructed
photons. The tag-side τ is assumed to have one-prong decays such as τ → eνν̄, μνν̄, πν and ρν.
If the track in the tag-side is identified as an electron (muon), the event is classified as an e (μ)
channel. Otherwise, the event is classified as a π or ρ channel. If there are no photons in the
tag-side, the event is classified as a π channel. Otherwise, it is a ρ channel. In order to reduce
μ+μ−γ and e+e−γ events, a muon (an electron) is vetoed.

The following variables are used to further suppress background events. A total visible
energy in the CM frame, ECM

total/
√
s, an energy sum of the two charged tracks and the photon

in the signal-side, ECM
sum/

√
s and a missing momentum subtracting the sum of the momenta of

all charged tracks and photons from the beam momenta in laboratory frame are required to
suppress the e+e−γ and μ+μ−γ events. The cosine of the opening angle between the two tracks,
cos θtrack(signal,tag), and the �γ in the signal-side, cos θ�γ , are required to reduce τ+τ− background
events which contain π0’s from tau decays. A missing mass squared on the tag-side is defined as
m2

ν = (ECM
�γ −ECM

tag )
2− p2miss where E

CM
�γ (ECM

tag ) is the sum of the energy of the signal (tag) side
in the CM frame to reduce τ+τ− background events. The signal events are two-body decays,
while the main background sources, τ± → �±ν�ντ , are three-body decays. Thus, an energy
asymmetry between the lepton and the photon in the signal-side, |ECM

� −ECM
γ |/(ECM

� +ECM
γ )

should be larger in background events. A variable, ξ CM
τ(tag),track(tag) is defined as

ξ CM
τ(tag),track(tag) =

�p CM
τ(tag) · �p CM

track(tag)

|�p CM
τ(tag)||�p CM

track(tag)|
, (1)

where �p CM
τ(tag) (�p CM

track) is the three-momentum of the tag-side tau (track). Since ττ events are
produced back to back in the CM frame, the three-momentum of the tag-side tau can be written
as �p CM

τ(tag) = −�p CM
τ(signal) = −�p CM

γ − �p CM
� . For the ideal signal event, it corresponds to the cosine

of the angle between the tau and the track in the tag-side, cos θτ(tag),track(tag) and it can help to
reject background events efficiently.

Signal regions are defined by two variables: the beam-energy-constrained mass (Mbc) and
the normalized energy difference (ΔE/

√
s) given as

Mbc =
√
(ECM

beam)
2 − (pCM

�γ )2, (2)

ΔE/
√
s = (ECM

�γ − ECM
beam)/

√
s, (3)

where ECM
beam =

√
s/2 is the beam energy and pCM

�γ is a sum of the lepton and photon momenta in

the CM frame. For the beam-energy-constrained mass, the photon energy is scaled as |ECM
γ | =

|ECM
beam − ECM

� |. Figure 1 shows the two-dimensional distribution of Mbc and ΔE/
√
s. The

signal events have Mbc ∼ mτ and ΔE/
√
s ∼ 0. In order to select the signal events efficiently,

an elliptical region is adopted as follows:

(Mbc − μMbc
)2

(2σMbc
)2

+
(ΔE/

√
s− μΔE/

√
s)

2

(2σΔE/
√
s)

2
< 1.0, (4)

σMbc
= 9.3 MeV/c2 for τ± → μ±γ, 11.1 MeV/c2 for τ± → e±γ,

σΔE/
√
s = 4.9× 10−4 for τ± → μ±γ, 5.3× 10−4 MeV/c2 for τ± → e±γ,
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where σMbc
and σΔE/

√
s are the standard deviations by fitting an asymmetric Gaussian function

to the signal distribution. The overall signal efficiency using this signal region is 3.7% for
τ± → μ±γ and 2.9% for τ± → e±γ events.

]2 [GeV/cbcM
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s
E/Δ
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(a) τ± → μ±γ
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(b) τ± → e±γ

Figure 1 – Two-dimensional distribution for (a) τ± → μ±γ and (b) τ± → e±γ events. The black points are the
data, the blue boxes are τ± → �±γ events and the magenta ellipses show the signal region used in this analysis (2σ
region).

The most dominant background in the τ± → μ±γ (τ± → e±γ) search arises from τ+τ−

events decaying to τ± → μ±νμντ (τ± → e±νeντ ) with a photon from initial-state radiation
or beam background. The μ+μ−γ and e+e−γ events are subdominant, with their contribution
falling below 5%. Other backgrounds are negligible in the signal region.

3 Background estimation

Since the distributions of Mbc and ΔE/
√
s in the MC simulation are well modeled for the

τ+τ− and μ+μ− background events, a probability density function (PDF) for those events is
determined using the MC simulation. The Mbc and ΔE/

√
s are almost independent of each

other and the background PDF can be written as F (Mbc,ΔE/
√
s) = f(Mbc) × g(ΔE/

√
s),

where f(Mbc) is a function of Mbc and g(ΔE/
√
s) is a function of ΔE/

√
s. A constant function

is applicable to g(ΔE/
√
s), because the background events do not have any peak and are rather

flat in the Mbc distribution. The ΔE/
√
s distribution for τ+τ− background events is described

by a sum of Landau and exponential functions for both the τ± → μ±γ and τ± → e±γ searches.
The distribution for μ+μ−γ and e+e−γ is described by a sum of Landau and Gaussian functions.

4 Statistical analysis and systematic uncertainty

An unbinned maximum-likelihood fit is performed to estimate the number of events in the signal
region. The likelihood function is defined in terms of the signal PDF (S), background PDF (B),
and the number of signal events (s) and background events (b) as

L =
e−(s+b)

N !

N∏
i=1

(sSi + bBi), (5)

where s and b are free parameter. The fit is performed to the signal region defined as Eq. 5.
The signal PDF is obtained by smoothening the corresponding MC distribution whereas the
background PDF uses the function described in the previous section.
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We estimate the systematic uncertainties associated with track reconstruction efficiencies,
photon reconstruction efficiencies, photon energy calibration, luminosity, trigger efficiencies, and
the background PDF model. In total, the estimated uncertainty is 6.2% for the τ± → μ±γ and
6.5% for the τ± → e±γ analysis.

5 Result

The total number of observed events is 5 in both the τ± → μ±γ and τ± → e±γ searches as
shown in Figure 1. The result of the likelihood fit is s = −0.3+1.8

−1.3, b = 5.3+3.2
−2.3 for τ± → μ±γ

and s = −0.5+4.4
−3.6, b = 5.5+5.2

−4.1 for τ± → e±γ. Since no significant excess of the signal events is
observed from the likelihood fit, the upper limit at the 90% confidence level (CL) is evaluated
using a toy MC simulation. The toy MC generates signal and background events based on their
PDFs while fixing the number of background events and varying the number of signal events (s̃).
In order to obtain the observed upper limits on the branching fraction at 90% CL, the s̃ which
gives a 90% probability for sMC larger than zero is taken: s̃90. The toy MC simulation provides
an observed upper limit on the signal at the 90% CL as s̃90 = 2.8 (s̃90 = 3.0) events from the fit
for the τ± → μ±γ (τ± → e±γ) search. The upper limit on the branching fraction B(τ± → �±γ)
at the 90% CL is

B(τ± → μ±γ) <
s̃90

2εNττ
= 4.2× 10−8, (6)

B(τ± → e±γ) <
s̃90

2εNττ
= 5.6× 10−8, (7)

where the number of τ pairs produced is Nττ = (912± 14)× 106 and the signal efficiencies are
ε = 3.7% and ε = 2.9% for the τ± → μ±γ and τ± → e±γ searches, respectively.

6 Conclusion

A result of the search conducted for the LFV decay modes, τ± → μ±γ and τ± → e±γ, at
the Belle experiment is reported. It uses 988 fb−1 of data, about twice the size used in the
previous Belle analysis 13. The observed upper limits are B(τ± → μ±γ) < 4.2 × 10−8 and
B(τ± → e±γ) < 5.6×10−8 at the 90% CL. The limit on the branching fraction of the τ± → μ±γ
decay is the most stringent to date.
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Precision measurement of the ratio B(Υ(3S) → τ+τ−) /B(Υ(3S) → μ+μ−)

Caleb Miller
on behalf of the BABAR Collaboration

University of Victoria, 3800 Finnerty Rd., Victoria V8P 5C2, Canada

The BABAR collaboration has measured the ratio R
Υ(3S)
τμ = B(Υ(3S) → τ+τ−)/B(Υ(3S) →

μ+μ−) with a high level of precision. This measurement utilized a 28 fb−1 dataset collected

at a center-of-mass energy of 10.355 GeV. The measured ratio, R
Υ(3S)
τμ , is measured to be

R
Υ(3S)
τμ = 0.966 ± 0.008stat ± 0.014syst. This value is within 2 standard deviations of the

standard model prediction R
Υ(3S)
τμ =0.9948. The new measurement is approximately a factor

of 6× more precise than the only prior measurement. This increased precision is in part due to
a more complete analysis of the radiative tail in the Υ(3S) decay, in addition to a significant
increase in statistics.

In the Standard Model the decay width of a bound state of a quark and an antiquark into
a pair of leptons is expressed as1:

Γ = 4α2Q2 |R(0)|2
M2

(
1 + 2

m2
�

M2

)√
1− 4

m2
�

M2
, (1)

where Γ is the decay width, α is the fine structure constant, Q is the quark charge, R(0) is the
value of the radial wave function evaluated at the origin, M is the resonance mass and m� is the
lepton mass. By taking the ratio of the tau and muon decay widths, Rτμ:

Rτμ =
ΓΥ→ττ

ΓΥ→μμ
=

(1 + 2m2
τ/M

2)
√
1− 4m2

τ/M
2

(1 + 2m2
μ/M

2)
√
1− 4m2

μ/M
2
. (2)

It can be seen that the ratio Rτμ is independent of the hadronic uncertainties and close to 1
due to the heavy mass of the Υ resonances. Leptonic decays of the Υ(nS) mesons are good
candidates to search for phenomena beyond the SM. For example, measuring this ratio could
shed light on the hint for new physics seen in B → D(∗)τν/B → D(∗)�ν (� = e, μ)2. This ratio has
measured once before by the CLEO collaboration, Rτμ = 1.05±0.08±0.053. We present a novel
technique which takes advantage of the differences between resonant and off-resonant di-muon
processes to achieve a new level of precision. In the resonant process, e+e− → Υ(3S) → μ+μ−,
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initial-state radiation(ISR) is highly suppressed compared to the background continuum process,
e+e− → μ+μ−. Our approach allows us to perform the measurement in a way that fully accounts
for these radiative effects and does not require precise knowledge of the luminosity.
The data used in this analysis was collected by the BABAR detector at the asymmetric-energy
e+e− collider PEP-II. In particular we make use of 122 million Υ(3S) decays from an integrated
luminosity of 27.96fb−1. In addition to this analysis sample, three control samples are used:
78.3fb−1 collected at the Υ(4S) resonance, 7.75fb−1 collected 40 MeV below the Υ(4S) resonance,
and 2.62fb−1 collected 30 MeV below the Υ(3S) resonance. All of the data samples used were
collected in 2007 and 2008 following a final upgrade in order to ensure we have a consistent
detector configuration. The BABAR detector has been described in detail previously4,5.
Muon pairs are selected by requiring two and only two high momentum collinear (opening
angle> 160◦) charged tracks with energy depositions consistent with a muon hypothesis. The
scaled invariant mass, Mμμ/

√
s, is required to be in the range 0.8 < Mμμ/

√
s < 1.1, which

according to Monte-Carlo (MC) studies results in a 99.9% purity. The tau pairs are selected
from decays where both tau’s decay to a single charged particle. One of the charged tracks is
required to be an electron as identified by the BABAR particle identification, while the other
track must fail the same electron definition. To further reduce backgrounds in the tau sample
the tracks are required to be separated by at least 100◦ in the centre-of-mass frame. The total
measured energy must be less than 0.7

√
s, and the acollinearity angle between the two tracks in

the azimuthal plane must be greater than 3◦. Furthermore we require the missing mass, Mmiss,
to satisfy |M2

miss/s| > 0.01, the missing momentum vector to point towards a sensitive region of
the BABAR detector, and finally to reduce two-photon backgrounds the correlations in transverse
momentum of the two charged tracks is exploited. This results in a τ+τ− sample of 99% purity.

The off-resonance data samples are used to correct for differences in the selection efficiency
between data and MC. The Nττ/Nμμ ratios in the off-resonance Υ(3S) and Υ(4S) data are
0.11665±0.00029 and 0.11647±0.00017 respectively. The high level of agreement demonstrates
that the efficiency is independent of centre-of-mass energy. The correction to the MC efficiency
estimation is given by:

CMC = (εττ/εμμ)
data/(εττ/εμμ)

MC

= 1.0146± 0.0016. (3)
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Figure 1 – Mμμ/
√
s distribution for on-resonance

Υ(3S) decays from MC and continuum di-muon
production taken from off-resonance data. The
distributions are normalized to the same number
of events. The vertical dashed line defines the tail
region to be Mμμ/

√
s < 0.98.

The amount of data collected off-resonance is an
order of magnitude lower than the Υ(3S) data. In
order to measure the continuum contribution in a
way that is not statistically limited we also use on-
resonance Υ(4S) data, a sample with an integrated
luminosity of 78.3fb−1. The leptonic decay width
of the Υ(4S) is 1.57×10−5 of the total width, which
results in a negligible amount of resonance-produced
dilepton events remaining in the selection.

We are able to discriminate between Υ(3S) →
μ+μ− and the continuum e+e− → μ+μ− by exploit-
ing the effect ISR has on the two processes. If an ISR
photon is more than a few MeV in energy the e+e−

interaction no longer has the energy to produce the
Υ(3S) bound state. This results in on-resonance
and continuum events having a significant difference
in the relative number of events in the radiative tail
of the invariant mass distribution. This can be seen
in Fig. 1 where 23% of continuum events are in the radiative tail (Mμμ/

√
s < 0.98) compared

to 7% for resonance decays. This difference in the relative abundance of each region lends itself
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to a binned maximum-likelihood fit using a Barlow&Beeston template fit methodology6.

This fitting method requires templates of the distribution of each source contributing to the
fitted variable. The continuum template is taken from the data control samples as previously
described, while the on-resonance Υ(3S) production is taken from MC. In addition to the Υ(3S)
process we also account for the radiative return process where through ISR Υ(nS) → �+�− ‘cas-
cade’ processes occur. These radiative return processes have been studied in detail by BABAR7.
In addition to being used in the fit, we account for these processes to correct the continuum
template taken from the Υ(4S) on-resonance data. We preform the fit simultaneously on both
the Mμμ/

√
s and Eττ/

√
s distributions. The shape of the Υ(3S) components are shown in Fig. 2.

The fit is preformed with two free parameters, the number of Υ(3S) → μ+μ− events (Nμμ), and
the ratio R̃ = Nττ/Nμμ. For the non-signal distributions, this ratio is fixed either to data in the
case of continuum or MC for the cascade distributions.
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Figure 2 – Mμμ/
√
s(left) and Eττ/

√
s(right) distributions in MC. Note that in the di-muon distribution the

cascade decays are clearly visible while being indistinguishable in the di-tau distribution.

Figures 3 and 4 show the distributions with scaling for each contribution set by the fit. The
fit gives R̃ = Nττ/Nμμ = 0.10788± 0.00091 and Nμμ = (2.014± 0.015)× 106.

In order to construct the final ratio, Rτμ, we account for two more contributions. First
the relative selection efficiency of the muon and tau pairs. Our studies of the MC show
εττ/εμμ = 0.11041±0.00015. The final factor to be considered is a small amount of Υ(4S) → BB̄
which mimic tau-pair events. According to our MC studies the BB̄ contribution to the muon dis-
tributions is negligible, however in the tau distribution a correction of δBB̄ = 0.42% is required.
This gives us a final ratio of:

RΥ(3S)
τμ = R̃

1

CMC

εμμ
εττ

(1 + δBB̄) = 0.9662± 0.0084. (4)

Dominant systematic uncertainties are listed in Table 1. These systematics are added in
quadrature to give a total systematic uncertainty of 1.4%

In conclusion, using data collected at and near the Υ(3S) and Υ(4S) resonances, BABAR has
measured the ratio of the tau and muon leptonic branching fractions of the Υ(3S) to be:

RΥ(3S)
τμ = 0.966± 0.008stat ± 0.014syst. (5)

This result is six times more precise than the only prior measurement3 and is within two standard
deviations of the SM prediction of 0.99482. These results have been published in PRL8, where
additional details can be found.
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Figure 3 – The results of the fit to the Υ(3S) inMμμ/
√
s.

In (a) all events are shown, in (b) the continuum is
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decays in the radiative tail.

Figure 4 – The results of the fit to the Υ(3S) in Eττ/
√
s

with the continuum fit subtracted. Legend is the same
as in Fig.3.

Table 1: The list of estimated systematic uncertainties

Source Uncertainty(%)

Particle identification 0.9
Cascade decays 0.6
Two-photon production 0.5
Υ(3S) →hadrons 0.4
MC shape 0.4
BB̄ 0.2
ISR 0.2

Total 1.4
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Neutrino constraints to scotogenic dark matter interacting in the sun
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Radiative seesaw models have the attractive property of providing dark matter candidates in
addition to generation of neutrino masses. Here we present a study of neutrino signals from
the annihilation of dark matter particles which have been gravitationally captured in the Sun,
in the framework of the scotogenic model. We compute expected event rates in the IceCube
detector in its 86-string configuration. As fermionic dark matter does not accumulate in the
Sun, we study the case of scalar dark matter, with a scan over the parameter space. Due to a
naturally small mass splitting between the two neutral scalar components, inelastic scattering
processes with nucleons can occur. We find that for small mass splittings, the model yields
very high event rates. If a detailed analysis at IceCube can exclude these parameter points,
our findings can be translated into a lower limit on one of the scalar couplings in the model.
For larger mass splittings only the elastic case needs to be considered. We find that in this
scenario the XENON1T limits exclude all points with sufficiently large event rates.

1 Introduction

While there is strong evidence for the existence of large amounts of dark matter in the universe,
the nature of dark matter is still unknown. Radiative seesaw models, like the famous scotogenic
model 1, present an interesting solution to this problem, while at the same time only extending
the Standard Model (SM) by very few fields.

In the framework of the scotogenic model, WIMPs (weakly interacting massive particles) can
accumulate in large celestial bodies like the Sun. The WIMPs can loose energy by scattering off
nuclei inside the Sun, until they are gravitationally captured and sink into the core, producing a
local over-density which results in a boost of self-annihilation. The WIMPS can either annihilate
directly into neutrinos or into other SM particles, which in turn decay into neutrinos. This
produces a flux that can be measured by neutrino telescopes such as IceCube 2.

The accumulation of dark matter in the Sun is directly linked to the WIMP-nucleon scat-
tering cross section. In this work, we consider both elastic and inelastic scattering. The latter
arises through a natural mass splitting of the two neutral components in the case of scalar dark
matter in the scotogenic model. We investigate the parameter space by means of a numerical
scan, in order to identify models that yield sufficiently large neutrino event rates in IceCube
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in its ic86 string configuration, and could therefore be studied in future IceCube analyses.

2 The scotogenic model

The scotogenic model extends the Standard Model by two new fields: One fermion singlet Ni

with three generations, and one scalar doublet with the components
(
η+, η0

)
. An additional Z2

symmetry, under which the new fields are odd and all Standard Model fields are even, ensures
the stability of the lightest odd particle by preventing its further decay. The lightest odd particle
is the dark matter candidate of the scotogenic model, provided it is neutral 1.

The new terms to the Lagrangian are:

LN = −mNi

2
NiNi + yiα

(
η†Lα

)
Ni + h.c.− V, (1)

V = m2
φφ
†φ+m2

ηη
†η +

λ1

2

(
φ†φ
)2

+
λ2

2

(
η†η
)2

+ λ3

(
φ†φ
)(

η†η
)

+λ4

(
φ†η
)(

η†φ
)
+

λ5

2

[(
φ†η
)2

+
(
η†φ
)2]

(2)

where mNi is the mass matrix of the fermion singlet, the Lα are the left-handed Standard Model
lepton doublets with α = 1, 2, 3 generations, yiα is a Yukawa coupling matrix where i = 1, 2, 3 are
the generations of the new right-handed neutrinos, the λ1−5 are the new coupling parameters,
and φ is the Standard Model Higgs field.

After electroweak symmetry breaking, the squared masses of the new physical scalar bosons
are given by

m2
η+ = m2

η + λ3〈φ0〉2,
m2

η0R = m2
η + (λ3 + λ4 + λ5) 〈φ0〉2, (3)

m2
η0I = m2

η + (λ3 + λ4 − λ5) 〈φ0〉2,

where 〈φ0〉 = 246.22/
√
2GeV is the Higgs vacuum expectation value 3. The real and imaginary

components of the neutral scalar η0, indicated by the superscripts R and I, respectively, obtain
slightly different masses. This mass splitting δ is governed by the coupling parameter λ5, which
must be naturally small, since if λ5 is exactly zero, the neutrinos would be massless and lepton
number would be conserved, leading to a larger symmetry. For bounds on the other model
parameters, please refer to Ref. 4.

3 WIMP-nucleon scattering in the Sun

In contrast to fermion dark matter, scalar dark matter has a non-zero spin-independent WIMP-
nucleon cross section which enables accumulation in the Sun. The diagrams for scalar dark
matter scattering off of nucleons are shown in Fig. 1 (left hand side). Next to elastic scattering,
the existence of a slightly heavier state allows for inelastic scattering as well, where the dark
matter particle transitions into the heavier state, provided that the mass splitting δ between
the two states fulfills δ < v2

2 μ, where μ is the WIMP nucleon reduced mass and v is the relative
velocity 5. For small λ5 the mass splitting can be approximated by:

δ ≈ λ5〈φ0〉2
mη0R/I

, (4)

depending on the smaller of the masses mη0R and mη0I . This shows the dependence of the mass
splitting on λ5 explicitly. 4
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The inelastic scattering off of quarks in the scotogenic model is mediated by a Z0-exchange.
The amplitude can be decomposed into a vector and an axial-vector part. For scalar dark matter,
the axial-vector part vanishes in the non relativistic limit 6. The remaining vector interaction
contributes to the spin-independent scattering cross section.

Figure 1 – Left: Feynman diagrams of the elastic and inelastic scalar dark matter-nucleon scattering processes
in the scotogenic model. In this case the dark matter candidate is η0R. For the case where η0I is the dark
matter candidate, one can replace η0R with η0I and vice versa. Right: Event rate in ic86 vs. the mass of the
dark matter candidate. Models with a small mass splitting between η0R and η0I , for which inelastic scattering
dominates, are marked with filled points. Models with larger mass splittings are marked with hollow points. For
both cases, orange points are excluded by XENON1T, while blue points are not. The grey dashed line marks one
ic86 event per year. The grey shaded area marks masses that are excluded by the LEP limit from the invisible
Z0 width.

4 Results of the numerical scan

To investigate the scotogenic model numerically, we implement the model using Sarah 4.14.07.
The mass spectrum and branching ratios are then computed with SPheno 4.0.38,9, and observ-
ables such as the relic density and neutrino fluxes are calculated using micrOMEGAs 5.0.8 10.
Since the inelastic scenario was not implemented in micrOMEGAs, we use CalcHEP 3.7 11

to calculate the the WIMP-quark matrix elements and the cross section in the inelastic case.
The inelastic capture rate is calculated with DarkSUSY-6.2.3 12 and inserted into modified
micrOMEGAs routines. For the elastic scenario we use pre-existing micrOMEGAs routines
for both the scattering cross section as well as the capture rate. The event rate in ic86 is calcu-
lated with a modified routine in micrOMEGAs, with the latest data for the IceCube effective
area 13.

Figure 1 (right hand side) shows results of our numerical scan. The ic86 event rate is plotted
against the mass of the dark matter particle. We see two groups of models: The lower group
consists mainly of models with a large mass splitting between η0R and η0I , for which inelastic
scattering is kinematically forbidden. The upper group with significantly higher event rates
consists of models with small mass splittings and dominant inelastic dark matter. Note that
we show only those points that survive the following constraints: PLANCK relic density 14, the
mass of the Higgs boson15, LFV limits16,17,18, and limits on the Standard Model neutrino masses
(we use the Casas-Ibarra parametrization 19 to calculate the Yukawa coupling matrix). We plot
also the LEP exclusion from the invisible Z0 width 20,21, to show that it does not constrain our
parameter space. The remaining models can further be constrained by direct detection limits,
where the XENON1T limit on the spin-independent WIMP-nucleon cross section 22 imposes the
strongest and only constraint to our parameter space. In both groups of models we draw the
XENON-excluded ones in orange, whereas in the inelastic group they are excluded for their
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elastic scattering cross section, since the XENON limit does not apply to inelastic dark matter.
We see that no model in the elastic group yields IceCube event rates above one event per

year, whereas almost all models in the inelastic group do, up to event rates of O(105) per year.
The non-excluded inelastic models could therefore be probed by IceCube. The findings of a
respective analysis can be translated into a lower limit of the coupling parameter λ5.

5 Summary

In this work we investigated neutrino signals from WIMP annihilations in the Sun within the
framework of the scotogenic model. We performed a numerical scan of the parameter space, in
order to identify models that yield an ic86 event rate above one event per year, and are viable
under a number of experimental constraints. Both elastic and inelastic dark matter have been
considered. We find that elastic dark matter yields ic86 event rates of only O(10−1), while for
inelastic dark matter there exist viable models with event rates up to O(105). The findings of an
IceCube analysis probing these models could be translated into a lower limit on the coupling
parameter λ5 of the scotogenic model.
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GeV-scale neutrinos: meson interactions and DUNE sensitivity
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The simplest extension of the SM to account for the observed neutrino masses and mixings is
the addition of at least two singlet fermions (or right-handed neutrinos). If their masses lie
at or below the GeV scale, such new fermions would be produced in meson decays. Similarly,
provided they are sufficiently heavy, their decay channels may involve mesons in the final state.
In this work, we provide consistent expressions for the relevant effective operators involving
neutrinos and mesons with masses up to 2 GeV. The associated effective Lagrangian has
been implemented in FeynRules, allowing for efficient simulation in event generators such as
MadGraph5. As an application of this setup, we numerically compute the expected sensitivity
of the DUNE near detector to heavy neutrinos in the MeV-GeV range.

1 Introduction

The evidence of non-vanishing neutrino masses, found in neutrino oscillations, clearly requires
an extension of the Standard Model (SM) in order to account for the experimentally measured
masses and mixings. The most natural way to generate neutrino masses consists on adding
right-handed neutrinos (or heavy neutral leptons, HNLs) to the SM particle content. In the
minimal scenario, no extra interactions or gauge groups are introduced. Thus, HNLs are gauge
singlets, and only communicate with the SM via mixing, replacing light neutrinos in any SM
process in which the latter could be involved. Neutrino flavor eigenstates will now also have
a heavy component, and the PMNS matrix will be enlarged, in order to include the elements
which control the mixing between the heavy and light states (which is expected to be small).

As it is not necessarily connected to the electroweak scale, the mass of the right-handed
neutrinos could lie in a very wide range, from the eV to the GUT scale. In the traditional
type-I seesaw 1,2,3,4, the measured light neutrino masses require very heavy HNLs (provided no
fine-tuning is introduced in their Yukawa couplings). Other versions of the seesaw mechanism,
so called low-energy seesaws 5,6,7,8, allow for HNLs close to the weak scale with no need for
extremely small Yukawas.

Right-handed neutrinos in the GeV range are especially interesting. They introduce no extra
Higgs hierarchy problem, and can succesfully explain the baryon asymmetry of the universe
through leptogenesis 9,10,11. HNLs in this range are also relevant from a phenomenological point
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of view, as they can be searched for in different laboratory experiments, such as peak searches,
beam dumps or even colliders.

In particular, near detectors of neutrino oscillations experiments could constitute an excel-
lent framework to probe neutrinos in this mass scale. Meson interactions are crucial in this
scenario, as HNLs may be produced in heavy meson decays, and subsequently decay into visible
states, including lighter mesons. With this motivation in mind, in this work we derive the low-
energy effective operators controlling neutrino interactions with mesons, which, in this minimal
extension of the SM, only depend on the HNL masses and mixings.

We will apply this setup to estimate the sensitivity of the Deep Underground Neutrino
Experiment (DUNE) to HNLs. This analysis will be performed in a 3 + 1 scenario, where
only one heavy neutrino is introduced. The measured neutrino masses and mixings require the
inclusion of at least 2 HNL states; however, if we assume only one of them to mix sufficiently or
to be light enough to be produced, the phenomenology is greatly simplifed, and reduces to the
3 + 1 case.

2 Effective low-energy meson interactions

In order to study neutrino production and decay via interactions with mesons, it is necessary
to compute the effective low-energy operators, once the weak bosons are integrated out and
the corresponding hadronic matrix elements are properly parametrized. This parametrization
is done in terms of the meson decay constant and 4-momentum (for pseudoscalar mesons).

In order to obtain the effective operators, we first write down the relevant decay amplitudes,
integrating out the corresponding weak boson and introducing Fermi’s constant, GF . Then, we
insert the hadronic matrix element and translate the meson 4-momentum into a derivative acting
on the lepton current. Finally, we apply Dirac’s equation, assuming that the charged lepton and
the neutrino are on-shell. Thus, we obtain Yukawa-like couplings controlled by the lepton and
neutrino masses (mα and mi respectively). For instance, the vertex involving a charged pion, a
charged lepton and a neutrino mass eigenstate ni reads

Oπ�αn̄i
= i

√
2GFUαiVudfπ �̄α(mαPL −miPR)niπ

− + h.c. , (1)

where Uαi is the corresponding mixing matrix element and fπ is the pion decay constant. This
result can be generalized to other charged mesons, replacing the decay constant and the CKM
element.

We find qualitatively similar results for the couplings of neutral pseudoscalars to two neu-
trinos. In the case of vector mesons, the procedure is similar, although the hadronic matrix
elements are parametrized in terms of their polarization instead of their 4-momentum; thus, it is
not possible to apply Dirac’s equation on the lepton fields and the couplings are not proportional
to the masses of the latter.

HNLs can also be produced in semileptonic meson decays. In this case, the hadronic matrix
element mediating the transition between the parent and the daughter mesons are parametrized
in terms of two momentum dependent form factors. Although the procedure to obtain the
effective operators is very similar to the one described above, the resulting vertices exhibit some
differences. See Coloma et al. 12 for details.

Apart from meson interactions, HNLs will also be involved in fully leptonic processes, con-
trolled by the SM weak interactions via mixing, once the neutrino sector is extended. This
generalized weak Lagrangian and a full list of effective operators concerning HNLs and mesons
can be found in Coloma et al., 12 as well as expressions for the decay widths of processes con-
trolled by these operators. We have implemented all these Feynman rules, for a 3 + 1 scenario,
in a FeynRules 13 model, which includes two versions, describing Dirac and Majorana neutrinos
respectively.
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3 DUNE Near Detector Sensitivity

DUNE may constitute an excellent probe of HNLs in the GeV scale. The protons impinging
on the target will copiously produce charged mesons, which may decay into heavy neutrinos
via mixing. Depending on their mass and the intensity of this mixing, these particles may
travel hundreds of meters and decay inside the near detector (ND) into visible states, possibly
containing lighter mesons, through a second mixing insertion.

We will employ the effective theory derived in the previous section to estimate the sensitivity
of the ND to the HNL mixing. We will do so by implementing the mentioned FeynRules model in
MadGraph514, and generating events in which charged pseudoscalars decay into heavy neutrinos,
as well as events in which the HNL decays into visible states (contanining lighter mesons or
three leptons). Regarding the parent meson fluxes, we obtain those of ligher parents (pions
and kaons) from the GEANT4 15 simulation developed by the DUNE collaboration, whereas for
heavier parents (D, Ds and τ) we make use of both Pythia 16 and GEANT4. We assume the
geometry of the ND and the characteristics of the proton beam (an energy of 120 GeV and a
rate of 1.1 · 1021 protons on target per year) specified in the DUNE Technical Design Report 17.

Figure 1 shows the 90% confidence level sensitivity of the DUNE ND to the HNL mixing as a
function of its mass. We follow the Feldman and Cousins prescription18 for a Poisson distribution
under the hypothesis of no observed events, which corresponds to no more than 2.44 HNL decay
events taking place inside the detector (we assume the background to be negligible). We consider
a scenario in which the HNL only mixes simultaneously to one flavor, and display separately
the sensitivity to |Ue4|2, |Uμ4|2 and |Uτ4|2. Our results combine all possible HNL decay channels
into visible states, correspond to 7 years of data taking, and include a 20% signal efficiency,
following Abe et al. 19. We have computed the sensitivity to Dirac HNLs; in the Majorana case,
it would improve by a factor 2, although the results would be qualitatively very similar.

Figure 1 – DUNE ND sensitivity (at 90% CL) to heavy neutrino mixings |Uα4|2 as a function of its mass, assuming
mixing with only one flavor at a time and 7.7 · 1021 protons on target. Gray shaded areas are excluded by present
experiments. The band limited by the dashed lines contains the predictions of the type-I seesaw mechanism. The
upper line is obtained applying the Katrin bound 20 (mν ∼ 1.1 eV), and the lower one setting mν =

√
Δm2

atm ∼
0.05 eV.

We find that the DUNE ND will be able to probe new regions of the parameter space, which
have not been accessed by previous experiments (gray shaded areas). In fact, current constraints
could be improved in most of the considered mass range, even by several orders of magnitude
in some regions. Interestingly, it would possible to reach extremely small mixings, such as those
predicted by the traditional type-I seesaw (dashed lines) in order to reproduce the measured
neutrino masses. We have compared our results to those in similar studies, such as Ballett et
al.21, Berryman et al.22 and others, finding overall agreement, with the exception of some details
due to slight differences in the analyses (see Coloma et al. 12 for a further discussion).
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4 Conclusions

Heavy neutrinos in the GeV scale are particularly interesting, both from the theoretical and
the experimental perspectives. On one side, these new particles may pose solutions to several
open problems of the SM, such as neutrino masses or the BAU. Besides, neutrinos in this mass
range could be probed in different types of laboratory experiments. In particular, they could be
produced in meson decays, and decay visibly into SM particles, possibly lighter mesons.

With that framework in mind, we have derived the low-energy effective operators controlling
the relevant interactions between HNLs and mesons, which, in the minimal setup, are only con-
trolled by the heavy neutrino mixings and mass. We have implemented that effective Lagrangian
in a FeynRules model and exported it to MadGraph5, allowing for efficient event generation.
This way, we have computed the sensitivity of the DUNE ND to the heavy neutrino mixing as a
function of its mass. We have found that this facility could greatly improve the current bounds,
being sensitive to extremely small mixings, such as those predicted by the type-I seesaw.
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Borexino is a liquid scintillator detector located at the Laboratori Nazionale del Gran Sasso,
Italy with the main goal to measure solar neutrinos. The experiment recently provided the first
direct experimental evidence of CNO-cycle neutrinos in the Sun, rejecting the no-CNO signal
hypothesis with a significance greater than 5σ at 99%C.L. The intrinsic 210Bi is an important
background for this analysis due to its similar spectral shape to that of CNO neutrinos. 210Bi
can be measured through its daughter 210Po which can be distinguished through an event-
by-event basis via pulse shape discrimination. However, this required reducing the convective
motions in the scintillator that brought additional 210Po from peripheral sources. This was
made possible through the thermal insulation and stabilization campaign performed between
2015 and 2016. This article will explain the strategy and the different methods performed to
extract the 210Bi upper limit in Phase-III (Jul 2016- Feb 2020) of the experiment through the
analysis of 210Po in the cleanest region of the detector called the Low Polonium Field.

1 CNO neutrino detection with Borexino

Solar neutrinos are elementary particles that are produced inside the Sun, by the same nuclear
fusion processes that generate the heat. Neutrinos interact rarely after their production and
are therefore a direct probe of these nuclear fusion processes. According to the Standard Solar
Model (SSM), which represents the best knowledge available about the Sun, the heat in the
Sun’s core is generated by two main series of processes, fusing protons to Helium: the primary
proton–proton (pp) chain, responsible for about 99% of the solar energy production and the
sub-dominant Carbon Nitrogen Oxygen (CNO) cycle. Neutrinos are detected via their elastic
scattering on electrons in the liquid scintillator. Borexino 1 has already published a complete
spectroscopy of pp chain neutrinos 2 and has recently provided the first direct experimental
evidence of solar neutrinos produced in the rare CNO nuclear fusion cycle3. The main challenges
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of this analysis are the very low interaction rate of CNO neutrinos and the similarity of its
spectral shape to that of pep solar neutrinos and the intrinsic 210Bi background. The pep
neutrino rate can be independently determined with 1.4% precision using the constraint on solar
luminosity, global analysis with all solar neutrino experiments excluding the latest Borexino
data, exploiting theoretically precisely known ratio of pep and pp neutrino fluxes, and using
the most recent values of the oscillation parameters. The 210Bi background—the short-living
decay product of 210Pb, can be determined via the counting of α-decays of its daughter 210Po.
This assumes secular equilibrium of the chain down from 210Pb, which is a long-living isotope
contaminating the liquid scintillator. Alpha particles can be identified in Borexino through pulse
shape discrimination techniques. Until mid-2016, additional 210Po was brought from peripheral
sources to the fiducial volume through the convective motions of the scintillator, triggered by
seasonal temperature changes. However, between 2015 and 2016, the detector was thermally
insulated and an active temperature control system was installed. This has minimized the
residual convection in the innermost parts of the detector, making it possible to measure 210Bi
via 210Po and has helped in obtaining a 210Bi upper limit from the cleanest region of the detector
called the Low Polonium Field. A multivariate fit was then performed, i.e. the energy spectra
in the window between 320 keV and 2,640 keV and the radial distribution of the Phase-III data
(July 2016 - February 2020) was simultaneously fitted, after constraining the rates of pep and
210Bi. This study excluded the no-CNO signal scenario with a significance greater than 5.0σ
at 99.0% CL. The total contribution of the systematics was evaluated as +0.6

−0.5 cpd/100t using
13.8 million pseudo-datasets with the same exposure as Phase-III. The systematic uncertainties
included the 210Bi spectral shape, the energy scale and resolution of the Monte Carlo model, non-
linearity and non-uniformity of the detector’s response, as well as variation in the absolute value
of the scintillator light yield. A simple counting analysis, complementary to the multivariate fit,
rejected the null CNO hypothesis at 3.5σ.

2 The Low Polonium Field

The Low Polonium Field of Borexino developed just above the equator of the detector around
mid-2016. The 210Po rate in this field is the sum of two components: a scintillator component
that comes from the 210Pb in the scintillator and is assumed to be in secular equilibrium with
210Bi, and a vessel component which is due to the migration of 210Po from the 210Pb on the
vessel. The migration process is driven by convective currents. However, the parent 210Pb
and 210Bi isotopes of this component stay on the IV. The qualitative shape and approximate
position of the LPoF have been reproduced by fluid dynamical numerical simulations 4. The
210Po content is not spatially uniform in the LPoF, but, the presence of a clear and consistent
minimum helps in obtaining a robust 210Bi upper limit. The center of the LPoF is very stable
over the entire Phase-III and slowly moves only by less than 20 cm per month. This can be
observed in Figure 1(left), where the 210Po rate evolution over time in Phase-III is plotted for
z-slices of height 0.1m with a 3m radial cut applied along the ρ plane. The LPoF in the detector
resembles an ellipsoid of ∼20 tons with rotational symmetry along the x − y plane and with a
bit of complexity along the z-axis.

3 Analysis strategy and methods

The 210Po events in the LPoF are chosen using a geometrically normalised charge variable in
the range 150-270 p.e (∼300-540 keV). In addition, a pulse shape discrimination cut using the
Multi-Layer Perceptron (MLP) developed via deep-learning techniques is applied such that only
events below an MLP value of 0.3 (i.e. α-like) are chosen. The paraboloid equation in 2D
assuming rotational symmetry along the x − y plane that is used to fit the data in order to
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Figure 1 – Left: Evolution of the LPoF over time in Phase-III along the z-axis, with the centers obtained from
different methods. The radius considered in the ρ plane is 3m. The black dashed lines represent the fiducial
volume of the CNO analysis. Right: ρ2−z projection of the aligned LPoF fitted with equation 1. The fit function
is shown in red. The colour scheme in both figures represent the 210Po rate in cpd/100t after correcting for the
α-detection inefficiency and β-leakage. Figures taken from 3.

obtain the minimum 210Po rate (R(210Pomin)) is as follows:

d2RPo

d(ρ2)dz
= [R(210Pomin)εEεMLP +Rβ ]

(
1 +

ρ2

a2
+

(z − z0)
2

b2

)
. (1)

Here ρ2 = x2 + y2, z0 is the minimum position of the LPoF along the z-axis, a and b are shape
parameters along the respective axes. εE and εMLP are the efficiency of the energy and pulse
shape discrimination cuts, respectively. The efficiencies can be calculated using using a pure MC
sample of 210Po events. Rβ is the rate of β events in the region where 210Po events are selected.
Rβ is obtained in an independent way through an energy fit performed using the selected 210Po
events, the MC PDF of 210Po, and the MC PDFs of all the β-components, namely, 7Be, CNO,
pep, 210Bi, pp, 14C, and 85Kr.
Since the LPoF slowly moves along the z-axis due to residual convective motions, the data in
the LPoF needs to be aligned along the z-direction before performing the fit on the full dataset.
This is done by “blind” alignment of the data in the LPoF every month (or every two months)
using the center z0 obtained by fitting the data of the previous month. These monthly fits are
performed in bigger volumes of 70 tons or 100 tons owing to the low monthly statistics in 20
tons. After the blind alignment using the centers of every month, the final fit is performed on the
aligned dataset in around 20 tons (∼5000 events) using either a simple paraboloid in equation 1
with four free parameters (R(210Pomin), a, b, z0) or with more free parameters as it will described
later in this section. The simple paraboloid fit can be performed either as a likelihood fit with
ROOT (v. 6.22/03) 5 or with a Bayesian tool called MultiNest 6. The final aligned dataset with
a simple paraboloid fit performed with ROOT is shown in Figure 1(right).
MultiNest is a widely-used importance nested sampling algorithm.“Nested Sampling” is a Monte
Carlo technique used to estimate the Bayesian evidence, and generates posterior samples as a
by-product. In addition to the 2D paraboloid fit, 3D ellipsoidal fits were also performed with
MultiNest without assuming rotational symmetry along the x − y plane, which resulted in
statistically compatible results. The assumption of the rotational symmetry was also verified
based on the fit results. Since the LPoF data is complex along the z-direction, especially during
some thermal operations performed in summer of 2019, the 2D paraboloid fit was also performed
with the implementation of a cubic spline along the z-axis in MultiNest. A cubic spline is a
piece-wise defined polynomial of third degree. It is expressed through so-called knots. The space
between two knots is filled with a polynomial. The complexity of the cubic spline for the LPoF
was chosen based on the Bayesian evidence of the fit and it varied between 4 and 11 knots over
the entire Phase-III. The average complexity for the 70/100-ton monthly fits was 7 knots. The
final aligned fit in 20 tons was performed with 5 knots. Even though this method provided the
best Bayesian evidence when compared to the simple paraboloid, the results were statistically
compatible. The final methods used for the estimation of the 210Bi upper limit were a simple
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2D paraboloid fit and a 2D paraboloid fit with cubic spline along the z-axis, performed with
MultiNest.
In order to confirm that there is no bias in the 210Bi upper limit calculated and to check the
compatibility between different fit methods, a toy MC validation was performed. 140 toy MC
datasets, with realistic and extreme scenarios, with lifetime of 2 years each, were generated with
two components, namely, scintillator 210Po with uniform distribution, and vessel 210Po with
exponential weight, evaluated based on the distance from the inner vessel. It was found that
the different methods were compatible with each other for different combinations of both the
210Po components. The method of using the Bayesian evidence to choose the complexity of the
spline was also verified, i.e. due to the perfect ellipsoidal shape of the toy MC datasets, the
best evidence was always obtained for the simple paraboloid fit and the cubic spline fit with
the least complexity (4 knots). The extracted R(210Pomin) from 500 datasets with a realistic
scenario, was always positively biased for both the fit methods, proving that the 210Bi upper
limit is conservative. Therefore, it does not result in false enhancement of the CNO neutrino
rate.

4 Sources of uncertainty

The different sources of uncertainty 7 that were considered for the 210Bi upper limit, in addition
to the statistical uncertainty of the fit (0.83 cpd/100t) are:

• Systematic uncertainties from the fit: Mass of the fit region (0.40 cpd/100t), and binning
of the data histogram (0.20 cpd/100t).

• Uncertainty on the β-leakage estimation, i.e. Rβ in equation 1 (0.30 cpd/100t).

• Homogeneity of β-events: Since the 210Bi upper limit is estimated from the LPoF which
is only 20 tons, it is necessary to study the homogeneity of β-events in the entire fiducial
volume of 70 tons, in the energy region of 210Bi. The radial homogeneity was studied
by dividing the fiducial volume into 25 iso-volumetric shells (0.52 cpd/100t). The angular
homogeneity was studied by extending Fourier decomposition over a sphere surface, by
projecting the spatial co-ordinates of the selected events on a sphere (0.58 cpd/100t).

5 Results

The final 210Bi upper limit obtained through the estimation of the minimum 210Po rate in the
Low Polonium Field of Borexino is 11.5 ± 1.3 cpd/100 t. This includes all the sources of uncer-
tainty along with the statistical uncertainty of the fit. The best fit value for the CNO neutrino
rate from the final multivariate spectral fit using this 210Bi upper limit is 7.2+2.9

−1.7(stat) cpd/100 t
3.

References

1. G. Alimonti et al, Nucl. Instrum. Methods A 600, 568 (2009)
2. M. Agostini et al, Nature 562, 505 (2018)
3. M. Agostini et al, Nature 587, 577 (2020)
4. V. Di Marcello et al, Nucl. Instrum. Methods A 964, 163801 (2020)
5. R. Brun and F. Rademakers, Nucl. Instrum. Methods A 389, 81 (1997)
6. F. Feroz and M. P. Hobson, Monthly Notices of the Royal Astronomical Society 384, 449

(2008)
7. G. Bellini, International Workshop on Neutrino Telescopes XIX, 47 (2021)

444



Dark matter implications of the KATRIN neutrino mass experiment

Thede de Boer∗, Michael Klasen∗, Caroline Rodenbeck†, Sybrand Zeinstra∗
∗ Institut für Theoretische Physik, Westfälische Wilhelms-Universität Münster, Wilhelm-Klemm-Straße

9, 48149 Münster, Germany
† Institut für Kernphysik, Westfälische Wilhelms-Universität Münster, Wilhelm-Klemm-Straße 9, 48149

Münster, Germany

We studied the effects of the absolute neutrino mass scale in the scotogenic radiative seesaw
model. From a scan over the parameter space of this model, a linear relation between the
absolute neutrino mass and the dark sector-Higgs coupling λ5 = 3.1× 10−9 mνe/eV has been
established. With the projected sensitivity of the KATRIN experiment nearing cosmologi-
cally favored values, a neutrino mass measurement would fix the value of λ5. Subsequent
correlations between the DM mass and the Yukawa coupling between DM and the SM leptons
can probe the fermion DM parameter space, when lepton flavor violation constraints are also
considered. The results are independent of the neutrino mass hierarchy and the CP phase.

1 Introduction

The exact nature of cold Dark Matter (DM) is one of the main open questions in particle
physics, as the Standard Model (SM) does not contain a suitable candidate. The observation
of atmospheric and solar neutrino oscillations has established mass difference between the three
neutrino generations, implying that there exist at least two massive neutrinos. The absolute
mass scale is still an open question. Recent measurements from the KATRIN experiment have
established an upper bound on the electron neutrino mass of 1.1 eV 1, with the goal of lowering
this bound to the value of 0.2 eV2, putting it on the same order of magnitude as the cosmological
bounds on the sum of the SM neutrino masses

∑
imνi < 0.12 eV, assuming normal hierarchy

(NH) and the ΛCDM model 3. An inverted hierarchy (IH) is also still a possibility.

In radiative seesaw models, neutrino masses are generated at one-loop level through inter-
action with a dark sector that allows for DM candidates. The scotogenic model, proposed by
Ma, features a dark sector that includes one scalar doublet η, and three generations of fermionic
singlets Ni (i = 1, 2, 3) which are required to generate three non-zero SM neutrino masses4.

In our paper5 we show that a measurement of the absolute neutrino mass can provide strin-
gent constraints on the scotogenic model by means of a parameter scan through its parameter
space.
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2 The scotogenic model

The SM is extended by a dark sector with an inert scalar doublet η and three generations of
fermion singlets Ni

4. The additional terms in the Lagrangian are

L = −mNi

2
NiNi + yiα(η

†Lα)Ni + h.c.−m2
φφ
†φ−m2

ηη
†η −λ1

2

(
φ†φ
)2

(1)

− λ2

2

(
η†η
)2

− λ3

(
φ†φ
) (

η†η
)
− λ4

(
φ†η
) (

η†φ
)
− λ5

2

[(
φ†η
)2

+
(
η†φ
)2]

where the three generations of left-handed SM lepton doublets are denoted by Lα (α = 1, 2, 3).
In this work we assume that the lightest fermion singlet N1 with mass mN1 is the DM candidate.
φ denotes the SM Higgs field, which fixes the parameters mφ and λ1. Its vacuum expectation
value (VEV) is 〈φ0〉 = 246 GeV/

√
2 6. We ensure that the scalar potential is bounded from

below, and impose the perturbativity constraint |λ2,3,4,5| < 4π. η does not acquire a VEV, thus
we set λ2 = 0.5 without affecting the phenomenology. The components of η result in three
physical mass eigenstates

m2
η+ = m2

η + λ3〈φ0〉2, m2
R,I = m2

η + (λ3 + λ4 ± λ5) 〈φ0〉2 (2)

The scalars from the neutral component of the scalar doublet ηR and ηI have masses mR, mI

with +λ5 and −λ5 respectively that are very close due to the natural smallness of λ5
7. We

scan over the range 10−12 < |λ5| < 10−8 following previous work 8. We sample in the range
mη ∈ [0.1; 10] TeV, in accordance with the LEP lower bound on charged particle masses9, which
we also use as sampling range for the sterile neutrino masses mNi .

3 Experimental constraints

SM neutrino masses are generated through the interactions with the dark sector, resulting in a
mass matrix for small λ5

(mν)αβ ≈ λ5v
2

32π2

3∑
i=1

yiαyiβmNi

(m2
R,I −m2

Ni
)
×
[
1 +

m2
Ni

m2
R,I −m2

Ni

ln

(
m2

Ni

m2
R,I

)]
, (3)

which is linear in λ5. We employ the Casas-Ibarra parameterization 10 to constrain the Yukawa
coupings y using neutrino mass differences and mixings as input 11. We further impose upper
bounds on branching ratios (BRs) of lepton flavour violating (LFV) processes, μ → eγ12, μ →
3e13, and μ− e,Ti14. The BRs as well as the conversion ratio (CR) are calculated with SPheno
4.0.3 15. The relic density, calculated with micrOMEGAs 5.0.8 16, is restricted around its
central value of Ωh2 = 0.12 3, allowing for a theoretical uncertainty of ±0.02.

4 Numerical results

The region of an electron neutrino mass of 1.1 eV down to 0.2 eV, which is currently being
probed by KATRIN 1,2, approaches the cosmological limit of 0.12 eV3. Here the neutrino mass
matrix is dominated by the absolute mass scale. As a result the eigenvalues of the Yukawa
matrices yα become similar in value. Fig. 1 (left) shows the ratio |y2/y1| (grey points), which
varies over the complete y range in the plot for small mν1 but the spread decreases to a factor
of two at larger masses. Imposing the LFV (blue) and relic density constraints (green) further
reduce the spread. Combining all constraints (red) leads to |y2/y1| ∼ 1, as well as other ratios
of eigenvalues.

In Eq. (3) a linear relation between the neutrino mass matrix and the neutral scalar mass
splitting λ5 could be observed. This is made explicit in Fig. 1 (right) which shows the value of
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Figure 1 – Ratio of Yukawa couplings (left), and the dark sector-Higgs boson coupling |λ5| (right) as a function
of lightest neutrino mass mν1 with mass difference/mixing (grey), LFV (blue), relic density (green) and all
constraints (red points).

|λ5| as a function of the lightest neutrino mass eigenstate mν1 . The linear dependence arises
after applying the LFV (blue), relic density (green), and both constraints (red). At 90% C.L.
its value is (left)

|λ5| =
{

(3.08± 0.05)× 10−9 mν1/eV (NH)
(3.11± 0.06)× 10−9 mν1/eV (IH)

, |λ5| =
{

(1.6± 0.7)× 10−10 (NH)
(1.7± 1.5)× 10−10 (IH)

(4)

where the sign is arbitrary. Below a value of mν1 = 0.052 eV the mass of the heaviest neutrino
dominates over the mass splittings and λ5 does not depend on mν1 (right). A KATRIN measure-
ment would therefore result in a prediction for the dark sector-Higgs coupling λ5. Combining
the results thus far, the value mν1/|λ5| has a fixed value, and the eigenvalues of the Yukawa
couplings have approximately equal values. The relic density constrains the ratio of the DM
and scalar masses (mR,I/mN1 ∼ 1.5), resulting in a leading term in Eq. (3) that is proportional
to |y1|2/mN1 , with N2 and N3 having significantly higher masses. The square root dependence
of |y1| on the DM mass is shown in Fig. 2, with

|y1| =
{

(0.078± 0.021)
√
mN1/GeV (NH)

(0.081± 0.012)
√
mN1/GeV (IH)

, (5)

meaning that a known DM mass results in a prediction of its Yukawa coupling to the SM leptons.
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Figure 2 – Yukawa coupling of the lightest neutrino as a function of the DM mass. The ratio of the neutral scalar
over the DM mass is given on the temperature scale.
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5 Summary and outlook

From our results one can show that the parameter space of the fermion DM scotogenic model
can almost fully be probed through a combination of a absolute neutrino mass measurement
fixing the dark sector-Higgs coupilng, and a DM mass measurement which fixes the Yukawa
couplings to the SM leptons. Moreover LFV constraints provide an orthogonal way of probing
into the parameter space, severely restricting the remaining parameter space. We checked that
our results are valid for both neutrino hierarchies.

As an outlook, our findings can be generalized to different radiative seesaw models, e.g. those
containing triplet fermions 17 and/or singlet-doublet scalars 18, where the generation of neutrino
masses results in expressions similar to Eq. (3).
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Recent results of the SoLid experiment
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The SoLid collaboration operates since 2018 a 1.6 ton neutrino detector at the Belgian BR2
nuclear reactor searching for the oscillation of electron anti-neutrinos to a sterile state. The
highly segmented SoLid detector employs a novel hybrid scintillation technology based on the
combination of cubes of PVT scintillator and 6LiF:ZnS(Ag) screens. The anti-neutrino detec-
tion in SoLid exploits the space and time coincidence of the inverse beta decay products in
these two scintillators. In this contribution we will describe the SoLid experiment, the back-
grounds to the sought IBD signal, the analysis techniques to reject them and the extraction of
the anti-neutrino signal. These techniques have been developed using a two-months dataset
taken during summer 2018, comprising both reactor ON and OFF periods.

1 Motivations for the SoLid experiment

The SoLid experiment was designed to study mainly two anomalies. First, the reactor anti-
neutrino anomaly that shows a 3σ rate deficit at short baseline from nuclear reactors 1. It
could be the sign of neutrino oscillations towards a new state, called sterile neutrino, with
Δm2

14 ≈ 1.8 eV2 and sin2 2θee ≈ 0.1. The second anomaly is observed in the data of the
experiments which measured the θ13 mixing angle, using commercial reactor. Like Double
Chooz 2, those experiments showed a distortion of the reactor anti-neutrino energy spectrum,
widely known as the ”5 MeV bump”. This observation could be due to incomplete knowledge
of the anti-neutrino production in reactor cores or detector effects. More recently, a consistent
anomaly was found in the spectrum of a reactor highly enriched in 235U 3.

To study those anomalies the SoLid very short baseline (6.3 to 8.9 m) reactor anti-neutrino
experiment with an innovative scintillation technology has been designed 4. The detector is
located at the Belgian BR2 research reactor with highly enriched 235U fuel core. An oscilla-
tion analysis in the energy-length phase space will be performed to probe the sterile neutrino
hypothesis and measure an anti-neutrino energy spectra. Both works will benefit of the linear
energy response of a PVT based detector.

2 The SoLid experiment

The electron anti-neutrinos are detected in SoLid via the inverse beta decay (IBD) reaction:
νe + p → e+ + n. The signal of interest is composed of spatial and temporal coincidences
between a prompt energy deposit from the positron and a delayed signal following the capture
of the neutron, after thermalisation (figure 1 (left)). Due to the proximity of the reactor core
and the low overburden in the reactor building, important backgrounds are faced. To detect
the IBD coincidences and reduce the backgrounds, a novel technology has been developed, that
allows to build a highly segmented detector.
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The SoLid detector is composed of 50 planes composed of 16×16 detection cells. These cells
are made of a 5 × 5 × 5 cm3 cubes of PVT scintillator as a neutrino target for the positron
detection and energy measurement. It was chosen for its linear energy response over an energy
range typical of the IBD positron energy spectrum ([0-7] MeV). Two faces of the cubes are
covered with 6LiF:ZnS(Ag) screens for neutron detection. The scintillation in these screens
is produced by the products of the break-up reaction following the neutron capture on 6Li:
n + 6Li → α + 3H. The cubes are optically isolated with Tyvek wrapping and the scintillation
light is collected by four wavelength shifting fibers connected to a Multi-Pixel Photon Counter
(MPPC) at one end and a mirror at the other end. The MPPCs count the number of electronic
pixel avalanches (PA) caused by the detection of the scintillation light and the waveforms are
digitized by the front-end electronics 5. The ZnS signal (NS) is composed of a long succession of
peaks that lasts a few micro-seconds while the PVT signal (ES) consists of a single sharp and
higher peak. This feature is used for a pulse shape selection of ES-NS coincidences of interest
(figure 1 (right)). A thorough description of the SoLid detector can be found in reference 6.

Figure 1 – Detection of the IBD products with the e+ in the PVT scintillator and the n in the 6LiF:ZnS(Ag)
screen after thermalisation (left). Delayed coincidence of a PVT and a 6LiF:ZnS(Ag) scintillation signals (right).

The high segmentation of the SoLid detector requires the calibration of 12800 detection
cells. An automated system was designed to place radioactive sources inside the detector in
gaps opened temporarily - only for calibration runs - by moving apart the 10-plane modules the
detector is made of. Calibrations with neutron sources (AmBe and Cf) are used to determine
the neutron reconstruction efficiency. Calibrations with gamma sources (22Na and 207Bi) allows
the energy calibration of the cubes. We only highlight here the most recent results of the
energy calibrations, more details can be found in reference 7. The average light-yield of the
detection cells is 96 PA/MeV with a spread of 6.8 PA/MeV before corrections of attenuation
along fibers and optical couplings with MPPCs. Taking these effects into account leads to a 3 %
homogeneity of the light-yield within each plane (figure 2 (left)). The energy response linearity
has been investigated with different gamma energies in the [0.5-4] MeV region (figure 2 (right)).

Figure 2 – Main energy calibration results of SoLid: light-yield homogeneity of the 12800 detection cells (left)
and energy linearity of a sample of cells using different gamma sources (right).

In addition to a Geant4 simulation, a full chain readout simulation has been developed. The
22Na calibrations also permitted to validate this simulation on the [0.2-1.2] MeV range which is
the most difficult region to describe because of the low number of PAs detected.
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3 Backgrounds rejection and signal selection

The backgrounds in the SoLid experiment are due to accidental or correlated delayed ES-NS
coincidences. The different types of backgrounds can be observed on the delay time distribution
ΔtNS−ES (figure 3). First, the accidental background is caused by two independent ES and
NS signals. It corresponds to a flat contribution in the negative or in the long delay of the Δt
distribution. Secondly, the atmospheric background is due to muons or neutrons produced in
the atmosphere that can create an ES signal (muon or proton recoil) correlated to a neutron
capture. It produces an exponential decay distribution with a characteristic time of τ ≈ 60 μs.
This time corresponds to a neutron thermalisation time in SoLid detector before capture on 6Li
and it is the same for the IBD neutrons. Finally a correlated background comes from the decay
chain of 238U in the neutron screen where the β − α cascade of the 214Bi →Po can mimic IBD
delayed coincidences. The delay follows the exponential decay of the 214Po isotope τ ≈ 225 μs.

Figure 3 – Distribution of the delay time between ES-NS coincidences with the different backgrounds.

The delay time ΔtNS−ES distribution allows to measure the proportion of each background
and is a first handle to discriminate them over the signal. Other parameters can also be exploited
thanks to the high segmentation of the SoLid detector. On figure 4 we can see a comparison
between simulated IBD events and reactor OFF ES-NS coincidences that are a direct measure-
ment of the backgrounds without signal. The figure represents some variables like the energy
of the prompt ES, the distance ΔRES−NS between the ES and the NS signals and the pulse
shape discrimination on the NS signal. This BiPonisher variable reflects that the energy de-
posit of the α-particles of 214Po have higher energy than 6Li break-up (7.83 vs 4.78 MeV). Clear
differences allowing an effective backgrounds reduction can be observed.

The positron produced by IBD annihilates in SoLid detector and produce two 511 keV γ at
each side of the positron cube. The addition of the full topology information with the annihilation
γ and the individual cube energies gives and extra 1.7 factor on the background rejection (figure 5
(left)). In order to optimally exploit all the handles, two independent multivariate analysis have
been developed: a uniform boosted decision tree and an artificial neural network. They both
give similar results and further reduce the backgrounds by a factor 2 (figure 5 (left)). A rate of
about 100 anti-neutrinos per day can be achieved with a signal over background of 0.2.

Figure 4 – Comparison of IBD simulated events and the backgrounds measured in reactor OFF period: prompt
energy of the ES (left), distance between ES and NS (middle) and pulse shape discrimination of the NS (right).
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4 Anti-neutrino signal extraction

Once the analysis selection has been determined, signal band and background side bands in the
BiPonisher-ΔtNS−ES phase space can be defined to measure the rates and the distributions.
The accidentals in the signal and the BiPo bands are first subtracted. The BiPo background
is then subtracted to the reactor ON data in the signal band. The atmospheric background
distributions taken from reactor OFF data has to be scaled with the atmospheric pressure to
accommodate differences between the two periods. It is finally subtracted to the reactor ON
data in the signal band to get the IBD candidates. The rate evolution of ES-NS coincidences
can be seen on figure 6 before and after background subtraction. A clear reactor ON excess is
observed. We can then compare the excess with Monte-Carlo IBDs with variables like the energy
and the position along the anti-neutrino direction of the prompt ES signal (figure 5 (right)).
These are the relevant variables for the search for an oscillation signal. A good agreement is
observed and allows to go further with the analysis of the whole data collected.

Figure 5 – Multivariate analysis on the background to signal B/S ratio as a function of the anti-neutrino excess per
day (left). Energy and position along the anti-neutrino direction of the prompt ES signal with the backgrounds
(right-top) and after subtraction compared to the simulations (right-bottom).

Figure 6 – Rate of ES-NS coincidences (top) and excess extraction over background (bottom) on the open dataset.

Conclusion

Good performances of the SoLid detector and of the backgrounds rejection have been presented.
An electron anti-neutrino signal has been extracted on the reactor ON cycle of the two months
open dataset. An oscillation analysis of the two years data collected will be performed in the
coming months.
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European Spallation Source: a future for Coherent Neutrino Nucleus Scattering
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The European Spallation Source (ESS), currently finishing its construction, will soon provide
the most intense neutron beams for multi-disciplinary science. At the same time, it will also
produce a high-intensity neutrino flux with an energy suitable for precision measurements of
Coherent Elastic Neutrino-Nucleus Scattering. We describe some physics prospects, within
and beyond the Standard Model, of employing innovative detector technologies to take the
most out of this large flux. We show that, compared to current measurements, the ESS will
provide a much more precise understanding of neutrino and nuclear properties.

1 Introduction

In the Standard Model (SM), neutrinos only interact through the weak interactions. This makes
their properties sensitive to tentative Beyond the Standard Model (BSM) effects with sub-weak
strength. At the same time, they are a very clean probe to explore weak-interaction properties
of different systems. Further pursuing this research program requires precision measurements of
neutrino-matter interactions.

In the SM, such interactions can take place between neutrinos and atomic nuclei through
the weak neutral current, by exchanging a Z boson. Interestingly, if the momentum transfer
q remains smaller than the inverse nuclear size (which, for medium-sized nuclei, requires |q| �
50MeV), the process can take place coherently with the whole nucleus. This dramatically
enhances the interaction cross-section, that in the fully coherent regime is proportional to the
square of the number of neutrons in the target nuclei.

Despite the large cross-sections that would open the way for large-statistics measurements of
neutrino interactions, Coherent Elastic Neutrino-Nucleus Scattering (CEνNS) is very challenging
to detect. The main reason is that the only observable final state is a recoiling nucleus with
a kinetic energy in the few keV to sub-keV range. Indeed, CEνNS was only detected in 2017
by the COHERENT collaboration 1, more than 40 years after its first theoretical description 2.
This first detection, however, has opened up many research prospects, both within and beyond
the SM 3,4,5,6. As present results are mostly limited by statistical uncertainties, high-statistics
CEνNS measurements would undoubtedly broaden these prospects.
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2 CEνNS at the European Spallation Source

There are two main strategies that would allow for high-statistics CEνNS measurements. On
the one hand, using a more intense low-energy neutrino flux would increase the number of events
while keeping the interaction coherent. A unique opportunity in this direction is brought by
the European Spallation Source (ESS), whose user programme begins in 2023. It is a neutron
spallation source, that produces a well-understood neutrino flux through pion decay at rest.
This same operating principle generates the neutrinos used at COHERENT, but at the ESS the
neutrino flux should be larger by about one order of magnitude 7 (see Fig. 1).

Figure 1 – Neutron production from existing and planned spallation sources, compared to the ESS. The COHER-
ENT experiment is placed at the Oak Ridge Spallation Neutron Source, labelled as SNS in the figure.

On the other hand, the CEνNS cross-section strongly increases for small nuclear recoil
energies. Thus, employing state of the art, low-threshold detectors would also enhance the
statistical power of CEνNS measurements. This is illustrated in Fig. 2, that shows the expected
number of events at the ESS as a function of the detector energy threshold for different materials.
As the ESS is still under construction, suitable space can be allocated for such detectors 7.
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Figure 2 – Expected integrated CEνNS rate above nuclear recoil threshold, 20 m away from the ESS target, for
different detectors. The vertical lines show the thresholds considered in Ref. 7, and for illustration we also show
in blue the threshold of the COHERENT CsI detector. See Ref. 7 for more details.

3 Physics prospects

As an example of the physics reach of the strategies discussed above, we consider two scenarios
characteristic of BSM and SM physics that can be probed with CEνNS: non-standard neutrino
interactions (NSI) and neutron radii of nuclei. Further scenarios are explored in Refs. 7,8.
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From a model-independent approach, a useful parametrization of BSM effects is through the
addition of higher-dimensional operators to the SM Lagrangian. At dimension 6, the allowed
set of operators includes four-fermion operators affecting neutrino production, propagation and
detection. They include the so-called neutral current vector NSI

2
√
2GF ε

f,V
αβ (ν̄αγμPLνβ)(f̄γ

μf) , (1)

where GF is the Fermi constant, α and β are neutrino flavors, f is a SM fermion, and PL is a
left-handed projection operator. These operators are very challenging to constrain, due to the
uncertainties in computing high-energy neutrino-nucleus interactions and the experimental diffi-
culties in measuring neutral current cross sections precisely. Furthermore, they can significantly
impact the interpretation of neutrino oscillation data 9,10,11.

These same operators, however, also affect CEνNS. Thus, this process can provide compet-
itive constraints on NSI, completely independently from neutrino oscillation bounds. Figure 3
shows the 90% confidence level bounds that could be obtained after 3 years of data taking at
the ESS with different detector materials. These would significantly tighten present constraints.

Figure 3 – Expected allowed regions for vector NSI with up quarks in the (εu,Vee , εu,Vμμ ) at the 90% confidence
level, after 3 years of data taking at the ESS for different detector materials. For simplicity, the rest of the NSI
parameters not shown in the figure have been set to zero. See Ref. 7 for more details.

An example of physics within the SM that can be probed with CEνNS is the neutron radius
of nuclei, a quantity for which almost no model-independent measurements exist. CEνNS is a
process that takes place essentially with the neutrons in the target nucleus, and it is therefore
sensitive to their distribution inside it. This is precious information to complement proton
densities accessible with elastic electron scattering, and its understanding impacts the limits of
existence 12 and size 13 of atomic nuclei, as well as being an important test of first-principles
nuclear calculations14. Beyond the structure of nuclei, neutron distributions can be linked to the
properties of neutron-rich matter, which determines the size and structure of neutron stars 15,16.

Figure 4 shows the sensitivity that the ESS can achieve on the neutron radius of various
nuclei, compared to the present COHERENT sensitivity and to different theoretical nuclear
physics model predictions. As the results show, high-statistics measurements at the ESS would
have an experimental sensitivity of the order of the spread among the theoretical models.
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Figure 4 – Present determination and future sensitivity of the neutron skin thickness from CEνNS experiments
for different nuclei. See Ref. 17 for more details.
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Heavy axion-like particles and core-collapse supernovae: constraints and impact
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Heavy axion-like particles (ALPs), with masses ma � 100 keV, coupled with photons, would
be copiously produced in a supernova (SN) core via Primakoff process and photon coalescence.
Using a state-of-the-art SN model, we revisit the energy-loss SN 1987A bound on ALP-photon
coupling gaγ . Moreover, we point out that heavy ALPs with masses ma � 100 MeV and
gaγ � 4× 10−9 GeV−1 would decay into photons behind the shock-wave producing a possible
enhancement in the energy deposition that would boost the SN shock revival.

1 Introduction

Heavy axion-like-particles (ALPs), with masses ma in the keV-MeV range, emerge in different
extension of the Standard Model, as Pseudo-Goldstone bosons of some broken global symme-
try 1. In this mass range, ALPs can be probed by colliders and beam-dump experiments and
have cosmological and astrophysical implications. In particular, core-collapse supernovae (SNe)
represent a valuable cosmic laboratory to probe heavy ALPs.
Here we consider the minimal scenario in which ALPs couple only with photons with an effective
two-photons vertex 1

Laγγ = −1

4
gaγaF̃

μνFμν , (1)

where gaγ is the ALP-photon coupling constant, F the electromagnetic field and F̃ its dual. In
this scenario, the primary ALP emission processes in SNe are the Primakoff effect on protons,
i.e. the conversion of a photon into an ALP in the electric field of free protons in the stellar
matter, and the photon coalescence process, i.e. the annihilation of two photons in a medium of
sufficiently high density. The latter effect, typically neglected in previous studies, starts to be
important for ma � 100 MeV in a SN core.
In this contribution we will revise the SN 1987A energy-loss argument on heavy ALPs, using
the state-of-the-art of one-dimensional SN simulations 2. Moreover, we will examine the possible
ALP impact on the SN explosion mechanism, in scenarios in which these particles decay into
photons behind the SN shock-wave, helping its revitalization. This work is based on the results
obtained in Lucente et al. 3, to which we address the interested reader for further details.
The plan of the talk is as follows. In Sec. 2 we characterize the ALP production via Primakoff
and photon coalescence processes. Sec. 3 presents our update of the bounds on heavy ALPs from
SN 1987A. In Sec. 4 we discuss the possible impact of decaying ALPs behind the shock-wave on
the SN explosion mechanism. Finally, in Sec. 5 we summarize our results and conclude.
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2 ALP production processes in a supernova

The two-photon coupling in Eq. (1) allows ALPs to be produced in a SN via two processes: the
Primakoff effect and the photon coalescence.
The Primakoff process is the conversion of a photon into an ALP of the same energy in the
electric field of free protons in the SN core. For this process, the production rate is 4

d2na

dtdE

∣∣∣∣
γ→a

= g2aγ
Tκ2s k p

32π3(eE/T − 1)

{[(k + p)2 + κ2s

] [
(k − p)2 + κ2s

]
4kpκ2s

ln

[
(k + p)2 + κ2s
(k − p)2 + κ2s

]
−

−
(
k2 − p2

)2
4kpκ2s

ln

[
(k + p)2

(k − p)2

]
− 1

}
,

(2)

where T ≈ 30− 40 MeV is the temperature in the SN core, p =
√

E2 −m2
a and k =

√
E2 − ω2

pl

are the ALP and photon momentum, ωpl is the plasma frequency. Finally, the screening scale
κs accounts for the correlation effects of the charged particles in the stellar medium 5.
The photon coalescence process, typically neglected in previous studies, is the production of an
ALP after the annihilation of two photons in a medium of sufficiently high density. It has a
kinematic threshold, vanishing for ma < 2ωpl, and its production rate is 4

d2na

dtdE

∣∣∣∣
γγ→a

= g2aγ
m4

a

128π3
p

(
1−

4ω2
pl

m2
a

)3/2

e−E/T . (3)

For a given process, the ALP luminosity, i.e. the energy emitted by ALPs per unit time, is
obtained by integrating the production rate over the energy and the SN model

La = 4π

∫
drr2

∫ ∞

ma

dEE
d2na

dtdE
. (4)

3 SN 1987A ALP bounds

The SN 1987A neutrino observations confirm the standard picture of the proto-neutron star
(PNS) cooling by neutrinos on a time scale of O(10 s). If ALPs transport energy out from the
SN core, they will provide a new efficient cooling mechanism, shortening the cooling time scale.
In particular, the observed duration of the neutrino signal implies that the ALP luminosity must
not exceed the neutrino luminosity in all the six (anti)neutrino degrees of freedom in the cooling
phase. This is the so-called “energy-loss argument”. Conventionally, it is taken as benchmark
the neutrino luminosity value at a post-bounce time tpb = 1 s, i.e.

La(tpb = 1 s) � 3× 1052 erg s−1 . (5)

In particular, only the ALP luminosity that cannot be reprocessed efficiently into neutrinos is
relevant to constrain the ALP parameter space 6. More precisely, if ALPs are produced behind
the neutrino-sphere radius Rν , energy is taken away from there. However, their energy will be
reconverted into neutrinos if they are reabsorbed before reaching the gain radius Rgain, beyond
which the neutrino production rate is lower than the absorption one. For this reason, the ALP
luminosity is evaluated as 6

La = 4π

∫ Rν

0
drr2

∫ ∞

ma

dEE
d2na

dtdE
e−τa(r,E,Rgain) . (6)

where e−τa characterizes the probability that an ALP produced in the core region (r � Rν)
reaches Rgain. The optical depth τa is computed as 6

τa(r, E,Rgain) =

(
1− r(r −Rc)

2R2
ν

)∫ Rgain

r

dr̃

λa(E, r̃)
, (7)
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Figure 1 – Overview of the heavy ALP parameter space in the plane gaγ vs ma, see Lucente et al.3 and references
therein. The purple-filled region labelled “SN 1987A represents our new exclusion result.

where Rc ≈ 10 km is the core radius and λa is the total ALP mean free path (mfp) 3.
Since both the ALP production rate and the optical depth increase as g2aγ , at fixed value of

the ALP mass there are two critical values of the coupling gaγ : g
L
aγ and gHaγ . For gaγ < gLaγ , ALPs

are so weakly coupled that they cannot be produced readily enough to affect the evolution of the
PNS. On the other hand, for gaγ > gHaγ ALPs are trapped before reaching Rgain and the deposited

energy is efficiently reconverted into neutrinos. All the values in the range gLaγ ≤ gaγ ≤ gHaγ are
excluded since La violates the bound in Eq. (5). As shown in Fig. 1, through this strategy
values of the coupling 6 × 10−9 � gaγ � 10−5 GeV−1 are excluded for ma � 10 MeV, while
for ma � 200 MeV, where photon coalescence is dominant, values gaγ � 4 × 10−9 GeV−1 are
constrained, strengthening the previous bound by more than one order of magnitude.

4 Shock revival and ALP energy deposition

Due to the photo-dissociation of heavy nuclei, the SN shock wave loses its strength and stalls
after tpb ∼ 100 ms. In the “neutrino-driven explosion scenario”, the shock is revived by neutrino
heating aided by multidimensional hydrodynamical effects, leading to a SN explosion. However,
in one-dimensional simulations the neutrino heating rates are artificially increased to trigger the
explosion. In this context, ALPs produced in the SN core and decaying inside the mantle may
provide an energy deposition in the region behind the shock, since photons quickly thermalize
with matter. In particular, the shock revival would be helped if the energy deposited by ALPs
in the gain layer, the region between the gain radius Rgain and the shock radius Rshock, competes
with the neutrino one before the explosion is artificially triggered (tpb � 250 ms).
For our reference SN model, the neutrino heating rate in the gain layer is Lν, gain ∼ O(1051 −
1052) erg s−1 at tpb � 0.2. It is artificially enhanced at tpb ≈ 220 ms to trigger the explosion,
while at larger times it decreases, becoming smaller than O(1050 erg s−1) at tpb = 1 s.
In order to evaluate the ALP heating rate at each time step, we focus our attention on the
mass range 100 ≤ ma ≤ 300 MeV, where the dominant processes are the production via pho-
ton coalescence and the absorption via decay, and evaluate the ALP luminosity La(t) through
Eq. (4). Assuming for the sake of simplicity that ALPs are produced at a mean radius Rp =(∫

dr r Qa(r)
)
/
∫
dr Qa(r), the rate of energy deposited at a distance R is

La, dep(t, R) = La(t)

[
1− exp

(
−
∫ R

Rp

dr

λa→γγ(〈Ea〉 , r)

)]
, (8)

with λa→γγ the decay mfp and 〈Ea〉 the average ALP energy over the emission spectrum. The
rate at which the ALP energy is deposited in the gain layer is evaluated as

La, gain(t) = La, dep(t, Rshock)− La, dep(t, Rgain) . (9)
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Figure 2 – Contour plot in the gaγ −ma plane of the ALP energy deposition rate in the gain layer at tpb = 0.2 s.
The red contour corresponds to the one tenth of Lν,gain, while the white region is excluded by the energy-loss
argument.

In Fig. 2 we show the contour plot in the gaγ − ma plane of the ALP energy deposition rate
in the gain layer at tpb = 0.2 s, soon before the trigger of the explosion. For a range of
parameters not excluded by the energy-loss argument, namely for 150 � ma � 220 MeV and
gaγ � 4× 10−10 GeV−1, ALPs could help the trigger of the explosion since their heating rate is
not negligible with respect to the neutrino one Lν, gain ≈ 2.3× 1052 erg s−1 (the red contour in
Fig. 2 corresponds to one tenth of Lν, gain). However, only a simulation including ALPs could
provide reliable results and strengthen the validity of the obtained hints.

5 Conclusions

In this work we revised the mechanism of the emission from the SN core of heavy ALPs, with
masses of the order 1-100 MeV, interacting with photons. In particular, we improved the previous
constraints on the ALP parameter space, considering the contribution of the photon coalescence
process, neglected in previous studies, which dominates at masses ma � 100 MeV. In the free-
streaming regime, the previous bound is confirmed in the low-mass limit [ma � 10 MeV] since
the photon coalescence contribution is suppressed as m4

a, while it is strengthened by more than
an order of magnitude for masses ma � 200 MeV. On the other hand, in the trapping regime
values of the coupling gaγ � 1.4 × 10−5 GeV−1 are excluded in the small mass limit, while the
bound is relaxed for larger masses.
The early time evolution of the SN simulation allowed us to assess the possible heavy-ALP impact
on the SN explosion. In particular, comparing the neutrino heating rates and the ALP ones,
we endow a region of the parameter space with masses ma ≈ 200 MeV and coupling constant
gaγ � 4 × 10−9 GeV−1 for which the ALPs decaying into photons would provide an efficient
energy deposition behind the shock which could help the SN explosion. A further exploration
of this aspect motivates the exploration of multi-dimensional supernova models.
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In this talk, based on 1, I explained how the observed dark matter (DM) relic abundance can
be accounted for in models composed of three sectors (the DM, the Standard Model (SM)
and a light mediator) connected to each other. This scenario is explored in the context of
the massive dark photon model in which the DM is connected to the SM through the kinetic
mixing between the hypercharge gauge boson and the vector gauge boson associated to a new
U(1)′ gauge symmetry. In such portal models, the DM relic abundance can be produced in
no less than nine regimes along five dynamical mechanisms. In particular, I emphasize the
sequential freeze-in dynamical mechanism which can occurs when the dark photon is massive
and consists in two successive freeze-in mechanisms.

1 Introduction

The idea that the DM could belong to a hidden sector (HS) is an interesting possibility, especially
given the fact that so far no experiments has come with a clear evidence for the nature of DM
as a particle, even if a HS could be connected to the visible sector (VS) made of SM particles
through a portal 2. How to account for the observed DM relic abundance in portal models has
already been studied in various works, see in particular the detailed work of for the kinetic mixing
portal case with a massless dark photon 3. We review here the massive dark photon case, as
studied at length in 1. The kinetic mixing model introduces a new U(1)′ gauge symmetry under
which the DM candidate, a Dirac fermion χ, is charged. The gauge vector boson B′μ associated
to this new symmetry is called dark photon and kinetically mixes with the SM massless boson
Bμ through the parameter ε̂. The Lagrangian of this portal model can be written as following,

L′ = −1

4
B′μνB′μν −

ε̂

2
BμνB′μν +

1

2
m2

γ′B
′μB′μ + iχ̄ /Dχ−mDMχ̄χ, (1)

where the covariant derivative of χ is expressed in terms of the dark coupling e′: Dμ = ∂μ+ie′Bμ.
The massive dark photon case brings an all range of new phenomenons which do not appear

in the massless case. In order to see that, let us extract, from the Lagrangian given in Eq. 1,
the actual relevant interactions for DM production.

461



2 Three sectors - three connectors

It is necessary to re-express the Lagrangian of Eq. 1 in the basis of physical states (i.e. kinetic and
mass eigenstates). To do so, one needs to perform first a non-orthogonal transformation followed
by the Weinberg rotation (θW ) and, finally, an orthogonal diagonalisation of the remaining mass
terms, see 1 for more details. At leading order in the mixing parameter ε ≡ ε̂ cos θW , one has

LI = − e

sin θW cos θW
Jμ
ZZμ − e′Jμ

χ

(
ε sin θWZμ − γ′μ

)
+ eJμ

EM

(
γμ − ε cos θWγ′μ

)
, (2)

for the interaction part of the Lagrangian. One sees from Eq. 2 that new connections arise in
the massive dark photon scenario with respect to the massless case, see Figure 1. Indeed, when
the dark photon is massless, one has two massless gauge bosons which can be rotated to go in
a basis where the two last diagrams of Figure 1 do not exist and in which one cannot produce
directly the dark photon from the SM bath as well known, see e.g. 4.

Figure 1 – Feynmann diagrams of the relevant processes for DM and dark photon production in the kinetic mixing
portal model for the massive dark photon case.

Processes depicted in Figure 1 are all driven by one of the three connections of the theory:
α′ ≡ e′2

4π rules the interaction between the DM and dark photon particles, ε rules interactions

between the dark photon and SM particles and κ′ ≡ ε
√

α′
α rule interactions between the DM and

SM particles. These three populations (the DM, mediator and SM particles) are then connected
to each other through three connections instead of two as in the massless case, see Figure
2. Notice that taking into account finite temperature corrections the ε coupling is effectively
replaced by εeff ≡ ε×m2

γ′/(m
2
γ′−Πγ,T ) where Πγ,T is the self-energy of the transverse propagating

photons Πγ,T ,
4,5,6 so that taking the limit mγ′ → 0 leads well to the massless case with only 2

physical connections.

.

χ γ′

SM

e′

κ′ εeff

. .

χ γ′

SM

e′

κ′

.

Figure 2 – Three sectors and their connections in the massive (left) and massless (right) dark photon cases.

Depending on the strength of these three couplings, the three populations (the DM, mediator
and SM particles) may or may not thermalise with each others, leading to DM relic abundance
production mechanisms which are phenomenologically very different. The DM relic abundance
depends on four independent parameters which are the DM and dark photon masses (mDM and
mγ′) as well as two of the three couplings (we choose α′ and κ′). Then, fixing the masses, we
can plot contours of the DM relic abundance in the κ′ − α′ plane starting with an empty dark
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sector (i.e. assuming that no DM and no dark photon are produced at the end of inflation)
then going through all production regimes all the way from phases where the DM particles
never thermalise with any other particles to phases where all particles in the early Universe
thermal bath thermalise with each other. This has been done in Figure 3 for

(
mDM,mγ′

)
=

(3GeV, 1GeV) in the left panel and
(
mDM,mγ′

)
= (100GeV, 10GeV) in the right panel.

In order to get the phase diagrams shown in left and right panels of Figure 3, one has to
integrate a set of Boltzmann equations for the DM and the mediator yields as functions of
x ≡ mDM/T :

xHs
dYDM

dx
= 2〈σγ′γ′→χχ̄v〉n2

γ′ − 2〈σχχ̄→γ′γ′v〉n2
χ

+2〈σχχ̄→ff̄v〉
[
(neq

χ )2 − n2
χ

]
+ 2〈ΓD

Z→χχ̄〉
neq
Z

(neq
χ )2

[
(neq

χ )2 − n2
χ

]
(3)

xHs
dYγ′

dx
= 2〈σχχ̄→γ′γ′v〉n2

χ − 2〈σγ′γ′→χχ̄v〉n2
γ′

+
(
〈σfγ→fγ′v〉+ 〈σff̄→γγ′v〉

) [
(neq

γ′ )− nγ′
]
+ 2〈ΓD

H→γ′γ′〉
neq
H

(neq
γ′ )

2

[
(neq

γ′ )
2 − n2

γ′
]
. (4)

where ΓD refers to the decay rate of the SM Z boson into two DM particles or of the SM H
boson into two γ′. We kept a sum over all SM fermions channels implicit for simplicity.

Integrating Eqs. 3 and 4 gives rise to no less than nine regimes along five distinct dynam-
ical mechanismsa. This five dynamical production mechanisms which are the freeze-in (I), the
sequential freeze-in (II), the reannihilation (III), the secluded freeze-out (IV) and, finally, the
freeze-out (V) are distinguishable looking at which of the three connections of left panel of Figure
2 thermalises or not as well as looking at which connection dominates over the others.

Figure 3 – Contours of the DM relic density in the α′−κ′ plane for (mDM,mγ′) = (3GeV, 1GeV) (left panel) and
(mDM,mγ′) = (100GeV, 10GeV) (right panel) in the kinetic mixing portal model for the massive dark photon
case. The dashed contour indicates ΩDMh2 = 0.1188.

As an example, let us explain in more details the Sequential Freeze-In regime (II) which
corresponds to the vertical regime on the extreme left of each panel of Figure 3. In this part of
the parameter space, one can check that none of the three sectors thermalises with any of the
two others. That is to say that,

ΓSM↔DM < H & ΓSM↔γ′ < H & ΓDM↔γ′ < H, (5)

aIn Fig. 3 each corner, that the dashed line does, indicates a change of regime. In the massless mediator case,
five regimes and four dynamical mechanisms were already found and discussed in 3 for the Kinetic Mixing model
and a scalar portal.
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where ΓX↔Y stems for the total interaction rate between sector X and sector Y and with H the
Hubble expansion rate. Thus, as no sector thermalises with any another one and starting with
an empty dark sector,b the DM relic abundance is slowly produced by slow out-of-equilibrium
processes from SM. Along this regime the value of the DM-to-SM coupling, κ′, turns out to be too
low to directly play this role. Thus DM cannot be produced from an usual SM → DM freeze-in
regime (first diagram of Figure 1). Nevertheless, it turns out along this regime that the SM can
slowly produces enough dark photon through out-of-equilibrium SM → γ′ processes, for these
dark photons to slowly produce subsequently enough DM through γ′ → DM processes, see the
two last diagrams depicted in Figure 1. In other words these dark photons never enter thermal
equilibrium, but can still slowly produce DM through out-of-equilibrium processes γ′ → DM
(second diagram of Figure 1). Therefore, it is possible that the whole DM observed today can
be produced through these two successive freeze-in mechanisms, a ”Sequential Freeze-In”.

3 Summary

The DM relic abundance in a three sectors-three connections scenario can be set through five
different dynamical mechanisms, and this along nine distinct regimes. We illustrated these
results through the massive dark photon model of Eq. 1, generalizing the massless dark photon
case 3. Among the four new dynamical mechanisms, a new DM production regime which we
dubbed ”Sequential Freeze-In” (II) consists first of a slow out-of-equilibrium production of dark
photons from SM particles followed by a slow out-of-equilibrium production of DM particles from
dark photons particles. The other new regimes are DM freeze-in production from a thermalised
population of dark photons (Ib), reannihilation (IIIa) and secluded freeze-out (IVa) through the
freeze-in production of dark photons, see 1. Although we considered the kinetic mixing portal
model to illustrate our findings, we argue that the behaviours we presented are actually more
generics. They are characteristics of DM scenarios in which the DM is connected to the SM bath
through a portal carried by a new particle which would give rise to three sectors connected to
each others by three connections due to two different couplings, here α′ and ε. This also holds
in particular for Higgs portal models, see 1 and also 7.
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DEAP-3600 is a dark matter direct-detection experiment operating at the SNOLAB under-
ground laboratory. During the first year of search, zero candidate events were observed,
resulting in limits on the isoscalar, spin-independent WIMP-nucleon cross-section above
3.9 × 10−45 cm2 (1.5 × 10−44 cm2) for 100 GeV/c2 (1 TeV/c2) WIMP masses. This new
study reinterprets these results by using a Non-Relativistic Effective Field Theory framework
to consider other dark matter-nucleon interactions expressed in terms of effective contact ope-
rators (O1, O3, O5, O8, O11) as well as specific interactions (millicharge, magnetic dipole,
electric dipole, and anapole) and isospin-violating scenarios (isovector, xenonphobic). The
research further examined how the DEAP-3600 sensitivity is modified due to the presence of
potential substructures in the local dark matter halo, motivated by the observations of stellar
distributions from the Gaia satellite and other astronomical surveys.

1 Introduction

DEAP-3600 is a single-phase Dark Matter (DM) direct-detection experiment located ∼ 2 km
underground at the SNOLAB facility (Sudbury, Canada). It has an active volume of 3.3 tonnes
of liquid argon (LAr) where scintillation light is emitted once the particles interact. Specifically,
the detector is looking for WIMP (Weakly Interacting Massive Particles) which could induce
nuclear recoils due to its elastic scattering with 40Ar nuclei, thus electron recoil signals are
tagged as a background, and the approach used for this classification is known as Pulse-Shape
Discrimination (PSD)1.

In 2019, the DEAP-3600 collaboration reported results corresponding to the second WIMP
search campaign2. After analyzing 231 live-days no WIMP-like signals were observed in the
region-of-interest resulting in a leading upper limit on the DM-nucleon spin-independent cross-
section for a LAr target.

These limits from direct-detection experiments are based on standard assumptions for as-
trophysics and particle physics models3. Even though this allows a direct comparison between
different experiments, it is not necessarily an accurate description of the local DM distribu-
tion and the nuclear coupling. We could be missing important features in exclusion curves or
over constraining the parameter space. For this reason, a subsequent study reinterpreting our
null result was performed considering modifications in the particle physics model by using a
Non-Relativistic Effective Field Theory, and in the astrophysics model taking into account new
substructures in the local halo4.
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2 NREFT of dark matter

The Non-Relativistic Effective Field Theory (NREFT) is a framework that provides a general
formulation for possible dark matter-nucleus interactions, in addition to the spin-independent
(SI) and spin-dependent (SD), and a better description of the nuclear response5,6. The theory
comprises around 15 potential interactions which are expressed in terms of effective contact
operators with a coupling constant associated. The O1 and O4 operators represent the classical
SI and SD interactions, respectively. In our analysis we considered the non-zero operators
for 40Ar that are not sub-dominant terms (O1, O3, O5, O8, O11), see Fig. 2. More complex
interactions can also be parameterized as a linear combination of the NREFT operators (e.g.
Anapole, Magnetic/Electric dipole, Millicharge), see Fig. 4 (left).

3 Halo substructures

Recently, diverse stellar debris have been discovered in the local halo analyzing data from the
Gaia spacecraft in combination with the Sloan Digital Sky Survey data. Simulations of these
mergers show that stellar populations can be used as tracers for DM, though there may be
significant uncertainty for streams7,8. Thus, our study assumes the substructures with some
DM mass fraction, and further uses their kinematics features to model the velocity distribution
function (VDF). The next substructures were explored4: Gaia Sausage, streams like Nyx, S1,
Helmi, Koppelman, and a generic model of in-falling clumps (IC) to describe any possible extra-
galactic DM accreted into the Milky Way.

4 Results

The VDFs under consideration are presented in Fig. 1. There are two Gaia Sausage realizations:
numerical (Necib) and analytical (O’Hare), whilst the remaining VDFs are arranged into groups
(G1-G6) because of the similar effect on the limits.

Figure 1: Velocity distributions modeled. The color gradient indicates the relative DM density (ηsub)
in each substructure and the solid black line corresponds to the SHM (Maxwell-Boltzmann distribution).

Constraints on each effective operator using a Sausage VDF model appear in Fig. 2. The plot
shows how the sensitivity is reduced by increasing the relative DM density in that substructure
up to 70 %. The greater impact at low WIMP masses is because this VDF model has fewer
high-speed DM particles in the tail of the distribution compared to the SHM. Results for the
remaining substructures can be consulted in the original article4. On the other hand, Fig. 3
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compares the O1 and O5 interactions including all the studied substructures. In addition to
the stronger effect at lower mχ for both, limits behave quite different at heavier masses for O5

due to its dependence with v⊥, producing an enhancement/reduction in sensitivity. This is a
non-linear effect not discussed before and arises from merging the astrophysical and particle
physics uncertainties.

Fig. 4 (left) reports upper bounds on the anapole moment (cA), the electric (dχ) and magnetic
(μχ) dipole moments, and millicharged (εχ) dark matter. Fig. 4 (right) presents limits on the
Xenonphobic DM scenario for Xenon1T and DEAP-3600 experiments. This is a case of isospin-
violation where the WIMP would couple differently with neutrons and protons (cn = −0.7 cp).
The plot reveals a region of the parameter space where DEAP-3600 sets a stringent limit for
WIMP masses above 100 GeV/c2.

Figure 2: Upper limits (90% C.L.) on DM-nucleon cross-section for the O1, O11, O3, O8, and O5

effective operators using Necib’s Gaia Sausage VDF. The subplot below shows the relative deviation of
each operator at its maximum value compared to the SHM (Δσ = σsub − σSHM ).

Figure 3: Upper limits (90 % C.L.) on the effective operators (left) O1 and (right) O5 for substructures
in this study. ‘GS” refers to the Gaia Sausage models whilst SHM to the Maxwell-Boltzmann distribution.

5 Final remarks

This article summarizes a recent study of the DEAP-3600 collaboration on reinterpreting the null
result of 231 live-days search within a NREFT framework and with potential DM halo substruc-
tures. We concluded that the astrophysical and particle physics uncertainties can significantly
affect how the parameter space is constrained.
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Figure 4: (left) Limits on the coupling strength of specific interactions using the SHM. (right) Limits
on Xenonphobic DM (cn/cp = −0.7). Rescale used the method by C. Yaguna 9.
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Grant No. A1-S-8960), the European Research Council (ERC StG 279980), the UK Science and
Technology Facilities Council (STFC) (ST/K002570/1 and ST/R002908/1), the Russian Science
Foundation (Grant No 16-12-10369), the Leverhulme Trust (ECF-20130496), the Spanish Min-
istry of Science, Innovation and Universities (FPA2017-82647-P grant and MDM-2015-0509),
and the International Research Agenda Programme AstroCeNT (MAB/2018/7) funded by the
Foundation for Polish Science (FNP) from the European Regional Development Fund. Stu-
dentship support by the STFC is acknowledged. We would like to thank SNOLAB and its
staff for support through underground space and logistical and technical services. SNOLAB
operations are supported by the CFI and the Province of Ontario MRI, with underground ac-
cess provided by Vale at the Creighton mine site. We thank Vale for their continuing support,
including the work of shipping the acrylic vessel underground. We gratefully acknowledge the
support of Compute Canada, the Centre for Advanced Computing at Queen’s University, and
the Computational Centre for Particle and Astrophysics (C2PAP) at the Leibniz Supercomputer
Centre (LRZ) for providing the computing resources required to undertake this work.

References

1. DEAP collaboration, Eur. Phys. J. C 80, 303 (2020).
2. DEAP collaboration, Phys. Rev. D 100, 022004 (2019).
3. M. Schumann, J. Phys. G 46 (2019) 10, 103003
4. DEAP collaboration, Phys. Rev. D 102, 082001 (2020).
5. J. Fan et al, JCAP 11, 042 (2010).
6. A. L. Fitzpatrick et al, JCAP 02, 004 (2013).
7. L. Necib et al, ApJ 883:27 (2019).
8. L. Necib et al, ApJ 874:3 (2019).
9. C. Yaguna, JCAP 04 (2019) 041

468



New signatures of Dirac neutralino dark matter

M. Goodsell1, S. Kraml2, H. Reyes-González3,4, S. Williamson5
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Supersymmetric dark matter has been studied extensively in the context of the MSSM, where
gauginos have Majorana masses. Introducing Dirac gaugino masses, we obtain an enriched
phenomenology from which considerable differences in, e.g., LHC signatures can be expected.
Concretely, in the Minimal Dirac Gaugino Model (MDGSSM) we have an electroweakino
sector extended by two extra neutralinos and one extra chargino. The bino- and wino-like
states bring about small mass splittings leading to the frequent presence of scenarios with
Long Lived Particles (LLPs). In this contribution, we delineate the parameter space of the
electroweakino sector of the MDGSSM, where the lightest neutralino is a viable dark matter
candidate that escapes current dark matter direct detection. We then focus on the allowed
regions that contain LLPs and confront them against the corresponding LHC searches. Finally,
we discuss the predominant case of long-lived neutralinos, to which no search is currently
sensitive.

1 Introduction.

Supersymmetric (SUSY) models with Dirac instead of Majorana gaugino masses can have
very distinctive features. In particular, the phenomenology of neutralinos and charginos (elec-
troweakinos or EW-inos) in Dirac gaugino models is quite different from that of the Minimal
Supersymmetric Standard Model (MSSM). The EW-ino sector of the Minimal Dirac Gaugino
Supersymmetric Standard Model (MDGSSM) comprises six neutralinos and three charginos,
as compared to four and two, respectively, in the MSSM. More concretely, one obtains pairs
of bino-like, wino-like and higgsino-like neutralinos, with small mass splittings within the bino
(wino) pairs induced by the couplings λS (λT ) between the singlet (triplet) fermions with the
Higgs and higgsino fields. This small mass splittings can lead to long-lived charginos and/or
neutralinos.

The MDGSSM can be defined as the minimal extension of the MSSM allowing for Dirac
gaugino masses. We add one adjoint chiral superfield for each gauge group: one singlet, one
triplet and one octet. We also assume that there is an underlying R-symmetry that prevents R-
symmetry-violating couplings in the superpotential and supersymmetry-breaking sector, except
for an explicit breaking in the Higgs sector through a (small) Bμ term. Here, we concentrate
on the EW-ino sector of the MDGSSM. After electroweak symmetry breaking, we obtain 6
neutralino and 3 chargino mass eigenstates. The neutralino mass matrix MN in the basis
(B̃′, B̃, W̃ ′0, W̃ 0, H̃0

d , H̃
0
u) is given by
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MN =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 mDY 0 0 −
√
2λS
gY

zss −
√
2λS
gY

zsc
mDY 0 0 0 −zsc zss

0 0 0 mD2 −
√
2λT
g2

zcs −
√
2λT
g2

zcc
0 0 mD2 0 zcc −zcs

−
√
2λS
gY

zss −zsc −
√
2λT
g2

zcs zcc 0 −μ

−
√
2λS
gY

zsc zss −
√
2λT
g2

zcc −zcs −μ 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (1)

where zss = mZ sin θW sinβ, zsc = mZ sin θW cosβ, zcc = mZ cos θW cosβ, zcs = mZ cos θW sinβ;
tanβ = vu/vd is the ratio of the Higgs vevs; mDY and mD2 are the ‘bino’ and ‘wino’ Dirac mass
parameters; μ is the higgsino mass term, and λS and λT are the couplings between the singlet
and triplet with the Higgs and higgsino fields respectively, corresponding to the new terms in
the superpotential: λSSHu ·Hd and 2λT Hd ·THu.

By diagonalising eq. (1), one obtains pairs of bino-like, wino-like and higgsino-like neutrali-
nos,a with small mass splittings within the bino or wino pairs induced by λS or λT , respectively.
Turning to the charged EW-inos, the chargino mass matrix in the basis v+ = (W̃ ′+, W̃+, H̃+

u ),
v− = (W̃ ′−, W̃−, H̃−

d ) is given by:

MC =

⎛⎜⎝ 0 mD2
2λT
g2

mW cβ
mD2 0

√
2mW sβ

−2λT
g2

mW sβ
√
2mW cβ μ

⎞⎟⎠ , (2)

where sβ = sinβ and cβ = cosβ. Analogously to the neutralino case, we now have wino-like χ̃±

pairs with a small splitting driven by λT .

In the following, we will explore the parameter space of the EW-ino sector of the MDGSSM
where the lightest neutralino χ̃0

1 is a viable dark matter (DM) candidate. Regarding the LHC
phenomenology, we will focus on the regions which include long-lived particles (LLPs). The
complete study, upon which this contribution is based, can be found in 1.

2 Dark matter viable scenarios.

We performed a Markov Chain Monte Carlo scan over the EW-ino parameters defined above to
find the regions where the Lightest Supersymmetric Particle (LSP), the neutralino χ̃0

1, constitutes
at least some percentage of the observed DM content of the Universe and escapes direct detection
from the XENON1T experiment. The computation of the relic density and other constraints
was performed with MicrOMEGAs 2; for details of the setup see 1.

The resulting parameter space is shown in the left panel of Figure 1. The axes correspond
to the bino, wino and higgsino composition of the LSP, while the color denotes its mass value.
We see that cases where the χ̃0

1 is a mixture of all states (bino, wino and higgsino) are excluded,
while cases where it is a mixture of only two states, with one component being dominant,
can satisfy all constraints. Also noteworthy is that there are plenty of points in the low-mass
region, mLSP < 400 GeV. Interestingly, the mass differences between the LSP and the next-to-
LSP (NLSP) are often so small that the NLSP (and sometimes even the next-to-next-to-LSP)
becomes long-lived on collider scales, i.e. it has a potentially visible decay length of cτ > 1 mm.
Concretely, about 20% of our DM-friendly parameter points contain LLPs. The corresponding
scenarios are illustrated in the right panel of Figure 1, which shows the mean decay length of
the LLPs as a function of their mass difference with the LSP.

aFor simplicity, we refer to the mostly bino/U(1) adjoint states collectively as binos, and to the mostly
wino/SU(2) adjoint ones as winos.
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Figure 1 – Left: bino, wino and higgsino admixtures of the LSP in the region where it makes up for at least a part
of the DM abundance. The colour denotes the mass of the LSP. Right: mean decay length cτ as a function of the
mass difference with the LSP, for all points with long-lived EW-inos (cτ > 1 mm); blue points have a neutralino
and orange points a chargino LLP.

3 Long-lived Dirac electroweakinos at the LHC.

It is well known that current electroweak SUSY searches yield relatively weak bounds on general
SUSY models and their constraining power on the MDGSSM is not an exception1. However, the
sensitivity of LLP searches on new physics provides promising prospects for testing models with
long-lived EW-inos. As seen above, such long-lived EW-inos occur naturally in the MDGSSM.

Long-lived charginos can be constrained by Heavy Stable Charged Particle (HSCP) and
Disappearing Track (DT) searches. For the HSCP constraints we used SModelS v1.2 3 to
evaluate the bounds from the 8 TeV and early 13 TeV (13 fb−1) CMS analyses 4,5. For the DT
case, we performed an interpolation of the 95% CL upper limits on σ×BR as a function of the
decay length provided by the 13 TeV ATLAS and CMS analyses 6,7 for 36 fb−1 and the CMS
140 fb−1 analysis 8. Here, σ × BR stands for the direct production cross section of charginos,
σ(χ̃±1 χ̃

∓
1 )+σ(χ̃±1 χ̃

0
1), times BR(χ±1 → χ0

1π
±). From this we computed the ratio r of the predicted

signal over the observed upper limit in a similar fashion as SModelS, considering points with
r ≥ 1 as excluded.b

The results for points with only long-lived charginos are shown in the left panel of Figure 2
in the plane of chargino mass vs. mean decay length. Red points are excluded by the HSCP
searches, while orange points are excluded by DT searches. The HSCP limits essentially elimi-
nate all long-lived charginos with cτχ̃± > 1 m up to about 1 TeV chargino mass. The exclusion
by the DT searches covers 10 mm < cτχ̃±1

< 1 m and mχ̃±1
up to about 600 GeV. The white band

in-between cτ ≈ 103–104 mm corresponds to mχ̃±1
−mχ̃0

1
≈ mπ± : the chargino lifetime changes

abruptly when decays into pions (as well as those into muons) become kinematically forbidden,
leaving decays into electrons as the only possible channel.

Long-lived neutralinos could potentially lead to displaced vertices. However, given the small
mass differences involved, the decay products of the latter will be very soft. Furthermore,
in these compressed regions, the long-lived neutralinos predominantly decays into photons via
loop-induced processes (χ̃0

2 → χ̃0
1 + γ). The right panel in Figure 2 shows the importance of

this radiative decay in the plane of χ̃0
1 mass vs. χ̃0

2–χ̃
0
1 mass difference. As can be seen, decays

into soft photons are clearly dominant. While this signature would be interesting for model
discrimination, e.g. MDGSSM vs. MSSM, there is currently no experimental analysis which
would be sensitive to it.

bDT and other lifetime dependent constraints can be treated directly in SModelS as of v2.0.0, released in
March 2021.
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Figure 2 – Left: Simplified-model limits for points with long-lived charginos. Red points are excluded by the
HSCP searches, orange points are excluded by DT searches; the latter are plotted as circles if excluded at 36 fb−1

and as triangles if excluded at 140 fb−1. Non-excluded points are shown in blue. Right: points with long-lived
neutralinos in the plane mχ̃0

1
vs. mχ̃0

2
−mχ̃0

1
; in colour the branching ratio of the loop decay χ̃0

2 → χ̃0
1γ.

4 Summary.

We explored the parameter space of the electroweakino sector of the MDGSSM where the χ̃0
1 is

a DM candidate in agreement with relic density and direct detection constraints. We found that
a significant percentage of the viable scenarios contain long-lived neutralinos and/or charginos.
For the case of long-lived charginos, we derived strong limits by re-interpreting HSCP and DT
searches from ATLAS and CMS. However, for the case of long-lived neutralinos, we found that
they predominantly yield very soft photons, which are extremely difficult to detect.
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