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Higgs

CMS HIGGS BOSON RESULTS
MICHAL BLUJ on behalf of the CMS Collaboration
National Centre for Nuclear Research, Warsaw, Poland
√
In this report we review recent Higgs boson results obtained with pp collisions at s = 13 TeV
recorded by the CMS detector in 2016 for an integrated luminosity of 35.9 fb-1 . The 2016
data allowed the observation of the H → τ τ and H → WW decays with high signiﬁcance. We
also present a combined measurement based on a full set of CMS analyses performed with
2016 data. These results are compatible with the standard model predictions with precision of
several measurements exceeding results from combination of ATLAS and CMS data collected
in 2011 and 2012.

1

Introduction

After the discovery of a new standard-model-like Higgs boson announced by the ATLAS and
CMS collaborations in July 2012 1,2,3 it became essential to establish the nature of this new boson, i.e. observe its production and decay modes with high signiﬁcance, measure its couplings to
standard model (SM) particles, etc. This objective is achieved by a set exclusive analyses sensitive to diﬀerent production processes and decays of the Higgs boson which are then combined to
extract its properties in the most precise way. In this report we focus on recent results acquired
√
using pp collisions at s = 13 TeV with an integrated luminosity of 35.9 fb-1 recorded by the
4
CMS detector in 2016. We present results obtained with the H → τ τ and H → WW → νν
( = e, μ) channels, and through a combination of all CMS Higgs boson measurements with
data collected in 2016, while recent results on ﬁnal states with hadronic signatures, the H → bb
decay and ttH production, are discussed elsewhere 5 .
2

Observation of the H → τ τ decay

The H → τ τ channel, with a relatively high branching fraction of 6.3%, is the fermionic decay
mode to which LHC experiments are most sensitive. The CMS search for the H → τ τ channel is
based on an event classiﬁcation to enhance the impact of events produced in the VBF process,
but also in the gluon fusion process with additional jets, which increases the signal-to-background
ratio. The H → τ τ analysis employs an estimate of a full τ τ invariant mass, mτ τ with resolution
of 15–20%. It is calculated using a likelihood based method taking as input the kinematics of
the visible decay products and pmiss
T . The signal is extracted from two-dimensional distributions
where one dimension is deﬁned by mτ τ and other by a category dependent variable as mass
of the tagging jets system, mjj , in the VBF category 6 as shown in Fig. 1 (left). An observed
excess of events above background only hypothesis provides an observation of the H → τ τ decay
with a signiﬁcance of 4.9 standard deviations, σ, with 2016 data, and 5.9σ when combined with
previous results with 2011 and 2012 data 7 . The ratio of the measured signal yield to the SM
expectation, a signal strength, μ, amounts to 1.09+0.27
−0.26 and agrees across categories as shown in
Fig. 1 (right).
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Figure 1 – Left: Distribution of the τ τ mass, mτ τ , in bins of the tagging jets mass, mjj , for the VBF category of the τh τh decay channel. The background histograms are stacked, while the signal is shown both as a
stacked ﬁlled histogram and an open overlaid histogram. The gray band stands for the systematic uncertainties.
Right: The H → τ τ signal strength per an analysis category and combined. Plots from ref. 6 .

Measurements with the H → WW → νν process

3

The H → WW → νν process is an important tool in probing the Higgs boson couplings as,
thanks to large branching fraction (B(H → WW) ≈ 22%) and relatively low background rates,
it is sensitive to almost all Higgs boson production mechanisms. The CMS analysis with 2016
collision data 8 categorises events basing on the number of leptons and number of associated
jets. The events are further devised based on the lepton ﬂavour and charge composition to
create categories with diﬀerent signal-to-background ratios. It gives in a total of about 30 signal
categories sensitive to the ggH, VBF, WH, and ZH production modes. The signal is extracted
using distributions of signal sensitive variables depending on the category, e.g. the mass of
system, mT . The signal
the lepton pair, m , and the transverse mass of the leptons and pmiss
T
strength per an analysis category and a production mode is shown in Fig. 2 left and right,
respectively. The measured combined signal strength equals to μ = 1.28+0.18
−0.17 .
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Figure 2 – Signal strength corresponding to the analysis categories (left) and the main Higgs boson production
mechanisms (right) measured with the H → WW → νν decay channel. The vertical continuous line represents
the combined signal strength of μ = 1.28+0.18
−0.17 , while the ﬁlled area shows the 68% conﬁdence intervals. Plots
from ref. 8 .
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Combined measurements

The individual Higgs boson analyses at LHC measure directly only signal yields a for a given
combination of production and decay modes. However, the production and decay rates, and then
a

More precisely the ratios of signal yields to the SM expectations, i.e. signal strengths are measured.

4

individual couplings can be determined separately with a combination of individual analyses to
exploit diﬀerent correlations between production and decay modes to which the analyses (event
categories within them) are sensitive. It requires a set of basic theory assumptions which are
discussed elsewhere 9 .
The CMS Collaboration performed common combined measurements exploiting all analyses
based on 13 TeV data collected in 2016 10 . Production and decay signal strengths obtained with
the combined analysis are shown in Fig. 3 (left and middle), all in agreement with the SM expectations. Results of the combined coupling measurement are summarised in Fig. 3 (right) and
are in all cases consistent with expectations for the SM Higgs boson. Sensitivity of μggH and
μttH measurements with 2016 data exceeds sensitivity of their counterparts from combination of
2011 and 2012 data collected by both ATLAS and CMS detectors 11 by approximately 30% and
50%, respectively. The combined CMS measurement is also used to constrain a set of benchmark
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Figure 3 – Signal strength per production mode (left) and per decay mode (middle) from the combined ﬁt. The
last point in the per production mode plot indicates the result of the combined signal strength μ = 1.17+0.10
−0.10 .
Right: Measured values of coupling strength scaling factors κ with BBSM = 0, and the gg → H and H → γγ loops
10
resolved in terms of remaining coupling strength scaling factors. Plots from ref. .

models extending the Higgs sector: two-Higgs-doublet models (2HDM) 12 and the constrained
supersymmetric model hMSSM 13 . Figure 4 shows the constraints in the two-dimensional parameter space describing studied models: cos (β − α) − tan β for diﬀerent benchmark 2HDM: Type I
(left) and Type II (middle), and mA − tan β for the hMSSM (right). Non-excluded regions of the
parameter space correspond to presence of a SM-like Higgs boson. These indirect constraints
are complementary to ones from direct searches, e.g. using the H → τ τ decay channel 14 .
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Figure 4 – Constraints in the cos (β − α) − tan β plane for the Type I 2HDM (left) and Type II 2HDM (middle),
and in the mA − tan β plane for the hMSSM (right). The white regions, bounded by the solid lines, represent the
regions of the parameter space which are allowed at the 95% conﬁdence level, given the data observed, while the
dashed lines indicate the boundaries of the allowed regions expected for the SM Higgs boson. Plots from ref. 10 .
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5

Summary

The CMS Collaboration performed a number of studies on the Higgs boson properties using
35.9 fb-1 of pp collision data recorded in 2016. The studies provide observation of the H → τ τ
decay, per production mode measurements with the H → WW → νν process, and combined
measurements of multiple production and decay rates and couplings of the Higgs boson. The
precision of the combined measurements surpass those from ATLAS and CMS combination of
2011 and 2012 data for ggH and ttH production rates. These measurements are also used to
constrain models of the extended Higgs sector complementing direct searches.
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Higgs Physics with Hadronic Signatures at ATLAS and CMS
Matthias Schröder on behalf of the ATLAS and CMS Collaborations
Institute of Experimental Particle Physics at the Karlsruhe Institute of Technology (KIT)
The precise measurement of the properties of the Higgs boson is of paramount interest in
order to verify the standard model nature of the Higgs sector or discover new physics. Crucial
information is obtained from investigation of hadronic ﬁnal states, which oﬀer, for example, a
direct probe of the couplings to top or bottom quarks. In this article, latest results of Higgs
boson measurements with hadronic signatures by ATLAS and CMS at the LHC are reviewed.

1

Introduction

The analysis of hadronic ﬁnal states oﬀers a unique tool to assess many of the Higgs boson
properties, such as its interaction with quarks, which in the standard model (SM) is a Yukawatype coupling with a strength proportional to the quark mass. At the same time, hadronic ﬁnal
states are very challenging at the LHC, e.g. due to the typically large multijet background and
the relatively poor jet energy resolution, which has lead to the development of sophisticated
analysis methods relying e.g. on multivariate (MVA) and boosted techniques.
In this article, latest results of Higgs boson measurements with hadronic signatures by the
ATLAS and CMS experiments 1,2 are reviewed. The analyses have been performed with up to
√
36 fb−1 of proton-proton (pp) collision data collected at a centre-of-mass energy of s = 13 TeV.
2

Final states with bottom quarks

The bottom quark-antiquark (bb) ﬁnal state is particularly interesting from an experimental
point of view because it is the most abundant decay of the SM Higgs boson (branching ratio
B(H → bb) = 58%), leading to a relatively large production rate. Furthermore, b quark jets (b
jets) can be identiﬁed (b tagged) in the detector, exploiting the characteristic properties of B
meson decays. ATLAS and CMS have developed dedicated b-tagging algorithms, which achieve
typical eﬃciencies of 60–70 % at a 1 % misidentiﬁcation rate for light-ﬂavour (LF) quark jets.
2.1

Measurement of the bottom-Higgs Yukawa coupling

The Higgs boson decay into bb allows direct access to the bottom-Higgs Yukawa coupling yb .
Experimentally the best channel is the associated production of a Higgs boson with a recoiling
vector boson V (W or Z) that decays leptonically and can be identiﬁed to reduce the orders of
magnitude larger QCD-multijet background. Both ATLAS and CMS target the Z → ll/νν and
the W → lν channels (l being an electron or a muon) and follow similar analysis strategies 3,4 .
Events are categorised by the lepton multiplicity and the transverse momentum pT of the
reconstructed V boson, as well as the jet multiplicity in case of ATLAS, and are further selected
requiring the presence of two central b-tagged jets forming the H → bb candidate. A dedicated
jet energy calibration is applied to improve the resolution of the invariant mass mbb of the
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two b-jet candidates. Final sensitivity is achieved with boosted decision trees (BDTs) that
are trained in each category and combine the information of several discriminating variables
such as mbb or b-tagging information in order to separate signal from SM background. The
BDT output distribution of the expected background, which is dominated by V + jets and top
quark-antiquark pair (tt) production, is modelled using simulation. The signal together with the
background normalisation are extracted from a simultaneous ﬁt of the BDT output distributions
to the data across all categories. These include also additional control-region categories that are
enhanced in diﬀerent background processes and help to constrain the uncertainties, which are
dominated by b-tagging and signal-modelling uncertainties.
ATLAS and CMS obtain signal strengths μ = σ/σSM of the measured cross section σ relative
+0.4
to the SM expectation of 1.20+0.42
−0.36 and 1.2−0.4 , respectively. In combination with results from the
√
LHC Run-I at s = 7 TeV and 8 TeV, evidence for VH(bb) production with observed (expected)
signiﬁcances of 3.6 (4.0) and 3.8 (3.8) standard deviations, respectively, is found.
CMS also targets for the ﬁrst time events where the Higgs boson is produced via gluon-gluon
fusion (ggF) to beneﬁt from the large cross section of this channel that amounts to 87 % of the
total Higgs boson production rate 5 . The QCD-multijet background is addressed by considering
exclusively the regime where the Higgs boson is highly boosted, such that the two b jets are
merged into one jet, and recoils against a high-pT jet from initial-state radiation, leading to an
eﬀective dijet topology. The remaining multijet background is estimated from a control region
in data with fewer b-tagged jets. An observed (expected) upper limit at the 95 % conﬁdence
level (CL) on σ(pp → H) × B(H → bb) of 5.8 (3.3) times the SM expectation is obtained.
2.2

Measurement of the top-Higgs Yukawa coupling

The tt-associated production of a Higgs boson (ttH production) is the best direct probe of
the top-Higgs Yukawa coupling yt with minimal model dependence. The small SM ttH cross√
section of approximately 0.5 pb at s = 13 TeV poses a major challenge, and searches in the
H → bb ﬁnal state beneﬁt from the large branching ratio. The jet-energy resolution and the huge
combinatorial uncertainty in the event reconstruction limit further the sensitivity and require
heavy use of MVA methods to combine the information of several discriminating variables.
Both ATLAS and CMS have performed searches for ttH(bb) production 6,7,8 . In the leptonic
decay channels of the tt system, events are selected requiring the presence of two or one isolated
leptons and are further categorised by the jet multiplicity and b-tagging or MVA-classiﬁer output
information. The SM background consists almost entirely of tt+jets events. It is modelled using
simulation, but especially the tt + heavy-ﬂavour jet processes are diﬃcult to model, and the
associated uncertainties limit the overall sensitivity. The background composition varies between
the categories. This is exploited in the ﬁnal ﬁt to the data, which is performed simultaneously
across all categories to extract the signal and constrain the uncertainties.
At ATLAS, a two-staged BDT approach is followed in the signal-enriched categories. A reconstruction BDT is trained to assign the jets to the ﬁnal-state partons, which allows construction of additional separating variables. They are used together with reconstruction-independent
variables as input to a classiﬁcation BDT that separates signal from background events. In addition, dedicated techniques are applied to reconstruct events in which the Higgs boson and the
hadronically decaying top quark are boosted. No classiﬁcation is performed in the signal-depleted
categories, but they provide important additional constraints on the background uncertainties.
At CMS, in the dilepton channel, a classiﬁcation BDT is constructed per category. Depending on the category, events are further separated into sub-categories with low and high
BDT-output, and the output of a matrix-element-method (MEM) is used as ﬁnal discriminant
in each sub-category. In the single-lepton channel, in a novel approach, artiﬁcial neural networks (NN) are employed that perform a multi-classiﬁcation of an event as either signal or any
of ﬁve diﬀerent tt + jets background processes. Events are sub-categorised by the most-probable
process, and the corresponding NN classiﬁer output is used as ﬁnal discriminant.
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Combining the information in the leptonic channels, ATLAS and CMS measure an excess
of events above the background-only hypothesis with observed (expected) signiﬁcances of 1.4
(1.6) and 1.6 (2.2) standard deviations, respectively (Fig. 1). The corresponding best-ﬁt signal
+0.45
strengths are μ = 0.84+0.64
−0.61 and μ = 0.72−0.45 , respectively, compatible with the SM expectation.
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Figure 1 – Final discriminant distribution, reordered by the pre-ﬁt expected signal-to-background ratio (left), and
best-ﬁt signal strength (right) in the CMS search for ttH(bb) production in the leptonic channels 7 .

CMS has also analysed the all-jets ﬁnal state of the tt system. Events are categorised by
the jet and b-tagged jet multiplicity, and the MEM output is used as ﬁnal discriminant. QCDmultijet events are suppressed using a dedicated quark-gluon jet discriminant, but the remaining
QCD events still compose the dominant background, which is modelled from control regions in
data. The obtained signal strength is μ = 0.9+1.5
−1.5 .
2.3

Search for Higgs pair production

In the SM, Higgs pair (HH) production can occur via a three-Higgs-boson vertex and thus
provides experimental access to the Higgs boson self-coupling, i.e. allows probing the shape of
the Higgs potential after electroweak-symmetry breaking. At the LHC, HH production occurs
predominantly via ggF, and there is destructive interference with a top-quark-loop induced
channel, resulting in a tiny production cross-section of 33.5 fb at 13 TeV. This is far below
the current sensitivity. However, various models of new physics beyond the SM (BSM) predict
signiﬁcantly enhanced non-resonant HH production or resonant HH production. Therefore, HH
searches are an important tool to discover BSM physics and to develop the experimental methods
for an eventual measurement of SM HH production.
Both ATLAS and CMS have performed searches targeting diﬀerent combinations of the two
involved Higgs boson decays, including bbbb, bbγγ, and bbτ τ , which rely on H → bb in at least
one of the two decays to exploit the large branching ratio. For example, a new search by ATLAS
in the bbbb ﬁnal state 9 sets an observed (expected) 95 % CL upper limit on the non-resonant
SM HH production of 13 (21) times the SM expectation. The results are also interpreted as
upper limits on HH resonant production in the mass range up to 3 TeV. In general, the diﬀerent
ﬁnal states complement each other in sensitivity, covering a resonance-mass range up to 4 TeV 10 .
3

Final states with charm and light-ﬂavour quarks

The Higgs boson coupling to charm (c) and LF (q) quarks is very challenging to measure at the
LHC: the couplings are expected to be small, and the cc and qq ﬁnal states are overwhelmed by
QCD-multijet events. ATLAS has explored new approaches to probe these couplings 11,12 .
A search is performed for associated ZH production with Z → ll and H → cc targeting yc ,
where again the presence of the leptonically decaying Z boson helps to identify the events above

9
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the multijet background. Further sensitivity is achieved by two dedicated c tagging discriminants
that separate c jets against b jets or LF jets. A resonance-search is performed in mcc , to
which the dominant background contribution arises from Z + jets events, which is modelled
from simulation. An observed (expected) 95 % CL upper limit on σ(pp → ZH) × B(H → cc) of
110 (150) times the SM expectation is obtained.
The Higgs boson coupling to LF quarks can be probed in decays to a φ or ρ meson and a photon γ. Predominantly, these decays proceed via an intermediate H → γγ decay where one photon
decays further to qq, but there is a small contribution to the amplitude from direct H → qq decays which interferes destructively. Thus, measurement of the H → φγ/ργ decay rate allows
probing yq . A resonance search is performed in mφγ /mργ , reconstructed from π + π − /K+ K− γ
candidates (Fig. 2). The background is modelled from data, generating pseudocandidate events
by sampling the relevant quantities from distributions measured in control regions. Observed
95 % CL upper limits on B(H → φγ/ργ) of 208/52 times the SM expectation are obtained.
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Figure 2 – Observed and predicted distributions of mcc in the search for ZH(cc) production (left) 11 and of mπ+ π− γ
in the search for H → φγ (right) 12 .

4

Summary

The ATLAS and CMS experiments at the LHC have performed a rich variety of searches in
hadronic ﬁnal states, obtaining crucial information on the properties of the Higgs boson. Sophisticated analysis techniques have been developed to control the challenging SM backgrounds.
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SM HIGGS PRODUCTION AND DECAY AT THE LHC
M. SPIRA
Paul Scherrer Institut, CH–5232 Villigen PSI, Switzerland

The recent discovery of the Higgs boson at the LHC marked the completion of the Standard
Model of strong and electroweak interactions. I will summarize the theoretical ingredients
involved in the production and decay processes at the LHC that allowed for a quite concise
picture of the properties of the discovered resonance. These theoretical calculations are a
crucial contribution to the discrimination of the SM from BSM scenarios at the LHC, too.

1

Introduction

The discovery of a Standard-Model-like Higgs boson at the LHC 1 completed the theory of
electroweak and strong interactions. The measured Higgs mass of (125.09 ± 0.24) GeV 2 ranges
at the order of the weak scale. The existence of the Higgs boson 3 allows the SM particles to be
weakly interacting up to high-energy scales. This, however, is only possible for particular Higgsboson couplings to all other particles so that with the knowledge of the Higgs-boson mass all
its properties are uniquely ﬁxed. The massive gauge bosons and fermions acquire mass through
their interaction with the Higgs ﬁeld that develops a ﬁnite vacuum expectation value in its
ground state. The minimal model requires the introduction of one isospin doublet of the Higgs
ﬁeld and leads after spontaneous symmetry breaking to the existence of one scalar Higgs boson.
2

Higgs Boson Decays

The determination of the branching ratios of Higgs-boson decays necessitate the inclusion of the
available higher-order corrections 4 and a sophisticated estimate of the theoretical and parametric
uncertainties. The parametric uncertainties are dominated by the uncertainties in the top,
bottom and charm quark masses as well as the strong coupling αs . We have used the MS masses
for the bottom and charm quark 5 , mb (mb ) = (4.18 ± 0.03) GeV and mc (3 GeV) = (0.986 ±
0.026) GeV, and the top quark pole mass mt = (172.5 ± 1) GeV according to the conventions of
the LHC Higgs Cross Section WG (HXSWG) 5 . The MS bottom and charm masses are evolved
from the input scale to the scale of the decay process with 4-loop accuracy in QCD. The strong
coupling αs is ﬁxed by the input value at the Z-boson mass scale, αs (MZ ) = 0.118 ± 0.0015.
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Table 1: Estimated theoretical uncertainties from missing higher orders and the perturbative orders (QCD/elw.)
of the results included in the analysis

Partial Width

QCD

Electroweak

Total

on-shell Higgs

H → bb̄/cc̄

∼ 0.2%

∼ 0.5%

∼ 0.5%

N4 LO / NLO

H → τ + τ − /μ+ μ−

—

∼ 0.5%

∼ 0.5%

— / NLO

H → gg

∼ 3%

∼ 1%

∼ 3%

N3 LO / NLO

H → γγ

< 1%

< 1%

∼ 1%

NLO / NLO

H → Zγ

< 1%

∼ 5%

∼ 5%

LO / LO

H → W W/ZZ → 4f

< 0.5%

∼ 0.5%

∼ 0.5%

NLO

Figure 1 – Higgs boson branching ratios and their uncertainties for Higgs masses around 125 GeV. From Ref. 5 .

The total parametric uncertainty for each branching ratio has been derived from a quadratic
sum of the individual impacts of the input parameters on the decay modes.
The theoretical uncertainties from missing higher orders in the perturbative expansion are
summarized in Table 1 for the individual partial decay processes along with the perturbative
orders of the included QCD/elw. corrections 4 . In order to be conservative the total parametric
uncertainties are added linearly to the theoretical uncertainties. The ﬁnal result for the branching ratios is shown in Fig. 1 for the leading Higgs decay modes with branching ratio larger
than 10−4 for the Higgs-mass range between 120 and 130 GeV. They have been obtained with
Prophecy4f 6 for the decays H → W W, ZZ and Hdecay 7 for the other decay modes. The
bands represent the total uncertainties of the individual branching ratios. For a Higgs mass
MH = 125 GeV the total uncertainty of the leading decay mode H → bb̄ amounts to less than
2%, since the bulk of it cancels out within the branching ratio. The uncertainty of Γ(H → bb̄),
however, generates a signiﬁcant increase of the uncertainties for the subleading decay modes.
The total uncertainties of BR(H → W W/ZZ) and BR(H → τ + τ − /μ+ μ− ) amount to ∼ 2%,
while the uncertainties of BR(H → gg) and BR(H → cc̄) range at ∼ 6 − 7%, of BR(H → γγ)
at ∼ 3% and of BR(H → Zγ) at ∼ 7%. The total decay width of ∼ 4.1 MeV can be predicted
with ∼ 2% total uncertainty.
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Figure 2 – Higgs boson production cross sections as a function of the c.m. energy at the LHC for a Higgs mass
MH = 125 GeV including the most up-to-date higher-order corrections as indicated at the shown cross section
bands. The size of the bands reﬂects the total estimated theoretical uncertainties. From Ref. 5 .

3

Higgs Boson Production

The dominant Higgs production channel at the LHC is gluon fusion. While the NLO result is
known exactly 8 the QCD corrections beyond NLO are known in the heavy-top-quark limit 9,10
that, however, provides a reliable approximation for the inclusive cross section. The next sizeable
Higgs production mode is provided by vector-boson fusion. The QCD and elw. corrections are
known at NLO exactly, while QCD corrections are known up to N3 LO within the structurefunction approach 11 . Higgs-strahlung oﬀ W/Z bosons is known at NLO elw. and NNLO QCD
12 . Finally Higgs bremsstrahlung oﬀ top quarks is known at NLO QCD and elw. 13 .
All Higgs boson production cross sections have been updated with the known higher-order
corrections and the most recent parton density functions, i.e. the PDF4LHC15 sets 14 , where
NLO densities have been used consistently for NLO predictions and NNLO densities for NNLO
predictions. Using the same values of the input parameters as for the branching ratios discussed
before and their uncertainties a rigorous analysis has been performed to derive a sophisticated
prediction of the central cross section values and their uncertainties. The results are shown
in Fig. 2 as a function of the c.m. energy at the LHC for a Higgs mass MH = 125 GeV. The
size of the coloured bands represents the individual sums of the theoretical and parametric
uncertainties. All production cross sections with results beyond NLO in QCD exhibit a small
residual uncertainty in the few-per-cent range. Only the cross sections for tt̄H, bb̄H and tH
production develop larger uncertainties. The theoretical and parametric uncertainties of each
production process have been added in quadrature. The gluon-fusion cross sections can be
predicted with a total (Gaussian) uncertainty of about 5%, the vector-boson-fusion and W H
Higgs-strahlung channels with less than 3% uncertainty and the ZH Higgs-strahlung channel
with about 4% uncertainty due to the novel loop contributions from gg → ZH. The uncertainties
of tt̄H production amount to about 10 − 15%, for s- and t-channel tH production to about
15 − 20% and for bb̄H production to about 20 − 25%.
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Measuring the properties of the Higgs boson is one of the most important missions for Run 2 of
the LHC. These measurements can be understood and optimized with intuitive and powerful
tools from information geometry. The central object is the Fisher information matrix. It
allows us to deﬁne the maximum precision with which theory parameters can be measured
in a given experiment. We calculate the information on dimension-six operators in diﬀerent
Higgs signatures. We demonstrate how information geometry lets us improve event selections,
determine the most powerful observables, and compare the power of multivariate techniques
to traditional histogram-based analyses. In particular, we systematically analyze which LHC
signatures oﬀer dedicated CP measurements in the Higgs-gauge sector, and discuss the nature
of the information they provide.

1

Introduction

After its experimental discovery, the Higgs boson and its properties became one of the most
important laboratories to search for physics beyond the Standard Model. In upcoming years, the
LHC will accumulate large and complex sets of data, which will allow us to probe and constrain
high-dimensional theory spaces. One example is the space of Wilson coeﬃcients an eﬀective
ﬁeld theory (EFT). Conventional rate or histogram based analysis techniques are transparent
and reproducible tools for LHC measurements, but suﬀer from limited performance. This is
why many LHC analyses rely on more sophisticated multivariate techniques, such as machine
learning or the matrix element method.
Information geometry allows us to compute the maximum sensitivity of LHC data to theory
in a transparent way. To demonstrate our approach, we investigate CP -violation in the Higgsgauge coupling. We ﬁrst review CP -sensitive observables at the LHC in Sec. 2, introduce our
Fisher information approach in Sec. 3 and present results in Sec. 4.
2

CP-Violation in the Higgs-gauge Sector

We evaluate
WBF Higgs
Fig. 1 (left)
hence probe

the eﬀect of CP -odd operators on the three most promising LHC Higgs signatures:
production, associated ZH production, and Higgs decays to four leptons. From
it is clear that these three processes are governed by the same hard process and
the same coupling. We use the SM EFT framework with L = LSM + fi Oi /Λ2 and
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p1
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p2

p4

ZH Higgs Production

H>4l Decay

WBF Higgs Production

Figure 1 – Left: Feynman diagram for WBF Higgs production, ZH production and Higgs decay H → 4. Center/Right: 1σ contours for WBF Higgs production with H → τ τ using the information in the fully diﬀerential cross
section (solid black) and information in histograms of kinematic distributions (colored). See text for explanation.

include the following dim-6 operators for the Higgs-gauge interactions
g
k
OW = i (Dμ φ)† σ k (Dν φ)Wμν
2

OW W = −

g2 †
(φ φ)Wμν W μν
4

OW W
 =−

g2 †
 μν (1)
(φ φ)Wμν W
4

The goal is to measure the model parameters, with particular emphasize on the CP -violating
Wilson coeﬃcient fW W
.
Since it is not possible to determine the initial or ﬁnal states spins in these processes, all
observables must be constructed as functions of the 4-momenta. The hard process is described
by four independent 4-momenta pi , which allow us to construct ten scalar products (pi ·pj ) which
are P -even by deﬁnition. It is possible to construct two C-odd observables, but it turns out
that their sensitivity to Higgs CP is very limited since it relies on the presence of an additional
strong phase. Additionally we can construct one P -odd observable
O∼

αβγδ

pα1 pβ2 pγ3 pδ4 sign[(p1 − p2 ) · (p3 − p4 )].

(2)

The sign factor removes the labeling ambiguity for both initial state partons and ﬁnal state
jets and ensures that the observable is C-even. This observable can be related to the angular
diﬀerences Δφjj in WBF production 3 , Δφ in ZH production 4 and Φ in Higgs decays 5 . Note
that the CP sensitivity is encoded in the sign of these observables, as deﬁned by Eq.(2).
At this stage one might ask why the WBF process can be sensitive to Higgs CP violation,
given that we do not measure the charge of the ﬁnal state jets and that parity is already violated
by the weak boson couplings. Indeed, Δφjj is not a genuine CP -odd observable. However it
has been shown 2 that it is genuine T̂ -odd at the LHC, where T̂ is the naive-time reversal.
Under the assumption that re-scattering eﬀects are negligible, a non-zero expectation value of
a genuine T̂ -odd observable is evidence for CP violation. Re-scattering eﬀects correspond to
absorptive, complex-valued loop contributions, for instance an imaginary part in the propagator
of an intermediate on-shell particle. Such re-scattering eﬀects are expected to be small in the
SM, making Δφjj a probe for CP -violation.
3

Information Geometry

We brieﬂy review the basics of information geometry applied to Higgs physics at the LHC 1,2 . Let
us consider a given theory which is parametrized by a set of true but unknown model parameters
θ0 . In the case of the SM EFT these would be the Wilson coeﬃcients of the dim-6 operators.
The outcome of the experiment is then described by the probability distribution function (pdf)
f (x|θ0 ). Here x denotes the data characterized by kinematic observables describing an event
at the LHC. A measurement process then uses the data to calculate an estimator θ̂(x) for the
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theory parameters. The precision of the measurement is described by the covariance matrix
cov(θ̂|θ0 ).
The question we would like to answer is: how well could we measure a given set theory
parameter. According to the Cramer-Rao 6,7 bound this is precisely given in terms of the Fisher
information I which deﬁnes a lower bound for the covariance matrix, cov(θ̂|θ0 ) ≥ I −1 (θ0 ).
The Fisher information therefore encodes the maximum sensitivity of observables x to model
parameters θ for a given experiment. It is deﬁned as the expectation value of the second
derivative of the pdf with respect to the theory parameters at a theory point
Iij (θ0 ) = −E

 
 2
∂ log f (x|θ) 
θ 0 =
∂θ ∂θ
i

j





Iijk (θ0 ),

with Iijk (θ0 ) =

events k

L ∂σk (θ) ∂σk (θ) 
. (3)
σk (θ) ∂θi
∂θj θ0

1

We use the MadFisher algorithm to calculate the Fisher information using Monte-Carlo
simulations. It sums the Fisher information of individual events, with event weights σk (θ),
generated by MadMax 8,9 , as shown at the end of Eq.(3). The Fisher information has desirable
properties: it is additive for diﬀerent experiments and phase space regions, invariant under the
reparametrization of observables x, and covariant under the under a reparametrization of theory
parameters θ. Note that the Fisher information by construction is a symmetric and positive
deﬁnite rank-two tensor and deﬁnes a Riemannian metric on the model space. This allows us to
deﬁne a distance measure on the theory space. This distance between two parameter two points
corresponds to the signiﬁcance with which one point can maximally be excluded if the other one
is true 1 .
4

Probing Higgs CP with Information Geometry

The maximum precision to measure theory parameters is encoded in the total Fisher information
which includes all phase space information. As example we present the Fisher information matrix
evaluated at the SM for the WBF process at 13 TeV LHC with L = 100 fb−1 :
⎛
⎜
⎜
Iij (0) = ⎜
⎝

715 −191
1
0
−191
321 −1
0
1
−1 359 −81
0
0 −81
23

⎞
⎟
⎟
⎟
⎠

fW
fW W
fW W̃
ImfW W

(4)

A large entry in the Fisher matrix implies that the measurement is particularly sensitive to a
given model parameter combination. The entries correspond to the CP -conserving operators
fW , fW W , the CP -violating operator fW W
 , and ImfW W which models the re-scattering. We
can directly see that the measurement is sensitive to both CP -conserving and CP -violating
operators (green entries), with large mixing between the fW and fW W (blue). There is no
correlation between fW , fW W and fW W
 (red), indicating that CP -even physics cannot mimic
CP -violation. However, re-scattering eﬀects are able to mimic CP -violation (orange).
Additionally, we can deﬁne the information in histograms of distributions in one or two
variables by replacing the sum over events in Eq.(3) with a sum over bins of the histogram.
This allows us to compare the sensitivity of histogram-based analysis with the full sensitivity.
In Fig. 1 we show the corresponding 1σ contours for pairs of Wilson coeﬃcients, with all other
coeﬃcients set to zero, for the WBF H → τ τ channel at 13 TeV LHC with L = 100 fb−1 . In
the left panel, we see that the magnitude of the angular diﬀerence |Δφjj | (magenta) is only
sensitive to CP -conversing physics while the asymmetry in aΔφjj (orange) is a clear indicator
of CP violation. The signed angular diﬀerence Δφjj (red) is sensitive to both CP -conserving
and CP -violating operators and its sensitivity can be enhanced when supplemented with the
leading pT,j (blue), reﬂecting the fact that the eﬀects of dimension-six operators are enhanced
at higher momentum transfer. The information in the fully diﬀerential cross section is shown
in black. Note that in the presence of re-scattering, represented by ImfW W in the right panel
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Figure 2 – Comparison of the sensitivity of diﬀerent channels and observables at the LHC with L = 100 fb1 to
the CP -violating Wilson coeﬃcient fW W
.

of Fig. 1, an almost blind direction in parameter space arises and none of the WBF observables
can unambiguously prove CP violation.
We can use the total information and information in distributions to quantitatively compare
the performance of histogram-based analyses with the full multivariate analysis. This is illustrated in Fig. 2, where we show the information of the WBF H → τ τ , the ZH and the H → 4
channels on the CP -violating operator OW W
 . The grey bars show the sensitivity assuming that
all other considered operators are zero, translated into the new physics reach on the right axis.
First, Higgs production channels WBF and ZH have signiﬁcantly higher sensitivity to OW W

than the Higgs decay H → 4. This is due to the larger momentum ﬂow through the Higgs
vertex and the larger rate. Second, the WBF channel requires additional understanding on the
nature and size of re-scattering, even though in realistic models the re-scattering eﬀects are
expected to be small. In contrast, the ZH channel with its genuine CP -odd observable Δφ
is unaﬀected by re-scattering. Last, the asymmetries aΔφ reﬂect the CP -information, while
being theoretically clean and not sensitive to any CP -even Wilson coeﬃcients. However, the
reach of these asymmetries is signiﬁcantly below the optimal reach. Combining the CP -sensitive
observables Δφ with information pertaining to the momentum transfer further or even better
performing a full multivariate analysis signiﬁcantly increases the sensitivity.
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PRECISION CALCULATIONS FOR h → WW/ZZ → 4 FERMIONS
IN THE THDM WITH PROPHECY4F
Lukas Altenkamp1 , Stefan Dittmaier1 , Heidi Rzehak2
Albert-Ludwigs-Universität Freiburg, Physikalisches Institut, 79104 Freiburg, Germany
2
University of Southern Denmark, CP3 -Origins, Campusvej 55, DK-5230 Odense M, Denmark
1

We present the next-to-leading-order calculation of the partial decay widths of the light CPeven Higgs boson decaying into four fermions in the Two-Higgs-Doublet Model. Four diﬀerent
renormalization schemes are applied in the calculation, which is implemented into the analysis
tool Prophecy4f. Some sample results on the h→ 4 fermions decay width illustrate how the
corrections reduce the dependence on the renormalization scale and the choice of the scheme.

1

Introduction

The Higgs-boson decay to four fermions, h → WW/ZZ → 4f , is one of the best studied Higgs
decay channels, in particular the decay into four charged leptons, which delivers a very clean
experimental signal and plays an important role in the Higgs mass measurement. Improving
the accuracy of the measurements requires, at the same time, improving theoretical predictions
not only of the Standard Model (SM), but also of possible extensions of the SM to the same
level of precision. Hence higher-order corrections need to be taken into account. We present
the calculation 1,2 of the Higgs-boson decay to four fermions in the Two-Higgs-Doublet Model
(THDM) at next-to-leading order (NLO) including electroweak (EW) as well as QCD corrections.
Many SM extensions with non-minimal Higgs sectors contain a second Higgs doublet, and a
general THDM can be a low-energy eﬀective theory for these models. In the following, we will
restrict the calculation to a THDM with the speciﬁc assumptions described below.
2

The Two-Higgs-Doublet Model and its renormalization

The Higgs potential V of the THDM is assumed to be
V = m211 Φ†1 Φ1 + m222 Φ†2 Φ2 − m212 (Φ†1 Φ2 + Φ†2 Φ1 ) + 12 λ1 (Φ†1 Φ1 )2 + 12 λ2 (Φ†2 Φ2 )2


+ λ3 (Φ†1 Φ1 )(Φ†2 Φ2 ) + λ4 (Φ†1 Φ2 )(Φ†2 Φ1 ) + 12 λ5 (Φ†1 Φ2 )2 + (Φ†2 Φ1 )2 ,

(1)

where Φ1 , Φ2 are the two Higgs doublets, m211 , m212 , m222 the mass parameters, and λ1 , . . . , λ5 the
quartic Higgs couplings. The symmetry of the Higgs potential under Φ1 → −Φ1 is only softly
broken by non-vanishing values of m212 3,4 . In addition, we assume CP-conservation so that all
parameters in the Higgs potential are real. The two Higgs doublets can be decomposed as




φ+
φ+
1
2
√ ,
√ ,
Φ2 =
(2)
Φ1 =
(η1 + iχ1 + v1 )/ 2
(η2 + iχ2 + v2 )/ 2
+
where v1 , v2 are the Higgs vacuum expectation values and φ+
1 , φ2 , η1 , η2 , χ1 , χ2 the charged, the
neutral CP-even, and the neutral CP-odd ﬁelds, respectively. The ﬁelds with the same quantum
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numbers can mix, and the resulting mass eigenstates correspond to two CP-even Higgs bosons,
h and H, where h denotes the lighter CP-even Higgs boson, one CP-odd Higgs boson A0 , two
charged Higgs bosons H ± , and a neutral and two charged Goldstone bosons, G0 and G± .
We replace the original set of parameters of the Higgs and gauge sector m211 , m222 , m212 , λ1 ,
λ2 , λ4 , v1 , v2 , g1 , g2 , λ3 , λ5 with g1 and g2 being the U (1) and the SU (2) gauge couplings,
respectively, by th , tH , Mh , MH , MA0 , MH + , MW , MZ , e, β, α (or λ3 ), λ5 with th and tH being
the tadpole parameters. The masses of the CP-even, CP-odd, and charged Higgs bosons are
Mh , MH , MA0 , MH + , the masses of the W and the Z boson are MW and MZ . The electric
unit charge is denoted by e. The parameter β is deﬁned via the ratio of the two Higgs vacuum
expectation values, tan β = vv21 . In our diﬀerent renormalization schemes a , we use either the
quartic coupling λ3 or the mixing angle of the CP-even Higgs bosons α as an input.
In all four renormalization schemes (see Ref. 1 for details), the Higgs- as well as the gaugeboson masses are chosen on-shell, and the electric charge is deﬁned via the eeγ vertex in the
Thomson limit. The angles α, β (or λ3 instead of α) and the coupling λ5 are treated as MS parameters. The various renormalization schemes diﬀer in the treatment of tadpole contributions:
• Variant 1: The renormalized tadpole parameters tren
φ with φ = h, H vanish. The corresponding counterterm δtφ is chosen in such a way that explicit one-loop tadpole contributions are canceled. However, this treatment introduces gauge dependences in the relation
between bare parameters 9,10 , and, hence, also in the relation between renormalized parameters and physical predictions.
• Variant 2: Following a procedure proposed by Fleischer and Jegerlehner (FJ) 13 , the bare
vanish. Gauge dependences in the relation between bare paramtadpole parameters tbare
φ
eters and in the relation between the renormalized parameters and physical predictions
do not occur. The inclusion of explicit tadpole contributions can, e.g., be avoided using
the same set-up as in the “tren
φ = 0”-variant if appropriate ﬁnite contributions in the MS
counterterms of α and β are taken into account.
The following four diﬀerent renormalization schemes are applied: 1
• MS(λ3 ) scheme: λ3 and β are independent parameters and ﬁxed in the MS scheme, and
the renormalized tadpole parameters vanish. The mixing angle α can be calculated from
λ3 and the other independent parameters using tree-level relations. The relation between
independent parameters and predicted observables do not depend on a gauge parameter
within the class of Rξ gauges at NLO, since λ3 is a basic coupling in the Higgs potential
and thus does not introduce gauge dependences, and since the MS renormalization of β is
gauge-parameter independent in Rξ gauges at NLO 9,10 .
• MS(α) scheme: This scheme coincides with the MS(λ3 ) scheme except that now α is chosen
as independent parameter instead of λ3 . This scheme suﬀers from some gauge dependence
in the relation between renormalized parameters and predicted observables. Hence, for a
meaningful comparison with data, all predictions using this renormalization scheme should
be performed in the same gauge. We use the ’t Hooft–Feynman gauge.
• FJ(α) scheme: α and β are independent parameters, and the tadpoles are treated following
= 0. Similar schemes are also described in
the gauge-independent FJ prescription, tbare
φ
Refs. 9,10 , however, the treatment of m212 and λ5 diﬀers.
• FJ(λ3 ) scheme: β and λ3 are independent parameters, as in the MS(λ3 ) scheme, but the
bare tadpole parameters are chosen to vanish.
The parameters α, β, and the Higgs-quartic-coupling parameter λ5 depend on a renormalization scale μr in all four schemes. The μr dependence of α, β, and λ5 is calculated by solving
the renormalization group equations in the four diﬀerent renormalization schemes.1
a

Further renormalization schemes of the THDM are discussed in Refs. 5,6,7,8,9,10,11,12 .
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3

Outline of the calculation

The computer program Prophecy4f 14,15 provides a “PROPer description of the Higgs dECaY
into 4 Fermions” and calculates observables for the decay process h→WW/ZZ→4f at NLO
EW+QCD in the SM. We have extended Prophecy4f implementing the corresponding decay
of the light, neutral CP-even Higgs boson of the THDM in such a way that the features of
Prophecy4f and its applicability basically remain the same. We have performed two independent calculations and implementations, as described in Refs. 1,2 in detail:
• For one calculation, we have used a model ﬁle generated by FeynRules 16 , and for the other
one an inhouse model ﬁle. The amplitudes for the virtual corrections have been generated
with two diﬀerent versions of FeynArts 17,18 and algebraically reduced with FormCalc 19,20
in the ﬁrst calculation and with inhouse Mathematica routines in the second calculation.
• Masses of ﬁnal-state fermions are neglected, but masses are taken into account in closed
fermion loops. Hence, the contribution of diagrams with a closed fermion loop coupling
to the Higgs boson does not vanish. We have implemented four diﬀerent THDM types
(Type 1, Type 2, ”ﬂipped”, ”lepton-speciﬁc”) that diﬀer in how the down-type quarks and
charged leptons couple to the two Higgs doublets. Since the up-type quarks couple always
in the same manner in all of the four types of THDM and since the dominating contribution
originates from the top-quark loop, the diﬀerences between the types are negligible.
• Infrared divergences are treated applying dipole subtraction 21,22,23 .
• The W and Z resonances are treated in the complex-mass scheme as decribed in Ref. 24 .
The evaluation of loop integrals is performed with the Collier library 25 .
Numerical results for the partial decay width for h → WW/ZZ → 4f

4

In this section, we show some sample results for the partial decay width Γh→4f
THDM for h →
WW/ZZ → 4f for a scenario (scenario A) inspired by Ref. 26 for the Type 1 THDM:
Mh = 125 GeV,

MH = 300 GeV,

MA0 = MH + = 460 GeV,

λ5 = −1.9,

tan β = 2. (3)

Within our calculation, we choose the central renormalization scale as the average mass of all
scalar degrees of freedom, μ0 = (Mh + MH + MA0 + 2MH + )/5.
In Fig. 1, the renormalization scale dependence of Γh→4f
THDM , which is obtained by summing
over all partial widths of the h boson with massless 4f ﬁnal states, is shown. We ﬁx cos(β −α) =
cβ−α = 0.1 (scenario Aa). Each plot corresponds to the input parameters given in one of the four
renormalization schemes. The dashed curves represent the leading-order (LO) results, however,
it should be noted that the input parameters have been converted to the respective scheme
denoted by the diﬀerent line colours. Hence, the strict LO result is only represented by the line
corresponding to the input scheme, i.e. for example, in the left plot, the strict LO curve is given
by the dark blue MS(α) line. The diﬀerences between the dashed lines at the scale μ0 are only
due to conversion eﬀects, while at the other scales also the diﬀerent running behaviour of the MS
parameters in the diﬀerent schemes plays a role. Note that it is important to specify not only
the parameter values of a certain scenario, but also the renormalization scheme, in which these
parameters are to be interpreted. The solid lines show the NLO result including only the EW
corrections. A clear plateau around the central renormalization scale μ0 is visible, and there is
a clear reduction on the scale dependence going from LO to NLO.
A detailed discussion of further results, including also more delicate THDM scenarios, can
be found in Refs. 1,2 . The extended version of Prophecy4f, which covers a SM extension with
a singlet scalar as well 27 , will be available from its hepforge webpage b soon.
b

http://prophecy4f.hepforge.org/index.html
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Figure 1 – The renormalization scale dependence of ΓTHDM
for two of the four diﬀerent input schemes: MS(α)
(left) and FJ(α) (right). In each plot, the parameters are converted to the other schemes, MS(λ3 ) (green), MS(α)
(blue), FJ(α) (magenta), and FJ(λ3 ) (turquoise). The solid lines include NLO EW corrections, the dashed ones
show the LO result. The ﬁgure is taken from Ref. 2 .
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H+jet production at NLO including full top-quark mass dependence
M. Kerner
Max-Planck-Institut für Physik, Föhringer Ring 6, 80805 München, Germany
We present predictions for gluon-fusion Higgs boson production in association with one jet at
next-to-leading order QCD. The calculation is performed retaining the full dependence on the
top-quark mass. The two-loop integrals appearing in the virtual corrections are calculated
numerically using the program SecDec. We study the Higgs boson transverse momentum
distribution and compare our predictions with approximated results.

1

Introduction

One of the major goals of the physics program at the LHC is the detailed study of the properties
of the Higgs boson. To achieve this, accurate theoretical predictions of the various production
and decay channels of the Higgs boson are required. For the dominant production mechanism,
gluon fusion via a top-quark loop, most theoretical predictions are obtained in an eﬀective ﬁeld
theory approach, called HEFT in the following, where the top-quark loop is integrated out by
considering the limit mt → ∞. However, this approximation is only valid if the top-quark mass
is much larger than all other scales of the process. While this is the case for inclusive Higgs
production, one can expect that the top-quark mass eﬀects are more important for the transverse
momentum distribution of the Higgs boson, when pt,H  mT .
Here we present the results of Ref. 1 , where the next-to-leading (NLO) QCD predictions for
H+jet production retaining the full top-quark mass dependence have been calculated. While
this process is known to NNLO in the HEFT approach 2,3,4,5 , beyond the leading order 6,7 only
approximated results of the top-quark mass eﬀects have been known previously. To improve the
HEFT predictions, expansions in 1/m2T have been calculated 8,9 and combined with the exact
Born and real radiation contributions 10 . Recently also an expansion valid in the high-pt,H region,
where mH and mT are considered small, has been obtained 11 and combined with the exact Born
and real radiation 12,13 . Furthermore, contributions of a bottom quark-loop are known 14,15,16,17 .
The most challenging part of calculating the full NLO corrections for H+jet production are
the virtual contributions, which involve two-loop four-point integrals with internal masses. So
far, only the planar integrals are known analytically 18 and the analytic continuation of these
integrals from the Euclidean to the physical region is not straightforward. We therefore evaluate
all integrals numerically. In the following we give a brief description of our computational
method and present phenomenological results.
2

Computational Method

In our calculation of the NLO corrections to H + jet production, we have separated the implementation of the virtual corrections from all other parts, which we implemented in the
POWHEG-BOX-V2 framework 19 , taking advantage of the existing H+jet NLO calculation in
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Figure 1 – Higgs boson transverse momentum distribution at LO and NLO in QCD. The results with full top-mass
dependence are compared to the HEFT (left) and FTapprox (right). The small panels show ratios of these results.

the HEFT approach 20,21 . The LO matrix elements with full top-mass dependence are based on
Ref. 7 , and the real radiation contributions have been generated with GoSam 22,23 . The libraries
Ninja 24,25,26 and OneLoop 27 are used to perform the tensor reduction and for evaluating the
scalar one-loop integrals, respectively. The contribution of the virtual corrections, described in
the following, are added to the other contributions at the histogram level.
The implementation of the virtual contributions closely follows the method of Refs. 28,29 . We
generated all two-loop diagrams with the program Qgraf 30 and we expressed the amplitude in
terms of a form-factor decomposition. Using a customized version of Reduze 31 , we reduced the
contributing loop integrals to a set of master integrals. To facilitate the reduction, we have ﬁxed
the ratio m2H /m2T = 12/23 in this step. We chose a quasi-ﬁnite basis of master integrals 32 , which
is advantageous for the numerical evaluation of the loop integrals. All integrals are calculated
numerically with the program SecDec 33,34 , using a quasi-Monte Carlo algorithm 35,36,37 for
performing the integration. While this method allows us to obtain the full NLO result, the
numerical integrations are computationally intensive. We therefore plan to include our results
in a grid interpolation framework, which will then allow for a fast evaluation of the virtual
contributions and will be included in the POWHEG-BOX framework.
3

Results

We present results for H + jet production at the LHC at a center-of-mass energy of 13 TeV.
Jets are deﬁned using the anti-kt algorithm with R = 0.4 and pt,j > 30 GeV. We use MS
renormalization with 5 light quarksand choose the default renormalization and factorization

scale μF = μR = HT /2, with HT = m2H + p2t,H + i |pt,i |. Scale uncertainties are estimated by
the usual 7-point variation. The PDF4LHC15 nlo 38,39,40,41 parton distributions are used via the
The masses of the Higgs boson and top quark are set to mH = 125 GeV
LHAPDF 42 interface.

and mT = mH 23/12 ≈ 173.055 GeV.
In Table 1 we list the total cross sections in the full theory, as well as in the HEFT and
FTapprox approximations, where the latter one includes the full top-mass dependence in the LO
and real radiation contributions, while the virtual corrections are evaluated in the HEFT and
rescaled by the ratio Bfull /BHEFT of the LO matrix elements in the full theory and HEFT. We
ﬁnd that the top-mass eﬀects increase the NLO cross section by 9%(6%) relative to the NLO
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Theory

LO [pb]

ratio

Table 1: Total cross section of H + jet production with the input parameters given in the
text. Results with full top-mass dependence,
as well as the two approximated results HEFT
and FTapprox are shown.
NLO [pb]

HEFT:

σLO = 8.22+3.17
−2.15

+3.30
σNLO = 14.63−2.54

FTapprox :

σLO = 8.57+3.31
−2.24

+2.89
σNLO = 15.07−2.54

Full:

σLO = 8.57+3.31
−2.24

+1.60
σNLO = 15.99−3.71

dσ/dphT [pb/GeV]

100
10

μ = mH

LO

−1

FTapprox
NLO

10−2
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LO Full
NLO Full
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Figure 2 – Transverse momentum spectrum of the Higgs
boson using diﬀerent choices of the renormalization and
factorization scale. The lower panel shows the ratio to
the NLO result with μ = HT /2.

HEFT (FTapprox ) result.
The dependence of the cross section on the Higgs boson transverse momentum, pt,H , is
shown in Figure 1. A comparison of the full theory and HEFT result, given in the left plot,
shows signiﬁcant deviations of the two predictions, which can be attributed to a diﬀerent scaling
behavior of the amplitudes at large pt,H 43,44 . Despite these large diﬀerences, both results lead
to K-factors of similar size. However, while the K-factor is nearly constant in the full theory,
it slightly decrease in the HEFT. The plot on the right-hand side shows a comparison with
the FTapprox result, which leads to results similar to the full theory. Taking the full top-mass
dependence of the virtual contributions into account leads to an increase of about 8% over a
large range of the transverse momentum, with slightly smaller corrections at low pt,H .
Finally, in Figure 2 we compare our results with the cross section evaluated using a ﬁxed
scale μR = μF = mH . We see that, taking the full top-mass dependence into account, both NLO
results are in good agreement within the scale variation band. However using a ﬁxed scale alters
the shape of the LO prediction, therefore leading to a highly phase-space dependent K-factor,
which decreases from 2.1 at 50 GeV to 1.0 at 400 GeV. Furthermore, we obtain an enhancement
in the tail of the FTapprox result, which shows that retaining the full top-mass dependence leads
to an improved cancellation of the scale dependence of the NLO cross section.

4

Conclusion

We have presented a calculation of the NLO QCD corrections to H+jet production, retaining
the full dependence on the top-quark mass. Since many of the two-loop integrals appearing in
the virtual corrections are not known analytically, we have evaluated all integrals numerically
with the program SecDec. We plan to provide our results of the virtual contribution in form
of a grid interpolation framework, which will allow for a fast evaluation of these contributions
without the need of numerical integrations.
The top-mass eﬀects increase the total cross section by 9% with respect to the HEFT result,
but signiﬁcantly reduce the cross section in the high pt,H region. We also compared our results
with an approximation FTapprox , which reproduces the correct shape of the pt -distribution,
leading to diﬀerences of less than 10% with respect to the full result in the whole pt -range
considered. We have also presented results using a ﬁxed scale μR = μF = mH , where we obtain
a large phase-space dependence of the K-factor and larger top-quark mass eﬀects, which are
required to obtain good agreement with the NLO result using a dynamical scale.
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Recent Top quark results from the Tevatron
Boris Tuchming
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91191 Gif-Sur-Yvette, France

We present recent measurements on top quark physics obtained at the Fermilab Tevatron
pp̄ collider by the CDF and D0 collaborations. We discuss the measurements of the top
quark mass using direct and indirect methods of extraction, the forward-backward production
asymmetries, and the top quark polarization.

1

Introduction

√
During the Run II (2001-2011) of the Tevatron pp̄ collider at s = 1.96 TeV, approximately
10 fb−1 of data has been recorded in the D0 and CDF experiments, allowing to precisely study
the top quark properties from pp̄ → tt̄ processes. In the following, we summarize latest legacy
results obtained either by D0 or CDF, or by combining experimental data from both experiments.
In a ﬁrst part we present measurements of the top quark mass, obtained either directly, or
indirectly from the cross-section measurements. We then present the combination of forwardbackward production asymmetries, and we conclude with the latest measurement of the top
quark polarization obtained at CDF using dilepton events.
2

Top quark mass

The top quark with a mass of  175 GeV is the heaviest known fundamental particle of the
Standard Model (SM). Precise measurements of its mass are inputs for consistency checks of
the SM and could also determine whether the electroweak vacuum is unstable, metastable, or
stable 1 .
2.1

D0 combination

D0 has recently produced its legacy combined result regarding direct measurements of the
top quark mass 2 . The combination is based on measurements in the lepton+jets and dilepton channels, using all the data collected in Run I (1992–1996) and Run II (2001–2011),
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corresponding to integrated luminosities of 0.1 fb−1 and 9.7 fb−1 , respectively. The combined mass, calculated with the “best linear unbiased estimate” (BLUE) method, is mt =
174.95 ± 0.40 (stat) ± 0.64 (syst) = 174.95 ± 0.75 GeV, which has a 0.43% relative uncertainty.
This accuracy is much better than what had been anticipated at the beginning of Run II. The
dominant uncertainty sources are the statistical uncertainty, the jet energy scale (JES) uncertainty arising from the lepton+jets calibration (0.41 GeV, also of statistical origin), and the
signal modeling (0.35 GeV).
2.2

Tevatron combination

The combined Tevatron top quark mass 3 is based on the most recent published measurements
from both D0 and CDF. All uncertainties and their correlations are accounted for using the
BLUE method. As for the D0 measurement, the dominant sources of uncertainty are the statistical uncertainty, the JES uncertainty arising from the lepton+jets calibration (0.31 GeV), and the
signal modeling (0.36 GeV). The combined mass is mt = 174.30 ± 0.35 (stat) ± 0.54 (syst) GeV,
which has a 0.37% relative uncertainty. The summary of Tevatron measurements is shown in
Fig. 1.
2.3

Indirect extraction of the pole mass from cross section

A ﬁrst measurement by D0 exploits the dependence of the theoretical prediction of the inclusive
tt̄ cross section as a function of the top quark pole mass 4 . The inclusive cross section is measured
using the full Run II dataset. The top quark mass is extracted accounting for the dependence of
the measurement as a function of the mass due to acceptance eﬀects and using the next-to-nextto-leading-order (NNLO) cross-section calculation of top++ 5 . D0 achieves a 1.9% precision:
mt = 172.8 ± 1.1 (theory)+3.3
−3.1 (experimental) GeV.
More recently, D0 performs another extraction using its measured diﬀerential tt̄ cross section 6
as a function of sensitive kinematic variables: the mass of the tt̄ system (m(tt̄)) and the transverse
momentum of the top quarks (pT (t/t̄)). The mass is extracted from a ﬁt of either the NLO
or the NNLO cross section 7 to the unfolded D0 data. The mass is extracted with diﬀerent
factorization and renormalization scales and diﬀerent PDF to obtain the theory uncertainty. The
measurement using NNLO calculations is mt = 169.1 ± 1.1 (theory) ± 2.2 (experimental) GeV
which achieves a 1.5% accuracy 8 and represents a 25% improvement over the measurement using
the inclusive cross-section, thus demonstrating the power of the method.
3

Forward-backward production asymmetries

The SM predicts a small positive forward-backward asymmetry in the pp̄ → tt̄ production due to
both strong (QCD) and electroweak (EW) quantum eﬀects: the (anti)top quarks tend to go in
the same direction as the incoming (anti)protons. When the ﬁrst measurements were performed
at Tevatron Run II, large departures from SM expectations were observed which brought a lot
of excitement 9,10,11,12 as potential indication of new physics beyond the SM. Since then, the
theory prediction has been improved by including higher order QCD and EW corrections 13 ,
and both CDF and D0 have completed their asymmetry measurement program using dilepton
and lepton+jets channels in the full Run II dataset. They now provide the combination of
their measurements obtained with the BLUE method, accounting for all uncertainties and their
correlations 14 .
t̄ = N (Δytt̄ >0)−N (Δytt̄ <0) ,
The combinations are performed for the three inclusive asymmetries, AtFB
N (Δy >0)+N (Δy <0)
tt̄

tt̄

N (Δη>0)−N (Δη<0)

 (q×η>0)−N (q×η<0)
AFB = N
N (q×η>0)+N (q×η<0) , and AFB = N (Δη>0)+N (Δη<0) , based either on the reconstructed rapidities of the top and antitop (Δy = yt − yt̄ ) or on the lepton pseudorapidities (η), or on the
diﬀerence between lepton pseudorapidities for dilepton channels (Δη = η+ − η− ). Here, each N
represents a number of events corrected for acceptance and eﬃciency eﬀects. The combination
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Figure 1 – Summary of Tevatron top quark mass (left) and pp̄ → tt̄ forward-backward asymmetry (right) measurements and their combinations.

t̄ is also performed as a function of Δy and of the tt̄ mass
of diﬀerential measurements of AtFB
(m(tt̄)). As the diﬀerent measurements are dominated by the uncorrelated statistical uncertainties, the overall correlations are small, at the level of 10%, mainly due to signal modeling
uncertainty. However, large correlation eﬀects due to data unfolding have to be properly taken
into account for the diﬀerential combinations.
In Fig. 1 we summarize the combined inclusive measurements for the three asymmetries. The
diﬀerential asymmetries are shown in Fig. 2, where linear ﬁts are used to model the combined
asymmetries. All combined diﬀerential and inclusive asymmetries are compatible within 1.3–1.6
standard deviation of the NNLO QCD + NLO EW predictions of the SM.

Figure 2 – Diﬀerential forward-backward asymmetry as a function of m(tt̄) and Δy.
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4

Top quark polarization

CDF has recently released a new measurement of top quark polarization using dilepton events 15 .
This measurement is performed in the “transverse” and “helicity” basis, where the main axes
are, in the tt̄ zero momentum frame, the axis perpendicular to the production (top,beam) plane,
and the tt̄ axis, respectively. This new measurement completes previous measurements at D0
in the dilepton channel (beam basis) 16 and lepton+jets channel (beam, transverse, and helicity
bases) 17 . The observables are given by the lepton angles (θ± ) relative to the reference axis, where
the reconstructed lepton directions are obtained after successively boosting the leptons in the tt̄
rest frame and in the parent top quark rest frame. The diﬀerential angular distribution for +
2
and − follows the relation σ1 d cos θd+ dσcos θ− = 14 (1+α+ P + cos θ+ +α− P − cos θ− −C cos θ+ cos θ− ),
where α is the spin analyzing power of the particle ( 0.99 within the SM), P ± is the polarization,
and C is the spin correlation. CDF measures the polarization using two-dimensional templates
in (cos θ+ , cos θ− ), considering two scenarios, one with CP conservation (α+ P + = α− P − ), and
CPC
=
the other one with maximal CP violation (α+ P + = −α− P − ). The results are αPhelicity
+0.114
CPV
CPC
−0.130 −0.109 (stat) ± 0.111 (syst), αPhelicity = −0.046 ± 0.123 (stat) ± 0.040 (syst), αPtransverse =
+0.055
CPV
−0.077 ± 0.177 (stat) ± 0.098 (syst), and αPtransverse
= −0.111 +0.114
−0.109 (stat) −0.056 (syst). The
results as well as the previous D0 results are compatible with the SM which predicts polarization
below the percent level in all bases.
5

Conclusion

The realm of top quark physics has been pioneered at Tevatron since the top quark discovery
in 1995. The Tevatron is still producing competitive results in the ﬁnalization of its legacy
measurements. The mass of the top quark is measured with a 0.37% accuracy by combining
D0 and CDF. D0 also performs and indirect extraction of the pole mass with a 1.5% accuracy.
The tt̄ diﬀerential and inclusive forward-backward asymmetries are in agreement with the Standard Model. Finally, Tevatron also measures the top quark polarization in agreement with the
Standard Model.
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Recent measurements of top quark pair production in association with W -bosons, Z-bosons
and photons are reported together with a measurement of tt̄tt̄ production. The measurements
were performed by the ATLAS and CMS collaborations and are based on proton–proton
√
collisions with s = 13 TeV and 8 TeV at the LHC. The results are compared to Standard
Model (SM) theory predictions. The measurements of these rare SM processes provide tests
of QCD predictions and serve as a probe for the presence of new physics at the same time.

1

Introduction

The cross sections for the production of a top quark pair in association with massive vector
bosons, photons or a second top quark pair are several magnitudes smaller than the cross
section for the production of tt̄. Due to the large centre-of-mass energy and the high number of
collisions at the Large Hadron Collider (LHC), they can be measured by the ATLAS 1 and CMS 2
experiments. The measurements of these rare SM processes provide tests of QCD predictions
and constrain important background to other measurements (e.g. tt̄H production) and searches.
The measurements serve as a probe for the presence of new physics such as vector-like quarks
(tt̄V ), exotic quarks with q = −4/3 (tt̄γ) or gluino pair production (tt̄tt̄).
2

tt̄W and tt̄Z Production at 13 TeV

Both ATLAS 3 and CMS 4 published simultaneous measurements of the tt̄W and tt̄Z cross
section using 13 TeV collision data. The analyses simultaneously measure the tt̄W and tt̄Z
cross sections using a likelihood function based on the expected and observed number of events
in control and signal regions that either primarily target tt̄W or tt̄Z production.
The signal regions for both measurements are deﬁned based on the number of leptons, jet
and b-jets, however also object charge and kinematic information are employed. For tt̄W CMS
uses 20 signal regions with two same-sign leptons (ee, μμ, eμ). ATLAS uses one same-sign
di-muon signal region and a region with three leptons of which the mass of each pair is not
consistent with the Z-boson mass. For tt̄Z production both CMS and ATLAS employ signal
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Figure 1 – The result of the simultaneous ﬁt to the tt̄Z and tt̄W cross sections along with the 68% and 95%
conﬁdence level (CL) contours for the ATLAS (left) 3 and CMS (right) 4 measurements. The shaded areas
correspond to the theoretical uncertainties. The right panel presents the individual measured cross sections along
with the 68% and 95% CL intervals and the theory prediction for the CMS measurement.

regions with three and four leptons and diﬀerent number of jets and b-jets. For at least one pair
of leptons a mass consistent with the mass of the Z boson is required.
The most important backgrounds from processes including top quarks or di-boson production
are estimated using simulation. For the ATLAS measurement the normalisation of the W Z and
ZZ process is determined in control regions. The non-prompt lepton background is estimated
from data by both experiments. For CMS and the ATLAS 3-lepton channels the background is
extrapolated from a region with a looser lepton deﬁnition using scale factors from a data control
region. For the ATLAS 4-lepton channels simulated event data is corrected using data-driven
scale factors. The background from electrons with misidentiﬁed charge in the CMS same-charge
ee channel is estimated with simulation-based corrections to opposite-charge ee events.
Based on a proﬁle likelihood ﬁt in nine signal and two control regions and 3.2 fb−1 of collision
data the ATLAS experiment measures
σ(tt̄Z) = 0.92 ± 0.29(stat.) ± 0.10(syst.) pb

(1)

σ(tt̄W ) = 1.50 ± 0.72(stat.) ± 0.33(syst.) pb

(2)

with a signiﬁcance of 3.9σ (3.4σ SM expectation) for tt̄Z and 2.2σ (1.1σ SM expectation) for
tt̄W production. The systematic uncertainty is dominated by the uncertainties on reconstructed
objects for tt̄Z and the uncertainty on the background with non-prompt leptons and misidentiﬁed
charge of leptons for tt̄W production.
The CMS experiment measures
+0.12
σ(tt̄Z) = 0.99 +0.09
−0.08 (stat.) −0.10 (syst.) pb

(3)

+0.13
σ(tt̄W ) = 0.77 +0.12
−0.11 (stat.) −0.12 (syst.) pb

(4)

based on a proﬁle likelihood ﬁt in 31 signal and control regions and 35.9 fb−1 of data. A > 5σ
(> 5σ SM expectation) signiﬁcance for tt̄Z and a signiﬁcance of 5.3σ (4.5σ SM expectation)
for tt̄W production is obtained and the uncertainties are dominated by object uncertainties,
such as b-jet, trigger and lepton uncertainties. Both measurements are consistent with the SM
expectation as shown in Figure 1. The CMS experiment additionally published limits on eﬀective
ﬁeld theory Wilson coeﬃcients for operators that inﬂuence the tt̄Z and tt̄W cross sections.
3

tt̄tt̄ Production at 13 TeV

A search for four top quark production is performed by CMS 5 (35.9 fb−1 ) and ATLAS 6
(36.1 fb−1 ) using 13 TeV collision data. While the CMS search is interpreted as a search for
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σ(tttt) (fb)

SM tt̄tt̄ production, the ATLAS analysis targets new physics in the same ﬁnal state. The CMS
search is performed in eight search regions that are deﬁned based on the lepton, jet and b-jet
multiplicities. For the estimation of the background yields, simulated events are used for the
tt̄W , tt̄Z and tt̄H processes. For the production of tt̄ in association with vector bosons the
normalisation is determined in a control region. The yield for events with non-prompt leptons
is determined from data using an orthogonal control region with a looser lepton selection.
A cross section for four top quark production of 16.2+13.8
−11.4 fb (SM expectation 9.1 fb) is
measured with a signiﬁcance of 1.6σ. As the four top quark cross section has contributions
from virtual Higgs bosons the cross-section measurement can be used to constrain
the top quark

Yukawa coupling yt . Based on Figure 2 an observed 95% CL limit of yt /ytSM  < 2.1, where ytSM
is the SM top quark Yukawa coupling, is derived.
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Figure 2 – The predicted SM value of σ(tt̄tt̄) as a function of yt /ytSM  (dashed line), compared with the observed
value of σ(tt̄tt̄) (solid line), and with the observed 95% CL upper limit (hatched line) 5 .

4

tt̄γ Production at 8 TeV

A measurement of the tt̄γ cross section was performed by both the ATLAS 7 and the CMS
experiment 8 with 20.2 fb−1 and 19.7 fb−1 of 8 TeV collision data, respectively. The analyses are
based on a tt̄ +jets and γ selection (CMS: , ≥ 3 jets, γ, ATLAS: , ≥ 4 jets, ≥ 1 b-jet, γ).
The main backgrounds are from non top quark processes with prompt photons (W γ, Zγ),
tt̄ with non-prompt photons and Z → ee, where one electron is misidentiﬁed as a photon. For
both experiments the normalisation of the Z → ee background is determined from a ﬁt to the eγ
mass. For the CMS experiment the normalisation of the tt̄ background is determined from a ﬁt
of the photon charged-hadron isolation and the normalisation
of the non top quark background

from a ﬁt of the mass of three jets with highest
pT . The tt̄γ cross section is obtained from a
likelihood ﬁt based on expected and observed number of events. The CMS experiment measured
ﬁducial and total cross sections as well as the ratio to the total tt̄ cross section. The measurement
has an uncertainty of 21%, which is dominated by the statistical uncertainty of the likelihood ﬁt.
The results are consistent with the SM expectation and post-ﬁt photon pT and η distributions
are shown in Figure 3.
For the ATLAS analysis the normalisation of the background with prompt photons is ﬁxed
to the expectation and the tt̄γ cross section is determined from a template ﬁt of the photon
isolation, where both the tt̄γ cross section and the normalisation of the top quark background
are free parameters. The ATLAS measurement of the ﬁducial tt̄γ cross section is consistent
with the SM prediction and has a total uncertainty 13% (5.1% statistical uncertainty). The
uncertainty is dominated by the uncertainties from the background top quark and non-prompt
photon background estimates. The diﬀerential cross section measurement is shown in Figure 3.
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(bottom right) as measured by the ATLAS experiment and the corresponding theoretical predictions 7 . The lower
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5

Summary

The measurements of tt̄ production in association with vector bosons, photons or another tt̄
pair provide tests of the SM QCD predictions and obtain sensitivity to a variety of new physics
models. The measurement of tt̄ production in association with W - and Z-bosons reached a very
interesting precision. The production of tt̄Z was observed with 3.9σ (ATLAS, 3.2/fb) and > 5σ
(CMS, 35.9/fb), while the production of tt̄W was observed with 2.2σ (ATLAS, 3.2/fb) and 5.5σ
(CMS, 35.9/fb). Both measurements are consistent with NLO SM QCD predictions.
Four top quark production was measured with an observed signiﬁcance of 1.6σ and constraints on the top quark Yukawa coupling have been derived by CMS. In addition the ﬁducial
cross section of tt̄γ production was measured by the ATLAS and CMS experiments and ﬁrst
diﬀerential cross-section measurements for photon pT and η have been reported.
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Searches with top quarks
J.M. Hogan, on behalf of the ATLAS and CMS collaborations
Department of Physics & Engineering, Bethel University, St. Paul, MN
Heavy new physics particles including vector-like quarks, excited quarks, and heavy vector
bosons can decay to top quarks alongside other standard model particles. Searches at the
CERN LHC in ﬁnal states with top quarks set strong constraints on the existence of such
particles, and measurements of top quark associated production and branching fractions constrain models with ﬂavor-changing neutral currents. No evidence for new physics is seen in
these searches, although discovery potential exists for several models.

New physics that couples to top quarks could appear in either their production or decay.
Several theories of physics beyond the standard model (SM) predict new particles at the TeV
scale that could decay to top quarks. Other models predict anomalous decays of SM top quarks,
such as a ﬂavor-changing neutral current decay t → uH.
Top quark production and decay have been studied for over twenty years, providing a wellestablished set of analysis techniques that are easily adapted to new physics searches. Top
quark production is simulated at next-to-leading-order and modeling corrections are derived
in the context of top quark property measurements. The signiﬁcant branching fraction of top
quarks to leptons provides a clean event selection handle via electrons or muons, which are
reconstructed very reliably in both the ATLAS 1 and CMS 2 detectors at the LHC. For very
massive new physics particles, hadronic ﬁnal states can also be simpliﬁed using jet substructure
tools to identify the decay products of an entire top quark within one large-radius jet.
This review includes searches for vector-like T and B quarks, excited top quarks, and a
heavy W  boson, in ﬁnal states with top quarks that decay via SM mechanisms. A search for
evidence of ﬂavor-changing neutral-current decays is also presented. All results feature 36 fb−1
of 13 TeV pp collision data collected by the ATLAS and CMS experiments in 2015 and/or 2016.
1

Vector-like quarks

Vector-like quarks (VLQs) have similar properties as SM quarks, with spin 1/2 and electric
charge in units of e/3. They are set apart by their equal left-handed (LH) and right-handed
(RH) coupling to charged currents 3 . Models of new physics motived by “naturalness” arguments
often include VLQs as a top quark partner. Potentially divergent quantum corrections to the
Higgs boson mass from SM top quark loops could be cancelled by the presence of a top quark
partner at the TeV scale.
Both the ATLAS and CMS collaborations search for vector-like T quarks (charge 2e/3)
that decay to bW , tH, or tZ, and for B quarks (charge −e/3) that decay to tW , bZ, or bH.
Common branching fraction (B) benchmarks are an electroweak singlet with B(qW ) = 0.5 and
B(qZ, qH) = 0.25, and an electroweak doublet with B(qZ, qH) = 0.5 and B(qW ) = 0. If VLQs
exist in an electroweak multiplet of more than one new particle, exotically charged VLQs named
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Figure 1 – Observed lower limits on vector-like T quark masses in various branching fraction combinations, from
searches by the ATLAS 9 (left) and CMS 10 (right) Collaborations.

X (charge 5e/3) and Y (charge −4e/3) are also possible.
Pair production of XX → tW + t̄W − has been excluded for X quark masses below 1.32
TeV by the CMS collaboration. The search is performed in a single-lepton channel 4 and a
same-sign (SS) dilepton channel 8 . In the former, top quarks produced with large transverse
momentum (pT ) that decay hadronically are identiﬁed in a large-radius jet using “grooming”
algorithms to calculate the mass of the central, high-momentum components more accurately 5,6 ,
and the N -subjettiness algorithm 7 to quantify the jet’s internal structure. Events are categorized
based on the number of “boosted” top quarks. In the SS dilepton channel decays such as
tW + → b+ ν + ν produce a unique signature that is rare in SM processes.
The ATLAS collaboration has released a new search for pair production of vector-like T
quarks in single-lepton and hadronic ﬁnal states 9 . The focus of the search is using reclustered
large-radius jets to reconstruct boosted, hadronically-decaying top quarks and Higgs bosons.
Events are categorized according to the numbers of jets, b-quark jets, Higgs boson jets, and
top quark jets. Both channels are sensitive to T T production in event categories with at least
two boosted top quark candidates, at least two boosted Higgs boson candidates, or one of
each. The hadronic ﬁnal state requires high missing transverse momentum (pmiss
T ), the negative
vector sum of the pT of all jets in an event, for sensitivity to T → tZ → tνν decays. This
channel has additional sensitivity to T quark production in events with large values of the
and a b-quark jet. The search is performed by
minimum transverse mass between the pmiss
T
ﬁtting expected signal and background distributions, dominated by tt̄ + heavy ﬂavor jets, to
the data in 34 independent search regions. In each search region the scalar sum of the pT of
is the input distribution for the ﬁt. No excess over the SM background
jets, leptons, and pmiss
T
prediction is observed. This search has particularly strong sensitivity for T → tH decays,
excluding T quark masses below 1.43 TeV (1.34 TeV expected). For the singlet and doublet
benchmarks, T quark masses less than 1.19 TeV (1.11 TeV expected) and 1.31 TeV (1.26 TeV
expected) are excluded. Figure 1 (left) shows the observed lower limits on the T quark mass.
The CMS collaboration also has new results from a search for pair production of vector-like
T and B quarks in three leptonic ﬁnal states: single-lepton, SS dilepton, and triple lepton 10 . The
single-lepton channel has a similar strategy to the previously-mentioned searches: boosted W
and Higgs boson decay products are identiﬁed in a large-radius jet using groomed mass and N subjettiness. In event categories with a boosted Higgs boson candidate, the scalar sum of the pT
of all physics objects (ST ) is used to search for evidence of signal over the simulated backgrounds,
predominantly tt̄. In categories with only boosted W boson candidates the visible mass of a
leptonic top quark decay (or T → bW decay) is reconstructed as the search distribution. In the
SS dilepton and trilepton categories, background from nonprompt lepton production dominates
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Figure 2 – Distributions of mass observables: t∗ → tg in a μ+jets ﬁnal state 11 (left), W  → tb in events with
well-identiﬁed boosted top quark jets and b-quark jets 12 (middle), and H → γγ in events containing γγ+jet and
three-jet combinations consistent with top quark decays 16 (right).

and is estimated from data based on the rates at which prompt and nonprompt leptons pass
the chosen identiﬁcation scheme. Events in these channels are categorized by lepton ﬂavor
combinations, using event yields (SS dilepton) or the ST distribution (trilepton) as the search
variable. The trilepton channel has particularly strong sensitivity to T → tZ decays, which can
produce three prompt leptons. No excess of data over the SM prediction is observed in any
channel, and a simultaneous ﬁt is performed to data in the three leptonic ﬁnal states. This
search excludes singlet and doublet T quarks with masses below 1.20 TeV (1.16 TeV expected)
and 1.28 TeV (1.24 TeV expected). Lower limits on singlet and doublet B quark masses are 1.17
TeV (1.13 TeV expected) and 0.94 TeV (0.92 TeV expected). For T quarks decaying only to tZ,
masses below 1.30 TeV (1.26 TeV expected) are excluded. Figure 1 (right) shows the observed
lower limits on the T quark mass.
2

Other massive particle searches

A diﬀerent type of fermionic heavy quark is predicted in composite top quark models: a spin3/2 excited top quark, t∗ . The excited top quark could be the lightest of a spectrum of excited
quarks. The t∗ decays via a strong interaction to tg, producing a typical top quark signature
with an additional jet. The CMS collaboration has searched for the t∗ t∗ → tt̄jj signature in
semileptonic ﬁnal states 11 . The background to this process is overwhelmingly SM tt̄ production
with additional jets from initial- or ﬁnal-state radiation. The sensitive variable in this search is
the top quark + jet mass, whose spectrum is shown in Fig. 2 (left). A t∗ resonance would appear
over the smoothly-falling background distribution. No such excess is observed, and lower limits
are set on the mass of the t∗ , excluding values below 1.2 TeV.
Top quarks can also be produced in decays of W  or Z  bosons, which are featured in many
new physics models that predict additional symmetries with new vector currents. These bosons
might couple preferentially to third generation particles. The ATLAS collaboration searched
for evidence of W  → tb decays in a hadronic ﬁnal state that is sensitive to RH W  bosons 12 ,
unlike searches for W  → ν. In this search boosted top quarks that decay hadronically are
identiﬁed using a shower deconstruction algorithm that creates a likelihood discriminant for
top quark identiﬁcation based on shower splitting histories 13 . The mass of a W  candidate is
constructed by combining a boosted top quark candidate with a small-radius jet that may or
may not be identiﬁed as a b quark. The background to this search is predominantly multijet
events, estimated using a pass/fail ratio technique. The ratio of W  candidates with and without
identiﬁed b-quark jets is calculated in events where the large-radius jet was not identiﬁed as a
top quark. This ratio is propagated to event categories with top quark jets to estimate the
multijet background component. A ﬁt is performed to the mass distribution in three search
regions, where no excess above the predicted background is observed. The most sensitive search
region mass distribution is shown in Fig. 2 (middle). This search excludes W  boson masses
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below 2.9 TeV (LH) and 3.0 TeV (RH). The CMS collaboration obtains complementary results
from a search with leptonically decaying top quarks 14 , excluding W  boson masses below 2.5
TeV (LH) and 3.4 TeV (RH).
3

Flavor-changing neutral currents

The vector-like T quark has ﬂavor-changing neutral current decays to tZ, tH, and in certain new
physics models the SM top quark may have similar decays. The top quark could decay to an
on-shell Z or Higgs boson and a lighter quark, but SM branching fractions for this process are
on the order of 10−15 . Most notably, a ﬂavor-violating two-Higgs doublet model could raise this
branching fraction by 12 orders of magnitude 15 , potentially rendering it observable at the LHC.
The ATLAS collaboration has searched for tt̄ → bW qH, with H → γγ and t → bW → bqq 
or bν 16 . Various combinations of three physics objects should yield the mass of the top quark:
γγ+jet, three jets, or ν+jet. In both the hadronic and leptonic ﬁnal states these top quark
candidates are reconstructed, and event categories are formed based on whether one or both
candidates’ masses lie within optimized windows. An unbinned ﬁt is performed in the γγ mass
spectrum, using parametric functions for the background and Higgs boson signal, as shown in
Fig. 2 (right). No evidence for H → γγ decays is found and upper limits on the branching
fractions for t → cH and t → uH are set at 2.2 × 10−3 and 2.4 × 10−3 , reaching the level of
sensitivity to two-Higgs doublet models.
4

Summary

Top quarks are now a common and useful intermediate particle in the decays of predicted massive
new physics particles. Precision measurements of top quark associated production and branching
fractions are another important search technique. In both of these pathways discovery potential
exists with the current LHC dataset, which will only grow in the next several years. So far no
excesses have been observed to point toward one of these new physics models. Researchers are
already reaching out to new possible signatures, advanced reconstruction methods, and novel
analysis techniques to deepen our sensitivity to new physics as luminosity increases come slowly
and steadily. Perhaps 140 fb−1 of collision data will reveal what 36 fb−1 have not.
References
1. ATLAS Collaboration, JINST 3, S08003 (2008).
2. CMS Collaboration, JINST 3, S08004 (2008).
3. J.A. Aguilar-Saavedra, R. Benbrik, S. Heinemeyer and M. Perez-Victoria, Phys. Rev. D
88, 094010 (2013).
4. CMS Collaboration, CMS-PAS-B2G-17-008 (2017), http://cds.cern.ch/record/2264686.
5. A.J. Larkoski, S. Marzani, G. Soyez, and J. Thaler, JHEP 1405, 146 (2014).
6. S.D. Ellis, C.K. Vermilion, and J.R. Walsh, Phys. Rev. D 81, 094023 (2010).
7. J. Thaler and K. Van Tilburg, JHEP 1103, 015 (2011)
8. CMS Collaboration, CMS-PAS-B2G-16-019 (2016), http://cds.cern.ch/record/2256747.
9. ATLAS Collaboration, arXiv:1803.09678 [hep-ex], submitted to JHEP.
10. CMS Collaboration, arXiv:1805.04758 [hep-ex], submitted to JHEP.
11. CMS Collaboration, Phys. Lett. B 778, 349 (2018).
12. ATLAS Collaboration, Phys. Lett. B 781, 327 (2018).
13. D.E. Soper and M. Spannowsky, Phys. Rev. D 87, 054012 (2013).
14. CMS Collaboration, Phys. Lett. B 777, 39 (2018).
15. J.A. Aguilar-Saavedra, Acta Phys. Polon. B 35, 2695 (2004).
16. ATLAS Collaboration, JHEP 10, 129 (2017).

40

3.
Heavy Flavour

41

42

LEPTON NONUNIVERSALITY ANOMALIES & IMPLICATIONSa
G.HILLER
Fakultät Physik, TU Dortmund, Otto-Hahn-Str.4, D-44221 Dortmund, Germany
We discuss avenues for diagnosing new physics hinted from lepton nonuniversality in rare
b-decays, and physics implications.

1

The situation

We are presently seeing ∼ 2.6σ hints of new physics (NP) in rare semileptonic b → sll transitions,
indicating lepton nonuniversality (LNU) between electrons and muons in each observable RK
and RK ∗ 1,2,3 4
2
 qmax
dq 2 dB/dq 2 (B̄ → H̄μμ)
q2min
, H = K, K ∗ , Xs , ...
RH =  q 2
(1)
max
2 dB/dq 2 (B̄ → H̄ee)
dq
q2
min

LHCb
RK
= 0.745+0.090
−0.074 ± 0.036 ,

LHCb = 0.69+0.11 ± 0.05
RK
∗
−0.07

(2)

2
2
= 1.1 GeV2 for RK ∗ and 1 GeV2 for RK , and qmax
= 6 GeV2 .
for the dilepton mass cuts qmin
In lepton-universal models including the SM holds RH = 1 up to tiny corrections of O(m2μ /m2b )
despite of the sizable hadronic uncertainties in the individual rates 1 . Electromagnetic corrections
5 6 are found to not exceed percent level 7 . R − 1 are clean null tests of the standard model
H
(SM). Previous measurements of RK,K ∗ by Belle and BaBar are consistent with one. We discuss
in section 2 which operators can be responsible for the deviation (2) from universality 8 9 . In
section 3 lepton-speciﬁc measurements are emphazised as a means to understand whether the
present LNU anomalies are due to physics beyond the standard model (BSM) in electrons, in
muons, or in both 10,11 , and CP violation is commented on. We discuss side eﬀects from ﬂavor 12
13 in section 4, which addresses correlations with other sectors, such as charm, or Kaon physics
14,15 , as well as lepton ﬂavor violation (LFV), and decays with τ ’s, or ν’s. Collider implications
and leptoquark signatures related to the b-decay anomalies are discussed in section 5 16,17,18 . We
comment on the status of RD,D∗ in section 6.

2

Model-independent analysis

√F Vtb V ∗
One employs an eﬀective low energy theory Heﬀ = −4 G
ts
2



i Ci (μ)Oi (μ)

at dimension six

¯ μ ] , O = [s̄γμ PR b] [γ
¯ μ ] ,
V,A operators O9 = [s̄γμ PL b] [γ
9
¯ μ γ5 ] , O = [s̄γμ PR b] [γ
¯ μ γ5 ] ,
O10 = [s̄γμ PL b] [γ
10

¯ ,
S,P operators OS = [s̄PR b] []
a

DO-TH 18/07
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¯ ,
OS = [s̄PL b] []

(3)
(4)
(5)

¯ 5 ] , O = [s̄PL b] [γ
¯ 5 ] ,
= [s̄PR b] [γ
P
μν
¯
¯ μν γ5 ] .
= [s̄σμν b] [σ ] , OT 5 = [s̄σμν b] [σ

OP
tensors OT

(6)
(7)

This set of semileptonic operators is complete. To discuss LNU one needs to add lepton speciﬁc
indices Ci Oi → Ci Oi ,  = e, μ, τ . In the SM, only O9 , O10 receive non-negligible and universal
SM  4.1, all other operators are BSM-induced.
contributions, C9SM  −C10
To interpret LNU data (2) it is useful to employ the approximation where BSM physics
enters the branching ratios linearly, schematically, with amplitude A = ASM + ANP ,
∗

B = |A|2 = |ASM |2 + 2 Re(ASM ANP ) + |ANP |2 ,
|C NP |

(8)

|C SM |.

that is, assuming
The complementarity between RK and RK ∗ becomes manifest
9 . In fact, it suﬃces to measure two diﬀerent (by spin parity of the ﬁnal hadron) R
H ratios.
Then, all others serve as consistency checks, because the Wilson coeﬃcients C and C  enter
decay amplitudes in speciﬁc combinations dictated by parity and Lorentz invariance
C + C :
C −C



:

∗
K, K⊥
,...

∗
K0 (1430), K0,
,...

∗
K⊥

(9)
q2

amplitude is subleading at both high and low
windows. Here, C and
In addition, the
C  refer to V-A and V+A quark currents, respectively, and 0, , ⊥ refers to longitudinal and
transverse parallel and perpendicular transversity, respectively. It follows that9
RK  Rη  RK1 (1270,1400) ,

RK ∗  RΦ  RK0 (1430) ,

(10)

C

and all RH are equal if all
vanish.
Which operators are responsible for the deviation (2) from universality in RK , RK ∗ ? 19
NPμ
Re[C9NPμ − C10
− (μ → e)] ∼ −1.1 ± 0.3,

μ
Re[C9μ − C10
− (μ → e)] ∼ 0.1 ± 0.4 .
NPμ
Re[C10

(11)

μ <
C10
]∼

The constraint from the Bs → μμ branching ratio 0
−
0.9 can be simultaneously satisﬁed. The measurement of RK and RK ∗ identiﬁes the V-A-type operators as the
dominant source behind the anomalies. Within leptoquark explanations, this singles out three
kinds that can account for (2) at tree level: the scalar triplet leptoquark S3 , the vector triplet V3
and the vector singlet V1 , whereas the scalar doublet S̃2 is disfavored as it induces V+A Wilson
coeﬃcients. Furthermore, LHCb data allows one to predict 19 RXs  0.73 ± 0.07, the LNU ratio
for inclusive B → Xs  decays, which can be probed at Belle II.
<
∼

3

Which BSM in electrons, in muons, or in both?

The observation of RH < 1 suggests too few muons, or too many electrons, or a combination
thereof. To disentangle this lepton speciﬁc measurements are required. Presently much more
data is available on b-decays to muons than on decays to electrons. Global b → s ﬁts to Wilson
coeﬃcients from B → (K, K ∗ )μμ, Bs → μμ precision studies are presently hinting at NP, too,
and can point into the same direction as RK,K ∗ . Therefore, BSM eﬀects in electrons are presently
not necessary to account for the data. Analogous studies in B → Hee are, however, are required
for consolidation of this possibility. Early data are already available from Belle 20 .
Two main types of explicit BSM models can naturally address LNU at the required level
of ∼ 15% on the SM amplitude: U (1) extensions with gauged lepton ﬂavor (Z  -models) 21 and
leptoquarks 8 18 , that can be charged under a ﬂavor symmetry and couple non-universally 13 .
Inspection of (8) shows that close to maximal BSM-CP violation switches oﬀ SM-NP interference. Together with RH < 1 this requires large NP couplings to electrons as muons would
enhance RH . Such large CP phases in the b → see transition can be searched for with the
angular distribution in B → K ∗ ee, e.g. J7,8,9 9 . An explanation of RK is also possible at 2σ
with (pseudo)-scalar operators, a scenario that can be cross checked with the B → Kee angular
distribution 6 8 .
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4

Side eﬀects from ﬂavor

From a ﬂavor perspective, LNU generically implies LFV12 . This is obvious for leptoquarks (LQs),
which couple with matrix structure λq to quarks q and leptons  of three generations each
⎛

⎞

λ q 1 e λ q 1 μ λ q1 τ
⎟
λ q 2 μ λ q2 τ ⎠ ,
λ q 3 e λ q 3 μ λ q3 τ

⎜
λq = ⎝ λq2 e

(12)

and rows=quarks, columns=leptons. Mixing of quark and lepton ﬂavor in one coupling is very
diﬀerent from the SM-Yukawas. The upper left sub-matrix in red indicates the couplings relevant
for Kaon and charm physics. Explaining RK,K ∗ requires 19
λbμ λ∗sμ − λbe λ∗se
1.1

,
M2
(35 TeV)2

(13)

where M denotes the LQ mass. In matrix form, where entries with an  ∗ do not matter,
⎛

∗

⎜
⎝ λq2e

∗

λq2μ
λq3e λq3μ

⎞

⎛

⎞

∗
∗
∗
∗
⎟
⎜
⎟
∗ ⎠ + Occam’s razor (b → s ﬁt) : ⎝ ∗ λq2μ ∗ ⎠ .
∗
∗ λq3μ ∗

(14)

The latter pattern assumes muon couplings only which is consistent with the global b → s ﬁt.
Viable patterns from ﬂavor models simultaneously explain quark and lepton masses, and CKM
< 0.2, give
and PMNS mixing 13 22 . For instance, models based on U (1)F N × A4 , with , δ, c , cν ∼
⎛

⎞ ⎛

⎞ ⎛

ρd κe ρd ρd κτ
0 c 4 0
cν κ 2
⎟ ⎜
⎟ ⎜
ρ ρκτ ⎠ , ⎝ 0 c 2 0 ⎠ , ⎝
cν κ
κe
1
κτ
0 c 0
c δ + cν κ

⎜
⎝ ρκe

2

c 4 + cν κ 2
cν κ 2
c 2 + cν κ
cν κ
c
c δ + cν κ

⎞
2

⎟
⎠.

(15)

LFV and oﬀ-diagonal couplings appear generically, as well as electron couplings, or taus. Phenomenological constraints apply 13 22 . LQs which are SU (2)L triplets couple doublets to doublets,
implying BSM eﬀects in b → sνν 8 and b → cν 22 , see section 6. Predictions for charm decays
are given in Table 1 23 . They depend on the ﬂavor pattern. Here, i): hierarchy, ii) muons only
iii) skewed, 1) no kaon bounds 2) kaon bounds apply for SU (2)L -doublet quarks q2 = (c, s).
Table 1: Branching fractions for the full q 2 -region (high q 2 -region) for diﬀerent classes of leptoquark couplings. Summation
of neutrino ﬂavors is understood. ”SM-like” denotes a branching ratio which is dominated by resonances or is of similar
size as the resonance-induced one. All c → ue+ e− branching ratios are ”SM-like” in the models considered. See text.
pattern
B(D+ → π + μμ)
B(D0 → μμ) B(D+ → π + eμ) B(D0 → μe) B(D+ → π + ν ν̄)

i)
ii.1)
ii.2)
iii.1)
iii.2)

5

<
∼

SM-like
7 · 10−8 (2 · 10−8 )
SM-like
SM-like
SM-like

2 · 10−13
0
0
−6
<
∼ 2 · 10
−15
<
∼ 8 · 10
<
∼

SM-like
−9
<
∼ 3 · 10
< 4 · 10−13
∼

SM-like
SM-like

7 · 10−15
0
0
−8
<
∼ 4 · 10
−16
<
∼ 2 · 10
<
∼

−13
<
∼ 3 · 10
< 8 · 10−8
∼
−12
<
∼ 4 · 10
< 2 · 10−6
∼
−15
<
∼ 9 · 10

Collider implications – leptoquarks!

Producing LQs at the LHC happens through pair production with cross section σ(pp → φ+ φ− ) ∝
αs2 , recently, e.g. 24 25 26 . Single LQ production in association with a lepton σ(pp → φ) ∝ |λq |2 αs
depends on ﬂavor, and is lesser phase space limited than pair production. Links with b-anomalies
and ﬂavor are manifest via (13)-(15). While b-studies are in principle able to determine the
columns, the lepton ﬂavor structure of λq , theory input is presently required to go on and break
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Figure 1 – Red bands: RK,K ∗ with ﬂavor (16). Plot to the left shows λb vs M . Green vertical band gives ﬂavor
<
model prediciton λb ∼ c which points to M ∼
7 − 8 TeV. Other plots: Single LQ production cross section for
√
s = 13 TeV and 33 TeV. Magenta, yellow, blue line corresponds to λdμ = 1, λsμ = 1, λbμ = 1, respectively.
Black dashed line: no-loss reach with 3 ab−1 . Green curve: pair production (LO Madgraph). Figures from 26 .

the ambiguity in the product λb λ∗s . Quark hierarchies mb  ms  md , when addressed with a
ﬂavor symmetry, imply hierarchies for LQs λs ∼ (ms /mb ) λb . It follows that third generation
quark couplings dominate. Together with (13) one obtains the range from RK,K ∗ data for λb ,
< λ
M/11.6 TeV ∼
b

<
∼

M/3.9 TeV .

(16)

In ﬁgure 1 the single and pair production cross section for the scalar triplet S3 is shown for
√
s = 13 TeV and 33 TeV. One ﬁnds that beauty production wins – bg-fusion over dg- and sgfusion– also at hadronic level despite its PDF suppression if λq follow quark mass hierarchies.
Inverted hierarchies λs > λb would be surprising from a symmetry-based ﬂavor perspective
and suggest means beyond. Looking for pp → () q is therefore very important, yet the vanilla
theory channel is b() , or in pair production, bb() , ,  = e, μ, also LFV  =  , and tν() .
6

LNU in charged currents

We brieﬂy comment on the status of LNU in b → cν decays. Input is compiled in table 2 22 .
RD(∗) =

B(B → D(∗) τ ντ )
,
B(B → D(∗) ν )

SM
R̂D(∗) ≡ RD(∗) /RD
(∗) ,

(17)

where in the denominator of RD(∗)  = μ at LHCb and  = e, μ at Belle and BaBar.
exp
R̂D
= 1.35 ± 0.17 ,
exp
R̂D

= (1.35 ± 0.17)/(1 + x) ,

exp
R̂D
∗ = 1.23 ± 0.07 ,
exp
R̂D
∗ = 1.18 ± 0.07 ,

(2016)

(18)

(NEW)

(19)

exp
= 1.30 ± 0.16 and
and x = 3.6% (D0 ) and x = 5.5% (D+ ) from QED corrections 35 , hence R̂D
b
37
38
for other recent SM predictions of RD∗ .
1.28 ± 0.16, respectively . See, e.g.,
In some scenarios, such as LQs S3 , V3 and V1 BSM eﬀects in RK,K ∗ imply BSM eﬀects in
RD,D∗ , however, due to the large SM contribution in the tree level decays, at a reduced level.
Flavor models predict eﬀects up to few percent and around 10 percent in RD∗ and RD 22 ,
respectively, below the present 1 σ ranges, (18)-(19).

7

Summary

Current data on RK , RK ∗ , RD , RD∗ in semileptonic B-meson decays hint at violation of leptonuniversality, and therefore the breakdown of the SM. The April 2017 release of RK ∗ by LHCb has
b
There are two caveats on the QED eﬀects: The dependence on experimental cuts and that the radiative
corrections are not for electrons.
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(∗)

Table 2: Experimental results and SM predictions for RD , ’NEW’ labels updates since 2016. See text.
weighted average; we added statistical and systematical uncertainties in quadrature.

BaBar
Belle
Belle
Belle
LHCb
LHCb NEW
average NEW†
SM
SM NEW

28
29
30
27
31
34

RD
0.440 ± 0.058 ± 0.042
0.375 ± 0.064 ± 0.026
0.406 ± 0.050
0.300 ± 0.008 33
(0.300 ± 0.008)(1 + %) 35

†

Error

RD ∗
0.332 ± 0.024 ± 0.018
0.293 ± 0.038 ± 0.015
0.302 ± 0.030 ± 0.011
0.270 ± 0.035+0.028
−0.025
0.336 ± 0.027 ± 0.030
0.286 ± 0.019 ± 0.025 ± 0.021
0.307 ± 0.015
0.252 ± 0.003 32
0.260 ± 0.008 36

strengthened the previous hints and allowed to pin down the Dirac structure of the underlying
physics to be predominantly of V-A-type. Future data – LNU updates and other observables
RΦ , RXs ..., B → K (∗) ee – from LHCb and in the nearer future from Belle II are eagerly awaited.
What makes these LNU-anomalies – iﬀ true – so important? They are theoretically clean
and intimately linked to ﬂavor: they can give new insights towards the origin of ﬂavor and
structure by probing models of ﬂavor. Correspondingly, one should look for imprints in other
sectors: D, K physics, LFV, including μ − e conversion and lepton decays.
In addition, new BSM model buildung has been triggered that deserves attention in direct
searches at ATLAS and CMS and future colliders. Leptoquarks are ﬂavorful and can be in reach
of the LHC, where they can provide complementary information to rare decays, on the couplings
λs , λb and masses M separately vs their product (13). Model-independent upper limits on M
are at the few O(10) TeV level, 40, 45 and 20 TeV for S3 , V1 and V3 , respectively 19 . The bulk
of the parameter space lies outside of the LHC 25 26 .
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Recent results on heavy quark production at HERA
O. Zenaiev
on behalf of the H1 and ZEUS collaborations
DESY, Notkestr. 85,
Hamburg 22607, Germany
Measurements of open charm and beauty production cross sections in deep inelastic ep scattering at HERA from the H1 and ZEUS Collaborations are combined and reduced cross sections
are obtained. The combination method accounts for the correlations of the statistical and
systematic uncertainties among the diﬀerent datasets. Perturbative QCD calculations are
compared to the combined data. A next-to-leading order QCD analysis is performed using
these data together with the combined inclusive deep inelastic scattering cross sections from
HERA. The running charm- and beauty-quark masses are determined.

1

Introduction

Measurements of open charm and beauty production in deep inelastic electron–proton scattering
(DIS) at HERA provide important input for stringent tests of QCD. This analysis 1 is an extension of the previous H1 and ZEUS combination 2 of charm measurements in DIS 3,4,5,6,7,8,9,10
cc̄ , and beauty, σ bb̄ ,
with new charm and beauty data 11,12,13,14,15,3 . The reduced charm, σred
red
cross sections are combined to create one consistent set of charm and beauty cross sections in
the kinematic range of photon virtuality 2.5 ≤ Q2 ≤ 2000 GeV2 and Bjorken scaling variable
3 × 10−5 ≤ xBj ≤ 5 × 10−2 . The data are compared to theoretical predictions obtained in
the ﬁxed-ﬂavour-number scheme (FFNS) at next-to-leading order (NLO) QCD and approximate next-to-next-to-leading order (NNLO) using diﬀerent proton parton distribution functions
(PDFs) and used together with the inclusive DIS cross sections from HERA 16 to extract the
charm- and beauty-quark masses. The data are also compared to theoretical predictions obtained using the variable-ﬂavour-number scheme (VFNS).
2

Input data and combination method

The input data samples 3,4,5,6,7,8,9,10,11,12,13,14,15 used in the combination are listed in Tab. 1.
The quantities to be combined are the reduced charm and beauty cross sections, deﬁned as:
QQ̄
=
σred

xBj Q4
d2 σ QQ̄
·
.
dxBj dQ2 2πα2 (1 + (1 − y)2 )

Here QQ̄ stands for cc̄ or bb̄ quark-antiquark pairs, and y is the inelasticity. The combined
cross sections are determined at common (xBj , Q2 ) points from the visible cross sections, σvis,bin ,
deﬁned as the D-, μ-, e- or jet-production cross sections in a particular kinematic range, using
theoretical predictions obtained with HVQDIS, which allows fully diﬀerential cross sections to
be calculated 17 . The NLO calculations performed with the HVQDIS program are extended
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with fragmentation models to provide hadron level cross sections as described elsewhere 2,18 .
The updated fragmentation fractions of c quarks into speciﬁc charmed hadrons are used 19 and
the branching fractions of semi-leptonic decays of heavy-quarks to a muon or electron are taken
from the PDG 20 .
Table 1: Data sets used in the combination. For each data set the Q2 range, integrated luminosity (L), centre√
of-mass energy ( s) and the numbers of charm (Nc ) and beauty (Nb ) measurements are given.

Tagging Q2 range [GeV2 ] L [pb−1 ]

Data set

s [GeV] Nc Nb

1 H1 VTX 3

VTX

5 –

2000

245

2 H1 D∗+ HERA-I 4

D∗+

2 –

100

47

318 17

D∗+

318 29 12

D∗+

5 –

100

348

318 25

4 H1 D∗+ HERA-II (high Q2 ) 6

D∗+

100 –

1000

351

318

5 ZEUS D∗+ 96-97 7

D∗+

1 –

200

37

300 21

6 ZEUS D∗+ 98-00 8

D∗+

1.5 –

1000

82

318 31

3 H1

7 ZEUS

HERA-II (medium

D0

2005 9

Q2 ) 5

D0

5 –

1000

134

318

9

10000

126

318

8

D+

5 –

1000

354

318 14

D∗+

5 –

1000

363

318 31

VTX

5 –

1000

354

318 18 17

e

10 –

1000

363

318

9

μ

2 –

3000

114

318

11

μ

9 ZEUS D+ HERA-II 11
10 ZEUS D∗+ HERA-II 12
HERA-II 13

12 ZEUS e HERA-II 14
13 ZEUS μ + jet

HERA-I 15

6

20 –

8 ZEUS μ 2005 10

11 ZEUS VTX

3

√

8

Combined data and QCD analysis

In total, 209 charm and 57 beauty data points are combined simultaneously to 52 reduced charm
and 27 beauty cross-section measurements, respectively. A total χ2 of 149 for 187 degrees of freedom (dof) is obtained in the combination indicating consistency of input data and conservative
estimates of the uncertainties. The individual datasets as well as the results of the combination
are shown in Fig. 1.
The combined beauty and charm data are included in a QCD analysis at NLO, performed
using xFitter 21 , together with the combined HERA inclusive DIS data 16 . The theoretical
FFNS predictions for the HERA data are obtained using the OPENQCDRAD programme 22
interfaced in the xFitter framework. The number of active ﬂavours is set to nf = 3 at all scales.
The heavy-quark masses
 are left free in the ﬁt. For the heavy-ﬂavour contributions the scales
are set to μr = μf = Q2 + 4m2Q . For the light-ﬂavour contributions to the inclusive DIS cross
sections, the pQCD scales are set to μr = μf = Q. The massless contribution to the longitudinal
n =3
structure function FL is calculated to O(αs ). The strong coupling is set to αs f (MZ ) = 0.106,
nf =5
corresponding to αs
(MZ ) = 0.118. The Q2 range of the inclusive HERA data is restricted to
Q2 > Q2min = 3.5 GeV2 . The χ2 deﬁnition and PDF parameterisation follow the HERAPDF2.0
analysis 16 . The PDF uncertainties are estimated as in the general approach of HERAPDF2.0 16
in which the experimental, model, and parametrisation uncertainties are taken into account.
The results for the ﬁtted heavy-quark masses extracted are:
+0.062
+0.003
mc (mc ) = 1.290+0.046
−0.041 (exp/ﬁt)−0.014 (model)−0.031 (parameterisation) GeV,
+0.090
+0.001
mb (mb ) = 4.049+0.104
−0.109 (exp/ﬁt)−0.032 (model)−0.031 (parameterisation) GeV.
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Figure 1 – Combined reduced charm (left) and beauty (right) cross sections (full circles) as a function of xBj for
diﬀerent values of Q2 . The inner error bars indicate the uncorrelated part of the uncertainties and the outer error
bars represent the total uncertainties. The input measurements are also shown by the diﬀerent markers. For
presentation purposes each individual measurement is shifted in xBj .

The model uncertainties are dominated by theoretical uncertainties arising from the scale variations. The ﬁt yields χ2 /dof = 1435/1208. The resulting ﬁt is termed HERAPDF-HQMASS.
The resulting theoretical predictions for the charm data are shown in Fig. 2 (left). The
FFNS calculations reasonably describe the charm data, although in the kinematic range where
the data are very precise the data show a xBj dependence somewhat steeper than predicted by
the calculations. This trend is present for the diﬀerent PDF sets and QCD orders considered 1 .
Predictions obtained using the VFNS were also compared to the data; overall, the description
is not improved with respect to the FFNS reference calculations 1 . In Fig. 2 (right), the ratio of
the measured reduced cross sections to the theoretical predictions is shown as a function of x
instead of xBj , where x is the geometric mean of the folding variable x calculated at NLO with
HVQDIS. A deviation from the reference calculation is evident, showing a steeper slope in x
in the range 0.0005  x  0.01, consistent with being independent of Q2 . Due to the larger
experimental uncertainties, no conclusion can be drawn for the beauty data.
Since the measured reduced charm cross sections show a stronger xBj dependence than
obtained in the combined QCD ﬁt of charm and inclusive data, in which the PDFs are dominated
by the ﬁt of the inclusive data, a study in which inclusive data with xBj < 0.01 are excluded
from the ﬁt is carried out. A better description of the charm data can be achieved this way,
however, the resulting PDFs fail to describe the inclusive data in the excluded xBj region 1 .
4

Summary

Measurements of beauty and charm production cross sections in deep inelastic ep scattering by
the H1 and ZEUS experiments were combined at the level of reduced cross sections, accounting
for their statistical and systematic correlations. The beauty cross sections have been combined
for the ﬁrst time. The data sets were found to be consistent and the combined data have
signiﬁcantly reduced uncertainties. The combined data were compared to perturbative QCD
predictions, which are found to describe the data reasonably well. The next-to-leading-order
calculations in the ﬁxed-ﬂavour-number scheme provide the best description of the heavy-ﬂavour
data. The running charm and beauty masses were extracted in the QCD analysis using the
inclusive and new combined charm and beauty HERA data.
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Figure 2 – (left) Combined reduced charm cross sections (full circles) as a function of xBj for given values
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I. Bierenbaum, J. Blümlein, S. Klein, Phys. Lett. B672, 401 (2009) [arXiv:0901.0669];
S. Alekhin, OPENQCDRAD-1.5, http://www-zeuthen.desy.de/~alekhin/OPENQCDRAD
(version 2.1).

52

Recent Heavy Flavor Results from the Tevatron
Robert J. Hirosky
for the CDF and D0 Collaborations
University of Virginia, Department of Physics
382 McCormick Rd Charlottesville, VA USA

This contribution to the 2018 Proceedings of the Rencontres de Moriond QCD Session summarizes a search by the CDF Collaboration for the exotic X ± (5568) and studies of the X ± (5568)
by the D0 Collaboration. The X ± (5568) is assumed to decay to the Bs0 π ± ﬁnal state. The CDF
analysis considers the Bs0 π ± invariant mass distribution with Bs0 → J/ψφ and φ → K + K − . A
recent analysis by D0 examines the additional decay channel Bs0 → μ∓ Ds± + any, Ds± → φπ ± .
Observations in both channels are compared for the D0 data. The CDF analysis does not
provide additional evidence for the X ± (5568) state. Details of the analyses are discussed.

1

Introduction

The existence of exotic mesons containing more than one quark-antiquark pair has long been
considered possible within the quark model 1,2 . Compared to light-ﬂavored states, those containing heavy quarks can be more recognizable due to the distinctive decay structure of heavy
quark hadrons. In fact the unexpected discovery of the exotic X(3872) state by the Belle experiment 3 utilized the channel B ± → K ± X, X → π + π − J/ψ. While this state has been conﬁrmed
in numerous experiments, other reported four-quark candidate states have not been able to be
conﬁrmed by all experiments. A recent overview of the status of experimental evidence for
nonstandard heavy mesons and baryons is available in the references 4 .
Many studies of heavy hadrons and exotic states have been reported by the CDF and D0
Experiments using data collected at the Fermilab Tevatron in pp̄ collisions at center-of-mass en√
ergy s = 1.96 TeV. In 2016 the D0 Experiment reported 5 evidence for a new state X ± (5568)
decaying to Bs0 π ± , which could be interpreted as a tightly bound diquark-antidiquark pair (eg.
[bu][ds], [bd][su], [su][bd], or [sd][bu]). A loosely bound molecular state of B and K mesons may
also be considered, but is less favored because of the large mass diﬀerence mB + mK − mX(5568) .
This analysis considered the fully hadronic decay X → Bs0 π ± , Bs0 → J/ψφ, and φ → K + K − , as
illustrated in Fig. 1a. Results from the D0 analysis are summarized in Fig. 2. The background
model includes two components, a combinatorial background which is modeled using sidebands
from data (Fig. 2a) and one including genuine Bs0 mesons with a random combination of low
momentum charged particles from the primary interaction vertex. The latter is modeled using
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Figure 1 – Illustrations of the decay X → Bs0 π ± , for (a) the fully hadronic ﬁnal state considered on both CDF and
D0 analyses, Bs0 → J/ψφ and (b) the semileptonic ﬁnal state considered by D0, Bs0 → μ∓ Ds± + any, Ds± → φπ ± .
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Figure 2 – Summary of D0 analysis of X ± (5568) in the hadronc decay channel. The (a) invariant mass of J/ψφ
candidates for selected events. The shaded regions show the Bs0 signal and sideband regions. The distribution of
m(Bs0 π ± ) in data shown with the background distribution for (b) all selected events and (c) after application of
a ΔR < 0.3 requirement on the trajectories of the Bs0 and π ± .

Monte Carlo (MC) simulation, tuned to match the Bs0 transverse momentum distribution observed in data. The analysis is performed with and without a topological
 (cone) cut based on the
angular distance between the trajectories of the Bs0 and π ± , ΔR = Δη 2 + Δφ2 < 0.3. Including systematic uncertainties and the look-elsewhere eﬀect 6 , the X ± (5568) state was reported
+5.0
with a signiﬁcance of 5.1σ and mass (width) of 5567.8 ± 2.9+0.9
−1.9 (21.9 ± 6.4−2.5 ) MeV/c. Subsequent analyses by LHCb 7 , CMS 8 , and ATLAS 9 Collaborations in proton-proton interactions at
√
s = 7 and 8 TeV do not report evidence for the X ± (5568). Similarly, the CDF collaboration
also recently reported 10 no evidence X ± (5568) using Tevatron data, although with diﬀerent
kinematic coverage than that of Ref. 5 . This result is described below, followed by a summary
of the new D0 analysis utilizing an alternative decay channel.

2

Search for X ± (5568) at CDF

The CDF analysis selects candidate events as follows. A BS0 sample is constructed by combining
Jψ → μμ candidates with φ → KK candidates. A four-track constrained ﬁt requires that the
dimuon system is comparable with the J/ψ mass and that the Jψφ mass is compatible with
that of the Bs0 . The decay time of the BS0 must be inconsistent with prompt production and
a momentum cut of pT (Bs0 ) > 10 GeV/c is applied. The Bs0 candidates are combined with
prompt π ± candidates and m(Bs0 π ± ) is calculated as m(J/ψφπ ± ) − m(J/ψφ) + mPDG (Bs0 ),
where mPDG (Bs0 ) is the world average reported by the PDG 11 . Figure 3a shows the expected
signal shape for the decay of X ± (5568) with pT (Bs0 ) > 10 GeV/c. The acceptance and reconstruction eﬃciency for the X ± (5568) relative to that of Bs0 is reported to be 0.445 ± 0.27 ± 0.018.
Backgrounds are modeled using sidebands in the m(Bs0 π ± ) invariant mass distribution, omitting a range ±ΓX(5568) around 5568 MeV. The background is parameterized with a polynomial
function as shown in Fig. 3b. A functional form for signal is added for ﬁtting to data. Fit results
using both a ﬂoating signal amplitude and background-only ﬁt hypothesis are shown in Fig. 3c.
The fraction of Bs0 events due to the presence of X ± (5568) is found to be 2.3 ± 1.9%, consistent
with no presence of signal.
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Figure 3 – The (a) expected signal shape for the decay of X ± (5568) with pT (Bs0 ) > 10 GeV/c from CDF simulation. Background (b) parametrization via polynomial function and combination with functional form for signal
hypothesis. Fits (c) to the data using a ﬂoating signal amplitude and background-only ﬁt hypotheses.

3

D0 study of X ± (5568) with semileptonic decays of the Bs0 meson

D0 also studies the X ± (5568) using an alternate decay channel, utilizing the semileptonic (SL)
decay of the Bs0 meson, Bs0 → μ∓ Ds± + any, Ds± → φπ ± , where “any” includes the undetected
neutrino and possibly a photon or additional hadron(s) produced in the decay. Charge conjugate
states are assumed. Compared to the hadronic channel, the SL decay channel has a higher
branching fraction, but the resolution is degraded by the presence of the unmeasured neutrino.
This eﬀect is reduced by requiring the μ+ Ds− system to have a large invariant mass. The
backgrounds in the SL channel are independent of those in the hadronic channel. The data
were collected using a combination of single and dimuon triggers. The Ds− candidates are
reconstructed by selecting two opposite sign tracks having an invariant mass consistent with a φ
meson. These are then combined with a third track, assumed to be a pion, which is required to
have opposite charge to the muon. The mass of the three tracks is then required to be consistent
with a Ds− meson and must form a vertex that is inconsistent with prompt production. To
reconstruct the Bs0 the trajectories of the Ds− and muon are required to match to a common
interaction vertex. Finally, a track representing the pion having 0.5 < pT < 25 GeV/c and
forming a common vertex with the Bs0 is combined to form Bs0 π ± candidates. A comparable
number of selected BS0 candidates are found in the two channels and the semileptonic decay
channel enables an independent study of the X ± (5568) state. This analysis is described in
detail in Ref. 12 .
An MC sample for X ± (5568) signal is processed through the D0 detector simulation. The
resulting m(Bs0 π ± ) distribution is shown in Fig. 4a after selection requirements. Again, two
distinct sources of background are considered: (1) reconstructing a X ± (5568) candidate from the
combination of a random charged track with a real μ+ and Ds− (2) a combinatorial background
where an X ± (5568) candidate is reconstructed from a spurious Ds− candidate. The ﬁrst is
modeled using MC samples, the second is modeled using data where the charge of the muon is
reversed. The same parameters for mX and ΓX are used in the ﬁts shown in Fig. 4a for the
hadronic and SL samples. For the semileptonic channel alone the ﬁt results are shown in Table 1.
The mass and width of the X ± (5568) for the SL and hadronic channels are consistent within
the uncertainties and the observed yields are consistent with coming from a common particle.
Combining both channels, the signiﬁcance of the observed signal is found to be 6.7σ (4.7σ) with
(without) applying the cone cut and accounting for the LEE and systematic uncertainty.
4

Discussion

The D0 hadronic channel analysis measured a yield ρ of (8.6 ± 1.9 ± 1.4)% for the new X ± (5568)
state relative to the Bs0 meson in the kinematic region of the analysis. By comparison CDF
sets a limit ρ < 6.7% at 95% CL. It is interesting to explore possible diﬀerences in the kinematic regions explored in the two analyses. The most signiﬁcant of these are: (1) muon ﬁducial cuts, |η μ | < 1.0(2.0) for CDF (D0); (2) system boost, pT (Bs0 ) > 10 GeV for CDF, while
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Figure 4 – The (a) invariant mass distribution m(Bs0 π ± ) from MC simulation, where Bs0 → μ + Ds + any. The
background results from the combination of a random charged track with the Bs0 meson. A comparison (b) of the
m(Bs0 π ± ) distribution in data for the hadronic and semileptonic data with the combined ﬁt to both distributions
(no cone cut applied). Fits to the background distribution and for signal plus background are shown.
Table 1: Fit results for D0 semileptonic data.

mX , MeV/c2
ΓX , MeV/c2
Local signiﬁcance

Cone Cut

No Cone Cut

+1.5
5566.4+3.4
−2.8 (stat)−0.6 (syst)
+9.5
+2.8
2.0−2.0 (stat)−2.0 (syst)
4.3 σ

+1.0
5566.7+3.6
−3.4 (stat)−1.0 (syst)
+9.5
5566.7−6.0 (stat)+1.9
−4.6 (syst)
4.5 σ

pT (Bs0 π ± ) > 10 GeV for D0; (3) pT (π ± ) > 400(500) MeV for CDF (D0), (4) analysis performed
with multiple topological cuts on the Bs0 π ± system by D0. Considering these variations, indications are found that the X ± (5568) state is preferentially observed in events with one or more
forward muons in the D0 data, compared to two central muons (The reader is referred to the
conference presentation for additional information.). The D0 signal does not appear to be significantly aﬀected by variations in the system boost. The Bs0 π ± mass spectrum depends strongly
on pT (π ± ). This aﬀects the background and multiplicity of X ± (5568) candidates due to random
track combinations. The D0 track reconstruction only provided tracks down to 500 MeV, therefore the eﬀect of lower pion pT cuts, cannot be tested by both experiments. Finally, the eﬀect
of the topological (cone) cut has been extensively studied by D0 and found not to introduce a
spurious signal or to signiﬁcantly modify the observation in the D0 data. While the CDF data
show no evidence for the X ± (5568) state, this result is only in tension with the D0 measurement
at the level of approximately two standard deviations. Because the two experiments employ
diﬀerent selection requirements, a more detailed study of their compatibility requires additional
control for variations in the kinematics of the event samples studied.
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Heavy Flavour Production and Properties at CMS and ATLAS
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Measurements of heavy ﬂavour properties and production are an important part of the physics
program of the ATLAS and CMS experiments at LHC. They can potentially expose physics
beyond the standard model, constrain supersymmetry and advance hadron spectroscopy and
test QCD. In the past years, the two collaborations have published results in several diﬀerent
ﬁelds, such as rare decays, searches for new states, CP and P violation and quarkonia polarisation. In this note, some of the most recent results from ATLAS and CMS are summarised.

Copyright 2018 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
1

Introduction

ATLAS 1 and CMS 2 are general purpose detectors that measure heavy ﬂavour properties using
their inner dectectors, muon spectrometers and electromagnetic calorimeters. Measuring the
properties of heavy ﬂavour particles has been part of the B physics program of the ATLAS and
CMS experiments since the start of the proton-proton collisions at LHC in 2010. This note
√
presents an overview of recent results obtained using data collected at s = 7 TeV during 2011,
√
√
s = 8 TeV during 2012 and s = 13 TeV during 2015. Some measurements may constrain
new physics scenarios such as supersymmetry or advance b and c hadron spectroscopy and test
QCD. The results in CP violation can access physics beyond the standard model.
Most heavy ﬂavour physics events at ATLAS and CMS are selected using single and di-muon
triggers. Di-muon triggers select opposite charged muons that exceed a momentum threshold.
A vertex quality cut is applied and in some cases a decay length cut. The cuts are adjusted in
triggers dedicated to the various analyses under consideration. A representation of the currently
collected Run 2 data sets can be seen in Figure 1.
This note contains a small selection of results from a number of analyses, more details can
be found in the original references provided.
2

Search for a Structure in the Bs0 π ± Invariant Mass Spectrum

ATLAS and CMS performed an analysis searching for the X(5568) particle for which D∅ published evidence of in the Bs π ± spectrum via the Bs0 → J/ψφ, J/ψ → μ+ μ− , φ → K + K − decays 3 .
D∅ also published evidence of the resonance in the semi-leptonic decay X ± (5568) → Bs0 π ± , where
Bs0 → μ∓ Ds± X, Ds± → φπ ± 4 . These peaks are visible in Figure 2. ATLAS 5 and CMS 6 have
performed searches for the state in their datasets but ﬁnd no evidence of the state. Consequently,
they set limits on the ratio, ρX , of the cross-section of X(5568) to the cross-section of the Bs
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Figure 1 – Di-muon mass spectra showing the collected data under ATLAS (left) and CMS (right) with various
trigger conﬁgurations1,2

meson. The ATLAS values are:
ρX < 1.5% at 95% CL for pT (Bs0 ) > 10GeV
ρX < 1.6% at 95% CL for pT (Bs0 ) > 15GeV
The CMS values are:
ρX < 1.1% at 95% CL for pT (Bs0 ) > 10GeV
ρX < 1.0% at 95% CL for pT (Bs0 ) > 15GeV
3

B 0 → K ∗0 μ+ μ− Angular Analysis

The B 0 → K ∗0 (→ K + π − )μ+ μ− decay proceeds through ﬂavour-changing neutral current exchange. The process can be fully described by the three angles (θl , θk , φ) and the di-muon
invariant mass squared, q 2 . New physics entering the loop can be detected by analysing the angular distributions of the decay. The angular parameters P and P  observables are less sensitive
to theoretical uncertainties at leading order. ATLAS and CMS measured the distributions of
the P1 and Pi angular parameters using ≈ 20/fb of 8 TeV pp data taken in 2012.
The ﬂavour of the B 0 is diﬃcult to determine with high purity, since neither experiment
has good particle identiﬁcation for hadrons. The ATLAS 7 sample is estimated to have a mistag
fraction of ≈ 10% as determined from Monte Carlo samples. CMS 8 estimates a mistag fraction
of ≈ 14% determined from a data ﬁt. The ATLAS dataset contains 340 events and is ﬁt into
three bins. CMS ﬁts 1400 events into seven bins. Both experiments fold the signal PDF using its
symmetries to reduce the number of free parameters and improve the ﬁt convergence. ATLAS
extracts P1 and Pi (i = 4, 5, 6, 8) parameters. The S-wave component (non-resonant Kπ) is
neglected and included as a systematic. CMS extracts P1 and P5 but includes the S-wave
component. A plot from CMS comparing their results to models and other experiments can be
seen in ﬁgure 3. More distributions can be found in the original papers 7,8 .
4

Measurement of b hadron lifetimes in pp collisions at

√

s = 8 TeV

CMS measured the lifetimes of the B 0 , Bs0 , Λ0b and Bc+ hadrons using the decays channels B 0 →
J/ψK ∗0 (892), B 0 → J/ψKs0 , Bs0 → J/ψπ + π − , Bs0 → J/ψφ(1020), Λ0b → J/ψΛ0 and Bc →
√
J/ψπ + using a sample of proton-proton collisions at s = 8 TeV. The results are summarised
in table 1.
The precision from each channel is as good as or better than previous measurements in the
respective channel. The Bs0 lifetime results are used to obtain the lifetimes of the heavy and
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Figure 2 – The top two plots show the evidence of the X(5568) state found by D∅ via Bs0 → J/ψφ and the
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Table 1: Summary of the measured lifetimes from CMS 9

Channel
B 0 → J/ψK ∗0 (892)
B 0 → J/ψKs0
B 0 combined
Bs0 → J/ψπ + π −
Bs0 → J/ψφ(1020)
Λ0b → J/ψΛ0
Bc → J/ψπ + W.R.T. B +

Proper decay length (cτ )
453.0 ± 1.6 (stat) ±1.5 (syst) μm
457.8 ± 2.7(stat) ± 2.7 (syst)μm
454.1 ± 1.4 (stat) ± 1.3 (syst) μm
502.7 ± 10.2 (stat) ± 3.2 (syst) μm
443.9 ± 2.0 (stat) ± 1.2 (syst) μm
442.9 ± 8.2 (stat) ± 2.7 (syst) μm
162.3 ± 8.2 (stat) ± 4.7 (syst) ± 0.1(τ B + ) μm

light Bs0 mass eigenstates. The precision of the Λ0b lifetime measurement is also as good as any
previous measurement in the J/ψΛ0 channel. The measurement of the Bc+ meson lifetime ﬁnds
a longer lifetime than measured at the Tevatron experiments 11,12,13 , this agrees with results
from LHCb 14,15 . All measured lifetimes are compatible with the current world-average values.
5

Observation of the decay Z → ψ(+ − )

CMS 10 made public an observation of the Z boson rare decay to a ψ meson and two oppositely
charged same-ﬂavour leptons, + − , where ψ represents the sum of J/ψ and ψ(2S) → J/ψX,
√
and  = μ, e. The analysis is using a sample of proton-proton collisions at s = 13 TeV with
−1
an integrated luminosity of 35.9 fb . The signal is observed with a signiﬁcance in excess of 5
standard deviations. Removing contributions from ψ(2S) decays to J/ψ, the signal is interpreted
as being entirely from Z → J/ψ+ − , with ﬁducial branching fraction relative to that of the
decay Z → μ+ μ− μ+ μ− measured to be:
B(Z → J/ψ+ − )
= 0.70 ± 0.18(stat) ± 0.05(syst)
B(Z → μ+ μ− μ+ μ−
This result is obtained with the assumption of no J/ψ polarisation. Extreme polarisation
scenarios give a variation of the ﬁducial branching fraction measurement of (−22 to +24)%.
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Recent LHCb measurements of CP violation and mixing in beauty and charm
G. Tellarini
Istituto Nazionale Fisica Nucleare, Sezione di Ferrara,
via Saragat 1, Ferrara 44100, Italy
This document reports an ensemble of recent LHCb measurements of CP violation in diﬀerent
b-hadron decays. Recent studies of CP violation in the charm sector and of D0 -D̄0 mixing
are also presented.

The measurements described in the following are performed using the full Run 1 data sample,
√
corresponding to an integrated luminosity of 3fb−1 at s= 7 and 8 TeV. Some measurements
√
also exploit a fraction of Run 2 data corresponding to 2 fb−1 collected at s=13 TeV.
1

CP Violation measurements to determine the Unitary Triangle angle γ

Precise knowledge of Unitary Triangle (UT) parameters from Standard Model (SM) processes is
crucial to highlight possible New Physics (NP) eﬀects in decays where loop topologies contribute.
V∗ V
), which can be measured in a quite wide
A SM benchmark is the UT angle γ = arg(− Vub∗ Vud
cb cd
ensemble of B → Dh tree-level decays (h=π,K). Among the UT angles, γ is currently the least
◦ 2 , is the combination of several
well measured. The current world average, γ = (73.5+4.3
−5.0 )
measurements of diﬀerent B + , B 0 and Bs0 tree-level decays involving the b → u and b →
c quark transitions from diﬀerent experiments including LHCb which dominates the average
◦ 3 ).
(γ = (76.8+5.1
−5.7 )
CP violation in B ± → D(∗) h± and B ± → DK ∗ decays is related to the UT angle γ.
Recent analyses of B ± → D(∗) h± 4 and B ± → DK ∗ 6 exploit also the 2fb−1 of Run 2 and
consider additional decay modes with respect to the previous results on Run 1 data 5 7 . The CP
violation in the partially-reconstructed decay mode B ± → D(∗) h± , D∗ → Dπ 0 (γ) is observed
at 4.3σ level. In the B ± → DK ∗ analysis the 4-body D meson decays (D → K ∓ π ± π + π − ,
π − π + π − π + ) are exploited in addition to the 2-body D meson decays.
CP violation in Bs0 → Ds± K ∓
of the decay rates
dΓB(B)→f (t)
dt



∝



decays is measured by means of a time-dependent analysis 8






ΔΓs
ΔΓs
e−Γs t
cosh
t + AΔΓ
t ± Cf cos (Δms t) ∓ Sf sin (Δms t)
f sinh
2
2
2



(1)
which depend on the CP observables:
Cf =

2
1 − rB
2rB sin(δB ∓ (γ − 2βs )) ΔΓ
−2rB cos(δB ∓ (γ − 2βs ))
, Af (f¯) =
,
2 , Sf (f¯) = ±
2
2
1 + rB
1 + rB
1 + rB
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(2)
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Figure 1 – Left: ﬁt to the B 0 invariant mass distribution of selected B 0 → D∓ π ± candidates, including signal
and background. Middle: ﬁt to the decay-time distribution of the signal candidates. Right: contour plot for δB
and γ shown at 39% and 87% CL.

where the dependence on the ratio of magnitudes rB and the strong phase diﬀerence δB of
the amplitudes between the b → c and b → u transitions, the weak mixing phase βs and the
weak phase γ is shown. The results are: Cf = 0.73 ± 0.14 ± 0.05, AΔΓ
f = 0.39 ± 0.28 ± 0.15,
=
0.31
±
0.28
±
0.15,
S
=
−0.52
±
0.20
±
0.07
and
S
=
−0.49
±
0.20 ± 0.07. Assuming
AΔΓ
¯
f
¯
f
f
the absence of penguin pollution, −2βs = φs and taking the value of φs from the world-average
+13 ◦
+0.10
◦
value the physics parameters are obtained: γ = (128 +17
−22 ) , δB = (358 −14 ) and rB = 0.37 −0.09
◦
where the values of γ and δB are expressed modulo 180 . Evidence for CP violation is seen at
the 3.8σ level.
CP violation in B 0 → D∓ π ± 9 decays is measured for the ﬁrst time at a hadron collider.
In this decay mode, the sensitivity to the angle γ is limited by the small value of rB (∼0.01)
but compensated by the huge statistics already collected in Run 1 and the small background
contamination. Since ΔΓ = 0, the CP observables are Cf , Sf and Sf¯. In addition second-order
terms in rB are neglected, thus it is assumed Cf = Cf¯ = 0. Figure 1 (left) shows the ﬁt to the
B 0 invariant mass distribution and (centre) the decay-time ﬁt to the signal candidates. Using
as external input rB 11 10 and β 2 constraints on γ and δB are extracted and shown in Fig.1 on
the right.
2

CP violation in charmless B 0 and Bs0 decays

Charmless B 0 and Bs0 decays to CP eigenstates receives contributions from tree, penguin and
0 mixing topologies. CP violation measurements in these decays might reveal the presence of
B(s)
NP once compared with SM benchmarks. In particular, under speciﬁc assumptions, these decays
are sensitive to the weak phase γ. A time-dependent analysis of B 0 → π + π − , Bs0 → K + K − and
0 → K + π − (π + K − ) decays is performed 12 . The results exploiting Run 1 data are reported
B(s)
in Tab. 1. The CP observables Cππ and Sππ are the most precise measurements to date from a
single experiment. The evidence of CP violation in the Bs0 → K + K − decay corresponds to 4σ
and supersedes the previous LHCb result 13 .
0
Table 1: CP observables and asymmetries reported for B 0 → π + π − , Bs0 → K + K − and B(s)
→ K + π − (π + K − )
decays. The measured signal yield (Nsig ) is quoted for each decay.

Parameter
Cππ
−0.34 ± 0.06 ± 0.01
Sππ
−0.63 ± 0.05 ± 0.01
0 →Kπ
AB
−0.084 ± 0.004 ± 0.003
CP
B 0 →πK

s
ACP

0.213 ± 0.015 ± 0.007

Nsig
28650 ± 230
94220 ± 340
7030 ± 120
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Parameter
CKK 0.20 ± 0.06 ± 0.02
SKK 0.18 ± 0.06 ± 0.02
AΔΓ
−0.79 ± 0.07 ± 0.10
KK

Nsig
36840 ± 220

3

CP violation in b-baryons decays

First evidence of CP violation in b-baryon decays has been observed at 3.3σ level by LHCb in
Λ0b → pπ − π + π − decays 15 . A recent search is performed using Λ0b → pK − π + π − , Λ0b → pK − K + K −
and Ξ0b → pπ + K − K + decays exploiting the Run 1 data 14 . Triple products of ﬁnal state particle
momenta are used to deﬁne the CP and P asymmetries which are measured in the whole and
certain phase-space regions. Both approaches return results compatible with the hypotheses of
CP and P conservations, as shown in Fig.2.
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Figure 2 – CP and P asymmetries in diﬀerent regions of the phase space of (left) Λ0b → pK − π + π − and (right)
Λ0b → pK − K + K − decays.

4

CP violation measurement in Bs0 → φφ decays

The Bs0 → φφ decay is forbidden at tree-level and proceeds by b → ss̄s penguin transican reveal NP once compared with the φcc̄s
tions. The weak mixing phase φss̄s
s
s measurement.
The results of the time-dependent angular analysis using the Run 1 and Run 2 data 16 give
φss̄s
s = −0.07 ± 0.13 ± 0.03 rad and |λ| = 1.02 ± 0.05 ± 0.03 superseding the previous measurement using data sample collected in Run 1 17 . No evidence of CP violation is found.
5

+
D̄0 decays
CP violation measurement in B + → D(s)

+
D̄0 decay
CP violation measurements are also performed using doubly-charmed B + → D(s)
modes, where D̄0 → K + π − , K + π − π + π − , D+ → K + K − π + and Ds+ → K + K − π + , 18 using Run
+
D̄0 ) invariant mass
1 data. The B + -B − asymmetry is measured through the ﬁt to the m(D(s)
and subtracting the production and detection asymmetries the CP asymmetries are determined:
ACP (B + → Ds+ D̄0 ) = (−0.4 ± 0.5 ± 0.5)% representing the ﬁrst measurement in this decay and
ACP (B + → D+ D̄0 ) = (2.3 ± 2.7 ± 0.4)% representing the most precise measurement to date. In
both decays the results are compatible with CP symmetry given the current sensitivity.

6

CP violation in the charm sector

CP violation in Λ+
c three-body decays So far there is no evidence of CP violation in
the charm sector. A recent LHCb analysis exploiting the Run 1 data 19 , searches for CP
pππ
pKK
pππ
violation measuring the diﬀerence of CP asymmetries, ΔACP = ApKK
CP − ACP ≈ Araw − Araw ,
between the Λc → pK − K + and Λc → pπ − π + decays which is independent on the production
and detection asymmetries. The result, ΔACP = (0.30 ± 0.91 ± 0.61)%, is compatible with the
hypothesis of CP symmetry. This analysis represents the ﬁrst search of CP violation in threebody Λ+
c decays.
D0 mixing Using the Run 1 and Run 2 data the D0 mixing parameters y  and x2 are measured
through the ﬁt to the decay-time dependent ratio of D0 → K + π − and D0 → K − π + decays and
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Figure 3 – Mixing parameters ﬁt where the data points are interpreted under three diﬀerent hypothesis.

of the corresponding charge conjugate decays. The result for the D0 mixing parameters, as
shown in Fig.3, are interpreted under three diﬀerent hypotheses: CP violation allowed, no
direct CP violation and no CP violation. The overall picture is compatible with the hypothesis
of CP symmetry and this measurement provides the most stringent bounds on the CP violation
parameters from a single experiment.
7

Summary

The most recent LHCb measurements contributing to improve the knowledge of the UT angle γ
in tree-level decays are described. Other measurements from LHCb involving loop and baryon
decays have been shown. LHCb is also providing new measurements of the φs phase exploiting diﬀerent Bs0 decays. Concerning the charm sector, LHCb is contributing to the search of
CP violation in charm hadron decays and to improve the measurements of the charm mixing
parameters.
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Status and prospects of Belle II at SuperKEKB
I.Komarov on behalf of Belle II collaboration
Deutsches Elektronen-Synchrotron (DESY),
Notkestrasse 85, Hamburg, Germany

The Belle II experiment at SuperKEKB accelerator has started collecting the ﬁrst data from
e+ e− collisions. The dataset collected this year will be used for detector studies that will
be coupled with physics analyses, such as searches for the dark photon. In 2019, Belle II
commissioning will enter the ﬁnal phase and detector will start data taking with gradually
increasing instantaneous luminosity. In this talk, we review some of the key Belle II features
and analysis techniques together with their applications. Using the Full Event Interpretation
algorithm, by 2021 Belle II will be able to improve world average measurement of R(D(∗) )
by a factor of 2. Around the same time, high sensitivity to time-dependent CP Violation
measurements will allow to improve b → qqs results by a factor of 2. Belle II has an ambitious
programme in τ physics, aiming to move down the upper limit of the rate of Charged Lepton
Flavour Violating τ decays by an order of magnitude. Belle II has an unique reach for many
heavy quarkonia measurements, such as energy scans of e+ e− collisions at energies above open
ﬂavour limit that will reveal the structure of heavy bottomonium-like resonances.

1

Belle II experiment at SuperKEKB

The Belle II experiment [1] is a 4π detector collecting data in e+ e− collisions produced by
the SuperKEKB accelerator located in Tsukuba, Japan. While the SuperKEKB accelerator
utilizes the tunnels of its predecessor, the KEKB accelerator, and will reuse some of KEKBs
components, it is a new machine otherwise, designed to operate with double the beam current.
Focusing magnets of the SuperKEKB will ensure a beam width of ∼ 50 nm at the point of bunch
crossing, which is 20 times smaller than that of KEKB. Higher beam current and more compact
interaction region will allow for instantaneous luminosity of 8.0 × 1035 cm−2 s−1 , 40 times higher
than KEKB.
Belle II inherits the design of the Belle detector with major improvements in all of the subsystems. The Belle II interaction point is surrounded by the vertex detector that will provide
precise measurements of charged-particle production vertices with a resolution that improves
upon that of Belle by a factor of two. The vertex detector is surrounded by the central drift
chamber (CDC), which is used for the track reconstruction. The aerogel Cherenkov counters
and time-of-propagation counters, in conjunction with the CDC, provide particle identiﬁcation.
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The technology used in Belle II is expected to improve signiﬁcantly π and K separation. Electromagnetic showers are detected by an array of CsI(Tl) crystals located inside the solenoid coil.
The outermost layer of the detector is composed of 14 iron layers alternating with scintillators
and serves for KL and μ detection.
SuperKEKB and Belle II are in the Phase II of commissioning now. The detector is currently recording collisions at Υ(4S) energy and low instantaneous luminosity with the BEAST
II detector installed in place of the vertex detector. BEAST II contains a slice of the vertex
detector and radiation monitors used in beam background studies [2]. Alongside tuning of the
detector and accelerator, Belle II will collect 20fb−1 of data. Later this year, BEAST II will be
replaced by the vertex detector and Belle II will start Phase III of data taking in 2019.
2

Physics at Phase II

The Belle II hardware trigger (L1 trigger) consists of orthogonal trigger lines that generate
trigger decisions based on outputs from diﬀerent subdetector-systems. These lines trigger on
a variety of elementary signatures, in particular on high-energy clusters in ECL and back-toback muon tracks. In Phase III, the outputs of the L1 will be processed by the high-level trigger
(HLT) that will be tuned for B-physics. During the Phase II, the lower instantaneous luminosity
allows for operations without HLT, that means that a large number of low-multiplicity events
will be recorded which will open the path for physically-signiﬁcant and unique measurements.
2.1

Dark Photon

Cosmological observations suggest the existence of dark matter (DM) [3], but this is yet to
be directly observed in laboratories. One of the minimal DM scenario implies that the portal
to the DM sector, the dark photon, can be produced directly in e+ e− collisions together with
an initial state radiation photon. Such a process will have very clean signature: single photon
in the detector and recoil mass distribution for this process will peak on the mass of the dark
photon. The main backgrounds of this measurement are e+ e− (γ) and γγ(γ) with all particles
but a single γ escape the detection. These backgrounds can be constrained by a thorough study
of ECL blind spots, which will be an important part of the detector commissioning. Search for
the single photon at the Phase II will allow reducing the current upper limit on the dark photons
strength of kinetic mixing [4] for dark photons below 1 GeV/c2 by a factor of two.
3
3.1

Physics at Phase III: some of the key techniques, features and measurements
Full event interpretation and R(D(∗) )

Belle II is expected to gather 50ab−1 of data in e+ e− collisions by 2025. This dataset will
be used for a plethora of measurements covering a vast variety of phenomena, from precise
measurements of CKM parameters to direct searches of beyond the Standard Model objects
[5]. One of the unique features of the Belle II experiment (with respect to the existing collider
experiments) is a possibility of full event interpretation. At Belle II, B-mesons are produced in
pairs during the decay of the Υ(4S). If one of the B-mesons (“tag” meson) decays to the fullyreconstructible ﬁnal state, and another (“signal” meson) decays to the ﬁnal state with missing
energy, it is possible to constrain the lost momentum using known 4-momentum of initial state
and reconstructed 4-momenta:
pmiss = (pbeam − ptag − psignal ).

(1)

Full event interpretation is crucial for analyses of B decays with neutrinos in the ﬁnal state.
The most intriguing analyses of this kind are the measurements of R(D) and R(D∗ ) variables
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deﬁned as
R(D(∗) ) =

B(B → D(∗) τ ντ )
, l = e, μ
B(B → D(∗) lνl )

(2)

since their current values show 4σ tension with their SM predictions. Signal (B → D(∗) τ ντ ),
normalisation (B → D(∗) lνl ) and background decay candidates populate diﬀerent areas in the
signal lepton momentum versus invariant mass of the missed energy (squared 4-vector of the
missed momentum) phase space. Using a two-dimensional ﬁt of this plane, Belle II will reach
current world average precision with only 5ab−1 of data.
3.2

Time dependent CP violation measurements

Another strong side of B-factories are measurements of the time dependent CP violation in
B 0 decays. Here, the tag meson decaying to the ﬂavour eigenstate is partially reconstructed to
deﬁne a decay vertex. The signal meson is fully reconstructed and the decay time information
Δt is obtained from the known boost and the distance between the two vertices along the zaxis. Reduced boost of the Belle II experiment with respect to its predecessor is compensated
by increased vertex resolution, yielding a 20% better Δt resolution.
Amplitude of time-dependent CP asymmetry in b → ccs decays gives direct input to measurements of the CKM angle φ1 , but it is also interesting to measure corrections to the amplitude
in penguin-dominated b → qqs, (q = u, d, s) decays. B → η  K 0 is a particularly promising channel of this kind since it is has among the strictest QCD predictions ΔS QCDF = 0.01 ± 0.01 [6]
that are far more precise than results of the current measurements ΔS Data = −0.05 ± 0.06 [7].
Signal decay candidate in this analyses is reconstructed from several ﬁnal states, most of them
containing multiple neutral particles. Due to the low track multiplicity in the event, Belle II
can eﬀectively handle such cases (compared to hadron machine experiments). This, together
with the good sensitivity to the time-dependent CP violation phenomena, will allow Belle II
measurement of ΔS in B → η  K 0 decays with 5ab−1 to be twice as precise as the current world
average.
3.3

τ at Belle II

Belle II is not only a B-factory, but also a τ factory: e+ e− collisions produce almost equal
amounts of prompt τ + τ − and bb̄ pairs, so by the end of data taking Belle II is expected to
have recorded 45 billion of e+ e− → τ + τ − events. This dataset will be suﬃcient to put many
world-best constraints on branching fractions of charged lepton ﬂavour violating decays. Belle
II will be able to put an upper limit of Br(τ → μγ) to 10−9 , testing several non-SM scenarios
by way of this [8, 9].
3.4

Out of the resonance

Most of the time Belle II will collect data from e+ e− collisions at Υ(4S) energy, but a few
percent of the dataset will be collected away from the 4S resonance, in its vicinity. Energy scans
above bb̄ threshold will allow to perform production cross-section measurements for hb (nP )ππ,
(∗) (∗)
Υ(nS)ππ and B(s) B̄(s) ﬁnal states. These cross-sections are crucial to understand the inner
structure of bottomonium-like hadrons.
4

Conclusion

At 0:38 am (GMT+09:00), April 26, 2018, Belle II has recorded and reconstructed the ﬁrst
hadronic event in e+ e− collisions (see Figure 1). The data taking with low luminosity will
continue until June 2018 and the collected data will be used for beam background studies,
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detector calibration and an early physics program. The data taking will resume in 2019 with
gradual increase of the instantaneous luminosity and by 2025, Belle II is expected to collect
50ab−1 of data in e+ e− collisions. This dataset will allow for addressing many of the hottest
topics in ﬂavour physics and perform a set of unique searches beyond the Standard Model.

Figure 1 – Event display of the ﬁrst hadronic event recorded and reconstructed at Belle II
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Right-handed Currents Searches and Parity Doubling
James Gratrex and Roman Zwicky
Higgs Centre for Theoretical Physics, School of Physics and Astronomy,
University of Edinburgh, Edinburgh EH9 3JZ, Scotland
The extraction of right-handed currents, beyond the Standard Model, faces theoretical challenges from long-distance contributions. We show that these eﬀects can be controlled by combining, for example, studies of B → V (1− )γ and B → A(1+ )γ observables. The sum of the
long-distance contributions can be extracted without compromise, and the individual pieces
follow from a ratio predicted by theory. This leads to signiﬁcant reduction in the uncertainty
of long-distance contributions. The ideas extend to charm decays and the low q 2 -region of
¯ and open the prospect of checking input aﬀecting the angular B → K ∗ μμ-anomaly.
B → V ,

1

Introduction

The Standard Model (SM) is a highly successful, yet peculiar, theory. One of its peculiarities
is that the weak interactions are of the V-A type. It is intuitively clear that this leaves traces
in the polarisation (or the angular distribution) of weak decays. Such traces would be perfect
probes for right-handed currents (RHC) searches were it not for non-perturbative eﬀects of QCD
diluting the purity of the signal.
A particularly good setting to test the chirality of interactions is when there is a photon
in the ﬁnal state, as the photon helicity is then in direct correspondence with the handedness
of the interaction. In particular, in the limit of no (quark) masses, chirality and handedness
/ = q̄L Aq
/ L + q̄R Aq
/ R . Thus, the
are the same. For example, the QED interaction reads q̄ Aq
reaction q̄L + qL → γL is an on-shell process where the two half-helicities of the quarks add
up to match the ±1 helicity of the photon (termed left- and right-handed respectively). If the
/ L , then the resulting photon polarisation would always be
interactions were chiral, H int ∼ q̄L Aq
left-handed. Denoting the amplitude of left- and right-handed photons by AL,R respectively,
this reads AR /AL = 0.
Such transitions are not present in the ﬂavour-changing neutral currents (FCNCs) in the
SM. The next best possibility is to couple the photon to two quarks of opposite chirality in
a directly gauge-invariant way, at the expense of a quark mass term. This is realised by the
( )
so-called electric dipole operator (known as the O7 -term in the eﬀective Hamiltonian)
( )

( )

H eﬀ ⊃ C7 O7 ∼ mb (ms )s̄L(R) σμν F μν bR(L) ,

(1)

where F μν is the photon ﬁeld strength tensor. The concrete appearance of mb (ms ) can be
understood from a spurion analysis 1 . The dimension-six eﬀective Hamiltonian is written as
ef f
Hb→sγ/
∼ C s̄L ΓbOr + C  s̄R ΓbOr , with ﬂavour-neutral Or and C  /C|SM
1 similar to
¯

C7 /C7 |SM = ms /mb . This hierarchy, and therefore RHC searches, is aﬀected by the nonperturbative QCD matrix elements
A1(5) = Xs γ ∗ |s̄(γ5 )ΓbOr |B .
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(2)

More concretely, one of the simplest processes testing the helicity is the B → V γ decay,
where V is a J = 1 vector meson. The amplitude of left- and right-handed polarised photon is
then given by
(3)
AR(L) ∼ C(A1 ∓ A5) + C  (A1 ± A5) ,
making the link between chirality and photon polarisation explicit. In that case, the algebraic
relation σ αβ γ5 = − 2i αβγδ σγδ , does miracles, A1/A5|O7 ,O7 = T1 (0)/T2 (0) = 1, on the level of
the dipole operator as it enforces the form factor relation T1 (0) = T2 (0), see Ref. 2 for example.
This then results in
ms
AR 
=
≡ m̂s .
(4)

AL O7 ,O7
mb
Beyond the SM (BSM) shifts to O7 , of the form m̂s → m̂s + ΔRHC , are what we refer to as
RHC in this context. As hinted at, long-distance (LD) contributions L,R dilute the purity of
the signal. Schematically,
AR 
R + m̂s + ΔRHC
=
 R + m̂s + ΔRHC ,
(5)

AL B→V γ
1+ L
where we have assumed that L
1, which computations 3,4,5 and indirect evidence tend to
support. Eq. (5) makes it clear that in order to distinguish RHC from LD contributions one
needs to be able to predict R (or essentially A1 − A5 up to O(C  /C)).
In this work, we advocate a novel approach invoking new observables 6 . At the level of the
standard dimension-six H eﬀ , R arises through an s̄L Γb q̄Γ q-interaction, and is sensitive to the
parity quantum number of the V -state. Hence, if for every vector state there were a partner
of opposite parity then one could discern ΔRHC from R . This is the idea of our work, and we
advocate to combine decay channels of nearly-degenerate parity partners.
In the chiral symmetry restoration limit, the following exact relation will be shown to hold:
γ
(C, C  ) = AB→Aγ
(−C, C  ) ,
AB→V
χ
χ

(6)

with χ = L, R, and A an opposite-parity partner of the V meson. This is the solution to our
problem, since we are concerned with mixing up C  (i.e. ΔRHC ) with LD-eﬀects R induced
by C-type operators cf. Eq. (3). As we shall see, the problem is then shifted from estimating
A1 − A5 to estimating
]
Re[ B→Aγ
R
RA,V ≡
= 1 + O(mq , q̄q) .
(7)
B→V γ
Re[ R
]
To some extent it is the operator state correspondence of quantum ﬁeld theory, expressed by
the LSZ formalism, that allows for this shift in perspective. We would like to stress already
at this point that the crucial practical question is not the actual value of RA,V , but rather its
uncertainty (in the real world), which of course indirectly beneﬁts from the closeness to the
symmetry limit.
2

Relating axial and vector meson matrix elements in the chiral symmetry limit

It is conceptually beneﬁcial to consider the chiral restoration limit {mq , q̄q, . . . } → 0, where the
axial ﬂavour symmetries are restored: SU(NF )V → SU(NF )V ×SU(NF )A ×U(1)A .a The relation
we are to use is that in the restoration limit the quark propagator in the gluon background ﬁeld,
(q)
/ + imq )−1 |z, obeys
SG (w, z) = w|(D
(q)

(q)

γ5 SG (w, z) = −SG (w, z)γ5 ,

(8)

a
To what extent the U (1)A is restored due to the axial anomaly is an interesting question, but is not relevant
for our purposes. Finite-temperature lattice computations above the chiral phase transition give evidence of
U (1)A -restoration 7 .
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B → ργ ¯





B → a1γ ¯

heﬀ ∼
q̄(v + aγ5)Γb



heﬀ ∼
−q̄(a + vγ5)Γb
(q)

(q)

γ5SG = −SG γ5

JB

ρμ = q̄T I γμq

JB

(a1)μ = q̄T I γμγ5q

Figure 1 – A diagrammatic interpretation of the procedure outlined in the main text, using the relation
Eq. (8). which necessitates the limits {mq , q̄q, . . . } → 0. The argument only requires that the weak
vertex heﬀ be a local operator, and thus applies to both SD (form-factor) and LD (charm-loop) contributions. Note that the trick applies equally well to annihilation diagrams where the photon is emitted
from one of the lines inside the triangle graph in the ﬁgure. The schematic correlation functions on the
left and right are exactly equal, from where the information on the matrix elements can be assessed.

for which the vanishing of the SU(NF )A × U(1)A -violating condensates is a necessary condition,
as can be understood from the Banks-Casher relation 6 .
The starting point is that any information of the matrix element V γ ∗ |heﬀ |B, where γ ∗ is
a potentially oﬀ-shell photon, can be extracted from the correlation function
[V ]

M(v,a) ≡ 0|T {JB (x)VμI (y)heﬀ (0)}|0 ,

heﬀ = q̄(v + aγ5 )Γb Or ,

(9)

by analysing its dispersion relation, as JB = b̄γ5 q and VμI → ρ(a1 )Iμ = q̄γμ T I (γ5 )q are interpolating operators for the B-meson and the vector (axial) mesons respectively. In Eq. (9), Γ is a
Dirac structure, while Or stands for the remaining part of the operator. For example, Or = 1
and Or = c̄Γ c, ūΓ u, . . . distinguish between short-distance (SD) and LD (e.g. four-quark) operators. Contracting the quark lines and focusing on the ρ meson ﬁnal state, the matrix element
assumes the form

[ρ0 ]
(b)
(d)
(d)
(10)
M(v,a) ∼ DμG Tr[(v + aγ5 )SG (0, x)γ5 SG (x, y)γμ SG (y, 0)] ,
/ +iMf )eiS(G) (Dμ = (∂ −igG)μ ).
where the path-integral measure is given by DμG = DGμ det(D
2
Now comes the main trick. Substituting γμ → γμ (γ5 ) and using Eq. (8) leads to an expres[a ]

[ρ0 ]

1
= −M(v,a) , for which the a1 meson matrix element is the same up to a sign with
sion, M(a,v)
the variables a and v interchanged (Fig. 1). From this expression, Eq. (6) follows, which is our
main formal result. In the last equation it is understood that V and A become degenerate in
the chiral restoration limit 6 , and are referred to as parity doublers.b

3

Phenomenological implications

In eﬀect, Eq. (6) means that the ratio Eq. (5), amended to include an axial meson, is then given
by
AR 
R ± (m̂s + ΔRHC )
=
(11)
 R ± (m̂s + ΔRHC ) ,

AL B→V (A)γ
(1 + L )
b
Parity doubling has a long history in particle physics 8 , and has recently been investigated on the lattice 9,10 ,
with the additional surprise of an emergent symmetry. For a table of relevant opposite parity states, we refer the
reader to Tab. 1 in Ref. 6 .
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which is the equation from which our phenomenological results are derived. Beyond the symmetry limit, the only relevant change to Eq. (11) is that the LD contributions R , L → V (A),R , V (A),L
are dependent on the ﬁnal state to a degree that needs to be estimated by analytical methods.
The crucial question for RHC searches is how the hierarchy and the sign change in Eq. (11)
can be exploited. Concerning the hierarchy, the rate itself is not promising, since Γtot ∼ |AL |2 +
|AR |2 and the eﬀect of the RHCs might be too small to be seen in experiment. A more promising
¯ or time-dependent decay rates in
route is to consider angular distributions, e.g. B → V ,
B → V γ, as originally proposed by the authors of Ref. 11 .
The time-dependent rate of a neutral BD -meson (D = d, s), under general and valid assumptions, reads 12
B(B̄D [BD ] → V γ) = B0 e−ΓD t [ch(
(H)

ΔΓD
ΔΓD
t) − Hsh(
t) ∓ C cos(ΔmD t) ± S sin(ΔmD t)] , (12)
2
2

(L)

(H)

(L)

where ΔΓD ≡ ΓD − ΓD is the width diﬀerence, and ΔmD ≡ mD − mD the mass diﬀerence,
of the heavy (H) and light (L) mass eigenstates. S and C are related to indirect and direct
CP violation respectively.c The quantities S and H are linear in AR , and given in terms of the
amplitudes by


q
(13)
S(H) = 2Im(Re) (ĀL A∗L + ĀR A∗R ) N −1 ,
p
with N = |AL |2 + |ĀL |2 + |AR |2 + |ĀR |2 . We choose to illustrate the approach by the mode
Bs → φγ and Bs → f1 (1420)γ, with other modes discussed in Ref. 6 , as this mode is not sensitive
to CKM factors. The observables H and S are well-approximated by
HBs →φ(f1 )γ  2{±(ΔR cos(φR ) + m̂s ) − Re[

c
φ(f1 ),R ]} ,

SBs →φ(f1 )γ  2{±ΔR sin(φR )} . (14)

The vanishing of SBs →φ(f1 )γ  0 in the SM comes from the cancelation of all weak phases
involved, and this quantity is therefore a null test for weak phases of RHC. From Eq. (14), we
obtain the remarkable equation
Hφγ + Hf1 γ  −2Re[

c
φ,R

+

c
f1 ,R ]

= −2Re[

c
φ,R ](1

+ Rcf1 ,φ ) ,

(15)

− m̂s .

(16)

where the SD physics drops out. Its SD-sensitive counterpart is
1
1
ΔR cos(φΔR ) = (Hφγ − Hf1 γ ) + Re[
4
2

c
φ,R

−

c
f1 ,R ]

In Eq. (15), RiA,V ≡ Re[ iA,R ]/Re[ iV,R ] is the more reﬁned version of Eq. (7), in that it includes
the information on the ﬂavour of the four-quark operator from which it derives. The main points
are as follows:
• Eq. (15) shows that one can measure the sum of the LD contributions without compromise
from RHC or SM SD physics, owing to the previously-mentioned exact form factor relation
T1 (0) = T2 (0).
• One can extract the LD parts of the individual modes, entering Eq. (16), by an analytic
prediction of Rcf1 ,φ . We again stress that it is not the value (deviation from unity) but the
error on Rcf1 ,φ which is important. By ﬂavour symmetries it is clear that the measurement of
a single axial vector meson can reveal valuable information on the size of LD contributions.
• Making the last point more concrete, an error of 20% on Rcf1 ,φ , assuming a perfect measurement, allows us to extract Re[ cφ,R ] to 10%. This is a much-improved situation as
compared to an a priori computation 13 .
c

H ≡ AΔΓ in the Particle Data Group (PDG) notation.
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• These methods apply straightforwardly to charm physics 14 , and can be extended to B →
V ¯ at low q 2 , although this will require taking into account that the exact form-factor
relation T1 (0) = T2 (0) no longer holds 2 . In particular, the real and imaginary parts of the
(2)
angular moment G22,2 , equivalent to P1 = AT and P3 respectively, also exhibit the required
linear dependence on the right-handed amplitude 15,16,17 . Measuring the analogues of R
in this channel allows to cross-check the LD theory input into the anomalous angular
B → K ∗ μ+ μ− measurement e.g. P5 18,19,20,21 .
4

Conclusions

In this work, we have advocated that long-distance eﬀects contaminating searches for right¯ decays can be controlled by considering the corresponding
handed currents in B → V γ()
¯ In the limit where the chiral symmetry is restored, the
parity-doubler decay mode B → Aγ().
V-A contributions to the right-handed amplitude come with the opposite sign between these two
channels. This can be applied phenomenologically by combining observables, as shown explicitly
for example in measurements of time-dependent CP asymmetry in Bs → φ(f1 )γ in Eqs. (15)
and (16), to extract and measure ratios of long-distance contributions. In turn this can lead to
a cleaner extraction of Beyond the SM contributions to right-handed currents.
It is again important to stress that the main beneﬁt is not in the prediction of the longdistance ratio itself, but the reduced theoretical uncertainty that results. This is also useful in
resolving the current tension between predictions of the size of long-distance charm loop contaminations in exclusive 3,4 and inclusive B → Xs γ decays 22 , where the inclusive contamination
was estimated to be roughly an order of magnitude larger.
Corrections to the results in this work, applying beyond the symmetry limit, can still be
understood systematically by investigating the symmetry relations between vector and axial
mesons, such as the parameters entering their light-cone distribution amplitudes 13,23 . This
allows the approach we advocate above to be applied in real-world experimental searches, with
good prospects at Belle II and LHCb 24,25 .
Acknowledgments
We are grateful to Tadeusz Janowski and Marco Pappagallo for suggestions on the manuscript.
RZ wishes to thank the Moriond participants for a pleasant atmosphere, good discussions and
atmosphere. JG is supported by an STFC studentship (grant reference ST/K501980/1).
References
1. G. D’Ambrosio, G.F. Giudice, G. Isidori and A. Strumia, Minimal ﬂavor violation: an
eﬀective ﬁeld theory approach, Nucl. Phys. B 645, 155 (2002), hep-ph/0207036.
2. A. Bharucha, D.M. Straub and R. Zwicky, B → V + − in the Standard Model from
light-cone sum rules, JHEP 08, 098 (2016), 1503.05534.
3. A. Khodjamirian, G. Stoll and D. Wyler, Calculation of long distance eﬀects in exclusive
weak radiative decays of B meson, Phys. Lett. B 358, 129 (1995), hep-ph/9506242.
4. P. Ball and R. Zwicky, Time-dependent CP asymmetry in B → K ∗ γ as a (quasi) null test
of the Standard Model , Phys. Lett. B 642, 478 (2006), hep-ph/0609037.
5. P. Ball, G.W. Jones and R. Zwicky, B → V γ beyond QCD factorisation, Phys. Rev. D
75, 054004 (2007), hep-ph/0612081.
6. J. Gratrex and R. Zwicky, Parity doubling as a tool for right-handed current searches,
1804.09006.
7. A. Tomiya et al., Evidence of eﬀective axial U (1) symmetry restoration at high temperature
QCD, Phys. Rev. D 96, 034509 (2017), 1612.01908. [Addendum: Phys. Rev. D 96,

73

079902 (2017)].
8. S.S. Afonin, Parity doubling in particle physics, Int. J. Mod. Phys A 22, 4537 (2007),
0704.1639.
9. M. Denissenya, L. Ya. Glozman and C.B. Lang, Isoscalar mesons upon unbreaking of
chiral symmetry, Phys. Rev. D 91, 034505 (2015), 1410.8751.
10. C. Rohrhofer et al., Approximate degeneracy of J = 1 spatial correlators in high temperature QCD, Phys. Rev. D 96, 094501 (2017), 1707.01881.
11. D. Atwood, M. Gronau and A. Soni, Mixing induced CP asymmetries in radiative B decays
in and beyond the Standard Model , Phys. Rev. Lett. 79, 185 (1997), hep-ph/9704272.
12. F. Muheim, Y. Xie and R. Zwicky, Exploiting the width diﬀerence in Bs → φγ, Phys. Lett.
B 664, 174 (2008), 0802.0876.
13. J. Gratrex and R. Zwicky, Long-distance charm loops in B → (V, A)¯ decays from lightcone sum rules, in preparation.
14. S. de Boer and G. Hiller, The photon polarization in radiative D decays, phenomenologically, Eur. Phys. J. C 78, 188 (2018), 1802.02769.
15. J. Gratrex, M. Hopfer and R. Zwicky, Generalised helicity formalism, higher moments
and the B → KJK (→ Kπ)¯1 2 angular distributions, Phys. Rev. D 93, 054008 (2016),
1506.03970.
16. F. Kruger and J. Matias, Probing new physics via the transverse amplitudes of B0 →
K ∗,0 (K → π + )+ − at large recoil , Phys. Rev. D 71, 094009 (2005), hep-ph/0502060.
17. D. Becirevic and E. Schneider, On transverse asymmetries in B → K ∗ l+ l− , Nucl. Phys.
B 854, 321 (2012), 1106.3283.
18. W. Altmannshofer, C. Niehoﬀ, P. Stangl and D.M. Straub, Status of the B → K ∗ μ+ μ−
anomaly after Moriond 2017 , Eur. Phys. J. C 77, 377 (2017), 1703.09819.
19. M. Ciuchini et al., On ﬂavourful Easter eggs for new physics hunger and lepton ﬂavour
universality violation, Eur. Phys. J. C 77, 688 (2017), 1704.05447.
20. B. Capdevila et al., Patterns of new physics in b → s+ − transitions in the light of recent
data, JHEP 01, 93 (2018), 1704.05340.
21. A. Arbey, T. Hurth, F, Mahmoudi and S. Neshatpour, Hadronic and new physics contributions to B → K ∗ + − , 1806.02791.
22. B. Grinstein, Y. Grossman, Z. Ligeti and D. Pirjol, The photon polarization in B → Xγ
in the standard model , Phys. Rev. D 71, 011504 (2005), hep-ph/0412019.
23. J. Gratrex and R. Zwicky, Axial and vector meson distribution amplitudes and their symmetries, in preparation.
24. J. Li et al. [Belle Collaboration], Time-dependent CP asymmetries in B 0 → KS0 ρ0 γ
decays , Phys. Rev. Lett. 101, 251601 (2008), 0806.1980.
25. R. Aaij et al. [LHCb Collaboration], First observations of the rare decays B + →
K + π + π − μ+ μ− and B + → φK + μ+ μ− , JHEP 10, 064 (2014), 1408.1137.

74

4.
Heavy Flavour & New Physics

75

76

Rare decays, radiative decays and b → s+ − transitions at LHCb
A. Crocombe on behalf of the LHCb collaboration
Department of Physics, University of Warwick,
Coventry CV4 7AL, United Kingdom
Rare ﬂavour-changing neutral-decays are heavily suppressed within the Standard Model of
particle physics. As such, measurements of the properties of these decays are sensitive to the
contribution from new particles. A number of tensions have been observed in b → s+ −
processes with respect to the SM. A summary of recent measurements of leptonic, radiative
and rare semileptonic processes by the LHCb collaboration is presented.

1

Introduction

Rare decays of b-, c- and s-hadrons that proceed via a ﬂavour-changing neutral-current (FCNC)
transition are heavily suppressed within the Standard Model (SM). As such, they provide excellent tools to search for New Physics (NP) eﬀects as any potential NP contribution can be at
a similar level to the SM contribution. Indirect searches for NP can be carried out by searching
for deviations from SM predictions in the rate or angular distributions of these rare decays.
In these proceedings an overview of recent rare decay results from the LHCb collaboration
is presented, highlighting results that currently indicate tensions with the SM predictions and
opportunities for future measurements. The majority of results presented make use of the
3 fb−1 data sample collected by LHCb during Run 1 of the LHC.

2

Rare leptonic decays

0 → μ+ μ− can be used as very powerful probes of the SM as they are heavily
The decays B(s)
suppressed, both due to loop and helicity suppression. The rate of these decays can be precisely
predicted to better than 10% 1 . In addition, the experimental signatures of these decays are very
clean allowing them to be measured even with small expected branching fractions. A search for
the decays is carried out by LHCb 2 making use of the Run 1 dataset and in addition data
corresponding to 1.4 fb−1 collected in Run 2. The reconstructed invariant mass distribution
of the Bs0 → μ+ μ− candidates is shown in Fig. 1. This results in the ﬁrst single experiment
observation of the the decay Bs0 → μ+ μ− at a level of 7.8 standard deviations, with a measured
−9
3
branching fraction of B(Bs0 → μ+ μ− ) = (3.0 ± 0.6+0.3
−0.2 ) × 10 . The eﬀective lifetime of the
0
+
−
decay is measured for the ﬁrst time and found to be τ (Bs → μ μ ) = 2.04 ± 0.44 ± 0.05 ps. No
signiﬁcant excess of B 0 → μ+ μ− events is observed and a limit is set on its branching fraction
of B(B 0 → μ+ μ− ) < 3.4 × 10−10 at 95% conﬁdence level. These results are all in agreement
with SM predictions 1 and set stringent limits on potential NP models.

77

Candidates / ps

Candidates / ( 50 MeV/c2)

35

Total
B0s → μ+μ−
B0 → μ+μ−
Combinatorial
−
B0(s) → h+h'

LHCb
BDT > 0.5

30
25
20

−

−

B0(s) → π (K )μ+νμ
0(+)
0(+)
B → π μ+ μ−
0
−
Λb → pμ νμ
+
Bc → J/ ψ μ+νμ

15
10
5
0

5000

5200

5400

5600

5800
6000
mμ+μ− [MeV/c2]

LHCb

103

B0s →φ γ

102

Data
Fit
SM

10

5
0
−5
0

2

4

6

8

10

t [ps]

0
Figure 1 – Invariant mass distribution of B(s)
→ μ+ μ− candidates and the resulting ﬁt (left) and the decay-time
distribution of Bs0 → φγ candidates as well as the ﬁtted distribution and SM expectation (right).

3

Rare radiative decays

Photons produced in b → sγ transitions are predominantly left-hand polarised in the SM but
could have any polarisation in extensions of the SM. The polarisation can be probed through
the time dependence of the Bs0 → φγ decay. A non-zero value of the parameter AΔ 4 , which is
related to the diﬀerence between left- and right-handed polarised photons, would indicate the
presence of NP. A time-dependant analysis of the Bs0 → φγ decay mode carried out by LHCb 5
results in a ﬁtted value of AΔ = −0.98+0.46+0.23
−0.52−0.20 . The decay-time distribution and ﬁt result is
shown in Fig. 1. This is compatible with the SM expectation 4 within two standard deviations.
4

Flavour anomalies in b → s+ − transitions

While the results presented above are in agreement with SM predictions, there have been a
number of recent results in decays which proceed via b → s+ − transitions which are beginning
to show tensions with the SM. The diﬀerential branching fractions of the b → s+ − decays
B + → K + μ+ μ− , B 0 → K 0 μ+ μ− , B + → K ∗+ μ+ μ− 6 , B 0 → K ∗0 μ+ μ− 7 and Bs0 → φμ+ μ− 8
as measured by LHCb are all systematically lower than SM predictions at low dimuon invariant
mass squared (q 2 ). While no individual decay channel shows a signiﬁcant overall deviation, the
measurements all appear to point towards a consistent deviation with respect to SM predictions.
Another set of observables sensitive to NP can be accessed by carrying out an angular
analysis. Of particular interest is the analysis of the decay B 0 → K ∗0 μ+ μ− , where measurements
of so-called optimised angular observables 9 with reduced theoretical uncertainties are made.
The LHCb measurement 10 of the observable P5 shows tensions with the SM of approximately 3
standard deviations in two bins of q 2 . Figure 2 shows the result of the analysis as well as results
from ATLAS 11 , Belle 12 and CMS 13 along with SM predictions 14,15 .
While no individual decay mode has yet to unambiguously point to NP, it is possible to carry
out a global ﬁt to evaluate a combined signiﬁcance of all these measurements. By combining the
above measurements and including additional results from other experiments and in other decay
channels, a number of global ﬁts 16,17,18 favour a best-ﬁt point that is approximately 5 standard
deviations from the SM. The best-ﬁt point favours a modiﬁcation of the vector coupling or a
modiﬁcation of both the vector and axial-vector coupling of the decay.
5

b → d+ − transitions

Decays which proceed via a b → d+ − transition are further suppressed with respect those that
proceed via a b → s+ − due to the relative CKM factors. As such, similar measurements of
the decay properties can in principle be carried out. The b → d+ − decays B + → π + μ+ μ− 19
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Figure 2 – Measurement of P5 in bins of q 2 from LHCb, ATLAS, Belle and CMS as well as SM predictions.
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and Λb → pπ − μ+ μ− 20 are all observed by LHCb and evidence for B 0 → π + π − μ+ μ− 21 is also
found.
The decay Bs0 → K ∗0 μ+ μ− is the b → d+ − partner process to the decay B 0 → K ∗0 μ+ μ− .
Along with potential to probe NP, the decay could be used in conjuncture with its partner to
make a measurement of the CKM ratio |Vtd /Vts |. LHCb carries out a search for this decay 22
using the Run 1 dataset as well as 1.6 fb−1 collected in Run 2. Figure 3 shows the reconstructed
invariant mass distribution of the Bs0 → K ∗0 μ+ μ− candidates. The signiﬁcance of the ﬁtted
Bs0 → K ∗0 μ+ μ− is found to be 3.4σ including systematic uncertainties. This constitutes the
ﬁrst evidence for this decay mode.
The branching fraction of this decay, normalised to the B 0 → J/ψ K ∗0 control mode, is
measured to be B(Bs0 → K ∗0 μ+ μ− ) = (2.9 ± 1.0 ± 0.2 ± 0.3) × 10−8 , where the ﬁrst uncertainty
is statistical, the second systematic and the third due to uncertainties on parameters used for
normalisation. This measurement is in agreement with SM predictions 23,24 .
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Figure 3 – Invariant mass distribution of Bs0 → K ∗0 μ+ μ− candidates (left) and the same zoomed in on the signal
component (right). The result of the ﬁt to the candidates is also shown with components detailed in the legend.

6

Rare baryonic decays

LHCb has also recently searched for baryonic FCNC decays, which are largely unexplored as
probes of NP. The diﬀerence in hadronic physics in these modes allows for independent veriﬁcation of existing tensions in mesonic modes while the diﬀerent spin of baryons allows access
to more angular observables. Initial searches for these modes will provide the basis for more
in-depth analyses in the future.
+ −
+ −
The decay Λ+
c → pμ μ proceeds via a c → u  transition. It is expected to be heavily
suppressed by the GIM mechanism in the SM and have a branching fraction of O(10−9 ). The
LHCb search for this decay 25 sees no signiﬁcant excess of signal events and a new best limit on
+ −
−8 at 95% conﬁdence limit.
the branching fraction is set to B(Λ+
c → pμ μ ) < 9.6 × 10
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Finally, the decay Σ+ → pμ+ μ− is a s → d+ − FCNC process. Evidence for this decay
has previous been reported by the HyperCP collaboration 26 , where all three of the observed
candidates have almost the same dimuon invariant mass. Further analysis of this mode is thus of
interest to investigate this potential new resonance. LHCb carries out a search 27 for this mode
and ﬁnds evidence for it at the level of 4 standard deviations. The measured branching fraction
−8 and is consistent with SM predictions 28 . However, data
is B(Σ+ → pμ+ μ− ) = (2.1+1.6
1.2 ) × 10
are inconsistent with originating from the narrow resonance favoured by Hyper-CP.
7

Conclusions

Rare FCNC decays can be used as powerful tools to search for NP physics eﬀects. Already
many strong limits have been placed on potential NP models due to measurements made of
rare b-hadron decay modes. On the other hand, a number of recent results have shown tensions
in branching fractions and angular observables in b → s+ − transitions with respect to SM
predictions, and global ﬁts favour certain NP scenarios at the level of 5 standard deviations.
The majority of these results make use of only the Run 1 LHCb dataset and further investigation of these modes making use of larger datasets will be essential in conﬁrming the presence
of these anomalies. In addition, a number of decay modes expanding the range of measurements
to other ﬂavour transitions have already started to be analysed. Further investigation of these
modes will be very important in determining the ﬂavour structure of any potential NP scenarios.
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NEW PROBES OF NEW PHYSICS WITH LEPTONIC RARE B DECAYS
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0
Decays of the kind Bs,d
→ + − belong to the most favourable processes for probing the
ﬂavour structure of the Standard Model, with outstanding sensitivity to new (pseudo)-scalar
contributions. While the branching ratio of Bs0 → μ+ μ− has already been measured at the
LHC in the ballpark of the Standard Model expectation, there is still signiﬁcant room for
New-Physics eﬀects. We discuss how these may be revealed in the future super-high precision
era of B-decay studies by utilising new theoretically clean observables, including CP-violating
asymmetries. Another promising decay is Bs0 → e+ e− , which has received little attention in
view of its enormously helicity suppressed Standard Model branching ratio, with the most
recent experimental upper bound dating back to 2009. Using the current constraints on New
Physics from Bs0 → μ+ μ− as a guideline, we show that the Bs0 → e+ e− branching ratio may be
hugely enhanced through new (pseudo)-scalar contributions up to the regime of Bs0 → μ+ μ− .

1

Setting the Stage

Within the Standard Model (SM), the leptonic decays Bq0 → + − (q = s, d) receive only loop
contributions from penguin and box topologies, and show a helicity suppression which results
in branching ratios proportional to m2 , where m denotes the masses of the ﬁnal state leptons.
Another key feature is the simple situation concerning strong interactions, which are described
by a single hadronic parameter, the Bq decay constant fBq . These modes belong to the cleanest
rare B decays and oﬀer an outstanding setting to explore the ﬂavour sector of the SM, with
high sensitivity to New Physics (NP) contributions. Particularly interesting are new (pseudo)scalars, which may lift the helicity suppression. In Fig. 1, we show a compilation of experimental
information in comparison with the SM picture. So far, only Bs0 → μ+ μ− has been observed,
0 → τ + τ − , the helicity suppression is
which was a highlight of LHC run 1. In the case of Bs,d
not very eﬀective due to the large τ mass but the τ reconstruction makes experimental analyses
challenging. Interestingly, the Bs,d → e+ e− modes, which are extremely helicity suppressed in
the SM, have not yet received attention at the LHC.
New observables of the decay Bs → μ+ μ− were pointed out, which oﬀer interesting probes at
the high-precision frontier. 1 In the following, we focus on the constraints for NP eﬀects following
0 → τ +τ −,
from the current Bs → μ+ μ− data,2 their implications for the branching ratios of Bs,d
0
+
−
3
4
Bs,d → e e , and address the impact of new sources of CP violation.
2

In Pursuit of New Physics

The theoretical framework is given by eﬀective quantum ﬁeld theory, where the decays at hand
are described by a low-energy eﬀective Hamiltonian.1 In the SM, only the operator O10 =
¯ μ γ5 ) contributes with a real Wilson coeﬃcient. In the presence of NP, new four(q̄γμ PL b)(γ
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Figure 1 – Overview of experimental information on Bq → + − branching ratios as deﬁned in Eq. (1) and
comparison with the corresponding SM predictions.

fermion operators involving (pseudo)-scalar lepton densities may enter. Their eﬀect is described
q
, where the former includes the SM and pseudo-scalar
by short-distance coeﬃcients Pq and S
q
= 0.
NP eﬀects while the latter originates from new scalars. In the SM, we have Pq = 1 and S
0
0
Due to the presence of Bs –B̄s mixing and the sizeable Bs decay width diﬀerence ΔΓs /Γs ∼
0.1, a subtle diﬀerence arises between the untagged, time-integrated branching ratio
B(Bs → μ+ μ− ) ≡

1
2

 ∞
0

Γ(Bs (t) → μ+ μ− ) dt = (3.0 ± 0.5) × 10−9 ,
LHC

(1)

measured at the LHC, and theoretical predictions B(Bs → μ+ μ− ) which usually refer to a
setting without the oscillations.1,5 The conversion involves an observable Aμμ
ΔΓs , which depends
on Pμμ and Sμμ and takes the SM value +1, yielding3 B(Bs → μ+ μ− )SM = (3.57 ± 0.16) × 10−9 .
Electromagnetic corrections were recently calculated in Ref. 6 and were found to be tiny. The
observable Aμμ
ΔΓs contains information equivalent to the eﬀective lifetime


∞
t Γ(Bs (t) → μ+ μ− ) dt
τμμ ≡ 0 ∞
= [2.04 ± 0.44(stat) ± 0.05(syst)] ps
+ −
0 Γ(Bs (t) → μ μ ) dt

(2)

which was measured by the LHCb collaboration for the ﬁrst time with the value given above.7
In order to probe NP eﬀects through the measured Bs0 → μ+ μ− branching ratio, the quantity
Rμμ ≡ B(Bs → μ+ μ− )/B(Bs → μ+ μ− )SM = 0.84 ± 0.16
s

(3)

plays a central role.1,2 Assuming real coeﬃcients Pμμ and Sμμ , we obtain the constraints shown
s
in Fig. 2. Interestingly, Rμμ alone does not allow a separation of these contributions and sizeable
NP eﬀects could still be present.3 They could be revealed through a future measurement of Aμμ
ΔΓs .
Unfortunately, the current value of Aμμ
=
8.24
±
10.72
does
not
yet
have
an
impact.
ΔΓs
Let us now explore implications of these NP constraints for other Bq → + − processes.3
To this end, we employ a scenario with ﬂavour-universal NP (FUNP) contributions, which is























Figure 2 – Constraints in the Pμμ –Sμμ plane following from the LHC data and impact of Aμμ
ΔΓs (see Ref. 3).

82

B(Bs,d →τ + τ − )
B(Bs,d →τ + τ − )SM

Aμμ
ΔΓs

B(Bs → μ+ μ− )
Experiment
s

Experiment
Flavour
Universal
New Physics
Scenario

s
s
Pμμ
, Sμμ

Rμμ

Theoretical
Range

Theory

0.7 ≤

−1 ≤ Aμμ
ΔΓs ≤ +1

B(Bs → μ+ μ− )SM

∼ 1

0≤

B(Bd →μ+ μ− )
B(Bd →μ+ μ− )SM

B(Bs,d →e+ e− )
B(Bs,d →e+ e− )SM

≤ 1.1

≤ 2 × 105

Figure 3 – Flowchart to explore the impact of Bs → μ+ μ− NP constraints for other Bs,d → + − decays.
( )

( )

( )

characterised by the feature that C10 , CP , CS do not depend on ﬂavour labels. In Fig. 3,
the corresponding strategy is illustrated in a ﬂowchart.
In the case of Bd0 → μ+ μ− , the ratio


d |2 + |S d |2
|Pμμ
B(Bd → μ+ μ− )
μμ
∝
s |2 + |S s |2
|Pμμ
B(Bs → μ+ μ− )
μμ



f Bd
f Bs


2 
 Vtd 2


V 

(4)

ts

is a particularly interesting quantity, where the ratio of CKM matrix elements can be determined
from an analysis of the unitarity triangle. In the FUNP scenario, an essentially linear correlation
between the branching ratios arises, with a moderate suppression of B(Bd → μ+ μ− ) with respect
to the SM expectation, in analogy to the current LHC data for Bs → μ+ μ− .
Concerning Bq0 → τ + τ − decays, the NP eﬀects are strongly suppressed by the mass ratio
mμ /mτ ∼ 0.06 in the FUNP scenario, resulting in
0.8 ≤ Rτ τ ≡ B(Bs → τ + τ − )/B(Bs → τ + τ − )SM ≤ 1.0,
s

τ
0.995 ≤ AτΔΓ
≤ 1.000,
s

with a similar picture for Bd0 → τ + τ − . First experimental bounds were obtained by
In the case of Bq0 → e+ e− , we have a situation complementary to Bq0 → τ + τ −

(5)

LHCb.8

within the
FUNP framework, where the NP eﬀects are hugely ampliﬁed by the mass ratio mμ /me ∼ 207.
In this scenario, the (pseudo)-scalar New Physics contributions lift the helicity suppression of
the extremely small SM branching ratio, as illustrated in Fig. 4, where the red and green bands
s < 0 and P s > 0, respectively. These results correspond to
describe Pμμ
μμ
s

0 ≤ Ree ≤ 1.7 × 105 ,

0 ≤ B(Bs → e+ e− ) ≤ 1.4 × 10−8 ;

(6)

a similar picture arises for the Bd → e+ e− decay, with 0 ≤ B(Bd → e+ e− ) ≤ 4.0 × 10−10 . The
most recent experimental constraints on these modes were obtained by the CDF collaboration:
B(Bs → e+ e− ) < 2.8 × 10−7 and B(Bd → e+ e− ) < 8.3 × 10−8 , and date back to 2009.9 It would
be most interesting to search for these modes at the LHC, where an observation would give an
unambiguous signal for physics beyond the SM.



















Figure 4 – Correlation between the Bs → e+ e− and Bs → μ+ μ− branching ratios in the FUNP scenario.
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3

Impact of CP Violation

New sources of CP violation may enter through phases of the short-distance coeﬃcients. In the
case of Bs → μ+ μ− decays, we have the following time-dependent CP asymmetry:1,2
λ cos(ΔM t) + S
−
+ −
0
Cμμ
Γ(Bs0 (t) → μ+
s
μμ sin(ΔMs t)
λ μλ ) − Γ(B̄s (t) → μλ μλ )
=
,
μμ
−
0 (t) → μ+ μ− )
cosh(y
t/τ
)
+
A
Γ(Bs0 (t) → μ+
μ
)
+
Γ(
B̄
s
Bs
ΔΓs sinh(ys t/τBs )
s
λ λ
λ λ

(7)

λ term cancels in the helicity-averaged
where λ is the muon helicity and ys ≡ ΔΓs τBs /2. The Cμμ
μμ 2
λ
2
2
rates, and (Cμμ ) + (Sμμ ) + (AΔΓs ) = 1. These CP asymmetries were analysed within speciﬁc
μμ

s ≡ |P s |eiϕPs and
NP models,2 and a detailed study to probe possible CP-violating phases of Pμμ
μμ
iϕμμ
Ss

s ≡ |S s |e
has recently been performed,4 showing that the CP asymmetries do not oﬀer
Sμμ
μμ
suﬃcient information to determine all parameters from the data. However, assuming speciﬁc
scenarios, much sharper pictures can be obtained. Explorations of CP violation oﬀer valuable
insights and are an essential part for revealing the full dynamics of the Bs0 → μ+ μ− decays.

4

Conclusions

We are moving towards new frontiers with Bq → + − decays. The Bs0 → μ+ μ− mode has been
observed, and ΔΓs provides access to a new – theoretically clean – observable Aμμ
ΔΓs , which should
be fully exploited in the future. What are the implications of the Bs0 → μ+ μ− measurement
for the other Bs,d → + − decays? Assuming ﬂavour-universal NP eﬀects, Bd → μ+ μ− is found
to be moderately suppressed with respect to the SM and the NP eﬀects strongly suppressed
by mμ /mτ ∼ 0.06 in Bs,d → τ + τ − decays. On the other hand, NP eﬀects could by hugely
ampliﬁed in this scenario by mμ /me ∼ 207 in Bs,d → e+ e− , thereby lifting B(Bs → e+ e− ) up
to the regime of B(Bs → μ+ μ− ), with the exciting possibility that it may be within reach at
the LHC. New sources of CP violation may enter Bq → + − decays and oﬀer an interesting
playground, both for theorists within speciﬁc extensions of the SM and for experimentalists to
explore future measurements of the corresponding observables. Decays of the kind Bq → + −
oﬀer new degrees of freedom for NP searches at the upcoming LHC upgrade and beyond!
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For about twenty years, B → πK decays are in the focus of B-decay studies. We show that a
correlation between the CP asymmetries of Bd0 → π 0 KS reveals a tension with the Standard
Model. Should it be due to New Physics, a modiﬁed electroweak penguin sector provides
particularly interesting possibilities. We present a new method to determine the electroweak
penguin parameters, which uses an isospin relation and requires only minimal SU (3) input.
We apply it to the current data for B → πK decays and discuss the prospects for utilizing CP
violation in Bd0 → π 0 KS . The strategy has the exciting potential to establish New Physics in
the electroweak penguin sector in the high-precision era of B-physics.

1

Introduction

Decays of the type B → πK have been in the spotlight for over two decades (see Refs. 1,2
and references therein). This is a particularly interesting class of decays because the leading
contributions come from QCD penguin topologies; the tree topologies are suppressed by the
CKM matrix element Vub . Moreover, electroweak (EW) penguin topologies give contributions
at the same level as the tree topologies.
The decay Bd0 → π 0 KS is the only B → πK channel with a mixing-induced CP asymmetry,
which arises from interference between Bd0 –B̄d0 mixing and the decay of Bd0 or B̄d0 into the π 0 KS
ﬁnal state. Moreover, all B → πK decays may have direct CP violation, arising from interference
between penguin and tree contributions. The correlation between the CP asymmetries of the
Bd0 → π 0 KS mode has revealed a discrepancy in the past, which could be explained by a modiﬁed
EW penguin sector.2 We provide an up-to-date picture of this correlation, and present a new
method to pin down the parameters governing the EW penguin contributions.3,4
The B → πK System

2

The EW penguin topologies contributing to Bd0 → π − K + and B + → π + K 0 are colour-suppressed
and play a minor role. On the other hand, the Bd0 → π 0 K 0 and B + → π 0 K + channels have
also contributions from colour-allowed EW penguin toplogies. These eﬀects are described by
the following parameter, which can be calculated using the SU (3) ﬂavour symmetry: 5,1


qeiφ eiω ≡ −
a

C
P̂EW + P̂EW

T̂ + Ĉ


SM

=

−3
2λ2 Rb

Speaker
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C9 + C10
Rq = (0.68 ± 0.05)Rq .
C1 + C2

(1)

C (Ĉ) are colour-allowed
Here φ(ω) is a CP-violating (CP-conserving) phase, and P̂EW (T̂ ) and P̂EW
and colour-suppressed EW penguin (tree) amplitudes, respectively. Note that ω vanishes in the
SU (3) limit, and that its smallness is a model-independent result.6 Furthermore, λ ≡ |Vus | =
0.22, Rb is a side of the unitarity triangle (UT), the Ci are Wilson coeﬃcients, and SU (3)breaking corrections are parametrized by Rq = 1.0 ± 0.3.
The tree and QCD penguin topologies are described by the hadronic parameters

rc eiδc ≡ (T̂ + Ĉ)/P  ,

reiδ ≡ (T̂ − P̂tu )/P  ,

(2)
P

∝ Ptc .
where P̂tu is the diﬀerence between QCD penguin amplitudes with t and u quarks, and
In order to determine these parameters, we follow Refs. 1,2 and use B → ππ data, where
contributions from EW penguins are tiny, and employ the SU (3) ﬂavour symmetry, yielding: 3,4
◦

rc eiδc = (0.17 ± 0.06)ei(1.9±23.9) ,

◦

reiδ = (0.09 ± 0.03)ei(28.6±21.4) .

(3)

Here, we allowed for non-factorizable SU (3)-breaking corrections of 20%. In an analysis of
Bd,s → ππ, KK, πK modes we did not ﬁnd indications of anomalously large non-factorizable
SU (3)-breaking corrections. 7
The amplitudes of the B → πK decays satisfy the following isospin relation: 1,2
√
√
2A(Bd0 → π 0 K 0 ) + A(Bd0 → π − K + ) = 2A(B + → π 0 K + ) + A(B + → π + K 0 ) ≡ 3A3/2 . (4)
Here 3A3/2 ≡ 3|A3/2 |eiφ3/2 is an isospin I = 3/2 amplitude, which is given by




C
3A3/2 = −(T̂ + Ĉ)eiγ + (P̂EW + P̂EW
) = −(T̂ + Ĉ) eiγ − qeiφ eiω ,

(5)

where γ = (70 ± 7)◦ is the corresponding UT angle, and |T̂ + Ĉ| can be determined from the
B → ππ system using the following SU (3) relation: 8
√
|T̂ + Ĉ| = RT +C |Vus /Vud | 2|A(B + → π + π 0 )|.
(6)
The SU (3)-breaking eﬀects are given by RT +C ≈ fK /fπ = 1.2 ± 0.2, where the central value is
obtained in factorization and the uncertainty
allows for non-factorizable
corrections.

 

The direct CP asymmetries AfCP ≡ |Āf |2 − |Af |2 / |Āf |2 + |Af |2 are proportional to
r(c) sin δ(c) sin γ, giving values of O(10%). Together with the branching ratios they are ingre2 ).3,4 The current
dients of a sum rule,9 which vanishes in the SM up to corrections of O(r(c)
0

0

experimental data 10 are in agreement with the SM pattern.4 Since the uncertainty of AπCPK is
still large, we use the sum rule to predict this observable: 3,4
0

0

AπCPK = −0.14 ± 0.03.
The mixing-induced CP asymmetry

f
SCP

(7)

enters the time-dependent rate asymmetry as

0
Γ(B̄d0 (t) → π 0 KS ) − Γ(Bd0 (t) → π 0 KS )
π 0 KS
sin(ΔMd t),
= AπCPKS cos(ΔMd t) + SCP
Γ(B̄d0 (t) → π 0 KS ) + Γ(Bd0 (t) → π 0 KS )

(8)

where ΔMd is the mass diﬀerence between the Bd mass eigenstates. We have


0

0

π KS
= sin(φd − φ00 ) 1 − (AπCPKS )2 ,
SCP

(9)

where φd = (43.2 ± 1.8)◦ is the CP-violating Bd0 –B̄d0 mixing phase.2 The key quantity is the
angle φ00 ≡ arg(Ā00 A∗00 ) between A00 ≡ A(Bd0 → π 0 K 0 ) and its CP-conjugate Ā00 , which can
be expressed in terms of the hadronic parameters in Eq. 2 as follows: 3,4
2
tan φ00 = 2(r cos δ − rc cos δc ) sin γ + 2rc (cos δc − 2ãC /3) q sin φ + O(r(c)
).

(10)

Here ãC ≡ aC cos(ΔC + δc ) parametrizes the small colour-suppressed EW penguin contributions.
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3

Correlation Between the CP Asymmetries of Bd0 → π 0 KS

We may calculate φ00 using the numerical values in Eqs. 1 and 3. However, the cleanest way to
determine this quantity is from the amplitude triangles corresponding to the isospin relation for
the neutral decays in Eq. 4, as it requires only minimal SU (3) input and no topologies have to
0
π 0 KS
be neglected.2 From Eq. 9, we can then determine SCP
as a function of AπCPKS . This yields the
correlation shown in the left panel of Fig. 1, which is more constrained than in previous work 2
due to a better determination of γ. We also show current data 10 and the prediction from the
sum rule. We observe a discrepancy between the data and the correlation at the 2σ level.
In the right panel of Fig. 1, we show a new constraint, obtained from the angle φ± ≡
arg(Ā± A∗± ) between A± ≡ A(Bd0 → π − K + ) and its CP-conjugate Ā± . For φ = 0◦ , which
includes the SM, we obtain φ± |φ=0 = 2 r cos δ sin γ + O(r2 ) = (8.7 ± 3.5)◦ , where the numerical
value follows from Eq. 3. We can also extract this angle from the amplitude triangles. The
tension between these two constraints shows that also the correlation itself is not in agreement
with the SM. We could obtain a consistent picture in Fig. 1 if the CP asymmetries of Bd0 → π 0 KS
moved by ∼ 1σ and Br(π 0 K 0 ) went down by ∼ 2.5σ. On the other hand, Fig. 1 may also be a
hint of NP, where a modiﬁed EW penguin sector is a particularly interesting scenario.








































0

Figure 1 – Correlation between the CP asymmetries of Bd0 → π 0 KS (left), and φ± as a function of AπCPKS (right).

4

Determination of the EW Penguin Parameters

The EW penguin parameters q and φ can also be determined from the isospin relation in
Eqs. 4 and 5. Speciﬁcally, we can use the amplitude triangles to express these parameters
as a function of 3|A3/2 |/|T̂ + Ĉ|, yielding contours in the φ–q plane.3,4 This method requires only
minimal SU (3) input to determine |T̂ + Ĉ| from Eq. 6, and no topologies have to be neglected.
The analysis can be done for both the neutral decays and the charged decays separately. It
π 0 KS
in the
requires us to ﬁx the relative orientation of the triangles, which we can do through SCP
+
+
0
case of the neutral decays, and with the angle between A(B → π K ) and its CP conjugate,
π 0 KS
is still large,10
which is of O(1◦ ), for the charged decays. Since the current uncertainty of SCP
we perform the analysis for the charged decays, yielding the contours in the left panel of Fig. 2.
In order to determine the values of q and φ we need further input. This can be obtained from
π 0 KS
using the hadronic parameters in Eq. 2. In particular, we can convert a measurement of
SCP
this observables into a value of φ00 , and subsequently obtain a contour in the φ–q plane from
Eq. 10. As the strong phases enter only as cos δ(c) , this expression is very insensitive to variations
of these small parameters, thereby having a theoretically favourable structure. Furthermore, the
small contributions from colour-suppressed EW penguins can be included through data.3,4
π 0 KS
In view of the current large uncertainty of SCP
, we study 3 diﬀerent scenarios. In the right
panel of Fig. 2, we give again the contours from the amplitudes triangles, now assuming perfect
measurements and progress on the calculation of RT +C .2 In addition, we show the contours from
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Figure 2 – Contours in the φ–q plane for charged B → πK data following from the isospin relation in Eqs. 4 and 5.
The left panel shows current data, whereas the right one corresponds to future scenarios. The purple contours
π 0 KS
follow from diﬀerent assumed measurements of SCP
.
0

π KS
SCP
, where we assume a precision of ±0.04 for the CP asymmetries of Bd0 → π 0 KS at the
end of Belle II,11 and include 20% non-factorizable SU (3)-breaking corrections for the hadronic
parameters entering Eq. 10. We give separately the experimental (small bands) and theoretical
(wide bands) uncertainties, and observe that we can match the experimental precision with
π 0 KS
provides complementary information on q and φ, allowing
theory. Moreover, we see that SCP
the determination of these parameters.

5

Conclusions

We have performed a state-of-the-art B → πK analysis, showing that a tension with the SM
in the correlation of the Bd0 → π 0 KS CP asymmetries has become stronger. In order to clarify
this intriguing picture, either data have to move to conﬁrm the SM, or we may have NP, where
a modiﬁed EW penguin sector provides a particularly interesting scenario. We present a new
strategy to determine the EW penguin parameters q and φ, which has the potential to resolve
this puzzling situation and reveal new sources of CP violation.
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Lepton Flavour Universality tests with B decays at LHCb
Johannes Albrecht
Fakultät Physik, TU Dortmund, Germany

This article discusses tests of lepton ﬂavour universality that are carried out with the LHCb
experiment. The experimental situation of b → s+ − and b → cν decays is summarised.

1

Introduction

In the Standard Model of particle physics (SM), the electroweak gauge bosons Z 0 and W ±
have identical couplings to all three lepton ﬂavours. This prediction is called lepton ﬂavour
universality (LFU) and is well tested in tree level decays, e.g. of tau leptons, light mesons or
the gauge bosons themselves.1
Recent measurements of loop level beauty decays of the type b → s+ − and semileptonic
beauty decays of the type b → cν have shown tensions with the SM prediction of LFU. The most
precise measurements of these quantities, performed by the LHCb collaboration, are summarised
√
in these proceedings. All measurements are based on 3 fb−1 of data collected at s = 7 TeV and
8 TeV.

2

Lepton Flavour Universality in b → s+ − decays

A very clean test for new physics can be performed by taking ratios of b → s+ − decays to
diﬀerent lepton species. At the current experiments, b → s+ − decays with electrons and
muons in the ﬁnal state are accessible. If the momentum transfer of the dilepton system is
suﬃciently above the dilepton mass, uncertainties in the hadronic form factors cancel to a very
good approximation, leaving a SM prediction with uncertainties below 1%.2 In the recent years,
the interest in lepton ﬂavour universality tests has increased, mainly driven by two measurements
from the LHCb collaboration: the ratio of B + → K + μ+ μ− to B + → K + e+ e− , called RK ,3 and
the ratio of B 0 → K ∗0 μ+ μ− to B 0 → K ∗0 e+ e− , called RK ∗ .4 The LHCb collaboration uses
basically the same strategy for both analyses, that is discussed here for general b → s+ −
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decays with the corresponding hadron named H. The LFU testing ratio RH is then deﬁned as


RH = 

dΓ(B→Hμ+ μ− )
dq 2
dq 2
dΓ(B→He+ e− )
dq 2
dq 2

,

where the diﬀerential decay rate is measured in certain q 2 ranges. The q 2 ranges corresponding
to the J/ψ and ψ(2S) is always excluded from the LFU analysis and is used as control channel.
To cancel experimental uncertainties in the absolute eﬃciencies of the measurements, the ratio
RH is not measured directly, but as double ratio, normalising the non-resonant signal mode to
the corresponding high-statistics J/ψ mode. The ratio RH is then measured as

B(B → He+ e− )
B(B → Hμ+ μ− )
RH =
.
+
−
B(B → HJ/ψ (→ μ μ )) B(B → HJ/ψ (→ e+ e− ))
A few comments are in order to explain this experimental strategy: ﬁrstly, this method tests for
LFU violations in the FCNC decays, it relies on the conservation of LFU in the corresponding
resonant decay modes. To test this assumption, the ratio of the resonant channels
r(J/ψ ) =

B → K (∗) J/ψ (→ μ+ μ− )
,
B → K (∗) J/ψ (→ e+ e− )

is conﬁrmed to agree with LFU conservation. It has to be stressed that this test is a more
stringent test than necessary, because it tests the absolute ratio of muon to electron reconstruction, identiﬁcation and selection eﬃciencies while in the analyses of RH , only relative eﬃciencies
between non-resonant and resonant channels are required. If the ratio r(J/ψ ) is tested in bins
of the daughter particle momenta, it can directly test the range of q 2 covered in the analysis.
The most precise test of r(J/ψ ) has been performed in LHCb’s analysis of RK ∗ , it was found
to be in agreement with unity with a precision of 4.5%. Compared to the statistical uncertainties
of the LFU tests of the order of 10%, this uncertainty is subdominant. For further tests with
enlarged datasets, the precision in the determination of eﬃciencies as cross-checked in r(J/ψ )
needs to be studied in more detail.
The experimentally best accessible mode of all b → s+ − decays is B + → K + + − . The
LHCb collaboration published a measurement using 3 fb−1 of data.3 The uncertainty of the
measurement is dominated by the statistical uncertainty of the electron channel, with a signal
yield of 172+20
−19 events, i.e. the statistical uncertainty is of the order of 12%. Dominant systematic
uncertainties are the modelling of the mass shape and the determination of the trigger eﬃciencies,
both accounting for about 3%. The value of RK is found to be
RK = 0.745+0.090
−0.074 (stat) ± 0.036(syst) ,

(1)

prediction5

of 1.0 with a signiﬁcance of 2.6 standard deviations
which is in tension with the SM
(σ). The BaBar and Belle experiments have also published6, 7 tests of LFU, but their analysed
dataset is much smaller than the LHCb dataset and hence the measurement has signiﬁcantly
larger uncertainties. The status of all measurements is summarised in Fig. 1 (left).
The next accessible b → s+ − channel is B 0 → K ∗0 + − , which has been published by the
LHCb collaboration with 3 fb−1 with a signal yield of 89 and 111 events in the low and central
bin of q 2 , respectively. Similarly to RK , the measurement is implemented as double ratio with
the resonant decay mode. Both q 2 bins are found below the SM prediction,
RK ∗ =

0.66
0.69

+
−
+
−

0.11
0.07 (stat)
0.11
0.07 (stat)

± 0.03 (syst)
± 0.05 (syst)

for 0.045 < q 2 < 1.1 GeV2/c4 ,
for 1.1 < q 2 < 6.0 GeV2/c4 .

The measurement of RK ∗ is shown in Fig. 1 (right). The signiﬁcances of the deviation of the
SM expectation are 2.1 and 2.4 σ for the low and middle q 2 bin, respectively. The statistical
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Figure 1 – (left) Summary of the measurements of RK of the LHCb,3 BaBar6 and Belle7 experiments. The SM
prediction is indicated as a line at 1.0. (right) LHCb measurement4 of RK ∗ , together with several SM predictions.

uncertainty is of the order of 15%, dominant systematic uncertainties are due to data/MC
corrections (up to 5%) and background modelling (up to 5%).
The LHCb experiment has already collected a factor three more beauty mesons with respect
to the 3 fb−1 that are used for the measurements described above. Therefore, the tensions seen
in the RK and RK ∗ measurements should get clariﬁed in the foreseeable future. Then, the
Belle 2 experiment will start to take data and will be able to further test LFU.
Additionally to the channels discussed above, LFU can be tested in Bs0 → φ+ − decays,
where a ﬁrst observation of the channel Bs0 → φe+ e− should be possible already with 3 fb−1
of LHCb data. Also B + → K − π + π − + − and Λb → Λ+ − decays are analysed to test for
violation of lepton universality. Combining the already collected large datasets and the analysis
of more channels, the question if LFU is conserved in the SM should be conclusively answered in
the near future. A quantitative analysis of the future sensitivities to discover LFU is discussed
in Ref.8

3

Lepton Flavour Universality in b → cν decays

Lepton ﬂavour universality can also be tested in semileptonic decays of the type b → cν.
∗ is deﬁned as R∗ = B¯0→D ∗+ τ − ν¯τ . The SM prediction is calculated to be
The observable RD
D
B¯0→D ∗+ μ− ν¯
μ

∗ = 0.252 ± 0.0039 , the diﬀerence to unity originates in the non-negligible tau-lepton mass.
RD
∗ = 0.336 ± 0.027 ± 0.030, using the leptonic τ − decay mode
LHCb has also measured10 RD
τ − → μ− ν¯μ ντ . The compatibility with the SM prediction is 2.1σ. More recently, LHCb has
∗ in the hadronic τ − decay mode τ − → π + π − π − (π 0 )ν , in which the neutral
also measured RD
τ
∗ was measured11 to a value of 0.291 ± 0.019 ± 0.026 ± 0.013,
pion is not reconstructed. RD
compatible with the SM prediction at 1.0σ. The experimental situation of the measurements of
∗ and also the here not discussed R is shown in Fig. 2. The combination of both ratios is in
RD
D
tension with the SM with a signiﬁcance of 4.1σ.12

LFU can also be tested in Bc+ decays. LHCb has performed a measurement of the ratio
RBc+ = B(Bc+ → J/ψ τ + ντ )/B(Bc+ → J/ψ μ+ νμ ), where the τ + is reconstructed in the leptonic
decay mode.13 The value found is RBc+ = 0.71 ± 0.17 ± 0.18 which is 2.0σ above the SM
prediction. It should be noted that the tensions seen in RBc+ are in the same direction as the
tensions seen in RD(∗) .
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∗ 12
Figure 2 – Summary of the measurements of RD and RD
.

4

Summary

The recent experimental results testing lepton ﬂavour universality show intriguing tensions. In
b → s+ − decays, a tension of 4.0σ is observed, it is even increased if the muonic measurements
discussed in Ref.14 are included. In b → cν decays, a tension with a combined signiﬁcance of also
about 4σ is seen. Signiﬁcant theoretical eﬀorts are ongoing to explain both types of anomalies
in uniﬁed models, a detailed discussion can be found in Refs.15, 16 On the experimental side,
the dataset already collected by the LHCb collaboration is about a factor three larger than the
dataset analysed here, so interesting updates on the presented measurements can be expected
in the near future. Also, the Belle 2 experiment has started to take data and will be able to
provide an important cross check of the measurements from the LHCb collaboration.
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Explaining the Flavour Anomalies with Leptoquarks
ANDREAS CRIVELLIN
Paul Scherrer Institut, CH–5232 Villigen PSI, Switzerland

Several experiments observed deviations from the Standard Model (SM) in the ﬂavour sector:
LHCb found a 5 σ discrepancy compared to the SM in b → sμ+ μ− transitions (including hints
for lepton ﬂavour universality violation (LFUV) in R(K) and R(K ∗ )). In addition BELLE,
BABAR and LHCb founds hints for LFUV in b → cτ ν transitions at the 4 σ level. In addition,
there is the long-standing discrepancy in the anomalous magnetic moment of the muon with
a signiﬁcance of more than 3 σ. All these anomalies are related to muons and taus, while
the corresponding electron channels seem to be SM like. Interestingly, leptoquarks provide a
common solutions to all these hints for LFUV which I discuss in these proceedings.

1

Introduction

The discovery the Higgs at the LHC provided the ﬁnal ingredient of the SM and no direct
evidence for physics beyond the SM has been found at the LHC so far. However, there are very
intriguing indirect hints for new physics (NP) in the ﬂavor sector, mainly in semileptonic decays
of B-mesons and the long-lasting discrepancy in the anomalous magnetic moment (AMM) of
the muon.
b → s+ − : Deviations from the SM found by LHCb 1 in the decay B → K ∗ μ+ μ−
arise mainly in an angular observable called P5 2 , with a signiﬁcance of 2–3σ depending on
assumptions made for the hadronic uncertainties. LHCb has further observed signs for LFUV
in B → K (∗) + − decays 3 (4 ). Here, the measured ratio branching fraction ratios R(K (∗) ) =
Br[B→K (∗) μ+ μ− ]
Br[B (∗) →Ke+ e− ]

disagree with their theoretically clean SM predictions by 2.6 − 2.8σ each. Combining these observables with all other available b → s data, it is found that NP is preferred
over the SM by more than 5σ 5,6 . Here a destructive interference with the SM of the order of
25% is required to account for the data.
b → cτ ν: Hints for LFUV in R(D) and R(D∗ ) were observed ﬁrst by the BaBar collaboration in 2012 and were conﬁrmed by BELLE and LHCb. Here a combined discrepancy of
around 4.0σ was found 7 and recently LHCb also measured R(J/Ψ) ﬁnding consistency. Here,
an constructive order 10% eﬀect at the amplitude level is required.
aμ : The AMM of the muon aμ ≡ (g − 2)μ /2, provides another motivation for NP connected
to muons. The experimental value of aμ is completely dominated by the Brookhaven experiment
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−11 , where the ﬁrst error is statistical and
E821 8 and is given by aexp
μ = (116 592 091±54±33)×10
the second one systematic. This amounts to a discrepancy between the SM and experimental
value of more than 3 σ (see for example Ref. 9 for a review). Here an eﬀect which is of the order
of the electro-weak SM contribution is preferred by the measurement.

2

Explanations

Interestingly, all these hints for NP can be explained by leptoquarks, i.e. hypothetical new
particles which couple directly quarks to leptons. In fact, there are 10 representations of leptoquarks (5 scalars and 5 vectors) which are invariant under the SM gauge group and couple to
SM fermions only 10 .
b → s+ − : Here an explanation with leptoquarks is quite straight forward . There are
three representations of LQ with give a good ﬁt to data, in this case a C9 = −C10 pattern. Since
the required eﬀect is quite small and arises at tree-level, the bounds from other processes like
b → sγ, Bs mixing or b → sνν are very weak. However, once couplings to electrons are non-zero,
correlations with b → seμ processes and μ → eγ arise, implying stringent bounds which diﬀer
for the three representations 11 .
aμ : Even though leptoquarks must be quite heavy due to LHC constraints, it is still possible
to get the required sizable eﬀect in the AMM since the contribution can be chrially enhanced by
a factor mt /mμ compared to the SM 12 . In fact, among the 5 scalar leptoquark representations
which are invariant under the SM gauge group, only two can generate such an enhanced eﬀect
because they possess couplings to left- and right-handed muons simultaneously: Φ1 being an
SU (2)L singlet with hypercharge −2/3 and Φ2 being an SU (2)L doublet with hypercharge −7/3.
These leptoquarks lead to simultaneous eﬀects in Z → μ+ μ− couplings which can be measured
at future colliders 13 as shown in the left plot of Fig. 1.
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Figure 1 – Left: Allowed regions in the λL
μ -λμ plane from current and future experiments for the SU (2)L singlet
SM
leptoquarks Φ1 with M = 1 TeV. Right: Predictions for b → sτ + τ − processes as a function of RX /RX
with
RX = Br[B → Xτ ν]/Br[B → Xν] (X = D, D∗ ) or RX = Br[Bc → Xτ ν]/Br[Bc → Xν] (X = J/Ψ).

B → D (∗) τ ντ : Leptoquarks can provide a valid explanation here as well (see e.g. 14 for an
early account). However, for a single scalar LQ, the coupling structure should be aligned to the
bottom quark in order to avoid b → sνν bounds and in this case the eﬀect in R(D) and R(D∗ ) is
proportional to the small CKM element Vcb and large third generation couplings are required to
account for the anomalies. These large third generation couplings lead again to stringent bounds
from direct LHC searches 15 and electroweak precision observables 16 . However, LHC bounds
from τ τ searches and EW precision constraints can be avoided in case of a non-CKM suppressed
leptoquark contributions to R(D) and R(D∗ ). For single scalar leptoquark representations, this
leads to unacceptably large eﬀects in b → sνν transitions 17 . However, the crucial observation
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is that the SU (2)L singlet Φ1 and an SU (2)L triplet Φ3 both with hypercharge Y = −2/3
can contribute with opposite relative sign to R(D(∗) ) than to b → sνν processes such that
the eﬀect in R(D(∗) ) is doubled while the contributions in B → K (∗) νν cancel at tree-level 18,19 .
Alternatively, one can use the vector-leptoquark SU (2) singlet which automatically avoids eﬀects
in b → sνν 20 . In both cases, the generic prediction is a huge enhancement of b → sτ τ processes 21
as shown in the right plot of Fig. 1.
3

Pati Salam models for the Vector Leptoquark

As explained above, the SU (2) singlet vector leptoquark with hypercharge 2/3 is a natural
candidate for a simultaneous explanation of the ﬂavour anomalies 18,20,22,23,24 . Furthermore, it
is part of the theoretically very appealing Pati-Salam (PS) model. However, in conventional PS
models, the bounds on the breaking scale from KL → μe and K → πμe are so strong (at the
PeV scale) 25 that any other observable eﬀect in ﬂavour physics is ruled out. Nonetheless, these
bounds can be avoided by introducing vector like fermions and the model can be realized either
as a gauge theory with a Higgs mechanism or as a composite model.
Gauge model: By supplementing the standard PS model with three generations of vectorlike fermions transforming as fundamentals of SU (4) one can avoid the KL → μe and K → πμe
bounds 26 . Furthermore, all ﬂavour violation originates from the LQ while also the B-L Z 
couples in a ﬂavour diagonal way. However, there are strong LHC bounds on this Z  bosons
which require the introduction of additional neutral fermions.
Pati-Salam broken on a Randall-Sundrum background: If the PS gauge symmetry
is implemented in the 5D Randall-Sundrum (RS) background 27 , the mass scale of the KaluzaKlein (KK) resonances (including the VLQ) can be much lower, i.e. in the few TeV range. The
suppression of the lepton ﬂavour violating kaon decays can be achieved by introducing the SM
fermions as zero modes of bulk fermions 28 with their couplings to the KK modes determined
by their localization along the RS bulk. Since the zero mode localizations are free parameters,
one can obtain the required non-trivial ﬂavour structure in order to give interesting eﬀects in
b → sμ+ μ− and b → cτ ν transitions. However, the size of the eﬀects is limited by constraints
from D − D̄ mixing and sizeable eﬀects in τ → 3μ are predicted 29 .
4

Conclusions

In these proceedings we reviewed the anomalies in the ﬂavour sector related to charged leptons.
Interestingly, all these anomalies involve muons and/or taus while the corresponding electron
channels seem to agree with the SM predictions. All these anomalies and can be explained using
leptoquarks which are therefore a prime candidate for NP.
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B anomalies: From warped models to colliders
Abhishek M. Iyer
INFN Sezione di Napoli,
via Cintia, 80126 Napoli Italia

We address the anomalies in the semi leptonic decays of B mesons in a warped custodial
framework. Two possible solutions of lepton non-universality are discussed: A) The muon
singlets couple non-universally to NP and B) The non-universality is in the coupling of lepton
doublets. Both these scenarios are characterized by diﬀerent predictions for rare Kaon decays.
An essential feature of these solutions is that the electron contribution to the Wilson coeﬃcients (WC) is non-vanishing, thereby oﬀering possibilities of diﬀerent patterns of solutions.
Beginning with a generic Z  model, we demostrate how the observation of the ratio Nμμ /Nee
can be mapped to a given pattern of WC which satisfy the anomalies.

1

Introduction

The observation of lepton ﬂavour universality (LFU) violation in the semi-leptonic decay of B
mesons has fueled several new physics (NP) explanations. In the neutral current sector (b → sll
transitions), these observations are parametrized through the measurement of the following ratio
1:


RK

B(B + → K + μ+ μ− ) 
=

B(B + → K + e+ e− ) q2 =1−6

= 0.745+0.090
−0.074 (stat) ± 0.036 (syst)
GeV 2

(1)
SM = 1.0003 ± 0.0001, implying a ∼ 2.6 σ deviation from
The SM predicts this ratio to be RK
the SM expectation. Furthermore, this observation was corroborated by the measurement of
0 →K ∗0 μ+ μ− )
, signaling a 2.4σ deviation for low q 2 and ∼ 2.5 σ for medium q 2 bins.
RK ∗ = B(B
B(B 0 →K ∗0 e+ e− )
In this talk, we will consider their explanation in a Randall Sundrum model with custodial
symmetry 2 . This model is characterized by the presence of fermions and gauge bosons in the
bulk. On account of this construction, the warped framework admits non-universal coupling
of the SM fermions to the KK gauge bosons, thereby oﬀering an explanation to the observed
anomalies in the b → sll sector. Two scenarios of the solutions will be discussed:A) Unorthodox
case where non-universality exists in the coupling of lepton singlets to NP and B) Standard
scenario where the lepton doublets couple non-universally to NP 3 . An important aspect of this
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framework is that the electron coupling to NP is non-vanishing. This results in a possibility
where a multi-dimensional (2 or 4) ﬁt to data, (involving both electrons and muons) is possible.
With this as a background, we devise a strategy where the information on the extent of electron
and muon contribution can be extracted at high pT hadron experiments. This technique is
general for any model with heavy neutral vector bosons. We demonstrate that any diﬀerences
in the number of di-electrons and di-muons must be due NP eﬀects and not due to experimental
uncertainties in their detection.
2

b → sll anomalies

The geometry of the RS model, facilitates diﬀerential localization of the fermion ﬁelds in the
bulk by appropriate choice of bulk mass parameters c. This oﬀers an understanding of the
hierarchical pattern of the Yukawa couplings. Consequently, the couplings of the fermions to
the KK gauge bosons are diﬀerent thereby leading to the possibility of FCNC at tree level. For
the quarks we assume the ﬁrst two generation couple universally, implying the presence of a U (2)
symmetry while the non-universality is due to the third generation couplings. Additionally, we
assume that the down type singlets also couple universally. The bulk mass parameters for the
third generation quark is chosen to lie in the range cQ3 ∈ [0.4, 0.5] and ctR ∈ [0, 0.5] while the
ranges for other ﬁelds are chosen to be c > 0.5. These numbers, in particular for the down type
quarks, are motivated keeping in mind the constraints from ΔF = 2 processes. For the lepton
sector we consider the following two scenarios:
Scenario A: The non-universality is due the coupling of the muon singlets while the doublets
couple universally to NP.
Scenario B: In this case the doublets couple non-universally to NP while the coupling of the
singlets is assumed to be universal.
In order to describe the observed deviations, we evaluate the NP eﬀects to the Wilson coeﬃcients
of the following operators:
L⊃

Vtb∗ Vts GF α 
√
C i Oi
2π
i

(2)

In warped custodial models, there are four additional contributions to tree-level FCNC: X ∈
ZSM,ZX ,ZH ,γ (1) . The eﬀective four fermion interactions describing the b → sll transitions in this
case can be written as:
LN P ⊂







 

bs
bs
l
Xμ α L
(X)(s̄L γ μ bL ) + αR
(X)(s̄R γ μ bR ) + ¯l αVl (X)γ μ − αA
(X)γ μ γ 5 l

X=ZSM ,ZH ,ZX ,γ (1)

(3)
l
αV,A
(X)

αlL (X)±αlR (X)
.
2

where
=
Matching Eq.3 to the operators in Eq. 2, the Wilson co-eﬃcients
for each gauge ﬁeld X is given as:
√
√
2π
2π
bs
ΔC9 = − 2
αL
αbs (X)αVl (X)
(X)αVl (X),
ΔC9 = − 2
MX GF α
MX GF α R
√
√
2π
2π
bs
l

bs
l
ΔC10 =
α
(X)α
(X),
ΔC
=
(4)
A
10
2G α L
2 G α αR (X)αA (X)
MX
MX
F
F
We work in the mass basis of the up-type quarks such that the rotation matrix D in the down
sector corresponds to the VCKM . Under the assumption that the down type quark singlets

is zero. We now evaluate the contribution to C9,10 for the two
couple universally to NP, C9,10
scenarios discussed above:
Scenario A:The ranges chosen for c parameter scan for the leptons are cμL = cL ∈ [0.45, 0.55]
and cμR ∈ [0.45, 0.55]. Fig. 1 gives the results of the scan. The scan in this scenario has some
interesting features: As shown in the left plot of Fig 1, we ﬁnd that there exists region in the
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Figure 1 – Scenario A: Plots gives the correlation in the C9 and C10 parameter plane for both the electron and
the muon. We use MKK = 3 T eV
μ
parameter space where ΔC10
is vanishing while ΔC9μ is considerable. This is an artefact of the
similar scanning ranges for the doublets and muon singlets and corresponds to the case where
l (X) = αl (X). In such a case, there exist a parameter space where the corresponding electron
αL
R
contributions are also small, thereby reducing the ﬁt to a 1-D case. However, the ﬁts can be
obtained just outside the 2 σ region. This tight constraint can be relaxed by involving the
electrons, thereby making it a 4-D ﬁt to the data.
Scenario B: This is the standard scenario, where the electron contributions are typically
small. The non-universality in the lepton sector is due to the diﬀerential coupling of the muon
doublets to NP. Additionally, we allow the coupling of the third generation lepton doublet to
also be a free parameter (subject to ﬁtting the tau mass). Right plots of Fig. 1 gives the results
μ
− C9μ plane. The 2-D ﬁt can be reduced to
of the analysis illustrating the correlation in the C10
μ
a 1-D ﬁt when C10
= −C9μ .

3

Correlating the pattern of solutions to high pT searches at colliders

The diﬀerent pattern of solutions to the B anomalies, involving electrons and/or muons can be
probed at high energy p-p collisions. To begin with, we consider the following neutral current
Lagrangian:




Lef f

=

λ c λμ
λ b λμ
λbs
(s̄γμ b) [λe (ēγ μ e) + λμ (μ̄γ μ μ) + λτ (s̄γμ b)(τ̄ γ μ τ )] +
(b̄γμ b)(μ̄γ μ μ) +
(c̄γμ c)(μ̄γ μ μ)
M2
M2
M2
(5)

Given the lagrangian in Eq. 5, the Wilson-coeﬃcients for the R(K ∗ ) anomalies is given as
√
√
√
√
2π λbs λVe
2π λbs λVμ
2π λbs λAV
2π λbs λAV
μ
μ
μ
e
e
e
C9 = −
C9 = −
C10 = −
C10 = −
(6)
2
2
2
GF α M
GF α M
GF α M
GF α M 2

and λAV = L−R
where λV = L+R
2
2 . L(R) is the coupling strength of doublets (singlets) to Z .
As an illustration, we assume L = R, implying the axial-vector couplings of the leptons to Z 
C9

λV

vanish. In this case the ratio of C9 for muons and electrons is simply Cμ9 = λμV . Notice here that
e
e
the quark dependence cancels out.
Now consider the production of Z  in pp collisions with its corresponding decays into electrons
and muons. The ratio of number di-muons to di-electrons in the Z  mass bin at luminosity L is
σ

 (λ

V )2 L

μ

N

simply: δ = σZ  (λμV )2 Le = Nμe . As shown in Table. 1, electrons and muons are accompanied by
e
Z
diﬀerent acceptance eﬃciencies.
In order to ensure that the measurement of this ratio is purely due to the diﬀerence in
couplings of the Z  to the leptons, the acceptance eﬃciencies must be made approximately
similar i.e. e  μ . This can be achieved by using the electron jet techniques and using the
following substructure variables to identify the electron 4 :
A) Hadronic energy fraction: The jets corresponding to the electrons must be associated with
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Table 1: Comparison of eﬃciencies of acceptance for electrons and muons for mZ  = 3000 GeV

Simple Isolation(> 1 leptons)
Mass cuts (> 1000GeV )

μ

e

59.33
58.79

39.79
39.61

very small H − cal deposits. This helps in limiting QCD to a great extent and B) Tracks: The
leading jet is associated with exactly one track, while the subleading jet may have 0 or 1 track.
The latter condition is useful in accepting events which would otherwise have been rejected by
the standard electron identiﬁcation criteria. Table 1 gives a comparison of the eﬃciencies when
electron jets techniques are employed and we ﬁnd that the acceptance eﬃciencies are within
5 − 10% of each other. The continuum SM background has been estimated and is similar for
both the electrons and the muons. As a result, any discrepancy in the observation of the ratio
can be attributed to the diﬀerence in the couplings of the NP to electrons and muons. As shown
in the third column of Table 2, this technique can also be extended to tau jets and can be
used to extract information on C9τ , albeit with lesser accuracy than the leptons. This will have
implications for processes like B → K ∗ τ τ
Table 2: Comparison of eﬃciencies of electron jets and muons for diﬀerent mZ  masses. A selectrion criteria of
the mμμ or mj0 j1 (> 1000) GeV is imposed. For the electron jets the QCD fake rate is < 1 in 3 × 105 events. For
τ jets the QCD fake rate is 0.2%

mZ  (GeV)
2000
2500
3000
3500

4

μ

71.45
66.35
58.79
51.68

e

(Electron jets)
64.75
63.06
60.37
59.50

τ

(tau jets)
31.25
37.28
40.88
43.98

Conclusions

We discussed a warped model with custodial symmetry to address the B anomalies. The pattern
of the solutions included contributions to the Wilson coeﬃcients of both the electron and the
muon. This provided a natural motivation to look at high pT experiments which can possibly
probe the nature of these solutions. We construct a simple variable Nμμ /Nee and demonstrate
that this ratio can be mapped to the pattern of WC which satisfy the anomalies
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CAN WE REACH THE SCALE OF NEW PHYSICS BEHIND THE B
ANOMALIES? 1 a
TEVONG YOU
DAMTP, University of Cambridge, Wilberforce Road, Cambridge, CB3 0WA, UK;
Cavendish Laboratory, University of Cambridge, J.J. Thomson Avenue,
Cambridge, CB3 0HE, UK
Indirect signs of new physics beyond the Standard Model may be appearing in B → K (∗) μ+ μ−
decays. If conﬁrmed, the title question will be of paramount importance in determining the
strategy for future colliders. We answer it by estimating the sensitivity to minimal, anomalycompatible Z  and leptoquark models at the high luminosity LHC, 27 TeV HE-LHC, and 100
TeV FCC-hh; this conservative analysis outlines an upper bound on the available parameter
space and the conditions for a reasonable guarantee of direct discovery.

1

Introduction

Various measurements involving ﬂavour-changing neutral currents in B → K (∗) μ+ μ− decays
are in tension with Standard Model (SM) predictions. Taken individually, none are statistically
signiﬁcant enough yet to claim new physics, but collectively they are remarkably consistent with
each other: in a global ﬁt, the pull on a Wilson coeﬃcient is over 4σ away from the SM value. The
B anomalies are reviewed elsewhere in these proceedings 2 ; it goes without saying that more data
and further corroboration by related measurements or independent experiments will be needed
to conﬁrm them. Here, let us consider the implications if they are indeed established beyond
any reasonable doubt—we will then be in the tantalising position of knowing that fundamentally
new physics awaits us at potentially accessible energies. The crucial question is: how accessible
exactly? Will a 27 TeV high energy upgrade of the LHC (HE-LHC) be suﬃcient? Or must we
go to 100 TeV as proposed for the FCC-hh? Even then, could the new physics remain just out
of reach?
Ideally, we would have a no-lose theorem for going to higher energy, in the same way that
at the LHC the Higgs boson or some other discovery was guaranteed to appear below 1 TeV
(or, going back further, how massive electroweak gauge bosons were inevitable on the basis of
Fermi’s theory). Unfortunately, a similar partial wave analysis of the eﬀective operator involved
in b → sμ+ μ− with the required size of new physics places an upper limit on the scale of unitarity
violation at ∼ 80 TeV 3 —beyond the reach of the FCC-hh. Nevertheless, there are still good
prospects for discovery given that new physics would typically show up well below the scale of
unitarity violation, and other bounds can come into play long before then.
Our strategy 1 is therefore to consider minimal, pessimistic models of Z  and leptoquarks
that UV-complete the eﬀective operator at tree level. We make a ﬁrst quantitative estimate
of the sensitivity to these models at the 27 TeV HE-LHC and 100 TeV FCC-hh. The minimal
models are naı̈ve in that they include only the couplings necessary to explain the anomalies and
a
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are pessimistic in the sense that more realistic models will generally (and sometimes necessarily)
induce further couplings to other generations of quarks and leptons that would increase their
discoverability potential; demonstrating sensitivity to the pessimistic case therefore implies sensitivity to more realistic, model-dependent cases as a corollary. This forms an alternative way of
establishing a more conditional “no-lose” theorem (although unlike the unitarity violation limit
our bound may still be evaded by even more contrived models).
2

Future Collider Sensitivity to Z  and Leptoquarks

We use an approximate method 4 to extrapolate the 95 % CL limits from current searches for Z 
and leptoquarks at the LHC to higher luminosities and energies. It assumes that the limit at a
particular mass is mainly driven by the number of background events in a narrow width window,
so that the same limit will also apply at higher energy and luminosity at the equivalent mass
with the same number of background events. There are clearly limitations to this assumption,
but this conservative approach is suﬃcient for an initial order of magnitude estimate.

Figure 1 – Projected 95% CL limits on di-muon ﬁnal states at future colliders described in the legends. The
conservative extrapolation method underestimates the actual limit at low masses, as indicated by the shaded
region.

We begin with the Z  case. Fig. 1 shows the 95% CL limit on the cross-section times
branching ratio (in pb) for the di-muon ﬁnal state. On the left plot the ATLAS limit for 13
TeV with 3.2 fb−1 is denoted by a solid black line, and the limits extrapolated to HL-LHC and
HE-LHC are represented by dashed black and cyan lines, respectively. On the right are the
corresponding extrapolated limits for FCC-hh in red. The solid (dashed) cyan and red lines are
for 1 (10) ab−1 of integrated luminosity.
We may now apply these projected limits to our “naı̈ve” Z  model deﬁned by coupling only
to sb and μμ. As an example, the left plot of Fig. 2 shows dashed blue contours of the crosssection (in units of fb) for pp → Z  → μ+ μ− with MZ  = 1.5 TeV at the HL-LHC in the plane
of the Z  coupling strength, gsb vs gμμ . The parameter space compatible with explaining the
B anomalies lies along the green band. The 95% CL reach is shaded in blue. We also see that
increasing gsb beyond a certain point gives too large a contribution to Bs − B̄s mixing, shaded
in red. The grey region is where the Z  width is larger than 10% of its mass and the narrow
width approximation breaks down.
The right plot in Fig. 2 summarises the coverage at the HL-LHC as a function of mass on
the horizontal axis, with the vertical axis going along the anomaly-compatible green region for
each mass. The colour-coding of the shaded regions are the same as described above, and we
see that there is virtually no sensitivity to the large region of available parameter space. The
HL-LHC is therefore not guaranteed to ﬁnd a Z  if it is indeed the source of the anomalies.
However, Fig. 3 shows the corresponding plots for a 100 TeV FCC-hh, with an example
MZ  = 15 TeV plot on the left and the coverage summary plot on the right. The 27 TeV
HE-LHC is also shown in dotted lines for comparison. While the naı̈ve model may still evade
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Figure 2 – Parameter space that explains the anomaly (shaded green on the left, whole region on the right) with
HL-LHC coverage shown in blue and excluded by Bs − B̄s mixing in red. The narrow width assumption breaks
down in the grey region.

Figure 3 – As in Fig. 2 but for 100 TeV FCC-hh (and 27 TeV HE-LHC in dotted blue on the right).

searches at HE-LHC, there is complete coverage for narrow width Z  ’s at FCC-hh (we note that
the low mass regions are underestimated by the extrapolation method).
We now turn to the case of leptoquarks. The 95% CL limit for the μμjj ﬁnal state by
CMS at 8 TeV is shown in solid black in the left plot of Fig. 4. The extrapolation to HL-LHC,
HE-LHC, and FCC-hh are as described above with the same colour coding. In this case the pair
production of scalar leptoquarks is model-independent as it depends only on their coupling to
gluons b —the cross-section is therefore plotted directly on top of the limit curves, with masses
excluded below their intersection. We see that the sensitivity to “naı̈ve” scalar leptoquarks
reaches masses around 2.5, 4.5, and 12 TeV for HL-LHC, HE-LHC, and FCC-hh, respectively.
However, the lower plot of Fig. 4 shows that anomaly-compatible leptoquarks may have masses
up to 40 TeV before being excluded by Bs − B̄s mixing.
3

Conclusion

In lieu of a general no-lose theorem, we may make the following conditional statement:
If the neutral current B anomalies are due to a narrow width Z  there is a good but not
complete sensitivity at the HE-LHC, whereas it is guaranteed to be discovered by the FCC-hh;
and if leptoquarks are responsible, then a discovery is only guaranteed for masses below 4.5 and
12 TeV at HE-LHC and FCC-hh respectively.
The caveat is that “guarantee” is only meant in the sense that it is extremely unlikely
(though not impossible) that nature will conspire to hide further the already contrived models
considered here. On the contrary, these naı̈ve models are overly pessimistic and diﬃcult to
b
The vector leptoquark case is more model-dependent but limits are typically stronger for O(1) couplings.
There are also model-dependent single leptoquark production limits 1 .
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Figure 4 – 95% CL limits as described in Fig. 1 but for leptoquark pair production. The available parameter
space compatible with the anomaly in green is displayed on a log-log scale in the bottom plot, with the red region
excluded by Bs − B̄s mixing.

realise consistently c : for example, going from gauge to mass eigenstates generally induces further
couplings, as in the so-called “33μμ” Z  model which already has complete coverage at HE-LHC 1 .
The situation for leptoquarks will also be more optimistic.
Further reﬁnements to these estimates can be made, and the sensitivity to more realistic
benchmark scenarios can help determine the optimal strategy for targeting new physics. Even
if the anomalies vanish, it is interesting to investigate the interplay between direct and indirect
searches. On the other hand, should the anomalies be conﬁrmed, it will be the start of a long,
but tremendously exciting programme.
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It is, in fact, impossible to have a naı̈ve Z  model without additional couplings.
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Charmonium Decays at BESIII
Liang Yan
Department of Physics, University of Turin and INFN,
Via P. Giuria 1, Torino, Italy
BESIII has collected 1.3 × 109 J/ψ and 0.5 × 109 ψ(3686) data. The decay modes of J/ψ and
ψ(3686) have been studied directly, including electromagnetic dalitz decay, radiative decay,
hadronic decay and rare decay. Based on the largest date samples of J/ψ and ψ(3686), the
studies of Charmonium states which could not be produced directly in e+ e− collision, such as
χcJ , hc and ηc , have been performed via J/ψ and ψ(3686) decays.

1

Introduction

As a theory of the strong interaction, Quantum Chromodynamics (QCD) has been well tested in
the high energy region. However, in the lower energy region, non-perturbative eﬀects are dominant, and theoretical calculations are very complicated. The charmonium states are an ideal
laboratory where our understanding of non-perturbative QCD and its interplay with perturbative QCD can be tested in a controlled framework. 1 . Hadronic and electromagnetic transitions
between charmonium states and their decays have been measured with the largest data samples
collected in BESIII. In this paper, we present the recent charmonium decay results at BESIII.
2

ψ(3686) → e+ e− χcJ , χcJ → e+ e− J/ψ

Electromagnetic (EM) Dalitz decay plays an important role in revealing the structure of hadrons
and the interactions betweens photons and hadrons. This decay is widely observed in the lightquark meson sector, but not yet in charmonium decay. The EM Dalitz decays in charmonium
transitions have access to the EM transition form factors (TFFs) of these charmonium states.
The q 2 -dependence of charmonium TFFs can provide additional information on the interactions
between the charmonium states and the electromagnetic ﬁeld, where q 2 is the square of the
invariant mass of the e+ e− pair, and serve as a sensitive probe to their internal structures. At
BESIII, the decays ψ(3686) → e+ e− χcJ and χcJ → e+ e− J/ψ are observed for the ﬁrst time 2 .
The measured branching fractions are B(ψ(3686) → e+ e− χcJ ) = (11.7 ± 2.5 ± 1.0) × 10−4 ,
(8.6 ± 0.3 ± 0.6) × 10−4 , (6.9 ± 0.5 ± 0.6) × 10−4 for J = 0, 1, 2, and B(χcJ → e+ e− J/ψ) =
(1.51 ± 0.30 ± 0.13) × 10−4 , (3.73 ± 0.09 ± 0.25) × 10−3 , (2.48 ± 0.08 ± 0.16) × 10−3 for J = 0, 1, 2,
+ e− χ )
+ −
cJ
cJ →e e J/ψ)
and B(χ
are
respectively. The ratios of the branching fractions B(ψ(3686)→e
B(ψ(3686)→γχcJ )
B(χcJ →γJ/ψ)
+
−
also reported. Also, the α values of helicity angular distributions of the e e pair are determined
for ψ(3686) → e+ e− χc1,2 and χc1,2 → e+ e− J/ψ. The measured q 2 distributions are consistent
with those of the signal MC simulation based on the assumption of a point-like meson 3 . This
ﬁrst observation of the q 2 -dependent charmounium EM Dalitz transitions can help understand
the discrepancy between the experimental measurements and the theoretical predictions of the
ψ(3686) → γχcJ .

107

3

ψ(3686) → γη  , γη and γπ 0

The properties of charmonium state radiative decays to a pseudoscalar meson have been predicted by various phenomenological mechanisms. The measurements of ψ(3686) → γη  , γη and
B(J/ψ→γη)
γπ 0 could be helpful to test the diﬀerent theoretical predictions. The ratio RJ/ψ ≡ B(J/ψ→γη
)
has been predicted based on the ﬁrst-order perturbative QCD calculation, and Rψ(3686) ≡
B(ψ(3686)→γη)
B(ψ(3686)→γη  )

is expected to be approximately equal to RJ/ψ . The decay rates of J/ψ and
ψ(3686) → γπ 0 are expected to be smaller than those of J/ψ and ψ(3686) → γη or γη  as a
consequence of suppressed gluon coupling to isovector currents. By analyzing the data sample of
√
448×106 ψ(3686) events collected at s = 3.686 GeV with the BESIII detector, we observe clear
signals of ψ(3686) decays to γη  , γη, and γπ 0 4 . The ratio of branching fractions of ψ(3686) → γη
and ψ(3686) → γη  is calculated to be Rψ(3686) = (0.66 ± 0.13 ± 0.02)%. This is about 30 times
smaller than the corresponding ratio from J/ψ radiative decays. RJ/ψ = (21.4 ± 0.9)%. And
the branching fraction of ψ(3686) → γπ 0 is measured to be (0.66 ∼ 1.15) × 10−7 which is one
order larger than the prediction 5 .
4

ψ(3686) → nn̄ and pp̄

The measurements of ψ(3686) → nn̄ and ψ(3686) → pp̄ could be used to determine the relative
phase angle between the amplitudes of the strong and electromagnetic interactions. And the
relative phase angle has been studied via J/ψ two-body decays to mesons and baryons. All
results favor near orthogonality between the two amplitudes. J/ψ → pp̄ and nn̄ have been
measured by BESIII, and conﬁrm the previously measured orthogonal relative phase angle. But
the experimental knowledge of ψ(3686) decays is relatively limited. The angular distributions
of ﬁnal states in ψ(3686) → pp̄ and nn̄ decays are also interesting. Due to the Okubo-ZweigIizuka (OZI) mechanism, the decays of J/ψ and ψ(3686) to hadrons are mediated via three
gluons or a single photon at the leading order. Perturbative QCD predicts the “12% rule”,
+ μ− )
= B(ψ(3686)→μ
≈ 12.7%. It was ﬁrst observed to be violated in the
Qh = B(ψ(3686)→h)
B(J/ψ→h)
B(J/ψ→μ+ μ− )
decay of ψ into ρπ by MARKII, called the ”ρπ puzzle” . Further precise measurements of
J/ψ and ψ(3686) decay to N N̄ may provide additional knowledge to help understand the ρπ
puzzle. By using 1.07 × 108 ψ(3686) events collected with the BESIII detector, we observe the
decay ψ(3686) → nn̄ for the ﬁrst time and measure ψ(3686) → pp̄ with improved accuracy 6 .
The measured branching fractions are B(ψ(3686) → nn̄) = (3.06 ± 0.06 ± 0.14) × 10−4 and
B(ψ(3686) → pp̄) = (3.05 ± 0.02 ± 0.12) × 10−4 . With the hypothesis that the polar angular
distributions of the neutron and proton in the center-of-mass system obey 1 + α cos2 θ, we
determine the α parameters to be αnn̄ = 0.68 ± 0.12 ± 0.11 and αpp̄ = 1.03 ± 0.06 ± 0.03 for
ψ(3686) → nn̄ and ψ(3686) → pp̄, respectively. To compare with the “12% rule”, we use our
B(ψ(3686)→nn̄)
measured branching fractions to obtain B(ψ(3686)→pp̄)
B(J/ψ→pp̄) = (14.4±0.6)% and B(J/ψ→nn̄) = (14.8±
−3
1.2)%, where B(J/ψ → pp̄) = (2.120 ± 0.029) × 10 and B(J/ψ → nn̄) = (2.09 ± 0.16) × 10−3
are the world average results. Both ratios are consistent with the 12% rule.
In the decay of J/ψ → nn̄ and pp̄, both the branching fractions and α values are very
close between the two decay modes, which is expected if the strong interaction is dominant in
J/ψ → N N̄ decay and the relative phase of between the strong and EM amplitudes is close to
90 degrees. In contrast, in ψ(3686) decays the branching fractions are quite close between the
two decay modes, but the α values are not, which may imply a more complex mechanism in the
decay of ψ(3686) → N N̄ .
5

+ −
ψ(3686) → Λ+
c pe e + c.c.

Flavor changing neutral current (FCNC) transitions of heavy quarkonium are of great interest since they can provide indications for physics beyond the Standard Model (SM). In the
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framework of the SM, FCNC transitions are strongly suppressed by the Glashow, Iliopoulos and
Maiani (GIM) mechanism . The SM predictions of branching fractions (BFs) for FCNC decays
range from 10−10 to 10−14 7,8 . However, some new physics models such as the Topcolor model 9 ,
the minimal supersymmetric SM with R-parity violation 10 and the two Higgs doublet model 11
predict the BFs of the same FCNC decays to be two to three orders of magnitude larger. Furthermore, calculations using a four-quark operator description 12 predict these BFs in the range
from 10−5 to 10−6 , which is within the sensitivity of the BESIII experiment. Any observation of
a FCNC decay would be clear evidence for physics beyond the SM. The search of FCNC process
+ −
6
ψ(3686) → Λ+
c pe e + c.c. is performed for the ﬁrst time in BESIII with 448 × 10 ψ(3686)
events 13 . But no signal events are observed and the upper limit on the BF at the 90% C.L. is
determined to be 1.6 × 10−6 . The result is within the expectations of the SM, and no evidence
for new physics is found.
6

−
J/ψ → Λ+
c e + c.c.

The Big Bang theory, the prevailing cosmological model for the evolution of the universe, predicts exactly equal numbers of baryons and antibaryons in the dawn epoch. However, the
observed baryon number (BN) exceeds the number of antibaryons by a very large ratio, currently estimated at 109 ∼ 1010 14 . To give a reasonable interpretation of the baryon-antibaryon
asymmetry, Sakharov proposed three principles 15 , the ﬁrst of which is that BN conservation
must be violated. Many proposals predict BN violation within and beyond the SM. In the
collider experiments, the CLEO Collaboration searched for very rare processes which violate
BN conservation in decays of heavy-ﬂavor mesons. In particular, they suggested to look for the
process D0 → p̄+e+ , which is an inverse process of p → π 0 e+ at the quark level. The upper limit
from the CLEO measurement is 10−5 16 at 90% Conﬁdence Level (CL), limited by low statistics.
Instead, thanks to the huge data sample of J/ψ decays produced at the BESIII experiment, we
−
are able to study the analogous process J/ψ → Λ+
c e with much higher statistics and therefore
9
−
better sensitivity. By analyzing 1.3 × 10 J/ψ events, the decay of J/ψ → Λ+
c e + c.c. has been
investigated for the ﬁrst time 17 . No signal events have been observed and thus the upper limit
on the branching fraction is set to be 6.9 × 10−8 at the 90% CL, which is more than two orders
of magnitude more strict than that of CLEO’s measurement in the analogous process.
7

χcJ , hc and ηc decays

Thanks to the largest data samples of J/ψ and ψ(3686) collected in BESIII, we could study the
charmonium states which are not directly generated from e+ e− collision, such as χcJ , hc and ηc .
Contributions of the color octet mechanism (COM) to decays of P -wave heavy quarkonia
have been proposed for more than two decades, and many theoretical predictions for exclusive χcJ
decays to baryon anti-baryon pairs have been made. However, there are large diﬀerences between
predictions and the experimental measurements. By the radiative decays of ψ(3686) → γχcJ , the
decays χc1,2 → Σ+ Σ̄− and Σ0 Σ̄0 are observed for the ﬁrst time, and the branching fractions for
χc0 → Σ+ Σ̄− and Σ0 Σ̄0 decays are measured with improved precision. The branching fraction
ratios between the charged and neutral modes are consistent with the prediction of isospin
symmetry 18 .
For charmonium states below the DD̄ threshold, the hadronic transitions of the spin-singlet
P-wave state hc (11 P1 ) are one of the best places to test the spin-spin interaction between heavy
quarks 19 , but they remain the least accessible experimentally because the hc (11 P1 ) can not
be produced resonantly in e+ e− annihilation or from electric-dipole radiative transitions of
the ψ(3686). The hc is expected to decay to lower-mass charmonia state through hadronic
transitions, but this has not been observed yet. In the framework of QCDME, the branching
fraction of hc → ππJ/ψ (including charged and neutral modes) is predicted to be 2% 20 , while it is
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predicted to be 0.05% when neglecting the nonlocality in time 21 . An experimental measurement
is desirable to distinguish between these calculations. A search for the hadronic transition
hc → π + π − J/ψ is carried out via ψ(3686) → π 0 hc , hc → π + π − J/ψ 22 . No signal is observed.
The upper limit of the product of branching fractions B(ψ(3686) → π 0 hc )B(hc → π + π − J/ψ) at
the 90% C.L. is determined to be 2.0 × 10−6 . Using the PDG value for the branching fraction
of ψ(3686) → π 0 hc of (8.6 ± 1.3) × 10−4 , the upper limit on B(hc → π + π − J/ψ) is determined
to be 2.4 × 10−3 , which is the most stringent upper limit to date.
Decays of ηc into vector meson pairs have stood as a bewildering puzzle in charmonium
physics for a long time. There is a large discrepancy between theoretical predictions and experimental results. To help understand the ηc decay mechanism, high precision measurements
of the branching fraction are desirable. Using (223.7 ± 1.4) × 106 J/ψ events accumulated with
the BESIII detector, we study ηc decays to φφ and ωφ ﬁnal states. The branching fraction
−3
of ηc → φφ is measured to be (2.5 ± 0.3+0.3
−0.7 ± 0.6) × 10 . No signiﬁcant signal for the double Okubo-Zweig-Iizuka suppressed decay of ηc → ωφ is observed, and the upper limit on the
branching fraction is determined to be Br(ηc → ωφ) < 2.5 × 10−4 at the 90% conﬁdence level 23 .
8

Summary

Thanks to the largest data samples of J/ψ and ψ(3686) which are collected in BESIII experiment,
many interesting charmonium decays have been studied, but a few of them are mentioned in
this paper. The charmonium states mass region is an ideal place to study the connection of
the perturbative and the non-perturbative QCD region. And rare decays could be performed to
search for the physics beyond SM. In the future, more exciting results are expected.
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Recent studies of charm baryon spectroscopy and decays at Belle
Y. Kato
Kobayashi-Maskawa Institute, Nagoya University, Nagoya 464-8602, Japan
In this article, recent studies of charmed baryons by Belle experiment are reported. These
includes search for hidden strange pentaquark, ﬁrst observation of Ξc (2930)+ , conﬁrmation
of excited Ω0c decaying into Ξc K, and ﬁrst measurement of the production rate of various
charmed baryons. All the studies are performed by full data sample of the Belle experiment.

1

Introduction

The charmed baryon is an unique laboratory to study the structure of baryon. As the constituent
mass of the charm quark is more than 5 times larger than those of up, down, and strange quarks,
the charmed baryon is expected to be a bound state of light di-quark and charm quark. This
means charmed baryons are simpler than those composed with up, down, and strange quarks
only. Therefore, it is easy to extract the dynamics inside baryons.
The Belle is an asymmetric e+ e− collider experiment operated mainly at the mass of the
excited bottomonium Υ(4S), which decays into B B̄ pair with almost 100% branching fraction.
Therefore, it is also called as B-factory experiment. In the Belle experiment, charmed baryons
are produced mainly in two reactions. One is e+ e− → γ ∗ → cc̄ and the other is B meson decay.
Belle has collected data sample with an integrated luminosity of around 1 ab−1 . This huge data
set enabled the study of various charmed baryons. In this article, recent results the charmed
baryon studies by the Belle collaboration are presented.
2

0
Search for hidden strange pentaquark in the Λ+
c → pφπ

The LHCb collaboration observed two hidden charmed pentaquark states decaying into J/ψp
in the Λ0b → J/ψK − p decay 1 . The analogue search for the hidden strangeness pentaquark (Ps )
can be performed by switching b quark to c quark (Λ0b to Λ+
c ) and c quark to s quark (J/ψ to
0
φ). The target decay is Λ+
c → pφπ .
Belle performed this search 2 . No signiﬁcant signal for the Λ+
c decay is observed and the
0
−5 at 90% conﬁdence level is obtained. Figure 1 shows
upper limit of B(Λ+
c → φpπ ) < 15.3 × 10
the Λ+
c yield in each m(φp) bin. No signiﬁcant signal for Ps is observed and upper limit of
+ 0
+
−5 at 90% conﬁdence level is obtained.
B(Λ+
c → Ps π ) × B(Ps → φp) < 8.3 × 10
3

Observation of Ξc (2930)0

−
Evidence of excited state of charmed strange baryon Ξc (2930) decaying into Λ+
c K in the de− was reported by BaBar collaboration 3 . However, the signiﬁcance
Λ̄
cay of B − → K − Λ+
c c
was not quoted in the paper and need further conﬁrmation. Belle performed the same search
−
with improved statistics 4 . Figure 2 shows the m(Λ+
c K ) where clear peak corresponds to
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0
Figure 1 – Observed m(φp) distribution in Λ+
c → pφπ decay with ﬁt line.

Ξc (2930)0 can be seen. The statistical signiﬁcance is 5.1σ. This is the ﬁrst charmed baryon
whose existence is established by using B meson decay. The mass and width are obtained as
+5.9
2
[2928.9±3.0(stat.)+0.9
−12.0 (syst.)] MeV/c and [19.5±8.4(stat.)−7.9 (syst.)] MeV, respectively. These
are consistent with those measured by BaBar collaboration.

−
−
−
Figure 2 – Observed m(Λ+
→ K − Λ+
c K ) distribution in the B
c Λ̄c decay. with ﬁt result. Box histogram shows
the distribution in the sideband of Λ+
c .

4

Observation of excited Ωc in e+ e− collision

− 5 . To understand the
LHCb collaboration observed 5 Ωc excited states decaying into Ξ+
c K
nature of these excited states, the study with diﬀerent production mechanism is very useful.
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6
Figure 3 shows the m(Ξ+
c K) distribution measured by Belle experiment . The existence of four
states: Ωc (3000), Ωc (3050), Ωc (3066), and Ωc (3119) are conﬁrmed with signiﬁcance greater than
3σ. In the ﬁt, the width of each resonance is ﬁxed to those measured by LHCb collaboration.
The obtained masses are consistent with those measured by LHCb collaboration.
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Figure 3 – (a) The m(Ξ+
c K) distribution. (b) The wrong sign m(Ξc K ) mass distribution. (c) The mass
distribution for the Ξc sideband region.

5

Production ratio of various charmed baryons and hyperons

It is experimentally known that the production cross section of hadrons divided by the number of
spin degree of freedom 2J +1 (production rate), in the e+ e− collision lie on the exp(−αm), where
α is the slope parameter. Belle performed measurement of production ratio for hyperons and
charmed baryons. In the measurement, the contribution of feed down from heavier resonances
are subtracted. This is the ﬁrst measurement of systematic study of the production rate for the
charmed baryons. Figure 4 shows the result of production rate for baryons. For the charmed
baryons, a factor three suppression of Σc states relative to Λc states is observed. This feature is
not seen in the hyperons. If charmed baryon production proceeds via diquark anti-diquark pair
production, the mass diﬀerence of the spin zero diquark (Λ+
c ) and spin one diquark (Σc ) may
explain it.
6

Summary

Belle is still actively working on the study of charmed baryons after eight years since the end of
0
data taking. The strange pentaquark decaying into φp is searched for in the Λ+
c → φpπ , and no
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Figure 4 – Cross section divided by number of spin degree of freedom for hyperons (left) and charmed baryons
(right).

signiﬁcant signal is observed. An excited charmed strange baryon Ξc (2930)+ is ﬁrstly observed
− −
0
in the decay B − → Λ+
c Λ̄c K . Existence of the four of ﬁve excited Ωc reported by LHCb
collaboration are conﬁrmed. The production rate of various charmed baryons are measured for
the ﬁrst time. A factor three suppression of Σc states relative to Λc states is observed, which
suggests diquark structure of the charmed baryons. The upgrade of Belle, Belle II has just
started collecting collision data. More exciting results like discovery of new excited state or
determination of quantum numbers are expected.
7

Acknowledgments

This work is supported by a Grant-in-Aid for Scientiﬁc Research (S) “Probing New Physics
with Tau-Lepton” (No.26220706) and Grant-in-Aid for Scientiﬁc Research on Innovative Areas
“Elucidation of New Hadrons with a Variety of Flavors”.
References
1. R. Aaij et al.
[LHCb Collaboration], Phys. Rev. Lett. 115, 072001
doi:10.1103/PhysRevLett.115.072001
2. B. Pal et al.
[Belle Collaboration], Phys. Rev. D 96, no.
5, 051102
doi:10.1103/PhysRevD.96.051102.
3. B. Aubert et al.
[BaBar Collaboration], Phys. Rev. D 77, 031101
doi:10.1103/PhysRevD.77.031101
4. Y. B. Li et al. [Belle Collaboration], Eur. Phys. J. C 78, no. 3, 252
doi:10.1140/epjc/s10052-018-5720-5.
5. R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 118, no. 18, 182001
doi:10.1103/PhysRevLett.118.182001
6. J. Yelton et al. [Belle Collaboration], Phys. Rev. D 97, no. 5, 051102
doi:10.1103/PhysRevD.97.051102
7. M. Niiyama et al. [Belle Collaboration], Phys. Rev. D 97, no. 7, 072005
doi:10.1103/PhysRevD.97.072005.

114

(2015)
(2017)
(2008)
(2018)
(2017)
(2018)
(2018)

SEARCH FOR DOUBLY HEAVY BARYON VIA WEAK DECAYS

a

Run-Hui Lia , Cai-Dian Lub
School of Physical Science and Technology, Inner Mongolia University, Hohhot 010021, China;
b
Institute of High Energy Physics, YuQuanLu 19B, Beijing 100049, China .
Using the factorization approach and taking into account the ﬁnal state interaction, we calculate the two body non-leptonic decays of doubly heavy baryons. After comparing the semileptonic decays and all possible hadronic decay channels, we found some channels with large
branching ratios. Taking the detection eﬃciency into consideration, we suggest Ξ++
cc as the
+ − + +
+ +
ﬁrst search goal and Ξ++
and Ξ++
as the golden discovery channels
cc → Λc K π π
cc → Ξc π
+
− +
+
− +
with Λc reconstructed by pK π and Ξc → pK π , respectively.

1

Motivation

Doubly or triply heavy ﬂavor baryons with two or three heavy quarks (b or c quark) are predicted by the quark model, whose existence is also allowed by the QCD theory. However, the
experimental search of these states is very slow. The ﬁrst evidence was reported by the SELEX
1,2 . However, it has never been conﬁrmed by later experiments with
experiment for Ξ+
cc in 2002
larger data, such as FOCUS 3 , BaBar 4 and Belle 5,6 . Utilizing as large as 0.65 fb−1 data, the
LHCb collaboration even performed a thorough search in the discovery channel used by SELEX,
+ − +
7
Ξ+
cc → Λc K π , but did not ﬁnd any signiﬁcant signal . On the theoretical side, analysis on
the production of doubly heavy baryons 8,9 indicates a large possibility of observing Ξcc at LHC.
Therefore searching for the doubly heavy baryons was proposed as an important physical goal
by the LHCb collaboration. Although there had been a lot of research on the masses and decay
constants of doubly heavy baryons, people knew little about doubly heavy baryon decays. To
make the experimental searching more eﬃcient, it became urgent and necessary to study the
branching ratios of doubly heavy baryon decays.
As ground states of doubly heavy baryons, they can only decay weakly. There are a huge
number of decay channels to study, since there are many hadronic states below their mass
scale. After a carful study of all possible decay channels of the doubly heavy baryons, we give
suggestions of some golden channels with large branching ratios and all charged ﬁnal sates for
experimental search.10 Following our suggestions, the LHCb experiment 11 did ﬁnd the Ξ++
cc
+ − + +
+
state through one of our suggested decay channels Ξ++
cc → Λc K π π with Λc reconstructed
by pK − π + .
2

Theoretical study of doubly heavy baryons decays

Comparing to the doubly heavy baryons with b quark(s), the doubly charm baryons are easier
to be observed because their production needs less energy. Under the ﬂavor SU (3) symmetry
1
3
+
+
doubly charm baryons Ξ++
cc , Ξcc and Ωcc form a spin- 2 and a spin- 2 triplets. The latter triplet
will decay to the former one via electromagnetic or strong interactions. As ground states, the
spin- 12 triplet can only decay weakly through one of the c quarks.
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Lifetime is an important point in the choice of the candidates. On one hand the branching
ratios are related directly to the lifetime of the mother particle, on the other hand particles with
longer lifetimes will be easier to be identiﬁed in experiments. Diﬀerent theoretical work gives
quite diﬀerent predictions for the lifetimes of doubly charm baryons 12 , which makes it hard
to judge by the absolute values of lifetimes. Luckily, because of the eﬀect of destructive Pauli
+
12 to be
interference it is expected that τ (Ξ++
cc )  τ (Ξcc ) ∼ τ (Ωcc ). Their ratio is predicted
++
R τ ≡ τΞ +
/τ
++ = 0.25 ∼ 0.37 with less theoretical uncertainty. Therefore we suggested Ξcc
Ξcc
cc
as a prior candidate in experimental search. This is contrary to the ﬁnding of the SELLEX
++
experiment, who declared the discovering of Ξ+
cc instead of Ξcc .
2.1

Semileptonic decays
l¯

Q1(p1)

νl

q1 (p1)

B (P )

B(P )

c
c

[Q2q](p2)

q

Figure 2 – Baryon to baryon transition depicted by light front quark
model in the diquark picture.

Figure 1 – Semileptonic decay of a
doubly charm baryon.

On the theoretical side the simplest case is semi-leptonic decays (shown in Fig. 1), whose
amplitudes can be factorized safely into a leptonic and a hadronic part. The hadronic part is a
baryon to baryon weak transition matrix element, which can be parameterized as
B  (P  , Sz )|(V − A)μ |B(P, Sz ) =



q
qν
ū(P  , Sz ) γμ f1 (q 2 ) + iσμν M
f2 (q 2 ) + Mμ f3 (q 2 ) u(P, Sz )


q
qν
−ū(P  , Sz ) γμ g1 (q 2 ) + iσμν M
g2 (q 2 ) + Mμ g3 (q 2 ) γ5 u(P, Sz ).

(1)

To get the branching ratios, the key task is the calculation of the form factors f1,2,3 (q 2 ) and
g1,2,3 (q 2 ) deﬁned in Eq.(1). The ﬁrst calculation is made in the light front quark model (LFQM)
13 . If one combines the spectators (c and q quarks) in Fig. 1 as a diquark, a baryon to baryon
transition is similar to a meson to meson one shown in Fig.2. Since the diquark can be either a
spin-0 or spin-1 state, a physical transition is a mixture of these two cases. With the form factors
obtained in LFQM, the branching fractions of related semileptonic decays are all calculated.13
Here we only list the four branching ratios of Ξ++
cc semileptonic decays:
+ +
−2
++
+ +
−2
BR(Ξ++
cc → Ξc l νl ) = 5.25 × 10 , BR(Ξcc → Ξc l νl ) = 5.84 × 10 ,
+ +
−3
++
+ +
−3
BR(Ξ++
cc → Λc l νl ) = 4.81 × 10 , BR(Ξcc → Σc l νl ) = 4.38 × 10 ,

(2)

where the two decays in the ﬁrst line of Eq. (2) are induced by c → s transition and those in the
second line by c → d transition. One can see that branching ratios of the two Cabbibo favored
decays are at the order of 10−2 which is about 10 times larger than the Cabbibo suppressed
ones. For the sake of particle reconstruction in experiments one needs to take the secondary
decays into consideration, which decreases the branching ratios by a factor of 10−2 . As a
result, the branching ratios of semi-leptonic decays used in experimental research are expected
to be of the order 10−4 . Comparing to non-leptonic decays, whose branching ratios14 are of
the order 10−3 ∼ 10−4 , the semi-leptonic decays are not competitive. what’s more, the largest
disadvantage of semi-leptonic decays is the phenomena of missing energy in experiments caused
by the neutrinos.
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2.2

Non-leptonic decays

We ﬁrst consider the simplest non-leptonic decays: a doubly charm baryon decays into a single
charm baryon and a meson. Theoretically non-leptonic charm decays are diﬃcult to deal with.
The scale of charm is very special, which is much higher than ΛQCD but not high enough for
a good heavy quark mass expansion. The non-perturbative QCD plays a major role, which
restricts the application of most factorization theories. The factorization assisted topological
diagrammatic approach, which works well in charm meson decays to predict the ΔAcp successfully 15 , also does not work here, since there are not enough experimental data. Therefore
the doubly charm baryon decays need to be considered from the beginning. The leading order
topological diagrams contributions in decays of doubly charm baryon to a single charm baryon
and a meson can be classiﬁed into the diagrams in Fig. 3.10

Figure 4 – The rescattering diagram
∗0
()+
→ Ξc ρ+ → Σ++
of Ξ++
cc
c K .
Shown at quark and hadron level.

Figure 3 – Topologies of two body
nonleptonic decays of doubly charm
baryons.

From the experience of D meson decays,15 we notice that the emission diagram (denoted
by T) is dominated by the short distance contribution, which can be factorized as production
of a meson decay constant and a weak transition of baryon to baryon. With the form factors
evaluated in LFQM,13 this contribution is easy to calculate. Considering the detection eﬃciency
and comparing among the theoretical results, we ﬁnd that among short distance contribution
+ +
+
denominated decays Ξ++
cc → Ξc π is the best channel for detection with Ξc reconstructed by
− π + is estimated to have a branching
the ﬁnal state pK − π + . The secondary decay Ξ+
→
pK
c
ratio of about two percent.10
Similar to the D meson decays, long distance contribution is dominating in other diagrams.
This part of contribution has never been calculated in the literature and we evaluate it ﬁrstly
with the rescattering mechanism of the ﬁnal-state-interaction. The rescattering mechanism is
induced by quark exchanges, and it can be calculated as triangle diagrams by using the eﬀective
Lagrangian with couplings at hadron level. The depiction of this mechanism is shown in Fig.
∗0
()+ +
ρ → Σ++
as an example. The
4 with the t-channel rescattering diagram of Ξ++
c K
cc → Ξc
calculated branching ratios are expected to have large errors because of the uncertain hadronic
parameters. In order to reduce ambiguity, we use their ratios instead of branching fractions to
draw conclusions. Most of the theoretical uncertainties due to the hadronic parameters canceled
in the ratios. Our sample results of ratios of the long distance dominated decays are listed in
Table 1.
++ ∗0 decay has the largest branching fraction at the order of several
We ﬁnd that Ξ++
cc → Σc K
∗0
+
→ Λ+
→ K − π + . The total 4-body decay
percent. The secondary decays can be Σ++
c
c π and K
+ − + +
is very diﬃcult to calculate precisely, but our estimation shows that BR(Ξ++
cc → Λc K π π )
can even reach O(10%) because of the rich resonant contributions. In detection, Λc can be
reconstructed by pK − π + .
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Table 1: Branching fractions of Ξ++
and Ξ+
cc
cc decays with the long-distance contributions, relative to that of
∗0
++
Ξ++
cc → Σc (2455)K .

Baryons
Ξ++
cc (ccu)

Ξ+
cc (ccd)

3

Modes
∗0
Σ++
c (2455)K
pD∗+
pD+
∗0
Λ+
c K
++
Σc (2455)K −
0
Ξ+
c ρ
ΛD+
pD0

BLD
deﬁned as 1
0.04
0.0008
(Rτ /0.3) × 0.22
(Rτ /0.3) × 0.01
(Rτ /0.3) × 0.04
(Rτ /0.3) × 0.004
(Rτ /0.3) × 0.001

Conclusion

In the purpose of ﬁnding out the golden decay channels for experimental search, we systematically analyzed the properties and decays of doubly heavy baryons. Utilizing the form factors
of doubly heavy baryon to single heavy baryon weak transition, the branching fractions of the
semi-leptonic decays and the two body non-leptonic decays of doubly charm baryons are calcu+ − + +
− +
lated. We ﬁnd that Ξ++
cc → Λc K π π with Λc → pK π has the ﬁrst priority. In 2017, the
via
this
decay following our suggestions.11 We
LHCb collaboration declares the discovery of Ξ++
cc
++
+
+
+
−
+
also suggest the Ξcc → Ξc π decay with Ξc → pK π as a good candidate for experimental
+
+ ∗0
− +
search. As for the search of Ξ+
cc state, our calculation shows that Ξcc → Λc K (→ K π ) is a
prior candidate.
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Multi-quark state production and hadron correlation in high energy
multiproduction processes
LI, Shi-Yuan
The non-relativistic wave function framework is applied to study the production and decay
of the exotic hadrons which can be eﬀectively described as bound states of other hadrons.
We investigate the production of exotic hadrons in the multi-production processes at high
energy hadronic colliders. This study provides crucial information for the measurements of
the relevant exotic hadrons. In this factorization framework the amplitude of the production
of the ingredient hadrons can be extracted from the hadron production data as well as can be
calculated by the event generators. So the relevant hadron correlations are useful information
and suggested to studied in experiments to improve the parametrization of the amplitude.
Another important topic of hadron correlation is relevant to the reconstruction of some unknown particle by the invariant mass of two particles which are believed as decay product of
that particle to be discovered. However, possible correlations from PQCD radiation eﬀects
should be investigated and vetoed.

Recently, more and more new exotic hadron states, e.g., the XYZ mesons, have been observed. They are assumed as multiquark states and/or as bound states of other ingredient
hadrons in lots of theoretical investigations. Such investigations can be done not only via their
decay processes, where the branching ratios and distributions of the decay products can be studied, but also via their production processes (from the decay of the heavier particles or directly
from the multiproduction processes). In both cases, the more complex the process is, the more
information of inner structure can be drawn. In general, the production processes are more
complex.
At the same time, the studies on the production processes also provide the information of
the cross section, rapidity and transverse momentum distributions, etc., of the relevant particles
on a speciﬁc collider, which can help the experimentalists to set the proper triggers and cutoﬀs
for the measurements. A good example is Large hadron Collider (LHC) where various detectors
cover a large rapidity range. They can be used to study exotic hadron production in B-decays,
as well as direct production in the multiproduction process of high energy hadronic collisions
and nuclear collisions. So the distributions mentioned above are crucial for the studies on exotic
hadrons with a speciﬁc detector at LHC.
Furthermore, the direct production of the exotic hadrons in the multiproduction process
of high energy scattering can set a crucial point for the understanding of the hadronization
mechanism. Since the exotic hadrons always refer to the states with more than three constituent
quarks (here we do not discuss hybrids or glueballs), one of the feasible ways for understanding
their production mechanism is to employ the combination model to combine the necessary
constituent quarks into the relevant hadron. However, in any hadronization process, as pointed
by us, the produced color-singlet (anti)quark system eventually transits to various hadron states
(the mesons, baryons and beyond) with the total probability exactly 1:

h

|Uhq |2 =



|h|U |q|2 = q|U + U |q = 1.

h
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(1)

Here we introduce the unitary time-evolution operator U to describe the hadronization process.
For the quark state |q and the corresponding hadron state |h, the matrix element Uhq = h|U |q
describes the transition amplitude. Uhq is determined by (low energy) Chromodynamics (QCD)
but beyond the present approach of calculation. This leaves the space for various hadronization
models to mimic the transition process. The unitary operator U reﬂects the fact that there are
no free quarks in the ﬁnal states of any high energy process, e.g., the so-called quark conﬁnement.
The introduction of multiquark states sets a challenge for the hadronization models dealing with
the transition from color-singlet (anti)quark system to the hadron system.
As a matter of fact from experiments, the production of general mesons and baryons is
dominant, i.e.,

|h|U |q|2 ∼ 1 − ε,
(2)
h=B,B̄,M

here B, B̄ and M denote baryon, antibaryon and meson, respectively. If the exotic hadrons are
produced, ε could be a small but non-vanishing value. Since the production rate is proportional
to the quark density to the power of constituent quark number in the hadron, in the cases of large
number of quarks produced such as those in high energy nuclear collisions, the more constituent
quarks a hadron contains, the larger production rate one gets. So to regain the unitarity, one
needs the special ‘combination function’ which reﬂects the conﬁnement and may be related with
the whole system rather than the several quarks to be combined into a speciﬁc hadron. Since
the present knowledge is not enough to judge how many kinds of multiquark states there are
and how they ‘share’ the total probability of ε, one can not predict the production rate of a
speciﬁc multiquark state. What we can suspect, though, seems that if there are a lot of kinds
of multiquark hadrons, each only shares a small part of the small ε. So the production rate of
each is almost vanishing.
However, if one of the exotic states is the bound state of other hadrons, i.e., its production
can be taken as from the combination of mesons and/or (anti)baryons, there is generally no
straightforward unitarity constraint as above on its production rate. Unlike quarks, hadrons
are not conﬁned. They can be either free, or bound with other hadron(s), even lepton(s) (e.g.,
hydrogen atom). As a matter of fact, in the cases that the number of produced hadrons are
large, such as in high energy ion collisions, the familiar hadron bound states, such as deuterons,
α particles, etc., have been observed. So it is natural to investigate the productions of the
‘hadronic molecule’ relevant to exotic states. The measurements and explanations of large
production rate of X(3872) and X(5568) are also good examples. Their large production rates
lead to insights on the investigation of their structure and production mechanism, especially the
colour and spin structures. In this note of talk I would like to address that for the sake of better
extracting the binding information of X(3872), the correlation of the ingredient hadron is very
important information. On the other hand, the uncertainty of ways of data selection, especially
the employment of the cone cut, for the X(5568) reconstruction, can be better understood by
studying the correlations in the more clean environment, i.e., e+ e− annihilation at relevant
energy.
For those XYZ states possibly considered as hadronic molecules, we can describe them
with the framework of various Non-Relativistic (NR) eﬀective theories, especially the NR wave
function method, and concentrate on their inclusive production. The ingredient hadrons in
the hadronic molecule are loosely bound, hence the relative momentum between them is fairly
small with respective to the hadron mass (almost of the order of charm quark), so the hadronic
molecule is in principle a NR system.
Besides the application of the investigation on positronium, the NR wave function is also
used for the heavy quarkonium production and decay, generally referred to as the ‘color-singlet
model’.
The Non-Relativistic Quantum Chromodynamics (NRQCD) implies that the quark pair in
color octet could also transfer into a color-singlet hadron, which is referred to as the color-octet
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model and used to explain the production rate and transverse momentum of prompt quarkonium
in hadronic collisions. But for the case of hadron as basic degree of freedom, there is no problem
of color conﬁnement because every object is color-singlet. Hence the relevant complexity is
eliminated. If the system of bound hadrons is properly modeled and the NR wave function
is obtained, the NR wave function framework can be used for various decay and production
processes of hadronic molecules.
This method has been applied to the near threshold enhancements of mass spectra in the
J/Ψ → γpp and J/Ψ → pΛ̄K − channels of the production of bound states X(pp) and X(pΛ̄).
In that note, the decay to the corresponding ingredient hadrons is described by an eﬀective
Lagrangian. However, for the direct production of the mesons and baryons at high energy
hadronic collisions, it is impossible to construct the eﬀective Lagrangian. In Ref. before, we
suggested to employ the general event generator to extract the cross section of the ingredient
hadrons. In fact, this is one of the advantages of the NR wave function framework. One can
expand the amplitude with respective to the relative momentum between the ingredients because
it is relatively small. Thus the cross section is factorized. Only the cross section (rather than
the amplitude) of the ingredient hadron production is needed, which can be ﬁxed by ﬁtting the
correlation data of the relevant hadrons.
In the formulations for the calculation of hadronic molecule production rate in the NR wave
function framework, taking pp scattering at LHC, say pp → A + B + X → H(A, B) + X, as an
example, only the NR wave function (and/or its derivatives) at the origin and correspondingly,
only the square of the absolute value of the production amplitude (and/or its derivatives) of
ingredient hadron A and B, are relevant. This means that the details of the structure of the
bound state and the production of the ingredient hadron in all the phase space, are not fully
used. So this framework provide the benchmark of the information least sensitive to the models
and details of the strong dynamics in the momentum scale of several MeV to several ten MeV.
At the same time, if the universality of the wave function is conﬁrmed, the factorization is well
established. The free pair cross section p(p1 )p(p2 ) → A(pA ) + B(pB ) + X can be expressed as:

dN
1
1  ! d 3 pj
∝
N d 3 PH d 3 q
F j =A,B (2π)3 2Ej

×|Ô|2 (pj , PH = pA + pB , q = pA − pB )
×(2π) δ

4 (4)

(Pintial −



(3)

pj − pA − pB ).

j =A,B

Here the average is on various spin states, and the proper initial ﬂux factor 1/F and phase
space integral are needed. Ô is the amplitude of production of two free ingredient particles
(with vanishing relative momentum and proper angular momentum state). It is not possible to
be calculated directly with some eﬀective quantum ﬁeld theory/model when the initial state is
(anti) protons and A and B are hadrons or clusters. However, it can be obtained with an event
generator such as PYTHIA or equivalently Shandong Quark Combination Model, etc. for the
case that A and B are both on shell. It is the advantage that in the above framework we employ,
only the on shell case is considered, so that the numerical calculation with event generator is
plausible. The quantity of Eq. (3) describes the two hadrons/clusters (A and B) correlation in
the phase space. For the hadron case, by proper integral on components of PH and/or q, the
resulting correlations can be directly compared with data and serve for tuning the parameters.
Since the special physical picture of the non-relativistic framework, it is only valid in the rest
frame of the two ingredient particles. One can deﬁne the following covariant space-like relative
momentum q̂ as
(pA − pB ) · (pA + pB )
(pA + pB ).
(4)
q̂ = (pA − pB ) −
(pA + pB )2
It is clear that in the rest frame of A and B (H(A, B)) where pA + pB = 0, q̂ = (0, k) and the
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k=



−q̂ 2 is exactly the absolute value of the 3-relative momentum |
pA − pB |.
Employing the event generator, one gets
dN
1
, ∀q̂,
N d3 PH d3 q̂

(5)

then extrapolates to the special case k = 0. Numerically, one can take an average around k = 0
for the above quantity. Then we get, up to the kinematic factors as for the covariant form,

1  ! d 3 pj
|Ô|2 (pj , PH = pA + pB , k = 0)
F j =A,B (2π)3 2Ej

×(2π)4 δ (4) (Pintial −



pj − PH ).

(6)

j =A,B

It is exactly the diﬀerential cross section of the bound state H(A, B) divided by |Ψ(0)|2 .
There are several very basic facts supporting the extrapolation. First of all, the amplitude
and cross section are analytical in phase space. Any practical generator should reproduce this
property, and any ultraviolet divergence is not present. Secondly, the study of strong interaction
is complex because of the SU(3) non-Abelian interaction, but its simulation has one simplicity:
All particles taking part in the strong interactions are massive, which eliminates the infrared
singularities.
Based on the above discussion, it is very helpful to study the correlations experimentally.
On the other hand, based on our calculation for two-jet events in electron positron annihilations, it is shown that there is peak around the B-pi invariant mass threshold, so it is crucial
to make clear the cut of D0 is reasonable or not. The interested readers are asked to refer to
our published or publishing papers.
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EXOTIC INTERPRETATION OF Ωc EXCITED STATES
M. PRASZALOWICZ
M. Smoluchowski Institute of Physics, Jagiellonian University,
S. L
 ojasiewicza 11, 30-348 Kraków, Poland

We use the chiral quark-soliton model to interpret ﬁve excited Ωc states recently reported by
the LHCb collaboration and conﬁrmed by Belle. We brieﬂy recapitulate the model and its
application to light baryons. We then show how the model can be extended to the case of
baryons with one heavy quark. We test the model against ground state heavy baryons and
then examine possible excitations. We argue that it is not possible to accommodate all ﬁve
Ωc ’s within ﬁve parity minus excitations predicetd by the model and propose to interpret two
narrowest states split by 70 MeV as pentaquarks belonging to the SU(3) representation 15.

1

Chiral Quark Soliton Model (χQSM)

χQSM 1 (for review see Ref. [2] and references therein) is based on an old argument by Witten,
which says that in the limit of a large number of colors (Nc → ∞), Nc relativistic valence quarks
generate chiral mean ﬁelds represented by a distortion of a Dirac sea that in turn interacts
with the valence quarks themselves. The soliton conﬁguration corresponds to the solution of
the Dirac equation for the constituent quarks (with gluons integrated out) in the mean-ﬁeld
approximation, where pseudoscalar mean ﬁelds respect so called hedgehog symmetry, since it is
impossible to construct a pseudoscalar ﬁeld that changes sign under inversion of coordinates,
which would be compatible with the SU(3)ﬂav ×SO(3) space symmetry. This means that neither
spin (S) nor isospin (T ) are good quantum numbers. Instead a grand spin K = S + T is a good
quantum number.
The ground state conﬁguration corresponds to the fully occupied K P = 0+ valence level, as
shown in Fig. 1.a. Therefore the soliton does not carry deﬁnite quantum numbers except for the
baryon number resulting from the valence quarks. Spin and isospin appear when the rotations
in space and ﬂavor are quantized and the resulting collective hamiltonian is analogous to the one
of a symmetric top. There are two conditions that the collective wave funcions have to satisfy:
• allowed SU(3) representations must contain states with hypercharge Y  = Nc /3,
• the isospin T  of the states with Y  = Nc /3 couples with the soliton spin J to a singlet:
T  + J = 0.
As a result, the lowest praity (+) baryons belong to the SU(3)ﬂavor octet of spin 1/2 and decuplet
of spin 3/2. The ﬁrst exotic representation is 10 of spin 1/2 with the lightest state corresponding
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Figure 1 – Schematic pattern of light quark levels in a self-consistent soliton conﬁguration. In the left panel all
sea levels are ﬁlled and Nc (=3 in the Figure) valence quarks occupy the K P = 0+ lowest positive energy level.
Unoccupied positive energy levels are dpicted by dashed lines. In the middle panel one valence quark has been
stripped oﬀ, and the soliton has to be supplemented by a heavy quark not shown in the Figure. In the right panel
a possible excitation of a sea level quark, conjectured to be K P = 1− , to the valence level is shown, and again the
soliton has to couple to a heavy quark. Strange quark levels that exhibit diﬀerent ﬁlling pattern are not shown.

to the putative Θ+ (1540) (see e.g. Moriond proceedings 4 2005). The model has been successfully
tested in the light baryon sector.
2

χQSM and heavy baryons

Recently wa have proposed 5 , following Ref. [6] to generalize the above approach to heavy
baryons, by stripping oﬀ one valence quark from the K P = 0+ level, as shown in Fig. 1.b, and
replacing it by a heavy quark to neutralize the color. In the large Nc limit both systems: light
and heavy baryons are described essentially by the same mean ﬁeld, and the only diﬀerence is
now in the quantization condition:
• allowed SU(3) representations must contain states with hypercharge Y  = (Nc − 1)/3.
The lowest allowed SU(3) representations are in this case 3 of spin 0 and to 6 of spin 1 shown
in Fig. 2.

Figure 2 – Rotational band of a soliton with one valence quark stripped oﬀ. Soliton spin corresponds to the
isospin T  of states on the quantization line Y  = 2/3. We show three lowest allowed representations: antitriplet
of spin 0, sextet of spin 1 and the lowest exotic representation 15 of spin 1 or 0. Heavy quark has to be added.

An important feature of this approach is that both 6 − 3 splitting and the splittings inside
these multiplets due to the strange quark mass are predicted using as an input the light sector
spectrum and are in good agreement with experiment 5 . The new ingredient is a hyperﬁne splitting due to the spin-spin interaction of a soliton and a heavy quark, which can be parametrized
phenomenologically. Moeover, the decay widths can be calculated within the same approach,
and the results for the charm baryons are shown in Fig. 3.
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5

+
+
1. Σ++
c (1/2) → Λ c + π

2. Σ+c(1/2) → Λ +c + π 0

4

+
+
4. Σ++
c (3/2) → Λ c + π

5. Σ+c(3/2) → Λ +c + π 0
6. Σ0c(3/2) → Λ +c + π 7. Ξ+c(3/2) → Ξ c + π
8. Ξ0c(3/2) → Ξ c + π
9. Ω0c(1/2) − total
10. Ω0c(3/2) − total

[ M eV ]

3. Σ0c(1/2) → Λ +c + π -

3
2
1
0

1 2 3 4 5 6 7 8 9 10
decay #

Figure 3 – Decay widths of the charm baryons. Red full circles correspond to our theoretical predictions. Dark
green triangles correspond to the experimental data7 Data for decays 4 – 6 of Σc (61 , 3/2) have been divided by
a factor of 5 to ﬁt within the plot area. Widths of two LHCb8 Ωc states that we interpret as pentaquarks are
plotted as black full squares with theoretical values shown as red full circles.

3

Excitations of heavy baryons

Two possible kinds of excitations are present in the χQSM. Firstly, higher SU(3) representations,
similar to the antidecuplet in the light sector, appear in the rotational band of the soliton of
Fig. 1.b. The lowest possible exotic SU(3) representation is 15 of positive parity and spin 1 (15
of spin 0 is heavier) depicted in Fig. 2. Second possibility corresponds to the excitation of the
sea quark from the K P = 1− sea level to the valence level 6 shown in Fig. 1.b (or alternatively
valence quark excitation to the ﬁrst excited level a of K P = 1− ). In this case the parity is
negative but the rotational band is the same (see Fig. 2) with, however, diﬀerent quantization
condition:
• the isospin T  of the states with Y  = (Nc − 1)/3 couples with the soliton spin J as follows:
T  + J = K, where K is the grand spin of the excited level.
We have shown that the model describes well the only fully known spectrum of negative
parity antitriplets of spin 1/2 and 3/2 5 . There has been no experimental evidence for the sextet
until recent report of ﬁve Ω0c states reported by the LHCb 8 and conﬁrmed by BELLE 9 . In the
sextet case the above mentioned condition predicts that the soliton spin can be quantized as
J = 0, 1 and 2. By adding one heavy quark we end up with ﬁve possible total spin S excitations:
for J = 0 S = 1/2, for J = 1 S = 1/2 and 3/2, and for J = 2 S = 3/2 and 5/2. Although the
number of states coincides with the experimental results 8,9 , it is not possible to accommodate
all ﬁve Ω0c states within the constraints imposed by the χQSM 5 . We have therefore forced model
constraints (note that in the 6 case we cannot predict the mass splittings, since there is a new
parameter in the splitting hamiltonian that corresponds to the transition of Fig. 1.c, which is
not known from the light sector), which allows to accommodate only three out of ﬁve LHCb
states (see black vertical lines in Fig. 4). Two heaviest χQSM states (green lines in Fig. 4)
lie already above the decay threshold to heavy mesons, and it is quite possible that they have
−
very small branching ratio to the Ξ+
c + K ﬁnal state analyzed by the LHCb. Two remaining
states indicated by dark-blue arrows in Fig. 4, which are hyper ﬁne split by 70 MeV (as the
ground state sextets that belong to the same rotational band), can be therefore interpreted as
the members of exotic 15 of positive parity shown as a red dot in Fig. 2. This interpretation
a

We thank Victor Petrov for pointing out this possibility.
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is reinforced by the decay widths, which can be computed in the model. These widths are of
the order of 1 MeV and agree with the LHCb measurement (see Fig. 3). Such small widths are
in fact expected in the present approach, since the leading Nc terms of the relevant couplings
cancel in the non-relativistic limit.
   


  
   


Figure 4 – Spectrum of the Ω0c states (from Ref.[8]) with theoretical predictions of the present model

The simplest way to falsify or to conﬁrm our identiﬁcation is to search for the isospin partners
0
of Ω0c from the 15. They can be searched in the mass distribution of Ξ0c + K − or Ξ+
c + K̄ : the
0
Ωc ’s from the sextet do not decay into these channels. Our model applies also to the bottom
sector, and – where the data is available – it describes very well both masses and decay widths.
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STABLE TETRAQUARKS
CHRIS QUIGG a
Theoretical Physics Department, Fermi National Accelerator Laboratory
P.O.Box 500, Batavia, Illinois 60510 USA

For very heavy quarks, relations derived from heavy-quark symmetry imply novel narrow
doubly heavy tetraquark states containing two heavy quarks and two light antiquarks. We
predict that double-beauty states will be stable against strong decays, whereas the doublecharm states and mixed beauty+charm states will dissociate into pairs of heavy-light mesons.
Observing a new double-beauty state through its weak decays would establish the existence of
tetraquarks and illuminate the role of heavy color-antitriplet diquarks as hadron constituents.

1

Introduction

Since the BELLE collaboration’s discovery of the charmonium-associated state X(3872),1 hadron
spectroscopy has been reinvigorated and recast.2 Many of the newly observed states invite
identiﬁcation with compositions beyond the traditional quark–antiquark meson and three-quark
baryon schemes, possibilities foreseen in the foundational quark-model papers.3 Tetraquark
states composed of a heavy quark and antiquark plus a light quark and antiquark have attracted
much attention. All the observed candidates ﬁt the form cc̄qk q̄l , where the light quarks q may
be u, d, or s. The putative tetraquarks typically have strong decays to cc̄ charmonium + light
mesons. None is observed signiﬁcantly below threshold for strong decays into two heavy–light
meson states c̄qk + cq̄l .
Estia Eichten and I have examined the possibility of unconventional tetraquark conﬁgurations for which all strong decays are kinematically forbidden.4 In the heavy-quark limit,
stable—hence exceedingly narrow—Qi Qj q̄k q̄l mesons must exist. To apply this insight, we take
into account corrections for ﬁnite heavy-quark masses to deduce which tetraquark states containing b or c quarks might be stable. The most promising candidate is a J P = 1+ isoscalar
{bb}−
double-b meson, T[ūd]¯ . I will sketch our derivation and results, emphasizing the consequences
for experiment, and indicate areas in which experimental and theoretical work can be productive.
a
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Figure 1 – Schematic evolution of a Qi Qj q̄k q̄l state as the heavy-quark masses decrease (and the mean separation
between the heavy quarks increases) from left to right.

Heavy-quark symmetry implies stable heavy tetraquark mesons Qi Qj q̄k q̄l

2

One-gluon-exchange between a pair of color-triplet heavy quarks is attractive for (QQ) in a color3̄ conﬁguration and repulsive for the color-6 conﬁguration. The strength of the 3̄ attraction is
half that of the corresponding (QQ̄) in a color-1. This means that in the limit of very heavy
quarks, we may idealize the color-antitriplet (QQ) diquark as a stationary, structureless color
charge, as depicted in the leftmost panel in Figure 1. We can separate the strong dynamics
binding the diquark from the long-range color interaction by which the light antiquarks interact
with each other and are bound to the diquark “nucleus.”
For suﬃciently heavy quarks Q, a Qi Qj q̄k q̄l tetraquark meson is stable against strong
decays, as we can show by considering possible decay modes. First, we note that dissociation into two heavy–light mesons is kinematically forbidden. The Q value for the decay is


2

Q ≡ m(Qi Qj q̄k q̄l ) − [m(Qi q̄k ) + m(Qj q̄l )] = Δ(qk , ql ) − 12 23 αs [1 + O(v 2 )]M + O(1/M ), where
Δ(qk , ql ), the contribution due to light dynamics, becomes independent of the heavy-quark
masses, M ≡ (1/mQ i + 1/mQ j )−1 is the reduced mass of Qi and Qj , and αs is the strong
coupling. The velocity-dependent hyperﬁne corrections, here negligible, are calculable in the
nonrelativistic QCD formalism.5 For large enough values of M , the middle term on the righthand side dominates, so the tetraquark is stable against decay into two heavy-light mesons.
What of the other possible decay channel, a doubly heavy baryon plus a light antibaryon,
(Qi Qj q̄k q̄l ) → (Qi Qj qm ) + (q̄k q̄l q̄m )? For very heavy quarks, the contributions of Q motion
and spin to the tetraquark mass are negligible. Since the (QQ) diquark is a color-antitriplet,
heavy-quark symmetry tells us that m(Qi Qj q̄k q̄l ) − m(Qi Qj qm ) = m(Qx qk ql ) − m(Qx q̄m ). The
ﬂavored-baryon–ﬂavored-meson mass diﬀerence on the right-hand side has the generic form
Δ0 + Δ1 /MQ x . Using the observed mass diﬀerences, m(Λc ) − m(D) = 416.87 MeV and m(Λb ) −
m(B) = 340.26 MeV, and choosing eﬀective quark masses mc ≡ m(J/ψ)/2 = 1.55 GeV, mb ≡
m(Υ)/2 = 4.73 GeV, we ﬁnd Δ1 = 176.6 MeV2 and Δ0 = 303 MeV, hence the mass diﬀerence
in the heavy-quark limit is 303 MeV. The right-hand side is in every case smaller than the mass
of the lightest antibaryon, m(p̄) = 938.27 MeV, so no decay to a doubly heavy baryon and a
light antibaryon is kinematically allowed.
With no open channels in the heavy-quark limit, stable Qi Qj q̄k q̄l mesons must exist. To assess
the implications for the real world, we must ﬁrst test whether it makes sense to idealize the (QQ)
diquark as a tiny, structureless, color-antitriplet color source.b As the separation between the
heavy quarks increases, the light-antiquark cloud screens the Qi Qj interaction, altering the 3̄, 6
mix, and eventually leading to the division of the (Qi Qj q̄k q̄l ) state into a pair of heavy–light
mesons. These changes are indicated in the progression from left to right in Figure 1. Using
a half-strength Coulomb+linear quarkonium potential, we veriﬁed that the rms core radii are
b

See Ref. 6 for a thoughtful critical assessment.
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small on the expected tetraquark scale: r2 1/2 = 0.28 fm (cc); 0.24 fm (bc); 0.19 fm (bb). This
conclusion is supported by exploratory lattice QCD studies.7
To ascertain whether stable tetraquark mesons might be observed, we must estimate masses
of the candidate conﬁgurations. Numerous model calculations exist in the literature,c but heavyquark symmetry makes it possible to compute the Qi Qj q̄k q̄l tetraquark masses directly, through
the relation m(Qi Qj q̄k q̄l ) − m(Qi Qj qm ) = m(Qx qk ql ) − m(Qx q̄m ), with due attention to spin
conﬁgurations and ﬁnite-mass corrections that arise from hyperﬁne interactions and kineticenergy shifts for the light degrees of freedom.d Experiments have determined nearly all the
information about heavy baryons and heavy–light mesons needed to evaluate the right-hand
side in every case of interest, i.e., for tetraquarks based on bb, bc, and cc diquarks.e The doubly
heavy baryons have been more elusive: for the moment, the strongest evidence we have is for the
9
Ξ++
cc candidate reported by the LHCb experiment at a mass of 3621.40 ± 0.78 MeV. With this
¯ = 3978 MeV, which
input, we compute the mass of the lightest (cc) tetraquark as m({cc}[ūd])
lies 102 MeV above the threshold for decay into D+ D∗0 .f This would be a J P = 1+ axial-vector
meson, symmetric in cc ﬂavor and antisymmetric in the light antiquark ﬂavors.
In the absence of comprehensive experimental information about the other doubly heavy
baryons, we rely for now on model calculations of their masses11 as inputs to our tetraquark
mass calculation. Our results for the lowest-lying levels are given in Table 1. We ﬁnd two
Table 1: Expectations for ground-state tetraquark masses, in MeV.

State
¯
{cc}[ūd]
{cc}[q̄k s̄]
{cc}{q̄k q̄l }
¯
[bc][ūd]
[bc][q̄k s̄]
[bc]{q̄k q̄l }
¯
{bc}[ūd]
{bc}[q̄k s̄]
{bc}{q̄k q̄l }
¯
{bb}[ūd]
{bb}[q̄k s̄]
{bb}{q̄k q̄l }

JP
1+
1+
0+ , 1+ , 2+
0+
0+
1+
1+
1+
0+ , 1+ , 2+
1+
1+
+
0 , 1+ , 2+

m(Qi Qj q̄k q̄l )
3978
4156
4146, 4167, 4210
7229
7406
7439
7272
7445
7461, 7472, 7493
10482
10643
10674, 10681, 10695

Example Decay Channel
D+ D∗0 3876
D+ Ds∗+ 3977
D+ D0 , D+ D∗0 3734, 3876
B − D+ /B 0 D0 7146
Bs D 7236
B ∗ D/BD∗ 7190/7290
B ∗ D/BD∗ 7190/7290
DBs∗ 7282
BD/B ∗ D 7146/7190
B − B̄ ∗0 10603
∗
B̄ B̄s /B̄s B̄ ∗ 10695/10691
B − B 0 , B − B ∗0 10559, 10603

Q [MeV]
102
179
412, 292, 476
83
170
249
82
163
317, 282, 349
−121
−48
115, 78, 136

¯ meson, T {bb}−
real-world candidates for stable tetraquarks: the axial vector {bb}[ūd]
bound
¯
[ūd]
¯
by 121 MeV, and the axial vector {bb}[ūs̄] and {bb}[ds̄] mesons bound by 48 MeV. Given the
provisional doubly heavy baryon masses, we expect all the other Qi Qj q̄k q̄l tetraquarks to lie at
least 78 MeV above the corresponding thresholds for strong decay.g We note that exploratory
lattice studies also suggest that double-beauty tetraquarks should be stable.13, 14 Promising
{bb}
ﬁnal states include T[ūd]¯ (10482)− → Ξ0bc p̄, B − D+ π − , and B − D+ − ν̄ (which establishes a weak
{bb}

{bb}

0
0
0
decay), T[ūs̄] (10643)− → Ξ0bc Σ̄− , T[ds̄]
¯ (10643) → Ξbc (Λ̄, Σ̄ ), and so on.
If they should lie near enough to threshold, the unstable doubly heavy tetraquarks might
c

A useful compilation appears in Table IX of Ref. 8.
The arithmetic is made explicit in Ref. 4.
The lifetime (≈ 0.4 ys) of the top quark is too short to permit the formation of hadrons containing t.
f
¯
An earlier sighting by the SELEX Collaboration10 of a Ξ+
cc candidate at 3519 MeV would imply m({cc}[ūd]) =
3876 MeV, coincident with the threshold for dissociation into a heavy-light pseudoscalar and heavy-light vector.
0 +
Signatures for weak decay would include D+ K − + ν and Ξ+
c n̄. The D D γ channel opens at 3734 MeV.
g
In model calculations, Karliner and Rosner12 estimate somewhat deeper binding, and so point to additional
bc and cc candidates.
d

e
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be observed in “wrong-sign” (double ﬂavor) combinations bearing DD, DB, or BB quantum
{cc}
++ → D + D ∗+ resonance would constitute prima
numbers. For example, a J P = 1+ T[ds̄]
¯ (4156)
s
facie evidence for a non-q q̄ level carrying double charge and double charm. This would be a
new kind of resonance, for which no attractive force is present at the meson–meson level. Other
{bb}
{bc}
nearly bound candidates include 1+ T{q̄k q̄l } (10681)0,−,−− (Q = +78 MeV), 1+ T[ūd]¯ (7272)0
{cc}

[bc]

(Q = +82 MeV), 0+ T[ūd]¯ (7229)0 (Q = +83 MeV), and 1+ T[ūd]¯ (3978)+ (Q = +102 MeV).
The production of stable doubly heavy tetraquarks (or their nearly bound counterparts) is
undoubtedly a rare event, since it entails—at a start—the production of two heavy quarks and
two heavy antiquarks. We have no rate calculation to oﬀer, but note the large yield of Bc mesons
in the LHCb experiment:15 8995 ± 103 Bc → J/ψμνμ X candidates in 2 fb−1 of pp collisions at
8 TeV, and the CMS observation16 of double-Υ production in 8-TeV pp collisions: σ(pp →
ΥΥ + anything) = 68 ± 15 pb. These suggest that the Large Hadron Collider experiments
should be the ﬁrst focus of searches for novel tetraquark mesons. The ultimate search instrument
might be a future electron–positron Tera-Z factory, for which the branching fractions17 Z →
bb̄ = 15.12 ± 0.05% and Z → bb̄bb̄ = (3.6 ± 1.3) × 10−4 encourage the hope of many events
containing multiple heavy quarks.
Two recent investigations go beyond the kinds of arguments I have presented here. Beginning
from a situation in which all the constituents are taken to be heavy, so that one-gluon exchange
prevails, Czarnecki and collaborators have proposed a ﬁgure of merit that governs the color-(3̄, 6)
admixture in the putative diquark system.18 They conclude that no stable QQQ̄Q̄ (equal-mass)
tetraquarks are to be expected in very-heavy-quark limit, and they ﬁnd support for the binding
of bbq̄ q̄, in agreement with our conclusions. A generalization allows them to explore how the
result depends on Nc , the number of colors. A lattice–NRQCD study of the bbb̄b̄ system reveals
no tetraquark with mass below ηb ηb , ηb Υ, ΥΥ thresholds in the J P C = 0++ , 1+− , 2++ channels.19

3

Some tasks to advance our understanding

Homework for Experiment. The most straightforward request is to look for double-ﬂavor resonances of two heavy–light mesons near threshold. The ingredients for such searches should
already exist in experiments that have reconstructed many D, Ds , B, and Bs mesons. Next,
√
extend to s = 13 TeV the measurement of representative cross sections for ﬁnal states containing two heavy quarks and two heavy antiquarks. Then we need to discover and determine the
masses of doubly-heavy baryons. These masses are essential “engineering information” for our
purposes, as they are needed to implement the heavy-quark–symmetry calculation of tetraquark
masses.h An important element of the study of doubly heavy baryons is to resolve the conun++
drum of the large mass diﬀerence between the Ξ+
cc and Ξcc candidates reported by SELEX and
LHCb, respectively. The ultimate experimental goal is to ﬁnd stable tetraquarks through their
weak decays.
Homework for Theory. An important challenge is to develop expectations for the production
of ﬁnal states containing Qi , Q̄i , Qj , Q̄j , and eventually for the anticipated stable tetraquarks. For
the stable Qi Qj q̄k q̄l states we discuss here, reﬁne lifetime estimates beyond the simplest guessby-analogy of τ ≈ 1/3 ps. Extend the considerations of Refs. 6, 18 to understand how color
conﬁgurations evolve with QQ (and q̄ q̄) masses. Continue to explore how diquarks inﬂuence
hadron spectroscopy, by analyzing the stability of diﬀerent body plans in the heavy-quark limit.
A notable example is a possible (Qi Qj )(Qk Ql )(Qm Qn ) dibaryon, with Q̄p Q̄q Q̄r color structure.
h
Doubly heavy baryons are of considerable interest in their own right. A light quark bound to a doubly heavy
diquark has much in common—in both color conﬁguration and dynamics—with a heavy–light meson. A further
goal is to observe excitations of the diquark core, along with the energy levels of the bound light quark.
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4

Summary

In the limit of very heavy quarks Q, novel narrow doubly heavy tetraquark states must exist.
Heavy-quark symmetry relates the doubly heavy tetraquark mass to the masses of a doubly
heavy baryon, heavy-light-light baryon, and heavy-light meson. In the future, when we have
more complete experimental knowledge of the doubly heavy baryon spectrum, the heavy-quark–
symmetry relations should provide the most reliable predictions of doubly heavy tetraquark
masses. Our current mass estimates—which must rely on plausible model inputs for the doubly
¯ {bb}[ūs̄], and
heavy baryon masses—lead us to expect that the lightest J P = 1+ {bb}[ūd],
¯
{bb}[ds̄] states should be exceedingly narrow, decaying only through the charged-current weak
interaction. The observation of these novel tetraquark mesons would herald a new form of stable
matter, in which the doubly heavy color-3̄ (Qi Qj ) diquark is a basic building block. Unstable
Qi Qj q̄k q̄l tetraquarks with small Q-values may be observable as resonant pairs of heavy-light
mesons in channels with double ﬂavor: DD, DB, BB.
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Searches for exotic Higgs bosons with the ATLAS and CMS experiments
A. Raspereza
DESY, Notkestrasse 85,
Hamburg D-22607, Germany
This note presents searches for a light pseudoscalar boson produced in decays of the 125 GeV
Higgs boson, and for a doubly charged Higgs boson, performed by the ATLAS and CMS
collaborations using run-2 LHC data collected at a center-of-mass energy of 13 TeV.

The discovery of the scalar particle with a mass near 125 GeV, denoted in the following H,
by the CMS and ATLAS Collaborations 1,2 has opened a new era in particle physics. Following
this discovery a comprehensive physics program is underway to investigate the properties of the
H boson and explore mechanism of electroweak symmetry breaking. Measurements, performed
so far, indicate that, at the current level of precision, the new state is compatible with the
Standard Model (SM) Higgs boson 3 . However it is well possible that the new boson is the ﬁrst
observed member of the extended Higgs sector predicted by theories beyond the SM (BSM).
Searches for additional Higgs bosons at the LHC focus primarily on general two Higgs Doublet
models (2HDM) and Minimal Supersymmetric Standard Model (MSSM). A large variety of
well-motivated theories exist, which predict Higgs sector richer than that of 2HDM. Particular
interest is attracted by models, where two Higgs doublets are extended by one additional singlet
complex ﬁeld, which doesn’t couple to fermions and gauge bosons and interacts only with itself
and Higgs doublets. The Higgs sector of these models, denoted in the following 2HD+1S, features
seven physical states: three CP-even bosons, two CP-odd bosons, and two charged bosons.
Such Higgs sector is realized, for example, in the Next-to-Minimal Supersymmetric Standard
model (NMSSM) 4,5 . In the 2HD+1S models the H boson can be identiﬁed with the lightest
or next-to-lightest CP-even state. The experimental searches, discussed in this note, address
speciﬁc scenario, in which the lightest pseudoscalar boson (a) has large singlet component, and
therefore its couplings to the SM particles are signiﬁcantly reduced. For this reason analyses,
probing conventional production modes of a, such as gluon-gluon fusion or b-quark associated
production, have limited sensitivity to the expected signal in this scenario. The a boson is
nonetheless potentially accessible through the H → aa decay and can be identiﬁed via its decay
into a pair of down-type fermions, a → μ+ μ− , τ + τ − , bb̄. The Higgs-Brout-Englert mechanism
predicts proportionality of fermionic couplings of a to the fermion mass. The decay rates of a
into fermions in the 2HD+1S models also depend on the way Higgs doublets couple to fermions
and on parameter tan β - the ratio of vacuum expectation values of two Higgs doublets. Detailed
description of various 2HD+1S models can be found, for example, in Reference 6 .
The CMS Collaboration has carried out search for the H → aa decay, exploiting ﬁnal states
with two muons and two τ leptons, aa → (μ+ μ− )(τ + τ − ) 8 , as well as two τ leptons and two
b-quarks, aa → (τ + τ − )(bb̄) 9 . The analyses have been performed on 36 fb−1 of run-2 data
√
collected at s = 13 TeV. The event selection in both analyses targets inclusive production of
H with dominant contribution from the gluon-gluon fusion process. Searches cover the range of
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the a boson mass, ma , between 15 GeV and half the mass of the H boson and use conventional
isolation techniques to select muons, electrons and τ leptons. At very low masses (ma < 15
GeV) decay products of a bosons are expected to be highly collimated and overlap, making
analyses, targeting isolated leptons, insensitive to the H → aa signal.
In the study of the (μ+ μ− )(τ + τ − ) ﬁnal state four decay modes of τ pairs are considered:
τe τh , τμ τh , τe τμ and τh τh . Here τe (τμ ) denotes leptonic decay of τ into electron (muon), and
τh - hadronic decay of τ . The reconstruction of τh is done for the 1-prong, 1-prong+π 0 ’s and
3-prong decay channels. Details of the τh reconstruction techniques at CMS can be found in
Reference 7 . A large background suppression is obtained by requiring the visible invariant mass
of four leptons to be less than certain threshold, optimized separately for each channel. Because
of neutrinos, the visible invariant mass is expected to peak below 125 GeV for the signal, whereas
major background processes populate region above 125 GeV. The signal is extracted from the
unbinned maximum likelihood ﬁt to the reconstructed mass spectrum of the a → μμ candidate
in all analyzed channels with superposition of analytical functions for the resonant signal and
smooth background contributions. No evidence of signal was found. The search results have
σ
B(H → aa →
been translated into an upper 95% conﬁdence level (CL) limit on the quantity σSM
μμτ τ ) as a function of ma . In this expression σSM denotes inclusive production cross section of
H in the SM, σ is the actual cross section, and B(H → aa → μμτ τ ) is the branching fraction
of the H → aa → (μ+ μ− )(τ + τ − ) decay. The upper limit on the branching fraction ranges from
1.2 × 10−4 at ma = 60 GeV to 4.7 × 10−4 at ma = 47 GeV under assumption that H is produced
at the LHC with the rate predicted by the SM.
In the study of the (τ + τ − )(bb̄) ﬁnal state three decay channels of τ τ have been employed:
τμ τh , τe τh and τe τμ . Despite its large branching fraction, the τh τh channel is not considered
in the search. The triggers, recording events with hadronic decay signatures of τ lepton, have
pT thresholds (pT stands for transverse momentum) signiﬁcantly higher than typical visible
transverse momentum of reconstructed τh in the cascade decays H → aa, a → τ τ , leading to
negligible signal acceptance in the τh τh decay mode after the trigger requirement. Events are
selected if they have a pair of oppositely charged τ candidates. Additionally event is required
to have at least one b-quark jet reconstructed within the CMS tracker acceptance of |η| < 2.4
(η denotes pseudorapidity), and having pT > 20 GeV. In majority of cases the sub-leading
b-quark jet in signal events is too soft to be reliably reconstructed or produced outside the
tracker acceptance, where b-tagging algorithm, exploiting decay length information, cannot be
applied. To enhance sensitivity of the search the ﬁnal selected sample is split into several
categories depending on the value of the visible invariant mass of τ decay products and b-quark
jet, mvis
τ τ b . Thresholds, deﬁning event categories, are optimized individually for each τ τ decay
channel. Because of neutrinos from τ decays and missing b-quark jet, the signal concentrates
in the region mvis
τ τ b < 125 GeV and is well separated from background processes characterized
by higher values of mvis
τ τ b . The signal-to-background ratio is therefore higher for categories with
lower values of mvis
τ τ b . The signal is extracted from the binned maximum likelihood ﬁt to the
reconstructed spectra of the visible invariant mass of the di-tau system, mvis
τ τ , in all studied di-tau
vis
decay channels and all event categories deﬁned by mvis
τ τ b . Figure 1 (left) shows the mτ τ spectrum
<
75
GeV. The
in the most sensitive channel, corresponding to the τμ τh decay mode with mvis
ττb
σ
B(H → aa → τ τ bb).
search has found no signal and upper 95% CL limits have been set on σSM
Assuming the SM production rates for H, the analysis sets upper limit on the branching fraction
in the range from about 3.5% at ma = 35 GeV to 12% at ma = 15 GeV.
Figure 1 (right) demonstrates complementarity of various CMS searches for the H → aa
σ
B(H →
signal performed on run-1 and run-2 data. Plot shows an upper limit on the quantity σSM
aa) as a function of ma . As a representative example the 2HD+1S model of type-III is chosen,
where one of the Higgs doublets couples to quarks and another to charged leptons. The tan β
value is set to 5. In the chosen scenario the a boson couplings to leptons are enhanced and limits
on B(H → aa) well below 100% can be set over the entire probed range of ma , assuming the
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Figure 1 – Left: The mvis
τ τ distribution in the τμ τh channel with mτ τ b < 75 of the CMS search for H → aa →
σ
(τ + τ − )(bb̄). Right: Upper limit on σSM
B(H → aa) as a function of ma from various CMS analyses performed
on run-1 and run-2 datasets. The interpretation is done within the 2HD+1S model of type-III with tan β = 5.

SM production rates for H.
The H → aa → 4μ decay mode provides the cleanest channel to search for very light
pseudoscalar boson. The sensitivity of this channel gets however reduced at ma > 2mτ (mτ is
the τ lepton mass), since decay of a into heavier τ lepton becomes kinematically allowed and
supplants the a → μμ decay. In the 2HD+1S models predicting the same dependence of a
couplings to down-type fermions on tan β, further reduction of B(a → μμ) occurs at ma > 2mb
(mb is the mass of b-quark) for the beneﬁt of the a → bb̄ decay.
√
Using run-2 dataset collected at s = 13 TeV, the ATLAS Collaboration has performed
search for the H → aa → 4μ signal, covering mass range 1 GeV ≤ ma ≤ 15 GeV 10 . The
analysis selects events compatible with the hypothesis of the production of two identical particles,
decaying to μ+ μ− . Events are rejected if invariant mass of any μ+ μ− pair is compatible with
J/Ψ, Υ or Z resonances. Finally invariant mass of four muons is required to be compatible
within the detector resolution with the mass of H. The signal is extracted from the distribution
of the averaged mass of two reconstructed a → μ+ μ− candidates. No data events have been
selected into the ﬁnal sample, and the expected background yield amounts to 0.4 ± 0.1 events.
σ
Figure 2 (left) presents results of the search in terms of an upper limit on σSM
B(H → aa) as a
function of ma for the 2HDM+1S model of type-II with tan β=5. This type of 2HD+1S models
corresponds to the Higgs sector of the NMSSM and postulates that one Higgs doublet couples
to up-type fermions and another - to down-type fermions. Within this benchmark scenario, an
upper limit on B(H → aa) is set below 10−3 at ma < 2mτ and ranges from about 20 to 50%
at 2mτ < ma < 2mb for the SM production rate of H. At ma > 2mb the upper limit is greater
than 1, i.e. analysis has no sensitivity to the benchmark model in that mass range.
Another interesting class of BSM theories consists of Higgs triplet models, which predict
doubly charged physical state, H ±± . One example is given by Left-Right Symmetric (LRS) models 11,12 . Doubly charged Higgs bosons can couple to either left-handed or right-handed fermions.
±±
. The ALTAS CollaboIn LRS models two cases are distinguished and denoted HL±± and HR
ration has performed search on 36 fb−1 of run-2 data for a pair produced doubly charged Higgs
bosons 13 . The analysis targeted decays into same sign lepton pairs, H ±± → e± e± , e± μ± , μ± μ±
that dominate at low values of the Higgs triplet vacuum expectation value. The search has
higher sensitivity to the HL±± state, since the cross section of the HL++ HL−− production is 2.3
++ −−
HR because of diﬀerent couplings to Z 14 . The study selected events
higher than that of HR
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Figure 2 – Left: Upper 95% CL limit on σSM
B(H → aa) as a function of ma obtained from the ATLAS search
for H → aa → 4μ. The interpretation is done within the 2HD+1S model of type-II with tan β = 5. Right: Upper
95% CL limit on the cross section of the H ++ H −− production as a function of the probed H ±± mass. Red curves
±±
show prediction of LRS models for HL±± and HR
states.

into diﬀerent signal regions, depending on the lepton multiplicity and lepton ﬂavor composition.
In the two- and three-lepton signal regions, the signal was searched for as a resonant peak in
the distribution of the invariant mass of same-sign lepton pair. In the four-lepton region further rejection of background is obtained by requiring masses of same-sign lepton pairs to be
consistent within the detector resolution. The search for a signal in the four-lepton region is
performed in the distribution of the average mass of two same-sign lepton pairs. The analysis
found no signal, and results of the search were used to set an upper limit on the production cross
section as a function of the probed H ±± mass for several benchmark assumptions on branching
fractions of H ±± decays into leptons. Figure 2 (right) shows as an example upper limits on
the production cross section, assuming B(H ±± → μ± μ± ) = 0.3, B(H ±± → e± e± ) = 0.3 and
±±
) below 770 GeV (660 GeV) are excluded in LRS
B(H ±± → e± μ± ) = 0.4. Masses of HL±± (HR
±±
±
models under assumption that B(H
→  ± ) = 100% with  = e, μ.
This note highlighted only few representative examples of analyses probing models with the
exotic Higgs sector. A comprehensive physics program of searches for BSM Higgs bosons continues at the LHC. Experimental collaboration are constantly improving their analysis techniques,
extending the scope of analyzed signatures and accumulating more data in hope to uncover
hidden signs of a new physics.
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APPROXIMATE HIGGS ALIGNMENT WITHOUT DECOUPLING
HOWARD E. HABER
Santa Cruz Institute for Particle Physics, University of California,
1156 High Street, Santa Cruz, CA 95064 USA

The properties of the Higgs boson h(125) observed in LHC data are consistent with Standard
Model predictions. Consequently, if additional Higgs bosons are present, then the direction of
h(125) in ﬁeld space must be approximately aligned with the direction of the Higgs vacuum
expectation value. One way to achieve approximate Higgs alignment is in the decoupling
limit, where all additional Higgs scalars are signiﬁcantly heavier than the h(125). In this
presentation, the viability of approximate Higgs alignment without decoupling is addressed.

1

Introduction

With the discovery of the Higgs boson in 2012,1,2 it appears that all the fundamental particles
that comprise the Standard Model (SM) have been discovered. Of course, it is straightforward
to add additional Higgs scalars to the SM. However, an extended Higgs sector is already highly
constrained. For example, the electroweak ρ parameter is very close to 1, which strongly suggests
that additional Higgs multiplets consist of hypercharge one doublets and/or singlets under the
electroweak gauge group.3 Moreover, the extended Higgs sector must contain a SM-like h(125),4
whereas evidence for additional scalar states, either via direct production or by virtual exchange,
must have (so far) escaped detection in LHC data.
2

The alignment limit of the 2HDM

In this presentation, we shall focus on the two-Higgs doublet model (2HDM) as a prototype for
an extended Higgs sector. The 2HDM consists of two
√ hypercharge one, doublet ﬁelds Φ1 and Φ2
After minimizing the scalar potential, Φ0i  = vi / 2 (for i = 1, 2), with v ≡ (|v1 |2 + |v2 |2 )1/2 =
2mW /g = 246 GeV. It is convenient to introduce the Higgs basis ﬁelds,5,6
 +
 +
v ∗ Φ1 + v2∗ Φ2
−v2 Φ1 + v1 Φ2
H1
H2
≡ 1
≡
H1 =
,
H2 =
,
(1)
0
H1
H20
v
v
√
such that H10  = v/ 2 and H20  = 0. The Higgs basis is uniquely deﬁned up to an overall
rephasing, H2 → eiχ H2 . In the Higgs basis, the scalar potential is given by,
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V = Y1 H1† H1 + Y2 H2† H2 + [Y3 H1† H2 + h.c.] + 21 Z1 (H1† H1 )2 + 12 Z2 (H2† H2 )2 + Z3 (H1† H1 )(H2† H2 )
"
%
#
$
(2)
+Z4 (H1† H2 )(H2† H1 ) + 12 Z5 (H1† H2 )2 + Z6 (H1† H1 ) + Z7 (H2† H2 ) H1† H2 + h.c. .
The minimization of the scalar potential yields Y1 = − 12 Z1 v 2 and Y3 = − 12 Z6 v 2 .
0
√The neutral scalar ﬁeld H1 is aligned in ﬁeld space with the Higgs vacuum expectation value.
If 2 Re H10 − v were a mass eigenstate, then its tree-level properties would coincide with the
Higgs boson of the SM. For simplicity, we assume a CP-conserving scalar potential (where the
scalar potential parameters are simultaneously real after an appropriate rephasing of H2 ). The
CP-even Higgs squared-mass matrix is,5,7


Z1 v 2
Z6 v 2
.
M2H =
Z6 v 2
m2A + Z5 v 2
where mA is the mass of the CP-odd Higgs scalar.
The CP-even Higgs bosons are h and H with mh ≤ mH . Approximate alignment arises
in two limiting cases.8,9,10 Case 1: m2A  (Z1 − Z5 )v 2 . This is the decoupling limit,11 where h
1. Then, h is SM-like if
is SM-like and m2A ∼ m2H ∼ m2H ±  m2h  Z1 v 2 . Case 2: |Z6 |
m2A + (Z5 − Z1 )v 2 > 0; otherwise, H is SM-like. This is alignment with or without decoupling,
depending on how large mA is. In particular, the CP-even neutral scalar mass eigenstates are,
 √

  
−sβ−α
2√ Re H10 − v
H
c
,
(3)
= β−α
0
sβ−α
cβ−α
h
2 Re H2
where cβ−α ≡ cos(β − α) and sβ−α ≡ sin(β − α) are deﬁned in terms of the mixing angle α
that diagonalizes
matrix when expressed in the Φ1 –Φ2 basis of
√ the CP-even√Higgs squared-mass
0 − v }, and tan β ≡ v /v . Since the SM-like Higgs boson
v
,
2
Re
Φ
scalar ﬁelds, { 2 Re Φ01 −
1
2
2 1
2
√
1 (corresponding
must be approximately 2 Re H10 − v, it follows that h is SM-like if |cβ−α |
to alignment with or without decoupling, depending on how large mA is). Likewise, H is SM-like
1 (which is only possible in the case of alignment without decoupling).
if |sβ−α |
Exact tree-level Higgs alignment corresponds to Z6 = 0, which is satisﬁed in the inert doublet
model (IDM).12 This is a special case of the 2HDM in which there is an unbroken Z2 symmetry
in the Higgs basis such that H2 is the only Z2 -odd ﬁeld. In the IDM, the SM Higgs boson
resides entirely in H1 . In contrast, approximate tree-level alignment without decoupling in a
generic 2HDM would appear to depend on a judicious choice of model parameters. However,
a more satisfying scenario would be one in which the latter is achieved as a consequence of an
approximate symmetry. Thus, we now explore the possible symmetries of the 2HDM scalar
potential that can lead naturally to tree-level Higgs alignment, and the symmetry-breaking
mechanisms that can maintain approximate alignment, consistent with the LHC Higgs data.
3

A symmetry origin for Higgs alignment

One can reduce the number of 2HDM parameters by imposing additional symmetries on the
scalar potential in the Φ1 –Φ2 basis.13,14 In this basis, the parameters of the scalar potential are
three squared-mass parameters, m211 , m222 and m212 (the analogs of the Yi of eq. (2)), and seven
quartic couplings, λi , i = 1, 2, . . . , 7 (the analogs of the Zi of eq. (2)). The possible Higgs family
symmetries are: (i) Z2 : Φ1 → Φ1 and Φ2 → −Φ2 ; (ii) Π2 : Φ1 ←→ Φ2 ; (iii) U(1)PQ [PecceiQuinn 15 ]: Φ1 → e−iθ Φ1 and Φ2 → eiθ Φ2 ; (iv) SO(3): Φi → Uij Φj , for U ∈ U(2)/U(1)Y (the
scalar potential is automatically invariant with respect to the hypercharge U(1)Y ). In addition,
one can also consider generalized CP symmetries: (i) CP1: Φi → Φ∗i , (ii) CP2: Φ1 → Φ∗2 and
Φ2 → −Φ∗1 ; (iii) CP3: Φ1 → Φ∗1 cos θ + Φ∗2 sin θ and Φ2 → −Φ∗1 sin θ + Φ∗2 cos θ (for 0 < θ < 12 π).
The constraints of each of these symmetries on the scalar potential parameters in the Φ1 –Φ2
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basis are easily obtained (see Table 1 of Ref. 13). Moreover, applying Z2 and Π2 simultaneously
is equivalent to a CP2-symmetric potential in a diﬀerent basis. Similarly, applying U(1)PQ and
Π2 simultaneously is equivalent to a CP3-symmetric potential in a diﬀerent basis.14
The parameters of the CP-conserving scalar potential in the Φ1 –Φ2 basis are related to the
corresponding Higgs basis parameters; e.g.,16
Y3 = 12 (m222 − m211 )s2β − m212 c2β ,
#
$
Z6 = − 12 λ1 c2β − λ2 s2β − λ345 c2β s2β + λ6 cβ c3β + λ7 sβ s3β ,

(4)
(5)

where λ345 ≡ λ3 + λ4 + λ5 , sβ ≡ sin β, cβ ≡ cos β, etc. Due to the scalar potential minimum
condition, exact alignment (i.e., Z6 = 0) implies that Y3 = 0. The latter can be achieved if the
scalar potential exhibits a CP2, CP3 or SO(3) symmetry, in which case m211 = m222 and m212 = 0.
In the case of CP2, setting Z6 = 0 in eq. (5) determines the value of tan β. In the CP3 and
SO(3) cases, λ1 = λ2 = λ345 and λ6 = λ7 = 0. Then, Z6 = 0 is satisﬁed independently of tan β,
corresponding to the condition of natural alignment introduced by Bhupal Dev and Pilaftsis.17
In order to specify a complete model, one must also exhibit the Higgs–fermion Yukawa
couplings. In the case of the IDM, the fermions are taken to be Z2 -even states, which do
not couple to the Higgs basis ﬁeld H2 . In contrast, the extension of the CP2, CP3 or SO(3)
symmetries to the Yukawa interactions is problematic, resulting in a massless quark or some
other phenomenologically untenable feature.18
4

A model of approximate Higgs alignment

Consider the 2HDM with a CP2-symmetric scalar potential, which can be realized in another
basis as a Z2 ⊗ Π2 discrete symmetry, where m211 = m222 , λ1 = λ2 , m212 = λ6 = λ7 = 0, and λ5 is
real. To extend this symmetry to the Yukawa sector, we introduce mirror fermions.19 The SM
fermions are denoted by lower case letters (e.g. left-handed doublet ﬁelds q and right-handed
singlet ﬁelds u and d), and mirror fermions by upper case letters. Under the discrete symmetries,
Π2 : Φ1 ←→ Φ2 ,
Z 2 : Φ1 → Φ1 ,

q ←→ q,

u ←→ U,

Φ2 → −Φ2 ,

q → q,

U ←→ U ,
u → −u,

U → U,

U →U,

where U is in the representation conjugate to U (to avoid anomalies). The Yukawa couplings
consistent with the Z2 ⊗ Π2 discrete symmetry are,a
LYuk ⊃ yt (qΦ2 u + qΦ1 U ) + h.c.

(6)

In addition, we introduce an explicit mass term, Lmass = MU U U + h.c. (with MU large enough
to be consistent with the LHC experimental limits on mirror fermion masses), which preserves
the Z2 but explicitly breaks the Π2 discrete symmetry. This symmetry breaking is soft, so that
m222 − m211 is protected from quadratic sensitivity to the cutoﬀ scale Λ,
Δm2 ≡ m222 − m211 ∼ −

3yt2 MU2
ln(Λ/MU ) ,
4π 2

neglecting ﬁnite threshold corrections proportional to MU2 . Due to the unbroken Z2 symmetry,
a nonzero m212 is not generated in this approximation. Integrating out the mirror fermions
below the scale MU , one also generates a splitting between λ1 and λ2 . However, this is a small
correction, which has a negligible impact on our analysis.
The important parameters of the scalar potential are: m2 ≡ 12 (m211 +m222 ), Δm2 ≡ m222 −m211
and R ≡ λ345 /λ (where λ ≡ λ1 = λ2 ). We impose λ > 0 and R > −1 to ensure that the vacuum
is bounded from below. Solving for the scalar potential minimum, there are two possible phases:
a

The down-type quarks and leptons can also be included by introducing the appropriate mirror fermions.
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(i) the inert phase, where the Z2 is unbroken, corresponding to the IDM; and (ii) a mixed phase
where both v1 = 0 and v2 = 0. In the case of the mixed phase, m2 = − 14 λ(1 + R)v 2 and
&
v2
1−
2Δm2
tan β ≡
=
.
(7)
,
where
= cos 2β =
v1
1+
λ(1 − R)v 2
The positivity of v12 and v22 and the curvature at the extremum requires |R| < 1 and | | < 1.
The Higgs boson mass spectrum of the mixed phase is,

#
$
2
m2H ± = m2A − 12 (λ4 − λ5 )v 2 . (8)
m2A = |λ5 |v 2 ,
mh,H = 12 λv 2 1 ∓ R2 + (1 − R2 ) 2 ,
If h is SM-like, then −1 < R < − 2 /(1 −
cβ−α 

2)

and

(1 − R)
+ O( 2 ) .
2|R|

(9)

In particular, the alignment limit favors small | |, which yields tan β ∼ O(1). In this parameter
regime,


1 + |R|
m2H  m2h
(10)
+ O( 2 ) ,
1 − |R|
corresponding to approximate alignment without decoupling as long as |R| is not too close to 1.
One can also construct a model of approximate alignment without decoupling by employing
a softly broken CP3 symmetry, augmented with the corresponding mirror fermions.20 Further
details on the phenomenology of the CP2 and CP3 models can be found in Refs. 19 and 20.
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16. H.E. Haber and O. Stål, Eur. Phys. J. C 75 (2015) 491 [Erratum: 76 (2016) 312].
17. P.S. Bhupal Dev and A. Pilaftsis, JHEP 1412 (2014) 024 [Erratum: 1511 (2015) 147].
18. P.M. Ferreira and J.P. Silva, Eur. Phys. J. C 69 (2010) 45.
19. P. Draper, H.E. Haber and J.T. Ruderman, JHEP 1606 (2016) 124.
20. P. Draper and H.E. Haber, in preparation.

142

SEARCHES FOR DARK MATTER AT ATLAS AND CMS
KATHARINA BIERWAGEN
on behalf of the ATLAS and CMS Collaboration
Institut für Physik, Johannes Gutenberg-Universität, Mainz, Germany
Cosmological and astrophysical observations indicate the presence of Dark Matter in the
universe which cannot be explained by the Standard Model. Searches for Dark Matter are
performed by both the ATLAS and CMS experiment at the LHC in events involving large
missing transverse momentum in the ﬁnal state. So far no signal for physics beyond the
Standard Model has been found. An overview of the most recent results by both the ATLAS
and CMS collaboration based on the full proton-proton collision dataset collected at a centreof-mass energy of 13 TeV in 2015 and 2016 is presented.

1

Introduction

The search for Dark Matter (DM) is a fundamental part of the physics programme of the Large
Hadron Collider (LHC). The LHC has the ability to produce DM in pp-collisions and will be
able to probe all basic interactions. The simplest realistic models consist of a DM particle
and a so-called mediator, which connects the Standard Model (SM) to the dark sector 1,2,3,4 .
Recently, searches for these simpliﬁed models has become very popular at the LHC following
two strategies. The ﬁrst strategy looks for DM itself, while the second strategy searches for
the mediator particle. Since in the ﬁrst case the invisible DM particles will escape the dector
undetected, the DM particles needs to be boosted opposite to the direction of visible particles,
leading to the ”mono-X” signatures. Therefore, all those signatures are characterized by a large
amount of missing transverse momentum. At the LHC a wide range of ﬁnal states can be
investigated, reaching from mono-photon to mono-Higgs signatures.
In the following, the most recent searches by the ATLAS 5 and CMS 6 collaboration will be
brieﬂy summarized.
2

Searches for Dark Matter with jets

The search for DM in ﬁnal states with an energetic jet and large missing transverse momentum
has the largest ETmiss + X cross section and includes searches with jets from the hadronic decay
of W and Z bosons.
The search has been performed using proton-proton collision data corresponding to an integrated luminosity of 36 fb−1 at a centre-of-mass energy of 13 TeV collected in 2015 and 2016 7,8 .

c 2018 CERN for the beneﬁt of the ATLAS and CMS Collaboration.
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Events are required to have at least one high momentum jet, large missing transverse energy
and no leptons. The dominant background contributions originate from Z(→ νν) and W+jets
processes, which have been constrained using MC samples normalized using data in dedicated
control regions (CR), seperately for the mono-jet and mono-V channel. The V+jets MC predictions are reweighted to account for higher-order QCD and electroweak corrections, following
the recommendations described in Ref. 9 .
Fig. 1 shows the missing transverse energy distribution in data and MC simulation in the
signal region (SR).

Figure 1 – Measured distributions of the ETmiss
compared to the SM predictions. The error bands
in the ratios shown in the lower panels include both
the statistical and systematic uncertainties in the
background predictions. The last bin of the ETmiss
distribution contains overﬂows 7 .
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No signiﬁcant deviation from SM has been observed. The results are therefore interpreted in
terms of simpliﬁed models with an axial-vector, vector, pseudoscalar or scalar mediator. Fig. 2
and 3 exemplarily show the 95% CL exclusion contours for the axial-vector and vector mediator
model.

1000

2000
mZA [GeV]

Figure 3 – Observed and expected 95% CL exclusion contours in the mmed − mDM parameter plane for a simpliﬁed model with a vector mediator, Dirac DM particles and couplings
gq = 0.25 and gDM = 1 8 .

Figure 2 – Observed and expected 95% CL
exclusion contours in the mZA − mχ parameter plane for a simpliﬁed model with an axialvector mediator, Dirac DM particles and couplings gq = 0.25 and gχ = 1 7 .

In addition, a model with the exchange of a coloured scalar mediator is considered 10,11,12 .
Here, the jet can either originate from initial state radiation (ISR) or directly from the mediator
decay. Fig. 4 shows the 95%CL exclusion limit for this model.
Mediator masses up to 1.7 TeV for very low DM masses are excluded.
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Figure 4 – Observed and expected 95% CL
exclusion contours in the mη − mχ parameter plane for the coloured scalar mediator
model, with minimal width and coupling set
to g = 1 7 .

3

Searches for Dark Matter with Higgs bosons

Besides the conventional signatures, such as mono-photon or mono-jet, the Higgs boson can
be used as a discovery tool. Searches have been performed in ﬁnal states with large missing
transverse momentum recoiling against a Higgs boson decaying to either a bb̄ pair, a pair of tau
leptons or a pair of photons using proton-proton collision data corresponding to an integrated
luminosity of 36 fb−1 at a centre-of-mass energy of 13 TeV collected in 2015 and 2016 13,14 . No
signiﬁcant deviation from SM has been observed. The results are therefore interpreted in terms
of two benchmark simpliﬁed models: a Z’-two-Higgs-doublet-model (Z’-2HDM) 15 and a barionic
Z’ model.
Fig. 5 shows the 95% CL exclusion contours for the Z’-2HDM model in the mZ  − mA
parameter plane and Fig. 6 shows the 95% CL upper limit on DM+h cross section for the
barionic Z’ model.

Figure 6 – Expected and observed 95% CL upper limits on the baryonic Z’ cross section for
dark matter associated production with a Higgs
boson (Z  → χχh), Dirac DM particles, couplings
gq = 0.25 and gDM = 1, and mχ = 1 GeV 13 .

Figure 5 – Exclusion contours for the Z’-2HDM
model in the mZ  − mA parameter plane for
tan β = 1, gZ  = 0.8, and mχ = 100 GeV 14 .

For the Z’-2HDM model, mZ  is excluded up to 2.6 TeV and mA up to 0.6 TeV. For the
barionic Z’ model, Z’ masses are excluded up to 615 GeV for mχ = 1 GeV.
4

Summary of Dark Matter Searches

A large number of mono-X and dijet searches have been performed by both the ATLAS and
the CMS collaboration, already probing a large part of the parameter space. Fig. 7 shows the
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95% CL excluded regions in a dark matter mass-mediator mass plane from a selection of dark
matter searches for axial-vector models for both ATLAS and CMS.
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Figure 7 – 95% CL excluded regions in a dark matter mass-mediator mass plane from a selection of ATLAS 16
(left) and CMS 17 (right) dark matter searches in the leptophobic axial-vector mediator model. The exclusions
are computed for a dark matter coupling gDM = 1.0 and a quark coupling gq = 0.25 universal to all ﬂavors. The
lepton coupling gl in this model is set to zero.

5

Conclusion

DM searches at the LHC remain a thrieving ﬁeld of research. Results are reported from searches
for DM in ﬁnal states with an energetic jet and large missing transverse momentum, as well as
from searches for DM in ﬁnal states with large missing transverse momentum recoiling against
a Higgs boson using proton-proton collision data corresponding to an integrated luminosity of
36 fb−1 at a centre-of-mass energy of 13 TeV collected in 2015 and 2016. Unfortunately, so far
no evidence for physics beyond the SM has been found. Therefore, the results are translated
into 95%CL uper limits on WIMP-pair production.
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1

2

Minimal scenarios with light (sub-GeV) dark matter are usually accompanied by a correspondingly light “dark sector”. Taking as an example a simple fermionic dark matter model, we
will show that the presence of the dark sector plays a key role in constraining such scenarios
at accelerators experiments. The eﬀect of including in the light spectrum a dark Higgs boson
is in particular investigated.

1

Light fermionic dark matter

Among the numerous solutions of the Dark Matter (DM) puzzle, the ones relying on the thermal
freeze-out mechanism have been long considered among the most attractive. The prime example
of a dark matter scenario based on this mechanism, the Weakly Interactive Massive Particle
(WIMP), has been intensely searched for in the past decades. However, the absence so far of
any uncontroversial signals from colliders, direct and indirect detection experiments has led the
community to explore simultaneously numerous other possibilities. Among them the so-called
thermal hidden sector scenarios are particularly attractive in that they closely resembled the
WIMP while relaxing various experimental bounds and allowing for DM candidates with lighter,
sub-GeV masses. The trade-oﬀ is that the DM annihilation needs to be generally mediated by a
new light ﬁeld since weak interaction-driven processes are typically too suppressed at this scale.
In this work we will focus on the case where the mediator is a new massive gauge boson
V , a called henceforth the dark photon, corresponding to an abelian gauge group U (1)D spontaneously broken by the Vacuum Expectation Value (VEV) vS of a dark Higgs boson S. We will
focus on the case of fermionic dark matter (the case of complex scalar DM is also viable even
though more constrained 2 ).
In order to keep the additional U (1)D anomaly-free, one minimally needs to introduce two
Majorana fermions with opposite charges. We thus consider a Dirac fermion χ = (χL , χ̄R ) with
U (1)D -charge −1 and choose the dark Higgs boson U (1)D charge to be +2 to allow for Yukawa
couplings with the left and right-handed components. Writing Aμν the electromagnetic ﬁeld
 the U (1)
strength and Fμν
D one, the Lagrangian for the dark Higgs boson and dark photon
contains:
LV

= − 12 εAμν F μν + (Dμ S)∗ (Dμ S) + μ2S |S|2 −

λS
4
2 |S|

,

(1)

where we have included a kinetic mixing term ε and have neglected the quartic mixing between
the dark Higgs boson and the Standard Model (SM) Higgs. 2 The DM part of the Lagrangian is
LDM = χ̄ (iγμ Dμ − mχ ) χ + ySL S χ̄c PL χ + ySR S χ̄c PR χ + h.c. .
a

The case of a light scalar is already strongly constrained by heavy meson decays.
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1

(2)

After the dark Higgs boson acquires its VEV, the dark matter mass matrix becomes
 √
Mχ =

χ̄L
χ̄R

χL

χR

2vS ySL √ mχ
mχ
2vS ySR



,

(3)

and is diagonalised by introducing the two Majorana eigenstates (χ1 , χ2 ). Choosing to keep
the rotation matrices Uχ real then implies that χ1 has a negative mass b when the oﬀ-diagonal
contribution dominates but allows to write the U (1)D current in the simple form:


1
JDμ = χ̄i γ μ γ 5 χj Uχi2 Uχj2 − Uχi1 Uχj1 .
2

(4)

In the rest of this work, we will note Mχ1 (respectively Mχ2 ) the absolute mass of the lightest
(heaviest) eigenstate.
Overall the “dark sector” hence contains: a Majorana dark matter χ1 , a heavier Majorana
state χ2 , a dark photon V and a dark Higgs boson S. In the rest of this work, we will be interested
in keeping generic values for the Yukawa couplings, departing from the standard (technically
natural) choice ySL = ySR
1. This very simple model leads to the correct relic density in three
regimes with starkly diﬀerent phenomenology: 2 the pseudo-Dirac regime (iDM), the Majorana
DM case and ﬁnally a secluded regime where χ1 χ1 → SS dominates (even though the latter
suﬀers from strong bounds from Big Bang Nucleosynthesis (BBN)-related observables). c In the
following we will concentrate on accelerator-based analysis. All data points in scan-based plots
are compatible with dark matter relic density at the 2σ-level and satisﬁes the BBN constraints. 2
2

Dark sector and search strategies at accelerators

For each ﬁelds of the dark sector, dedicated search strategies have been proposed over the last
decade. We will present in the following the most relevant ones, focusing eventually on the
particular role of the dark Higgs boson.
Mediator/dark photon searches Searches which focus directly on the dark photon are
especially interesting in that they are largely model-independent. In all of our parameter space,
the dark photon decays invisibly and the strongest bounds come from missing energy signature
in BaBar 4 (ε  1 × 10−3 ) and NA64 5 (as low as ε  1.5 × 10−4 for MV ∼ 30 MeV). In the
future, the Belle II collaboration should expand these bounds 6 down to ε  0.8 × 10−4 . The
sensitivity of these analysis scales as ε2 so that these strategies have bright prospects on the
long term. Indeed, as we show in Figure 1 they cover already a large portion of the parameter
space compatible with the relic density constraint.
Dark matter Since in most of our parameter space the dark photon decays instantaneously
into χ1 and χ2 any experiments producing it will generate eﬀectively a “dark matter beam”.
Fixed target experiments designed originally for neutrinos studies are here particularly wellsuited. Indeed, dark photons are abundantly produced either through dark bremsstrahlung
or light meson decays in the beam dump, the dark matter particles then propagate through
the shielding and subsequently scatter in the detector. This was ﬁrst pointed out in 7,8 and
a rich literature followed. The main drawback of this kind of analysis is the relatively large
neutrino background and the fact that the expected number of events typically scales as ε4 αD .
Current bounds are mainly competitive against missing energy searches in the low dark matter
mass region, where bounds from the LSND experiment 9 can be applied, due to the impressive
accumulated dataset of 1022 light π 0 mesons.
b

Note the diﬀerent convention from the standard reference. 3
In this proceedings, we will keep Mχ1 < MV /3 and MS < MV , so that the usual “forbidden” setup in which
dark matter annihilates into a pair of dark photons is not kinematically accessible.
c
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Figure 1 – (Left) Constraints on the dark photon mass MV and on the kinetic mixing parameter ε from NA64,
BaBaR, the projected Belle-II reach (50 ab−1 ) and LDMX reach based on missing energy searches. (Right)
Number of events expected at LSND and miniBooNE from dark Higgs boson decay, either produced through
dark Higgsstrahlung (thin dashed) or through heavy sector particle decay (thick plain) as a function of the dark
Higgs boson mass MS for MS = MV /4, mχ = MV /3 (where mχ is the bare DM Dirac mass), ε = 0.001,
ySR = 0, ySL = 0.2 and αD = 0.03.

Heavy dark sector state These states are typically produced simultaneously with dark
matter from the dark photon decay channels V → χ1 χ2 , V → χ2 χ2 whose branching ratios are
determined by the dark gauge current from eq. (4). When the splitting between both states is
smaller than the mass of other dark sector particles (and in particular of the dark Higgs boson
mass, as we will see below) then the only decay channel is through an oﬀ-shell dark photon
χ2 → χ1 V ∗ → χ1 e+ e− . Deﬁning the splitting Δχ ≡ Mχ2 − Mχ1 , we have the approximate
relation: 10
4
  −3 2 
 
 

10
0.2 5 25 MeV 5
MV
0.1
cτχ2 ∝ 100 m ×
.
(5)
Δχ
MS
αD
ε
100 MeV
Hence, in the optimal case large portion of the heavy dark states decay directly in the detector
so that the expected of number of events can in theory scales as ε2 . Furthermore, the decay
signature is an electron-positron pair which can be distinguished from the neutrino scattering
events in experiments with basic track reconstructions capability. This approach typically leads
to extremely strong bounds on the kinetic parameter, 10 probing values as low as ∼ 10−6 .
Dark Higgs boson Finally, when the dark Higgs boson is light enough not to decay into a pair
of DM particle (MS < 2Mχ1 ), its decay mainly proceeds through a loop-induced ε2 -suppressed
diagram. This leads to an extremely long lifetime of typical order hundreds of seconds below
the di-muon threshold:
2
  −3 4 


αem
10
50 MeV
MV
.
(6)
τS ∝ 10 s ×
2
MS
ε
100 MeV
qS α D
In principle dark Higgs bosons produced through dark-Higgsstrahlung and decaying into a
electron-positron pair can be searched for in neutrino experiments, with signature similar to
the one of a heavy state decay. 11 However, the very long lifetime implies that the expected
2 and current missing energy bounds outperformed such searches
number of events scales as ε6 αD
in all points of the parameter space realising the correct relic density. 2 The presence of the dark
Higgs boson leads therefore to “blind spots” in the heavy dark sector decay signatures. Indeed,
when the splitting between both χ1 and χ2 is large enough, Δχ = Mχ2 − Mχ1 > MS (and provided that ySL is not exactly equal to ySR ) then the heavy state will decay instantaneously by
emitting a dark Higgs. As shown in Figure 1, this typically increases by an order of magnitude
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the expected number of events from the dark Higgs boson decay signature described above. On
the other hand, the heavy dark state is no longer long-lived so that the bound on ε is reduced
to values typically closer to the DM scattering ones.
To conclude, the presence of an accompanying dark sector is a key ingredient of acceleratorbased searches for light thermal dark scenarios, potentially leading to bounds several orders of
magnitude larger than the ones deduced from dark matter scattering alone. On the other hand,
the high model-dependence of these bounds must be properly accounted for, as demonstrated
by the presence of dark Higgs boson-induced “blind-spots” in the signature from heavy dark
sector state decay.
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Searches with boosted objects at ATLAS and CMS
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CIEMAT, Av. Complutense, 40, 28040 Madrid, Spain

An overview of searches for beyond the standard model physics using boosted objects is
presented. The searches are based on proton-proton collision data collected with the ATLAS
and CMS detectors at the LHC during the 2015 and 2016 running periods.

1

Introduction

While the discovery of the Higgs boson 1,2 has consolidated the standard model (SM) its relatively
light mass has also highlighted the so-called hierarchy problem, i.e. the large diﬀerence between
the electroweak and Planck scales. Beyond standard model (BSM) mechanisms proposed to
solve the hierarchy problem include models based on extra spatial dimensions 3 , a composite
Higgs boson 4 and supersymmetry (SUSY) 5 . Many of these models predict the existence of
heavy resonances with large branching fractions for decays involving SM bosons and tops. Due
to the high mass of the resonances these particles are given a large Lorentz boost, resulting in
the collimation of their decay products. A single large-R jet may be used to reconstruct the
hadronic decays of these boosted particles.
A variety of searches using large-R jets have been performed by the ATLAS 9 (R=1.0) and
CMS 10 (R=0.8) experiments using proton-proton collision data collected at the LHC. The results
presented here will focus on searches with boosted vector bosons (V), Higgs bosons (h), and qq̄
pairs, using the 2015 and 2016 datasets. For these searches the signal jets will have substructure
compatible with that of a highly-energetic quark pair which can be used to distinguish them
from background QCD jets. The primary discriminating variable is the jet mass with grooming
applied to remove soft and large angle radiation, the soft-drop 6 and trimming 7 grooming
algorithms are used at CMS and ATLAS respectively. In addition CMS takes advantage of
the pileup per particle identiﬁcation (PUPPI) algorithm 8 to suppress contributions from pileup interactions. ATLAS uses a track-assisted jet mass calculation, which complements the
calorimeter measurement with track-based information. The N-subjettiness variable 11 quantiﬁes
to what extent the energy ﬂow in the jet is aligned along N subjet axes. The ratio of 2subjettiness over 1-subjettiness (τ21 ) is used to tag signal jets and suppress the contribution of
QCD jets. Figure 1 shows the groomed mass of large-R jets near the W and Z boson masses for
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a boosted qq̄ resonance search at ATLAS 12 and the τ21 distribution of large-R jets for a high
mass ZV resonance search at CMS 13 .
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Figure 1 – Distribution of large-R jet groomed mass near the W and Z boson masses for a boosted qq̄ resonance
search at ATLAS 12 (left) and large-R jet τ21 for a high mass ZV resonance search at CMS 13 (right).

2

Diboson resonances

CMS has conducted a search for ZV resonances where the Z decays to two leptons and the V
is reconstructed with a large-R jet or two narrow R=0.4 jets 13 . The analysis is sensitive to
resonances in the mass region from 400 to 4500 GeV. To increase the signal sensitivity at low
mass a categorization based on the b-tagging of jets is used while at high mass a categorization
based on the τ21 variable is implemented. The main source of background arises from the
Z+jets production process. It is estimated at low mass using NLO simulation with uncertainties
based on data-simulation comparisons in the V mass sidebands. At high mass the alpha method,
which takes the ratio of simulation to data in the V mass sideband and extrapolates to the signal
region, is used to estimate this background. No signiﬁcant excess over the SM expectation has
been observed. The left hand plot of Figure 2 shows the invariant mass of the ZV resonance
candidates for boosted events with 0 b-tags.
Both ATLAS and CMS have searched for a new resonance decaying to Wh or Zh where
the vector boson decays leptonically and the Higgs boson decays to a bb̄ pair 14,15 . A single
large-R jet is used to reconstruct the Higgs boson decay. The ATLAS analysis also considers
the resolved scenario where the Higgs boson decay is reconstructed with two narrow R=0.4
jets. Resonance mass ranges of 800 to 4500 GeV and 220 GeV up to 5000 GeV are covered by
the CMS and ATLAS analyses respectively. To increase the signal sensitivity a categorization
based on the b-tagging of the Higgs boson candidate is implemented. In the case of the ATLAS
analysis an additional categorization based on the number of associated jets with b-tags is
included, giving sensitivity to b-quark associated production of a CP-odd Higgs boson (bb̄A).
The dominant W/Z+jets background processes are estimated using the alpha-method at CMS
and from simulation at ATLAS. A mild excess of events, with a 3.6σ local and 2.4σ global
signiﬁcance, is observed around 440 GeV in the b-quark associated production category of the
ATLAS analysis. The right hand plot of Figure 2 shows the invariant mass of the Wh resonance
candidates for boosted events with 2 b-tags at ATLAS.
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Figure 2 – Invariant mass distributions of the ZV resonance candidates for boosted events with 0 b-tags at CMS 13
(left) and the Wh resonance candidates for boosted events with 2 b-tags at ATLAS 14 (right).

3

qq̄ resonances

The ATLAS experiment has searched for a light resonance decaying to a qq̄ pair and produced
in association with a high-pT initial-state radiation (ISR) photon or jet 12 . The analysis is
sensitive to resonance masses from 100 GeV up to 220 GeV, a range in which the resonance
is boosted from the recoil with the ISR and so may be reconstructed with a single large-R jet.
For this analysis a linearly corrected version of τ21 , which decorrelates τ21 from the jet mass,
is implemented. This approach avoids modifying the ﬁnal jet mass distribution in a way that
makes it diﬃcult to model. The dominant backgrounds in the jet and photon channels are due
to multi-jet production and inclusive γ-production, respectively. A data-driven technique is used
to model these backgrounds in the signal region via a transfer-factor, measured in the jet mass
sidebands, which extrapolates from a τ21 -fail control region. The largest deviation observed in
this analysis is for a 140 GeV signal hypothesis, corresponding to a 2.4σ local and 1.2σ global
signiﬁcance.
4

Gluino pair production

CMS has searched for pair-produced gluinos, with the gluinos decaying to quark pairs and the
next-to-lightest SUSY particle, NLSP, which then decays to the lightest SUSY particle, LSP,
and a Higgs boson 16 . Given a small mass splitting between the gluino and the NLSP, and
a light LSP, the events are characterized by a boosted Higgs boson, large missing transverse
momentum, and soft quark jets. The analysis utilizes a b-quark tagging technique based on jet
substructure to identify large-R jets from h → bb̄. Events are categorized by the multiplicity of
h-tagged jets, the jet mass, and the missing transverse momentum. Dominant SM backgrounds
arise from events containing jets misidentiﬁed as Higgs bosons in conjunction with W or Z
bosons. The backgrounds are estimated by simultaneously extrapolating yields from the h-tag
multiplicity and jet mass sidebands to the signal region. No signiﬁcant excess above the expected
SM background is observed. Assuming large mass splitting between the NLSP and LSP, and
100% NLSP branching fraction to h, the lower limit on the gluino mass is found to be 2010 GeV.
A search for gluino pair production with subsequent R-parity-violating (RPV) decays to
quarks has been conducted by the ATLAS experiment 17 . Each gluino may decay directly into
three quarks via RPV coupling, leading to six quarks in the ﬁnal state, or in the cascade decay
model each gluino may decay into two quarks and a neutralino, which in turn decays into
three quarks via RPV coupling, resulting in ten quarks in the ﬁnal state. Events produced in
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these processes typically have a high multiplicity of reconstructed jets, with signiﬁcant portion
containing at least one bottom or top quark jet. The analysis is performed using requirements
on the number of jets and the number of b-tagged jets as well as a topological observable formed
by the scalar sum of masses of large-R jets in the event. Multijet events constitute the dominant
background, a fully data-driven jet mass template method 18 is used to estimate its contribution.
No signiﬁcant excess is seen in any of the signal regions. In the cascade decay model gluinos
with masses between 1000 GeV and 1875 GeV are excluded, depending on the neutralino mass.
5

Majorana neutrinos

A search for the direct production of a heavy Majorana neutrino (N), from the leptonic decay
of a W boson where the SM neutrino oscillates into N, in the mass range between 20 and 1600
GeV has been conducted at CMS 19 . In this search N decays into a W boson, which decays
hadronically, and a lepton giving a ﬁnal state of two leptons and at least one jet. Same-sign
dilepton events are selected giving very low SM backgrounds. To preserve sensitivity at high
masses the hadronic W candidate may be reconstructed using a single large-R jet and tagged
using the τ21 variable. Backgrounds with prompt leptons are estimated using simulation while
the background from misidentiﬁed leptons is estimated using a dijet tag and probe method. The
observed data yields in the signal regions are found to be in good agreement with the estimated
backgrounds. Upper limits are set on the mixing matrix elements between SM neutrinos and
Majorana neutrinos as a function of the N mass, the limits range between 2.3 x 10−5 and unity.
6

Conclusion

An extensive range of BSM searches has been conducted at ATLAS and CMS using boosted
signatures, so far no new physics has been discovered. However many more ﬁnal states are
being explored and work is ongoing to reﬁne and improve the analyses with the 2017 and 2018
datasets.
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Global analyses of supersymmetry with GAMBIT
Pat Scott for the GAMBIT Collaboration
Fundamental Physics Section, Department of Physics, Imperial College London, Blackett Laboratory,
Prince Consort Road, London SW7 2AZ, UK
I provide a brief summary of the status of supersymmetric models with parameters deﬁned at
either the uniﬁcation or weak scale, based on global ﬁts using the GAMBIT framework.

Supersymmetry (SUSY) realised at the weak scale remains one of the most popular scenarios
for new physics, as it can solve many problems of the Standard Model (SM). SUSY is constrained
by many complementary probes, ranging from direct searches at the LHC and LEP to ﬂavour
physics, precision measurements, direct and indirect searches for the lightest neutralino as dark
matter (DM), and its thermal relic abundance.
We have analysed a number of SUSY scenarios 1,2 using the new global-ﬁtting framework
GAMBIT 3,4,5,6,7,8,9 , producing the most advanced and comprehensive assessment of SUSY to
date. The Minimal Supersymmetric SM (MSSM) may be described in terms of Lagrangian
parameters deﬁned directly at the weak scale, or at some other higher scale, where it is typically
postulated that some of the parameters unify. We carried out global ﬁts of the Constrained
MSSM (CMSSM) and the ﬁrst and second non-universal Higgs mass (NUHM1/2) models, which
respectively have 4, 5, and 6 parameters deﬁned at the scale of grand uniﬁcation 1 . We also
carried out a 7-parameter scan of a version of the MSSM with the parameters deﬁned at the
weak scale 2 .
In each case, we also varied 5 nuisance parameters in the ﬁts: the strong coupling αs , the top
mass mt , two nuclear matrix elements σs and σl (relevant for direct detection of DM), and the
local density of DM ρ0 . For these ﬁts, we employed the diﬀerential evolution sampler Diver 8 to
eﬃciently and accurately map the likelihood function. The full set of likelihood functions that we
included in these ﬁts can be found in the relevant publications 1,2 (Tables 5 and 3, respectively).
One particular point of note is that we treat the observed abundance of DM 10 as an upper limit
on the relic density of neutralinos, rather than demanding that they constitute the entirety of
DM.
Results of the CMSSM ﬁts can be seen in Fig. 1. Here we see three distinct solutions,
corresponding to three diﬀerent mechanisms for obtaining an acceptable relic density: Higgsino
DM (with chargino co-annihilation), stop co-annihilation, and annihilation through a heavy
Higgs resonance. The ﬁnal row shows current and projected limits on spin-independent DMnucleon scattering from direct detection. Here we show rescaled spin-independent scattering
cross-sections, which include a factor to account for the suppression of the local DM density due
to the fraction f = Ωχ /ΩDM of DM in neutralinos. These panels can be compared with Fig. 2,
which shows the same quantity in the NUHM1 and NUHM2 models, illustrating the presence of
an additional stau co-annihilation solution in the latter two cases, leading to a large volume of
the parameter space with extremely small scattering cross-sections.
The status of the 7 parameter weak-scale MSSM is summarised in Fig. 3, where 5 diﬀerent
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Figure 1 – Global ﬁts of the CMSSM 1 , showing pairs of fundamental parameters, the relic density, the lightest
neutralino mass and the spin-independent nuclear scattering cross-section, rescaled for the fraction f of DM made
up by neutralinos. Left panels show proﬁle likelihoods; white contours correspond to 1 and 2σ conﬁdence regions.
Right panels show 2σ regions colour-coded according to the most active mechanisms involved in determining the
relic density of the lightest neutralino.
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mechanisms can be distinguished: stop and sbottom co-annihilation, Higgsino DM (chargino
co-annihilation), and both light and heavy Higgs resonances. The lowermost panels compare the
preferred stop co-annihilation region to the current reach of the CMS Run II simpliﬁed model
limit from stop pair production 11 . Although such compressed spectra are going to prove mostly
impossible to probe with direct and indirect detection, this ﬁgure indicates that the LHC is
within striking reach of some of the most interesting solutions in this model, and may be able to
probe this region in Run III.
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The doubly charged scalar: current status and perspectives
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The minimal extension of the Standard Model consisting in a doubly charged SU(2)-singlet
scalar is theoretically well motivated by a mechanism of generation of the neutrino masses.
As this particle allows for lepton ﬂavour violation, the model is partially constrained by low
energy ﬂavour physics. Limits on the mass are also set by direct searches at LHC. Future e+ e−
colliders could have a great sensitivity in exploring the t-channel exchange of this particle.
Moreover, its resonance production in the single-production channel would be possible.

Doubly charged scalars (DCSs) are included in the spectrum of many Beyond-the StandardModel (BSM) scenarios, often in connection with the leptonic sector and motivated by neutrino
mass generation mechanisms 1,2,3 . The DCS phenomenology can show interesting features, both
at low- and high-energy, characterized by lepton number violating (LNV) and lepton ﬂavour
violating (LFV) decays, as well as same-sign boosted lepton pairs in the production channels
at high-energy colliders. A minimal setup is realized by adding to the SM ﬁeld content only a
SU (2)L -singlet DCS, that couples to the right-handed fermions of the lepton sector:


ΔLS = LSM + Dμ S ++


†  μ ++  
c
D S
+ λab (R )a (R )b S ++ + h.c.

(1)

where a and b are ﬂavour indices and λab are six complex couplings that have to be meant
as input parameters of the model. The scalar potential of the new particle includes a quartic
self-interaction and a quartic interaction with the Higgs ﬁeld:


ΔVS = −λ2 H † H







S −− S ++ − λ4 S −− S ++

2

(2)

However, the phenomenology of the DCS in the Higgs sector can be completely separated by the
the phenomenology in the leptonic sector, by means of the independent parameter λ2 . No speciﬁc
assumption on the origin of the DCS mass mS is made, therefore λ2 and mS are understood to
be unconstrained by the electroweak-symmetry-breaking mechanism. In the following, the focus
will be on the eﬀects of this particle in the leptonic sector.
1

Limits from low-energy ﬂavour experiments

Thanks to the oﬀ-diagonal terms of the coupling matrix λij in Eq. 1, the DCS breaks explicitly
the lepton number and the lepton ﬂavour conservation. For this reason its phenomenology is
strongly connected with the measurements at low-energy facilities of charged LFV processes.
The current experimental limits are reported in Table 1. DCSs contribute at tree-level to threebody decays of charged leptons: the limits on the branching ratios for such decays are listed
in the left column of the table. Among them, the results for the τ decays 6 are based on the
measurements of the B-factories BELLE 9 and BaBar 10 , as well as LHCb 11 and ATLAS results 12 .
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Table 1: Current experimental limits on charged LFV processes.

Br [μ∓

→ e∓ e± e∓ ] ≤ 1.0 × 10−12

[ 4]

Br [μ → eγ] ≤ 4.2 × 10−13

[ 5]

Br [τ ∓ → μ∓ μ± μ∓ ] ≤ 1.2 × 10−8

[ 6]

Br [τ → μγ] ≤ 4.4 × 10−8

[ 7]

Br [τ ∓

10−8

[ 6]

10−8

[ 7]

Br [τ ∓
Br [τ ∓
Br [τ ∓
Br [τ ∓

→

e∓ e± e∓ ]

→

e∓ μ± μ∓ ]

≤ 1.6 ×

10−8

[ 6]

→

μ∓ e± μ∓ ]

≤ 9.8 × 10−9

[ 6]

→

μ∓ e± e∓ ]

≤ 1.1 ×

10−8

[ 6]

→

e∓ μ± e∓ ]

≤ 8.4 × 10−9

[ 6]

≤ 1.4 ×

Br [τ → eγ] ≤ 3.3 ×
−13
BrAu
μ→e ≤ 7 × 10

[ 8]

Moreover, DCSs contribute to LFV decays at the one-loop level: the limits of these processes
are given in the right column of the table, together with the limit on μ → e conversion, that
receives additional contribution from operators involving quarks that are generated by the QED
renormalization group evolution from the scale mS down to experimental scale. For most of
the processes mentioned above there are planned experiments that are going to increase the
sensitivity by one or more orders of magnitude. 13,14,15,16
2

Direct searches at the LHC

Dedicated searches of the DCS have been performed at the LHC, both with the 7 TeV 17,18
and the 13 TeV 19,20 data sets. The ATLAS search 19 was performed at 13 TeV with 36.1
fb−1 of integrated luminosity and considered both the cases in which the DCS couples to the
left-handed leptons and to the right-handed leptons. Pairs of DCSs were searched at high
values of the same-charge dilepton invariant mass, using electron and muon ﬁnal states. Lower
limits on the mass of the DCS were set: for a scalar decaying to light charged leptons only,
the lower mass limit ranges in [770, 870] GeV if the particle couples to left-handed fermions,
and in [660,760] GeV if it couples to right-handed fermions. Relaxing the assumption on the
DCS branching ratios to Br(S ±± → ± ± ) > 10% (with  = e, μ), the bounds decrease to
mS > 320 GeV. The CMS search 20 at 13 TeV was performed with 12.9 fb−1 of integrated
luminosity and focuses on a DCS that is part of a SU (2)L triplet. Therefore, it comes together
with a neutral and a singly charged scalar. The analysis separates two possible production
channels: pair production (S ++ , S −− ) and associate production (S ±± , S ∓ ). The bounds that
were set from the pair production search range within 400 GeV and 700 GeV, depending on the
considered decay channel and the assumptions on the branching ratios.
On the phenomenological side, a comprehensive analysis of diﬀerent production channels
of doubly-charged scalars at the LHC has been performed 3 , where the cross-sections for the
processes of pair production through Drell-Yan, Z boson fusion and single production through W
boson fusion were computed for diﬀerent values of mS and the W W S ++ coupling. A recasting of
experimental searches at 7 TeV was performed as well 21 for an extrapolated recasting at 13 TeV
using 7 TeV data. A new recasting of the 13 TeV data to generalize to scenarios where the DCS
can have a large width is in preparation, together with projections for the High Luminosity (HL)
phase of the LHC 22 .
3

Searches at future leptonic colliders

Future electron-positron colliders will have a great potential to study BSM physics in the leptonic
sector. In particular, advanced operational stages of the International Linear Collider (ILC) 23,24
and the Compact Linear Collider (CLIC) 25,26 can play a central role both in indirect and in
direct searches, superseeding the production threshold limits set by the HL phase of the LHC.
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Figure 1 – Feynman diagrams for e+ e− → μ+ μ− . The ﬁrst three diagrams correspond to the SM contribution,
while the last one contains the DCS in the t-channel.

According to the ILC Technical Design Report 23 , three phases are currently under scrutiny,
provinding energy in the centre of mass of 250 GeV, 500 GeV and 1 TeV and reaching, at the
end of the phase, the integrated luminosity of 250 fb−1 , 500 fb−1 and 1 ab−1 respectively. For
CLIC the planned phases are, after a phase zero with 100 fb−1 at the tt̄ threshold, three phases
with 500 fb−1 , 1.5 ab−1 and 3 ab−1 of integrated luminosity at 380 GeV, 1.5 TeV and 3 TeV in
the centre of mass, respectively, as stated in the CLIC Conceptual Design Report. 25
In this section some phenomenological results on the discovery potential of these future
prototypes in the context of the DCS described by Eqs. 1-2 are presented. The numerical
simulations have been performed with CalcHEP 27 , that provides options to automatically take
into account the Initial State Radiation and the Beamstrahlung eﬀects, determined by the beam
parameters as given in the ILC Technical Design Report and in the CLIC Conceptual Design
Report. Moreover, standard acceptance cuts for a linear collider have been applied to the ﬁnalstate charged leptons:
E > 10 GeV,
| cos(θ )| < 0.95 ,
(3)
where E are the energies of the charged leptons ( = e± , μ± , τ ± ) and θ are their angles with
respect to the beam direction.
3.1

Indirect searches and coupling measurement

The charged-lepton pair production at e+ e− colliders can be sensitive to the couplings λij of the
DCS to the charged leptons. In this kind of process a DCS can be exchanged via t-channel, as
can be seen for example in the last Feynman diagram of Figure 1 for the muon pair production,
possibly resulting in an enhancement of the cross section. In particular, when the produced
charged leptons have the same ﬂavour, these processes are sensitive to single couplings, namely
λ11 , λ12 and λ13 . On the other hand, when the produced leptons have diﬀerent ﬂavours, the
resulting LFV processes are background free, but sensitive only to a combination of couplings.
In the most popular BSM models, the DCS couples only to the left-handed or to the righthanded leptons. For this reason, partial polarization of the collider beams can result in an
increase/decrease of the cross section and can be used as a powerful tool to distinguish between
the two options and reach a better sensitivity to the couplings 28 . Both the ILC and the CLIC
prototypes are desiged with the option to polarize the beams. In particular, ILC will have
the option to polarize the electron beam up to Pe− = ±0.4 and the positron beam up to
Pe+ = ∓0.15 23 , while the CLIC will have the option to polarize the electron beam up to
Pe− = ±0.4 25 .
Figure 2 shows the contours of cross sections with Σ = 5, where Σ is the signiﬁcance deﬁned
as
Ns
,
(4)
Σ= √
Ns + Nb
with Ns the number of signal events and Nb the number of background events. The cross
sections are given as functions of the mass and the coupling of the DCS involved in the process,
both for the ILC and the CLIC, for the pair production of light charged leptons with rightpolarized collider beams. In the case of e+ e− → e+ e− also a stronger cut on the angle θ, namely
| cos θ| < 0.5, has been applied beside the acceptance cuts of Eq. 3. Such a cut allows to better
cope with the large SM background, enhancing the signiﬁcance 28 . The plots are shown for the
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Figure 2 – Countours of the cross section of e+ e− → μ+ μ− (left) and e+ e− → e+ e− (right) with signiﬁcance equal
to 5 for diﬀerent values of the coupling end the mass of the DCS, at ILC with R-polarized beams (upper row)
and CLIC with R-polarized electron beam (lower row). For the electron-positron pair production, the restriction
| cos θ| < 0.5 is also applied.

electron and muon pair production only, but the second case can be easily extended to cover
also the τ leptons, by simply rescaling by the tau reconstruction eﬃciencies expected for the
ILC and the CLIC detectors.
To complete the picture, the actual sensitivity of low-energy experiments has to be included
in the previous analysis. A combined limit on λ11 and λ12 comes from the SINDRUM experiment 4 and will be improved by the Mu3e experiment 13 . Instead, the e+ e− colliders could
explore λ11 and λ12 independently. The combined analysis is shown in Figure 5, that highlights
the strong complementarity between the low- and high-energy investigations.

3.2

Single production

The leptonic colliders oﬀer the opportunity to explore a new production channel, that is absent at
the LHC: a single DCS, in association with two same-sign uncorrelated leptons, can be produced
when the collider energy is compatible with the mass of the particle. The production takes place
via boson fusion and via radiation of the DCS from initial or ﬁnal leptonic states (see Figure 3 for
diagrammatic examples). The diﬀerent sub-channels strongly interfere and cannot be separated
at the level of the total cross section. The production cross sections are given in Figure 4 for the
stage 2 (1.5 TeV) and the stage 3 (3 TeV) of CLIC. For illustrative purposes, the case in which
the DCS couples only to the electrons is considered. The cross sections for e+ e− → S ++ e− e−
are then given as a function of the coupling λ11 and the mass mS of the DCS.
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Figure 3 – Examples of Feynman diagrams for the single DCS production e+ e− → S ++ e− e− .

Figure 4 – Countours for e+ e− → S ++ e− e− cross section in the plane ms − λ11 for CLIC stage 2 (1.5TeV) and
stage 3 (3 TeV). The red dashed line marks the threshold for the production af a single event. The expected
bounds from LHC and HL-LHC are also reported.

Figure 5 – Limits from SINDRUM and discovery power at ILC and CLIC prototypes and at the Mu3e experiment.
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GENUINE EXTRA YUKAWAS FROM EXTRA HIGGS,
IMPLICATIONS
GEORGE WEI-SHU HOU
Department of Physics, National Taiwan University, Taipei 10617, Taiwan
With a second Higgs doublet, extra Yukawa couplings ρij generally exist. Baryon Asymmetry
of the Universe (BAU) can be accounted for by ρtt ∼ O(1), with ﬁrst order electroweak phase
transition (EWPT) arising from O(1) Higgs quartic couplings. The latter can explain why the
observed h(125) boson so resembles the Standard Model (SM) Higgs: with coupling η6 ∼ O(1)
for two-doublet mixing, the H–h mixing angle cos γ ∼
= −η6 v 2 /(m2H − m2h ) is suppressed by the
CP -even boson mass splitting m2H − m2h > few v 2 . The approximate alignment, together with
the fermion mass-mixing pattern, controls FCNC Higgs eﬀects at low energy. The picture can
be probed by pp → ttc̄, ttt̄, i.e. same-sign top and triple-top processes at the LHC.

1

Introduction: Whither Extra Yukawas?

Though accounting for all observed CP violation (CPV), the unique phase in CKM matrix falls
far short of BAU. Considering the origin of this phase, could there be extra Yukawa couplings?
In general, a second Higgs doublet (2HDM) — quite plausible — should imply extra Yukawas,
but these were killed 1 by the Natural Flavor Conservation (NFC) condition: as u- and d-type
quark masses each arise from a single doublet, the Yukawa couplings are basically the same as
in SM. It was later noted that the fermion mass-mixing pattern could soften the need for NFC,
and the best probe 2 may be t → ch or h → tc̄, as the top quark is the heaviest fermion.
With the case for 2HDM elevated by the discovery of 125 GeV boson in 2012, we emphasized 3
the need to probe the 2 × 2 extra Yukawa couplings ρij (i, j = c, t). It also became understood
that the ﬂavor changing neutral Higgs (FCNH) couplings of the form
ρtc cos(β − α) t̄L cR h,

(1)

are modulated by H–h mixing, where H is the second CP -even Higgs boson. The two doublets
Φ1 and Φ2 give rise to Yukawa matrices Y1 and Y2 . The combination Y SM = Y1 v1 + Y2 v2
is diagonalized as usual, but the orthogonal combination gives rise to Yukawa matrix ρ that
cannot be simultaneous diagonalized. In the limit that cos(β − α) is small, called alignment
limit, 4 couplings of h are diagonal, just as the SM Higgs, while H couples with the Yukawa
matrix ρ. As Yukawa couplings, ρij should be complex,
ρij ≡ |ρij |eiφij .

(2)

In place of NFC, we see that alignment (cos(β − α) → 0) removes FCNH couplings for h, while
the mass-mixing pattern, shared by Y1,2 , further suppresses ρij involving light(er) quarks.
2

Bonus 1: EWBG from Extra Top Yukawa ρtt

∼ 1, together with the
Given that Y SM for u-type quarks is dominated by Yukawa coupling λt =
observed quark mass-mixing pattern, it is rather plausible that the orthogonal combination to
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YB /YBobs



0.1 ≤ |ρtc | ≤ 0.5
0.5 ≤ |ρtc | ≤ 1.0













|ρtt |

Figure 1 – [left] YB /YBobs vs |ρtt |, and [right] ΔT -allowed η1 vs η6 for mA = mH + , varying η4 = η5 ∈ (0.5, 2).

Y SM should also have a dominant O(1) eigenvalue, with phase arbitrary. This motivates us 5 to
consider its possible role in baryogenesis. It is known that 6 thermal loops involving extra Higgs
bosons with O(1) Higgs quartic couplings can give rise to 1st order EWPT. It is of interest to
explore whether Im ρtt could then lead to electroweak baryogenesis (EWBG).
The main issue is to generate suﬃcient YB ≡ nB /s (ratio of baryon and entropy densities)
at the observed level of YBobs ∼ 0.86 × 10−10 or higher. Putting aside the complicated transport
problem, 5 which requires an actual 1st order EWPT, this boils down to producing enough lefthanded top density at the expanding bubble wall of broken phase that accumulates inside the
bubble, i.e. our Universe. This depends on CPV top interactions at the bubble wall, which boils
down further to the CPV source term that arises from the extra top Yukawas, 5
Im[(Y1 )ij (Y2 )∗ij ] = Im[(VLu Ydiag VRu† )ij (VLu ρVRu† )∗ij ],

(3)

where VLu , VRu forms the biunitary transform that diagonalizes Y SM to Ydiag for u-type quarks.
Flavor constraints from Bd and Bs mixing and chiral enhancement in b → sγ demand 3,7 ρct
to be rather small, while ρcc ∼ O(λc )
1 without ﬁne tuning, hence the two main parameters
are ρtt and ρtc . Scanning over |ρtc |, φtc and φtt , we ﬁnd robust and large parameter space for
EWBG. Fig. 1[left] plots YB /YBobs vs |ρtt | ∈ (0.01, 1), with higher 0.5 ≤ |ρtc | ≤ 1.0 (lower
0.1 ≤ |ρtc | ≤ 0.5) plotted as green + (purple ·). Little diﬀerence is seen between the two plots,
hence ρtt is the driver. However, for |ρtt | < 0.05 or so, the green +’s that populate YB /YBobs > 1
suggest ρtc > 0.5, with phase φtc near maximal, could be a backup to ρtt for EWBG. In making
this plot, the simplifying assumption of mH = mA = mH + = 500 GeV is taken. Much higher
values would either run into issues of perturbativity, or damping by decoupling.
Fig. 1[left] scanned through realistic Yukawa matrices, but a simpliﬁed texture can help
elucidate the driving eﬀect. Suppose (Y1 )tc = 0, (Y2 )tc = 0 and (Y1 )tt = (Y2 )tt = 0,√while all
other extra Yukawas vanish, i.e. altogether 3 complex parameters. If one assumes 2Y SM is
the linear sum of Y1 and Y2 , one can solve for VRu , while there is no need for VLu . One can then
arrive at the combination of Y1 and Y2 that is orthogonal to Y SM . In this way, one ﬁnds 5
Im[(Y1 )tc (Y2 )∗tc ] = −λt Im ρtt ,

ρct = 0,

(4)

with ρtc remaining basically a free parameter. We see from Eq. (4) that both doublets participate
in the CPV source for EWBG in 2HDM, which is reminiscent to the Jarlskog invariant for SM.
We can also see how 2HDM with extra Yukawas overcomes the suppression factors in the Jarlskog
invariant, given that λt , |Im ρtt | are both O(1).
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3

Bonus 2: : Alignment from O(1) Higgs Quartics

It is remarkable that the extra Yukawa coupling ρtt could account for BAU!
Note that such mechanism does not exist in 2HDM-I or 2HDM-II, the 2HDMs that satisfy
NFC, since NFC means there are essentially no new Yukawa couplings, despite having a second
Higgs doublet. We now show 8 that the prerequisite for 1st order EWPT, that extra Higgs
quartic couplings are O(1), could be behind the observed approximate alignment.
The general CP -conserving Higgs potential 9 of 2HDM is,


V (Φ, Φ ) = μ211 |Φ|2 + μ222 |Φ |2 − μ212 Φ† Φ + h.c.
+η4 |Φ† Φ |2 +

"

1
†  2
2 η5 (Φ Φ )



#

+ 12 η1 |Φ|4 + 12 η2 |Φ |4 + η3 |Φ|2 |Φ |2
%

$

+ η6 |Φ|2 + η7 |Φ |2 Φ† Φ + h.c. ,

(5)

where we take Higgs basis, i.e. μ211 < 0 but μ222 > 0. With the two minimization conditions
1
μ211 = − η1 v 2 ,
2

1
μ212 = η6 v 2 ,
2

(6)

μ211 < 0 is exchanged for v, the usual “soft breaking parameter” μ212 is removed, and the quartic
coupling η6 is solely responsible for Φ–Φ mixing. The CP -even Higgs mass matrix

2
Meven
=

η1 v 2
η6 v 2
1
2
2
η6 v μ22 + 2 (η3 + η4 + η5 )v 2





,

Rγ =

cγ
sγ

−sγ
cγ



,

(7)

2
is diagonalized by Rγ , i.e. RγT Meven
Rγ is diagonal with elements m2H , m2h . In Eq. (7), our
cγ ≡ cos γ corresponds to cos(β − α) in the 2HDM-II notation, and is the relative angle (mod.
π/2) between the Higgs basis and the neutral Higgs mass basis.
Rather than give the formula for m2H , we note the mixing angle cγ satisﬁes two relations,

c2γ =

η1 v 2 − m2h
,
m2H − m2h

sin 2γ =

2η6 v 2
.
m2H − m2h

(8)

In alignment limit of cγ → 0, sγ → −1, one has η1 → m2h /v 2  0.26 in numerator of ﬁrst term,
where mh  125 GeV is used. For cγ small but nonvanishing, m2H − m2h > several v 2 can weigh
down |η1 v 2 − m2h | < v 2 . Since sγ → −1 holds better than cγ → 0, the second relation gives
cγ 

−η6 v 2
.
m2H − m2h

(near alignment)

(9)

Although the result exists 10 in the literature, |η6 |
1 is generally assumed, as it arises through
loop eﬀects in MSSM. But we see that cγ can be small for
|η6 | ∼ O(1) (or smaller),

m2H − m2h > several v 2 .

(10)

Note that a low m2h /v 2  0.26 is not required, i.e. cγ can be small even if mh ∼ 300 GeV.
2 ] has four O(v 2 ) terms
What drives alignment in 2HDM? For η1,3,4,5 , μ222 /v 2 ∼ O(1), [Meven
22
2
2
2
2
while [Meven ]11 has only one, hence mH − mh > several v is likely. However, μ222 /v 2 > 1 would
damp the 1st order EWPT, hence sub-TeV exotic Higgs masses are preferred. Second, η6 ∼ O(1)
increases m2H − m2h by level repulsion, pushing m2h /v 2 down from η1 ∼ O(1). Finally, tuning
η6 < 1/4 ∼ m2h /v 2 would give extreme alignment (cγ → 0) hence η1 → 0.26. These observations
are illustrated in Fig. 1[right] for allowed η1 vs η6 range, where custodial SU(2) is assumed to
evade ΔT constraint, i.e. m2A = m2H + = μ222 + η3 v 2 /2. We vary η4 = η5 ∈ (0.5, 2), so mH could
be up to 100 GeV higher. High values of η1 are cut oﬀ by ΔT (via scalar–vector loop), and the
two dashed lines mark −cγ = 0.1 and 0.2, which are quite close to alignment; even −cγ = 0.3,
close to the bound from ΔT , is still allowed by observed approximate alignment at LHC.
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O(1) Higgs quartics could be behind approximate alignment, or small cγ , regardless of whether
a Z2 symmetry is used to enforce NFC or not, as our discussion is general. But we have advocated
that ρtt ∼ O(1) could explain BAU. It is then intriguing to comment that sizable ρtt could
possibly 11 help “protect” alignment: with O(1) Higgs quartics, bosonic loops would reduce
Γh→ZZ ∗ , but the top loop can bring Γh→ZZ ∗ back to SM value for ρtt cγ > 0, consistent with
what is observed. This was our original motivation to understand the mechanism of alignment.
4

Same-sign Top and Triple-top Signatures: pp → tH/A → ttc̄, ttt̄

The process cg → tA was suggested long time ago as a direct probe 12 of the ctA FCNH
coupling, restricting to mA < 2mt such that A → tc̄ (and t̄c) is at 100%. We recently studied 13
the cg → tH/A associated production through the ρtc coupling, followed by subsequent decay
H/A → tc̄, t̄c and tt̄ ﬁnal states involving ρtc and ρtt couplings, advocating the signatures of
same-sign top, ttc̄, and triple-top, ttt̄. The same-sign top signature involves same-sign dileptons,
together with two b-jets, missing energy, and additional jets. We ﬁnd that, for ρtc ∼ 1, the
second case for EWBG can be probed with 300 fb−1 , but signature does not improve for higher
luminosity, unless background can be further controlled. Given that ρtt is the favored driver
for EWBG, triple-top search at HL-LHC may be more interesting, and possesses more exquisite
signatures: three leptons, three b-jets, missing energy. The backdrop of SM cross section at only
fb level makes the case strong, where full HL-LHC data can cover up to 700 GeV mass range
for ρtt ∼ 1, but ρtc needs to be not much smaller than 0.5 for signal cross section.
5

Conclusion: H 0 , A0 , H ± in Our Time

With O(1) Higgs quartics for 1st order EWPT, the extra Yukawa ρtt (or ρtc ) ∼ O(1) in general
2HDM is remarkably eﬃcient for EWBG. The O(1) Higgs quartics support approximate alignment, and together with quark mass-mixing hierarchy control low energy FCNH eﬀect, without
need for NFC. Having H, A and H ± sub-TeV in mass would be a boon to LHC search, the
discovery of which in ttc̄, ttt̄ ﬁnal states would touch upon Matter Asymmetry of the Universe.
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In this talk I brieﬂy review the hierarchy problem and the Hyperbolic Higgs model.

1

The Hierarchy Problem

The hierarchy problem has been a driving puzzle in fundamental physics for decades. This
problem may be brieﬂy outlined by considering an analogy with superconductors. Together,
Ginzburg and Landau developed a phenomenological model to describe the macroscopic physics
of superconductivity 1 . Unsurprisingly, this model is referred to as the ‘Ginzburg-Landau’ model
(GL). The details of this model are not necessary for the purpose of analogy considered here,
other than the expression for the free energy of the scalar sector in their model, which is
β
1
(1)
|(−i∇ − 2A)φ|2 + α|φ|2 + |φ|4 .
2m
2
The analogy with the scalar sector of the Standard Model (SM) is clear. The GL model
contains a complex scalar ﬁeld, with a mass, quartic interaction, and an interaction with the
gauge ﬁeld which, in this non-relativistic model, is the electromagnetic vector potential. The
parameters of the theory are temperature dependent and, when the temperature falls below the
critical value, the mass-squared becomes negative, φ condenses and obtains an expectation value
throughout the superconductor. As a result, the photon obtains an eﬀective mass due to this
condensate.
I refer to the GL model as ‘phenomenological’ as the model is not intended to provide an
explanation as to the true microscopic origins of superconductivity, but does adequately describe
the physics at the relevant length scale. To understand the fundamental nature of superconductivity a microscopic model, relevant at smaller distance scales, was needed. This was delivered
by Bardeen, Cooper, and Shrieﬀer, in the celebrated BCS model of superconductivity 2,3 .
With the Higgs sector we are in a very diﬀerent situation. We have an extraordinarily
successful phenomenological model, unmistakably analogous to the GL model, however we do
not yet have the ‘BCS Theory’ of the SM. The origin of the Higgs sector and the microscopic
nature of the Higgs boson are unknown. While the LHC continues to explore the Higgs sector
F =
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we face a further puzzle. Not only is the microscopic origin of the Higgs sector unknown, but
in the presence of the SM Yukawa and gauge interactions, there is no way to protect the Higgs
mass from quantum corrections arising at a similar scale to the underlying scale of the UV
completion. This is the essence of the hierarchy problem. In this proceeding I will discuss some
exotic models with exotic experimental signatures that could give a clue as to the microscopic
origins of the Higgs sector, explaining this apparent hierarchy.
2

The Hyperbolic Higgs

The weak scale can be protected from large quantum corrections by additional symmetries,
such as a spacetime symmetry (Supersymmetry) or by continuous non-linearly realised global
symmetries, of which the Higgs boson would correspond to a pseudo-Nambu Goldstone boson.
The SM itself does not exhibit such symmetries, thus in any such scenario the ﬁeld content
must be extended to allow the symmetry to act on the full set of ﬁelds. In practise this leads to
partners for SM particles. In particular, at the least one expects to have ‘top partner’ particles.
These states allow the full action for the SM+partners to respect the desired symmetry, and
the protection of the Higgs boson can be observed by noticing that quadratic sensitivity to the
cutoﬀ is ameliorated in such theories, if the cutoﬀ also respects the symmetry. We are familiar
with the stop squark top partners in Supersymmetry, and with the fermionic top partners of
composite Higgs models. These top partners are coloured and would be produced in abundance
at the LHC. However, there are alternative classes of models, known as ‘Neutral Naturalness’
models, in which the top partners are uncoloured.
A zoo of novel top partner states 4,5,6 have arisen through theoretical explorations of neutral naturalness models. The Twin Higgs approach demonstrated the possibility of fermionic
top partners that are fully neutral under the Standard Model (SM) symmetries. However, the
state-of-the-art for scalar top partners has not changed since the introduction of Folded Supersymmetry (SUSY) 6 , where the folded stops must be charged under the visible SU(2)W × U(1)Y
in order for them to couple to the Higgs via the fundamental superpotential. In 7 , we introduced
a new paradigm for neutral naturalness – the Hyperbolic Higgs – which realises the so-far elusive
goal (see e.g. Table 1 of ? ) of fully SM neutral scalar top partners.
The Hyperbolic Higgs mechanism relies on a low-energy scalar potential that exhibits an
accidental ﬂat direction. This results from a U(2, 2) non-compact global symmetry of the scalar
potential, in contrast to the U(4) symmetry of the Twin Higgs theory. Note that U(2, 2) is not
an accidental symmetry of the low-energy theory: although the scalar potential respects it, the
kinetic terms do not.
Explicitly, the scalar potential for the Higgs H (charged under the SM gauge group) and the
Hyperbolic Higgs HH (charged under an identical copy of the SM gauge group) takes the form
 
2  λ   2 

 2
2
 H  −  HH  2 .
V H = m2  H  −  H H  +
2

(2)

The classical vacuum manifold is described by a hyperbola (with f 2 ≡ m2 /λ),

 

HH 2 − H 2 = f 2 .

(3)

This explains the moniker “Hyperbolic Higgs.”
The ﬂat direction Hﬂat is manifest after the ﬁeld redeﬁnition
H = H0 sinh

Hﬂat
,
f

HH = H0 cosh

Hﬂat
,
f

(4)

as the potential VH depends only on H0 but not on Hﬂat . Since eq. (4) corresponds to a
hyperbolic rotation but not to a unitary transformation, the form of the kinetic terms is not
preserved, signaling that U(2, 2) is not a symmetry of the full theory. On the other hand, we
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−1/mh2H
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2 λ2t vH
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− √ hH
2 vH


tH
H†

Figure 1 – The one-loop ﬁxed order corrections to the SM-like Higgs boson mass squared parameter, where t is a
SM top quark, and 
tH is a Hyperbolic stop. Vertex factors and propagator follow from Eq. (2) and Eq. (6).

can identify a massless neutral scalar state by expanding√the Higgs and Hyperbolic Higgs
√ about
their vacuum expectation values using H = (0, v + h/ 2) and HH = (0, vH + hH / 2). We
ﬁnd two propagating scalar radial modes, h and hH , while the remaining degrees of freedom
are eaten by the SM gauge ﬁelds and by their Hyperbolic SU(2)H × U(1)H counterparts. The
SM-like Higgs scalar hSM emerges as the massless state
hSM = h cos θ + hH sin θ ,

tan θ =

v
.
vH

(5)

While the detailed Hyperbolic phenomenology is sensitive to the UV completion, the above
mixing leads to two universal features relevant for Higgs phenomenology: cos θ measures the
size of an overall modiﬁcation of SM Higgs couplings, while sin θ provides a portal into the
Hyperbolic sector contributing to invisible Higgs decays. These features will be described in
more detail in Sec. 2.1.
To illustrate the comparison between the Twin and Hyperbolic Higgs models, it is useful
to abuse the physics jargon and think of the Higgs as a pseudo-Goldstone of a spontaneously
broken non-compact U(2, 2) symmetry (as emphasized above, the analogy holds for the scalar
potential, but not for the kinetic terms, implying that some of the usual relations are violated
at loop level).
If we are going to solve the little hierarchy problem, we must couple the Higgs sector to
matter. The SM sector has Yukawa couplings involving fermions while the Hyperbolic sector
contains quartic interactions with scalars


  c 2 

H  ,
 H  2 +  HH  2  U
L = (λt H ψQ ψU c + h.c.) + λ2t HH · Q

(6)

H
where λt is the top quark Yukawa coupling, ψQ and ψU c comprise the SM top quark, and Q
 c are the scalar top partners, in a notation reminiscent of SUSY. An exchange symmetry
and U
H
guarantees the equality of λt in the two sectors. Note that in the low-energy eﬀective theory there
are no SM charged top partner states. The ﬁeld H couples as a SM Higgs, while HH participates
in an interaction analogous to the SUSY Higgs-squark couplings. Since the UV regulator is equal
for both ﬁelds due to the exchange symmetry, the one-loop quadratic corrections from
2
 these
interactions also respect the accidental global U(2, 2) symmetry, δV ∝ (λt /4π)2 Λ2 HH  −
 2 
H  , where Λ is the UV cutoﬀ. The opposite sign in the loop corrections for Higgs and
Hyperbolic Higgs comes from the replacement of virtual fermions with scalars. This is the
central observation of this paper, as this fact guarantees that the one-loop top contributions to
the SM Higgs mass squared parameter are insensitive to the UV: the contributions quadratic in
the cutoﬀ that result from top quark loops are cancelled by those involving gauge neutral top
partner ﬁelds.
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This UV insensitivity may equivalently be seen by integrating out the heavy radial mode
hH to yield the low energy eﬀective theory
 
 R 2 
L 2
+ 
tH  .
L = (λt H ψQ ψU c + h.c.) + λ2t |H|2  
tH
(7)
The procedure is illustrated by the diagrams in Fig. 1 with the hH line integrated out. The
cancellation of divergences is now manifest, as it works in the same way as in ordinary low-energy
SUSY.
The key to the Hyperbolic Higgs framework is that, by moving from a scalar potential with
an approximate compact global symmetry U(4) to an approximate non-compact one U(2, 2), the
gauge singlet fermionic top partners of the Twin Higgs theory may be replaced by gauge singlet
scalar top partners. In other words, the extra minus sign due to the loop of fermions becoming
a loop of scalars is compensated by the minus sign due to U(4) → U(2, 2).
The way we formulated the basic ingredients of the Hyperbolic mechanism makes clear that
its most natural realization relies on a SUSY setup. Indeed, in 7 we introduced a realistic
example that utilizes a modiﬁcation of the mirror structure developed for both SUSY Twin
Higgs and Folded SUSY 6 : the UV theory contains two copies of identical matter content, with a
Z2 exchange symmetry relating their couplings. Speciﬁcally, the top sector of the model relies on
5D SUSY and a particular choice of Scherk-Schwarz boundary conditions 8,9 to lift the unwanted
states from the low energy spectrum. We will refer the reader to 7 for discussion of the model
details, and here focus on the phenomenological possibilities.
2.1

Phenomenology

The phenomenological possibilities for Hyperbolic Higgs models are broad. As with other models
of neutral naturalness, the principal signatures involve the Higgs sector. Much as in Twin Higgs
models, there is tree-level mixing between the SM and Hyperbolic Higgs doublets, which leads
SM )
to a universal reduction in Higgs couplings (yhP P ) compared to SM predictions (yhP
P

2
yhP P
TeV
ω2 v2
− 1 = cos θ − 1  − 2  −ω 2
1.5% ,
(8)
SM
vH
2 vH
yhP
P
where ω is a model-dependent coeﬃcient, equal to one in the Hyperbolic limit and whose expression in our proposed model is given in 7 .
Such a universal reduction in Higgs couplings drops out of Higgs branching ratios, but can
be detected in measurements of the Higgs width and, more importantly, of Higgs production
rates. Current Higgs coupling measurements (namely the combined ATLAS + CMS 7+8 TeV 2σ
bounds on modiﬁcations to Higgs production rates 10 ) require vH  500 GeV. This is ultimately a
weaker constraint on the natural parameter space of the Hyperbolic Higgs than that imposed by
precision electroweak limits on U(1)X . As larger values of vH are allowed without signiﬁcantly
increasing ﬁne-tuning, future LHC Higgs coupling measurements are unlikely to place strong
limits on the model.
The modiﬁcation of the Higgs coupling to the top receives additional
√ non-universal corrections. Taking the ﬁrst derivative of mt (H) around H = v + hSM cos θ/ 2, we ﬁnd
yhtt
−1 =
SM
yhtt

cos θ
ω2 v2
− 1  − 2 − π 2 R2 λ2t v 2
2
1 + tan αt
2 vH


 −ω 2

TeV
vH

2


1.5% −

5 TeV
1/R

2
1.2% .

(9)

Mixing between the SM and Hyperbolic Higgs doublets also induces corrections to the Higgs
self-coupling (yh3 ) relative to SM predictions (yhSM
3 )

2
y h3
v
3 ω2 v2
3
3
2 TeV
−
1
=
cos
θ
+
sin
θ
−
1

−

−ω
4.5% .
(10)
2
vH
vH
2 vH
yhSM
3
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This analytic expression is exact, once we neglect the tower of higher-dimensional operators in
the CW potential.
Mixing between the SM and Hyperbolic Higgs also imbues the SM-like Higgs with couplings
to light states in the Hyperbolic sector. In contrast to the Twin Higgs, there are no light chiral
fermions in the Hyperbolic sector, while the Hyperbolic scalars all acquire soft masses greater
than, or comparable to, the electroweak scale. Consequently, the only possible light Hyperbolic
degrees of freedom beneath the electroweak scale are the Hyperbolic photon and gluon. The
eﬀective coupling to Hyperbolic photons leads to a vanishingly small contribution to the Higgs
invisible decay rate, at least an order of magnitude smaller than the SM contribution from
h → 4 ν. The coupling to Hyperbolic gluons, on the other hand, is more promising due to the
eﬀects of Hyperbolic conﬁnement. Neglecting SUSY breaking corrections to Hyperbolic stop
masses and their possible mixing, we ﬁnd
2

BR(hSM → gH gH ) =

sin2 θ αs,H v 2
2
2 BR(hSM → g g)  ω
4
αs2 vH



TeV
vH

4

2 × 10−5 ,

(11)

where the factor 1/4 comes from the ratio of the loop functions (fermionic top for the SM and
2 comes from the ratio between the
scalar stops for the Hyperbolic sector) and the factor v 2 /vH
scales of the dimension-5 operators mediating the decay. We have also kept explicitly the factor
2 /α2 to account for diﬀerent renormalisation eﬀects in the SM and Hyperbolic sectors.
αs,H
s
Assuming that there is no additional spontaneous symmetry breaking in the Hyperbolic
sector, the phenomenology of these Hyperbolic gluons is much like those in Folded SUSY ? or
the fraternal Twin Higgs ? . Once produced, the Hyperbolic gluons form Hyperbolic glueballs, the
lightest of which have J P C = 0++ and decay back to the SM via Higgs mixing, with a proper
length on the order of meters to kilometers. In contrast to Folded SUSY and the fraternal
Twin Higgs, this is the only process leading to the production of Hyperbolic glueballs from
SM states, as there are no open Higgs decay modes or Drell-Yan production channels involving
additional states charged under Hyperbolic color. In this respect, the Hyperbolic Higgs is the
most predictive model of neutral naturalness in terms of the SM production rate for dark glueball
states. As with the fraternal Twin Higgs, however, the radial Hyperbolic Higgs mode provides
an additional portal into the Hyperbolic sector.
The above glueball phenomenology assumes no additional spontaneous symmetry breaking
in the Hyperbolic sector. However, the Hyperbolic stops may obtain a vacuum expectation
value if the vacuum structure favors it. In this case Hyperbolic QCD and electromagnetism can
be spontaneously broken, removing the light gauge bosons to leave no new light states below
the weak scale. Not only does this signiﬁcantly reduce collider and cosmological signatures, but
it also raises the intriguing prospect that 2/3 of the top partner degrees of freedom would be
eaten, hence the longitudinal modes of the Hyperbolic gluons would also be top partners in this
picture. The other 1/3 of the top partner degrees of freedom would also mix with the Higgs
boson, implying that the Higgs is partially its own top partner.
The phenomenology of the gauge neutral Hyperbolic sfermions may be varied. They may
be stable, due to an unbroken Z2R symmetry. In this case the top partners may make up
some part of the dark matter, as suggested in 11 . In the event that some Hyperbolic sfermions
obtain vacuum expectation values, they are rendered unstable and decay back to the visible
sector through the Higgs portal. This concludes our discussion of the Hyperbolic Higgs and the
associated phenomenology.
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Searches for new resonances in dijet and dilepton ﬁnal states with the ATLAS and
CMS detectors
R. Goldouzian on behalf of the ATLAS and CMS Collaborations
Interuniversity Institute for High Energies (IIHE), Physique des particules élémentaires, Université
Libre de Bruxelles, ULB, 1050, Brussels, Belgium
Searches for new massive resonances in ﬁnal states with a pair of leptons or jets have always
been a powerful tool for discovery in high energy physics. We review here the latest results
from the ATLAS and CMS experiments, based on proton-proton collision data collected at
the centre-of-mass energy of 8 and 13 TeV at the LHC. The LHC dijet searches explore both
the low-mass range and the high mass end of the spectrum by employing several novel search
strategies. The results are interpreted in a range of theories beyond the standard model of
particle physics.

1

Introduction

One of the most striking signatures of physics beyond the standard model (SM) would be the
observation of a narrow resonance in the invariant mass spectrum of lepton or jet pairs. Such
resonances are predicted by many models designed to address the shortcomings of the SM, as
for example models with dark matter (DM), the Z spin-1 boson from Grand Uniﬁed Theory
(GUT) or the spin-2 Kaluza-Klein graviton (Randall-Sundrum model) 1,2 .
At the CERN LHC, the searches for new resonances performed by the ATLAS and CMS
Collaborations 3,4 have mostly focused on the production of high mass particles at the end of the
spectrum. Searches at the low mass range are challenging because of the very large backgrounds.
In the dijet ﬁnal state, overwhelming event rates from QCD multijet events at low masses are
beyond the trigger bandwidth of the CMS and ATLAS experiments, which limit the statistical
power of the dijet resonance searches below 1 TeV. These diﬃculties are avoided by applying
various new techniques like reducing event size, looking at boosted dijet events or selecting dijet
events originated from the fragmentation of a b-quark. In this report we review the results
of recent searches for high mass resonances in dijet and dilepton ﬁnal states performed by the
ATLAS and CMS Collaborations.
2
2.1

Dijet resonance searches
High mass dijet resonance searches

Searches for high mass resonances decaying to dijet ﬁnal states in proton-proton collisions at
√
s = 13 TeV are performed by both ATLAS and CMS Collaborations 5,6 . Collision events
are recorded by single-jet trigger with a pT greater than 380 (500) GeV by the ATLAS (CMS)
experiment. In addition, events are triggered if the scalar sum of jet pT for all reconstructed
jets with pT >30 GeV and |η| <3.0 is greater than 800 GeV by the CMS experiment. Events
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Figure 1 – Limits on the universal coupling gq between a leptophobic Z boson and quarks from various dijet
analyses from CMS, ATLAS, CDF, and UA2 7 .

are selected oﬄine if at least two jets with mjj >1.1 TeV and mjj >1.25 TeV in the ATLAS
and CMS analysis respectively for which the trigger is fully eﬃcient.
The dominant background for this analysis is the QCD production of two or more jets
which are simulated by Pythia8 Monte Carlo generator. The QCD background, mostly from
t-channel dijet events, peaks at the large value of the rapidity/pseudorapidity separation of the
two jets. On the other hand, new physics processes, mostly in the s-channel mode, have isotropic
distribution for the mentioned variable. Therefore, the rapidity/pseudorapidity separation of the
two jets are used in the ATLAS and CMS analyses to suppress the QCD background. After
the selection, the observed number of dijet events falls smoothly as a function of mass and are
very similar to the QCD prediction from Pythia8. Due to the challenging uncertainties on the
prediction of the QCD background, the observed dijet mass spectra is ﬁtted to estimate the SM
background.
The dijet mass spectrum obtained in the ATLAS and CMS analyses are well described
by the smooth falling data-driven distribution predicted by SM and no signiﬁcance evidence
for a high mass resonance is observed. Upper limits at 95% conﬁdence level are set on the
production cross section times the branching ratio for a narrow or wide heavy resonance. These
results are interpreted to constrain a range of new physics scenarios as new heavy vector bosons
(Z ,W ), excited quarks (q ), excited chiral bosons (W ), quantum black holes (QBH), RandallSundrum, etc. In ﬁgure 1, limits obtained by the ATLAS (dashed green line) and CMS (red
line) Collaborations on the universal quark coupling gq as a function of the resonance mass for
a leptophobic Z resonance are shown.
2.2

Low mass dijet resonance searches

Due to the high pT threshold of the single jet trigger (∼400 GeV), a large fraction of dijet
events with an invariant mass below 1 TeV are not recorded by the trigger system. Recently,
the ATLAS and CMS Collaborations employed an innovative data-taking approach, in which
only a reduced set of trigger level information is recorded and analyzed 6,8 . Thus, by reducing
the event size, the trigger acceptance rate is increased and the invariant mass region below
1 TeV becomes accessible. This approach is called “data scouting” and “trigger-object-level
analysis” in CMS and ATLAS, respectively. The low mass resonance searches are performed by
√
the ATLAS and CMS collaboration at s = 13 TeV using 29.9 and 27 fb−1 of data, respectively
6,8 . No signiﬁcant local excess is observed compared to the SM prediction and upper limits are
set at 95% CL on the signal cross section as a function of the resonance mass. The sensitivity
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to the coupling to quarks, gq is comparable between the ATLAS and CMS results, as shown in
ﬁgure 1 with dashed blue line and red line, respectively.
2.3

Boosted dijet resonance searches

Another approach for lowering the dijet mass range search is to trigger events where at least
one high pT jet or photon from initial state radiation (ISR) is produced in association with a
light dijet resonance. The high pT requirement on the ISR jet or photon leads to a boosted light
resonance and its decay product become collimated. Therefore, the resonance mass is calculated
from the mass of a large radius jet. The ATLAS and CMS Collaborations reported results of
applying this technique to search for low mass resonances 9,10 . For the ﬁrst time the mass range
below 100 GeV is probed. In ﬁgure 1, excluded region for a light Z mass versus coupling values
are shown from the ATLAS and CMS analyses.
2.4

Di-bjet resonance searches

Another way for probing low dijet mass range is based on identifying b-jets at the trigger level.
The background rate for bb̄ ﬁnal state is much lower compared to the inclusive dijet ﬁnal states.
The ATLAS and CMS collaboration, using this technique, could reach down to 570 and 325
GeV in dijet mass respectively 11,12 . No signiﬁcant deviations from the SM expectation have
been observed and limits at the 95% CL are set on the signal cross section.
3

Dilepton resonance searches

ATLAS
s = 13 TeV, 36.1 fb-1
Z’ → ll

1
10-1

Expected limit

[σ⋅B] Z' / [σ⋅B] Z

σ B [pb]

Both ATLAS and CMS Collaborations have searched for a heavy neutral particle decaying into
an electron or muon pair at 13 TeV 13,14 . The CMS collaboration has updated the search for high
mass resonance in dielectron ﬁnal state using 41.6 fb−1 of data recorded in 2017 15 . Dilepton
channels beneﬁt from simple ﬁnal state with low backgrounds from Drell-Yan, tt̄, WW and
multijets processes. No signiﬁcant excess is observed in the measured dilepton mass spectra.
The limits obtained by the ATLAS and CMS Collaborations are shown in ﬁgure 2. The limits
exclude a ZSSM boson with mass less than 4.7 TeV.
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Figure 2 – The 95% CL upper limits on the production cross section times branching fraction for a spin-1 resonance
using the ATLAS 11 (left) and CMS 15 (right) dilepton mass spectra. The CMS limits are relative to the production
cross section times branching fraction for a Z boson

4

Dark matter interpretation

Searches for dijet and dilepton resonances exploit the fact that any mediator produced from
quarks in the initial state can decay into quarks or leptons, which would lead to an excess over
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Figure 3 – The 95% CL observed (solid) and expected (dashed) excluded regions in the plane of dark matter
mass versus mediator mass, for a vector mediator obtained from dilepton (left) and dijet (right) analyses. The
constrain obtained from the cosmological relic density of DM is shown with light gray color.

the distribution of the invariant mass. Therefore, limits obtained from these searches can be
reinterpreted to constrain simpliﬁed models of DM, with vector or axial vector mediators that
couple to quarks and leptons. In ﬁgure 3, excluded region in the plane of dark matter mass
versus mediator mass obtained from the CMS high mass dilepton and dijet resonance searches
are shown 6,14 and compared to constraints from the cosmological relic density of DM.
5

Summary

The ATLAS and CMS Collaborations have searched for several types of new heavy resonances
using dilepton and dijet ﬁnal states in a wide range of mass. No signiﬁcant excess has been
observed and limits at the 95% conﬁdence level have been set on a variety of models. Searches
for new heavy resonances with the full run II dataset are underway and legacy results are
expected to be released in the coming year.
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Search for leptoquarks at CMS
David M. Morse on behalf of the CMS Collaboration
Northeastern University, Boston, USA

A summary of the current experimental searches for leptoquarks with the CMS detector at
the CERN LHC is presented, along with updates of new results from analyses performed using
the full 2016 proton-proton dataset, corresponding to 35.9 fb−1 .

1

Introduction

Leptoquarks (LQs) are new scalar or vector particles that carry both lepton and baryon number,
and have fractional electric charge ±(1/3, 2/3, 4/3, 5/3)e. They appear in a number of theories
of physics beyond the standard model (SM) such as grand uniﬁed theories, technicolor, composite
models, and R-parity violating supersymmetry (RPV SUSY). The free parameters of the theory
include the mass of the leptoquark MLQ ; the LQ→ q coupling λLQ ; and β, the branching fraction
of the LQ to a charged lepton and a quark, β = BF(LQ → ± q) = 1 − BF(LQ → νq).
At the LHC, LQs can be singly or pair produced. Single LQ production cross section
depends on λLQ , while pair production does not. For high values of MLQ , single LQ becomes the
dominant production mode, depending on the choice of the coupling λLQ , shown in Fig. 1 (left).
Historically, and in the analyses presented here, searches for LQ assume no inter-generational
mixing, in order to avoid tension with current bounds on ﬂavor changing neutral currents and
prompt proton decay. This leads to searches for LQs decaying to leptons and quarks of the same
family, with ﬁnal states ± ∓ qq, ± νqq, and ννqq.
Interest in LQs has increased recently with the measurement of possible anomalies in the
decays of B mesons seen at BaBar, Belle, and LHCb, which hint at possible lepton ﬂavor nonuniversality. Leptoquarks are candidates to explain these anomalies at tree level, with particular
emphasis on the second and third generations.
2

The CMS Detector

The central feature of the CMS apparatus is a superconducting solenoid of 6m internal diameter,
providing a magnetic ﬁeld of 3.8T . 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

181

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, together with a deﬁnition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. 1 .
3

New CMS searches for leptoquarks

The new searches described here are performed with the full 35.9 fb−1 CMS 2016 p-p dataset.
3.1

Third generation single LQ in the τ τ b channel

This search represents the ﬁrst search for third generation single LQ production 2 . This analysis
selects at least one b-tagged jet and two τ mesons, separated into the 2τhad and τhad +lep (e,μ)
categories, where τhad represents a τ meson decaying hadronically. Limits at 95% conﬁdence
level (CL) are extracted through a simultaneous ﬁt to the scalar sum pT distribution of the 3
channels. The 2τhad channel drives the analysis sensitivity. Leptoquark masses below 744 GeV
are excluded at 95% CL for β=1., λLQ =1, shown in Fig. 1 (center). A two-dimensional scan is
also performed in the MLQ -λLQ plane, for 0 < λLQ < 2.5., shown in Fig. 1 (right).
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Figure 1 – Third generation single LQ in the τ τ b channel 2 . Left: LQ single and pair production cross sections
for diﬀerent values of λLQ , from Ref. 6 . Center: 95% CL limits on the LQ mass. Right: 95% CL limits in the
two-dimensional MLQ -λLQ plane.

3.2

First, second, third generation pair production in the νν+qq/bb/tt channel

This analysis arises from a reinterpretation of SUSY searches for squark pair production decaying
to a quark and neutralino q̃ →q+χ̃ 3 . In the χ̃ → 0 limit, this ﬁnal state is equivalent to
LQ→q+ν. The search is performed for all ﬂavors of quarks: light jets, b jets, t jets. A large
number of categories are created, with diﬀerent sensitivities in diﬀerent channels. The most
sensitive categories for the νν tt channel for example requires large MT2 >1500 GeV, 4-6 jets,
and 1 or 2 b tagged jets. Squark signal sample acceptance and kinematics were shown to be
consistent with LQ signal for both scalar and vector LQ. Limits are set at 95% CL in the νν+qq,
νν+bb, and νν+tt channels for β = 0 and λLQ = 1. Limits are also set in the νν+tt channel for
β = 1/2 and λLQ = 1, motivated by a model proposed in Ref. 6 . The limits are shown in Fig. 2.
3.3

Second generation pair production in the μμjj and μνjj channels

This search looks for second generation LQs in two channels (μμjj and μνjj) with similar search
strategies 4 .One or two high momentum muons are selected, and 2 jets are required, with no jet
−LQ pairs that
ﬂavor requirement. Candidate LQs are constructed from the ± −LQ or pmiss
T
minimize |MLQ1 −MLQ2 |. Final selections are optimized using 3 independent sensitive variables
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Figure 2 – First, second, third generation pair production in the νν+qq/bb/tt channel 3 . 95% CL limits on
scalar and vector LQ masses in the νν+qq (left), νν+bb (center), and νν+tt (right) channels. The parameter κ
represents the coupling λLQ .
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for each LQ mass hypothesis from 200-2000 GeV, and 95% CL limits are via a counting experiment. The limits are expressed as a function of MLQ , shown for the μμjj (μνjj) channel in Fig. 3
left (center). These limits are also expressed in the two-dimensional β−MLQ plane, shown in
Fig. 3 (right) for both channels as well as the combination of the two channels, for 0< β <1.
Both the β =1 and β =1/2 limits extend the LQ mass exclusion by more than 300 GeV.
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Figure 3 – Second generation pair production in the μμjj and μνjj channels 4 . 95% CL limits on scalar LQ masses
in the μμjj (left) and μνjj (center) channels. Right: 95% CL limits in the two-dimensional β−MLQ plane for both
channels as well as the combination of the two channels, for 0< β <1.

3.4

Pair production of 3rd generation leptoquarks decaying to τ τ tt

This analysis searches for pair production of 3rd generation leptoquarks decaying to τ τ tt 5 .
Categories are built from the 2τ +2b+2W decay products: opposite-sign (e/μ + τhad ) + b tagged
jet, and same-sign (e/μ + τhad ) + b-tagged jet. These two categories are further split into low
and high scalar sum pT regions. The top candidate is reconstructed by choosing the three-jet
combination closest to the top mass. A data control region with inverted τhad isolation is used to
estimate the tt and W+jets backgrounds, after being corrected for kinematical diﬀerences. The
top pT spectrum is then used to extract 95% CL limits. A third category is built in the e/μ +
2 τhad channel. Here the main backgrounds arise from jets faking hadronic taus. Multiple data
control regions are used to estimate the backgrounds, and 95% CL limits are set via a counting
experiment. In the end all categories are recombined, and limits are set as a function of MLQ
for β = 1 and in the 2-dimensional β vs MLQ plane, shown in Fig. 4 left and right, respectively.
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4

Summary

CMS has a large and expanding program of leptoquark searches. A summary of all the CMS
leptoquark current exclusion limits is presented in Fig. 5 as a function of LQ mass. New
results with the full 2016 proton-proton dataset have been presented for leptoquark single and
pair production, in all three generations, in scalar and vector LQ models, and for multiple
model parameters. Many channels push the sensitivity to LQ masses above the TeV scale.
Intriguing hints of new physics in B meson decays have recently increased interest in leptoquarks,
particularly associated with decays to third generation quarks and leptons, and may warrant
investigation into ﬁnal states or model phase space not previously considered.
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Figure 5 – Summary of CMS leptoquark results.
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SEARCH FOR DARK PHOTONS AT NA62
Marco Mirra a
Department of Physics ”Ettore Pancini” of Università degli Studi di Napoli Federico II
Fixed target experiments are a particularly useful tool in the search of very weakly coupled
particles in the MeV-GeV range that could represent the mediators of a number of portals to a
hidden sector, an example being the dark photon. The NA62 experiment at the CERN SPS is
currently taking data. High-intensity setup and detector performance make NA62 particularly
suited for searching new-physics in the hidden sector. We will report the status and prospects
of the dark photon searches in the NA62 framework.

1

Introduction

The widely believed and presently well-established presence of a cosmic dark matter (DM)
suggests us a clear evidence for physics beyond the Standard Model (SM): no SM particle
satisﬁes the dark-matter properties deduced from observational cosmology. The dominance of
DM on ordinary matter in the universe might suggest the existence of an entirely new dark sector
with speciﬁc forces and particles, ﬂeebly coupled to the SM. The link between the two worlds
might lie in certain portal states, which we can classify according to the related transformation
laws of the eﬀective interactions lagrangian. In a rather general set of hidden sector models with
an extra U(1) gauge symmetry 1 , the interaction of a dark photons (denoted A’) with the visible
sector proceeds through kinetic mixing with the SM hypercharge. Such scenarios with GeVa
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scale dark matter provide possible explanations to the observed rise in the cosmic-ray positron
fraction with energy and the muon gyromagnetic ratio (g-2) measurement 2 .
A plaethora of searches have been performed for dark photons, that can be divided into:
• short-lived: searches where the dark photon decays soon after production in the ﬁnal state,
such as in the decay chain π 0 → γA , A → e+ e− .
• long-lived: searches where dark photon moves in the experimental apparatus before decaying to a visible ﬁnal state.
NA62 3 is a ﬁxed target experiment at CERN using 400 GeV protons from the Super-ProtonSynchrotron (SPS) facility hitting a beryllium target to produce a 75 GeV momentum selected
intense secondary beam of positive particles, 6% of which are charged kaons. NA62 has been
designed and built requiring high intensity, full particle identiﬁcation, hermetic coverage and low
material badget, high rate tracking. Such setup might be suited for both dark photon searches
listed above.
2

NA62 experimental apparatus

The NA62 experiment aims to measure the BR(K + → π + ν ν̄) with 10% precision. Since the
SM predicts 4 a BR(K + → π + ν ν̄) = (8.4 ± 1.0) × 10−11 , it needs to collect about 1013 K +
decays for a 10% signal acceptance. Keeping the background to signal ratio about 10% requires
the use of redundant experimental techniques to suppress unwanted ﬁnal states. Fig. 1 shows
a schematic view of the NA62 experimental apparatus 3 . Primary SPS protons (3.3 × 1012

Figure 1 – NA62 experimental apparatus

protons per pulse at full intensity) strike a berillium target from which a secondary charged
hadron beam of 75 GeV/c is selected and transported to the decay region. The incoming kaon is
positively identiﬁed by a diﬀerential Cerenkov counter (KTAG) and its momentum and direction
are measured by three stations of Si pixel detectors (GTK). A decay tank, holding a 10−6 mbar
vacuum, is surrounded by lead-glass annular calorimeters (LAV) designed to eﬃciently detect
photons up to 50 mrad. Four stations of straw chambers (STRAW) in vacuum trace downstream
charged particles. A RICH identiﬁes the secondary charged pion foreseen in signal events; plastic
scintillators (CHOD) are used for triggering and timing. Photon rejection in the forward region
is provided by an electromagnetic calorimeter based on liquid krypton (LKr) and two small
angle calorimeters (IRC and SAC). Hadron calorimeters (MUV1,2) and a plastic scintillator
detector (MUV3) placed downstream an iron-based absorber are used to detect hadrons and
muons. Information from CHOD, RICH, MUV3 and LKr are hardware processed to issue level
zero trigger conditions. Software-based algorithms from KTAG, CHOD, LAV and STRAW
information provide higher level trigger requirements. Low intensity data have been taken in
2015 to study detector performances and to perform physics analysis. Since 2016 NA62 is
collecting data for the measurement of the BR(K + → π + ν ν̄) and other physics cases.
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3

Search for dark photons in NA62 apparatus

A large variety of searches for hidden sector particles can be performed at NA62 using kaon
decays. Examples are: search for a axion-like particle (a) from the decay K + → π + a, search
for heavy neutral leptons (N ) in the decays K + → μ+ /e+ Nμ/e , search for a dark photon in the
decay K + → π + π 0 , π 0 → γA , with A decaying to invisible ﬁnal states. The latter has been
performed using 1.5 × 1010 K + decays, corresponding to about 5% of the dataset collected in
2016. Events with a single downstream track reconstructed in the STRAW spectrometer are
selected. The downstream track is required to match in time and space a GTK track, forming
a vertex in the ﬁducial volume of the experimental apparatus. The GTK track is identiﬁed as
a K + by the KTAG detector. The RICH and the calorimeters system identify the downstream
track as a pion. The missing mass obtained from the momentum of the downstream and GTK
tracks is required to be around the π 0 mass peak. Events with a single photon cluster in the LKr
calorimeter are selected. No activity in time with the selected events in LAV, IRC and SAC
detectors is required. Given the kaon, pion and photon momenta, the squared missing mass
2
= (PK − Pπ − Pγ )2 is expected to peak around the A mass for the π 0 → γA decay and
Mmass
around zero for the background process π 0 → γγ decays with one photon undetected. A datadriven background estimate, based on the tail with negative missing mass values, is used. For
each A mass, the signal region is deﬁned as a 1.5-standard deviation range around the expected
invariant mass peak. Frequentistic 90% CL intervals have been determined, taking into account
the uncertainties of signal eﬃciency from MC determination, and the statistical uncertainties of
data counts and background expectations. No statistically signiﬁcant excess has been detected
and upper limits have been computed on the number of signal events. The 90% conﬁdence level
exclusion limit on the kinetic mixing parameter versus the mass of the dark photon is shown in
Fig. 2 together with the limits from BaBar 5 , NA64 6 and E949 7 experiments.

Figure 2 – 90% CL exclusion limit in the  versun mA plane for π 0 → γA events with A decaying into invisible
ﬁnal states. The limits from BaBar 5 , NA64 6 and E949 7 are also shown together with the region of the parameters
that could explain (g-2)μ anomaly (red band) and the region excluded by the agreement of the anomalous magnetic
moment of the electron (g-2)e with the expectations (dark blue shaded area).

4

Search for dark photons in NA62 beam-dump mode

Feebly-interacting exotic particles can be originated also by the decay of beauty and charm
hadrons, and by virtual photons produced in the interaction of protons with a dump. Their
couplings to SM particles are very suppressed leading to expected production rates of 10−10 or
less. Since in this energy range the charm and beauty cross-sections steeply increase with the
energy, a high-intensity, high-energy proton beam is required: the 400 GeV/c primary proton
beam line serving the NA62 experiment can produce high intensity ﬂuxes of beauty and charm
hadrons. The Beryllium target used by NA62 is followed by two 1.6m long, water-cooled, beamdeﬁning copper collimators (TAX) which can act also as a dump (∼ 10.7λI ). In the standard
NA62 operation, roughly 50% of the beam protons punch through the beryllium target and
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are absorbed by the TAX collimators. The experimental signature of hidden sector decays into
SM particles is two or more tracks or two photons originating from the same point of the decay
volume and nothing else. For example dark photons can be produced in decays of mesons created
in the beam dump, assuming A is coupled to quarks, or in hard Bremsstrahlung from the beam
protons. NA62 can search for visible decays of A to e+ e− and μ+ μ− pairs. Fig. 3 shows the
expected sensitivities assuming 1018 protons on target (equivalent of 1 year of running) and zero
background, taking into account the trigger eﬃciency and detector acceptance.

Figure 3 – NA62 sensitivity (90% CL exclusion limit) for 1018 proton on target in the coupling versus mass plane
for dark photon (blue solid line) originated by the dump.

NA62 could be sensitive to even larger phase space since, in the estimate in ﬁg. 3, only
production in the Beryllium target is considered and not in the TAX. During the 2016 run
NA62 collected several hours of data at diﬀerent intensities with the Beryllium target lifted
from the beam and closed TAX. The collected data is used for feasibility studies and tests of
the zero background hypothesis. A preliminary analysis indicates that zero background might
be achievable 8 .
5

Conclusion

NA62 is successfully running in the North Area of the CERN SPS. Owing to the high beam
energy and high beam intensity, the long decay volume and the hermetic detector coverage,
NA62 has the opportunity to directly search for a plethora of hidden-sector particles, both in
visible or invisible ﬁnal states. Before the LS2 (2018) many searches in the hidden sector will be
performed using the kaon beam and preliminary results concerning dark photon, based on 5%
of 2016 data sample, were shown. The NA62 collaboration is currently discussing the possibility
to use a fraction of the beam time during Run 3 (2021-2023) to operate NA62 in beam-dump
mode: this would open a window of opportunity to search for hidden particles from charm and
beauty meson decays. The current NA62 run can be exploited to evaluate background rejection
capability up to 1017 − 1018 proton on target.
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Status and Prospects from the Fermilab Muon g–2 Experiment
M. W. Smith
Instituto Nazionale di Fisica Nucleare
Ediﬁcio C - Polo Fibonacci Largo B. Pontecorvo, 3
56127 Pisa, Italy

The anomalous magnetic moment of the muon is a quantity which arises from fundamental
interactions in all sectors: Weak, QED, and QCD. As such, a high precision measurement of
the quantity is also a high precision probe into the Standard Model of particle physics, and
currently there exists statistical tension greater than three sigma between the experimentally
measured and theoretically predicted values for anomaly, aμ . The tension makes the anomaly
a valuable window into possible eﬀects beyond the standard model, and calls for the need to
measure it to even higher precision. The Fermilab Muon g–2 Experiment aims to do just that.
The experiment endeavors to improve on the precision previous measurements of the muon
anomalous magnetic moment by a factor of four, reaching an overall relative accuracy of 140
ppb. Currently the experiment has undergone a commissioning phase and has begun to the
initial production of physics data.

1

Introduction

The Fermilab (FNAL) Muon g–2 experiment uses similar techniques as previous iterations of the
measurement at Brookhaven National Lab 1 and CERN. Improvement in precision is attained by
leveraging hardware upgrades alongside statistical gains. In short, the experiment is represented
by equation 1. The experiment combines data from various hardware systems to produce two
frequencies. One of these frequencies represents the anomalous magnetic moment directly in the
experiment setup, ωa , and the other is the free proton precession frequency in the magnetic ﬁeld
used to store muons, ωp . The extracted frequencies are combined with several other quantities
measured in other experiments.
aμ =
2

ωa μp mμ ge
ωp μe me 2

(1)

Status of Theory

Alongside the aspirations of the Fermilab Muon g–2 Experiment, a parallel eﬀort to improve
uncertainty is being undertaken by the theory community. The largest source of uncertainty in
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the theoretical calculation arises in the QCD sector, speciﬁcally hadronic light-by-light (HLbL)
and hadronic vacuum polarization (HVP). Improvements to these calculation come from several
approaches. The HVP calculation can be improved by incorporating more cross-section data of
e+ e− → hadrons. As for the HLbL, one approach aims to perform the calculation using lattice
QCD 4 . Another approach uses a data driven technique to perform the calculation in a new way
5 . The current status of the theoretical calculation is shown in ﬁgure 1, a persistent diﬀerence
between theory and experiment of more than 3 sigma. In ﬁgure 1, DHMZ is from reference 6 ,
HLMNT is from reference 7 , and ”SMXX” is central value of the two models with the predicted
increase in precision from additional cross-section data 8 . A more detailed treatment of the
theory can be found in the full review 8 .

Figure 1 – The ﬁgure shows calculated theory values compiled by diﬀerent groups as compared to the most recent
measurement and the target precision for the current Fermilab g–2 experiment. A discrepency between the values
of more than three sigma persists.

3

Status of Experiment

Over the past year, the g–2 experiment has come online. The process included a commissioning
phase in summer 2017. During commissioning, many hardware systems were integrated together.
Also importantly, the experiment tested data acquisition and analysis software with the ﬁrst
muon events. Beginning in January 2018, the experiment started collecting the ﬁrst run of
production physics data.
3.1

Experiment Principles

The experiment can be broken down into four diﬀerent phases. The muon production phase
which is carried out by the Accelerator Division at Fermilab. In this phase, the spin polarized
beam of muons is produced from pion decay. The muon injection phase in which the muons are
transported from the beamline into the g–2 storage magnet. The muon storage phase is achieved
through the experiment’s magnetic storage ring. During the storage phase, the muon’s spin
vector phase advances on the muon’s momentum vector at a rate directly proportional to g–2.
And ﬁnally, the muon decay phase where the calorimetry system measures the decay positrons
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(or electrons). Throughout all these phases asynchronous measurements are taken to monitor
many hardware systems of the experiment. The overall design and many components are reused
from the previous experiment at Brookhaven National Lab, but reaching the unprecedented
precision goals of the experiment involves improvements across many of the hardware systems.
Additionally, the experiment will need a 21-fold increase in event statistics. For more information
about the experiment design see the experiment’s technical design report 2 .
3.2

Muon Production

The Fermilab Accelerator Division manages the muon beamline, and they began delivering beam
to the experiment in July 2017. After a break for upgrades, the Accelerator Division resumed
muon production in Nov 2017. The muons arrive at the ring in 16 bunches of ∼ 106 every 1.4
second supercycle. After months of beam upgrades, commissioning and tuning, the AD begin
delivering physics quality beam to the experiment in February 2018.
3.3

Muon Injection

The muon injection process in g–2 uses two main active hardware systems and three detector
systems. The ﬁrst step in injection is guiding the muons from the beamline through the outside
of the muon storage magnet. The second step in the process of injection is adjusting the orbit
mismatch by imparting a momentum deﬂection with an impulse from transient magnetic ﬁelds.

Figure 2 – The incoming muon beam and a portion of the storage magnet are shown in the image. The regions
labeled 1 are the locations of the IBMS detectors. The region labeled 2 is the location of the inﬂector magnet.
And, the region labeled 3 is the location of the fast kicker magnets. The inﬂector mitigates the eﬀects of the
fringe ﬁeld from the storage region and the fast kicker magnets impart a momentum shift to the injected muons
to the shift the orbit onto the central orbit of the storage magnet.

In the ﬁrst stage, the inﬂector magnetic was reused from the previous g-2 experiment at
Brookhaven. The superconducting magnetic is designed to cancel the fringe ﬁeld of the main
storage magnetic and facilitate a straight injection trajectory 3 . The device was installed and
powered successfully at Fermilab. The kicker system was redesigned to improve upon the BNL
system. The fast kicker magnet uses a transient magnetic ﬁeld to shift the momentum of the
muon beam by roughly 10 milliradians as the muons ﬁrst pass. It must then turn the ﬁeld oﬀ
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very quickly to avoid re-kicking muons on the second pass, 149 ns later. The new kicker system
uses a Blumlein circuit to create a magnetic ﬁeld with a smaller temporal footprint and reduce
the systematic eﬀects of kicker magnetic ﬁelds on muons on subsequent orbits around the ring.
The system is in use, and still being optimized.
The injection system also makes use of some detector systems. Near the interface between
the beamline and the g–2 apparatus, there is a scintillating detector which is used for determining
the timing of the muon bunches which are injected into the ring. Additionally, there are the
IBMS detectors which measure the proﬁle of the muon beam before and after traveling through
the inﬂector magnet. Both systems are operational and have been used to optimize the number
of muons stored in the main storage magnet.

3.4

Muon Storage

After injection, the muons undergo cyclotron motion inside the main storage magnet. The
cyclotron motion is maintained by the largest piece of hardware in the experiment, the main
storage magnet which produces a highly uniform 1.4513 Tesla vertical magnetic ﬁeld. The
ﬁeld uniformity is improved upon from the previous experiment by more than a factor of two
which reduces the potential systematic uncertainty imparted by understanding the magnetic
ﬁeld experienced by the stored muons. The absolute ﬁeld calibration system uses the NMR
probes from BNL, as well as implementing new, high sensitivity NMR probes using H2 O proton
sample volumes and ongoing work to implement a new probe with a 3 He sample.
The beam dynamics of the injected muons are optimized using a few diﬀerent hardware
systems. There is a collimation system which consists of movable metal annuli at several points
around the storage ring. The system removes muons which have aberrant orbit radii and heights
as well as muons with large oscillations. After a few microseconds of beam scraping, the remaining muons are more normalized. The beam collimation system is installed and operational. In
addition, the beam dynamics are aﬀected by electrostatic focusing quads located at 4 locations
around the ring. The quads were upgraded to be able to operate at higher voltages to provide
a greater range of potential operating points that reduce the impact of resonances and coherent
betatron oscillations.

Figure 3 – The diagram above is an overview of the systems used in the muon storage volume. The collimators
are labeled with the letter C. Some of these are preﬁxed with 1/2 as they are only semi-annuli instead of full.
The fast kickers are labeled K1, K2, K3. The electrostatic focusing quads are labeled Q1, Q2, Q3, and Q4. Other
systems are labeled clearly in the diagram.
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The main detector system used to measure the muon beam dynamics in situ is the the ﬁber
harp detectors. The detectors use a set of scintillating ﬁbers aligned to the vertical plane at
the storage volume in two locations in the magnetic storage ring. The detectors are able to
reconstruct the radial proﬁle of the beam and monitor beam dynamics.
3.5

Muon Decay

The stored muons eventually decay into positrons which necessarily have a lower energy than
the stored muon. As a consequence they have a smaller cyclotron radius, meaning they curl
inwards where they are detected with the calorimetry system. The new calorimeter system
improves upon the previous experiment by including segmentation and tighter pulse timing.
The segmentation improves separability between multiple positrons which are near in spatial
position, and the calorimeter uses only Cerenkov radiation to improve temporal pileup. Pileup
was a large systematic error from the previous experiment that will be improved by the new
calorimetry system. The calorimeter system has been commissioned and is fully operational.
Another large systematic from the previous experiment came from gain ﬂuctuations of the
calorimetry system. The Fermilab g–2 experiment adds a laser calibration system to measure
and correct gain ﬂuctuations in the calorimeter system. The system faciliates measuring short
time scale gain ﬂuctuations within a ﬁll as well as long term drift in the calorimeter system
with high precision. The gain changes must be corrected at a relative level of 10−4 within a ﬁll.
The laser system is installed an operational with study of the gain ﬂuctuations and corrections
underway.
On two of the calorimeter stations there is an additional detector system in place. The
tracker system is comprised of a set of wire chamber planes as shown in ﬁgure 4. Measurements
made by the tracker system can be used to reconstruct the trajectory of the decay positron and,
with suﬃcient statistics, the beam proﬁle of the stored muons. The tracker system has been
installed at two locations which are fully operational. There is the possibility to install a third
tracker in the future.

Figure 4 – The ﬁgure depicts typical trajectories of the decay positrons and the systems used to make measurements
of those particles. The calorimeters shown are 2 of 24 around the storage ring, and they measure the energy of
the positron to about 3% resolution. The traceback detector, one of two around the ring, is able to reconstruct
the path of the positron and yield information about the muon proﬁle in the storage volume.

4

Outlook and Conclusions

In summary, the Fermilab Muon g–2 Experiment is making its way forward. All major subsystems are commissioned and operational. The muons spins are precessing as evidenced in ﬁgure
5. Additionally the ﬁrst production data run has started where we anticipate collecting events
at similar statistical levels as the Brookhaven Experiment. The collaboration will be working
hard on analysis and systematic studies to yield a measurement result as soon as reasonably
possible.
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Figure 5 – The muon precession frequency as evidence from the commissioning data. Statistics are low but
promise for the experiment is high.
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RECENT RESULTS FROM THE VEPP2000 e+ e− COLLIDER

E.P. SOLODOV
On behalf of CMD-3 and SND Collaborations
Budker Institute of Nuclear Physics, 11 Lavrentieva ave.,
Novosibirsk, 630090, Russia
The CMD-3 and SND detectors are taking data at the VEPP-2000 e+ e− collider (Budker INP,
Novosibirsk, Russia). The main goal of experiments is the measurement of the cross-sections
and dynamics of the exclusive modes of e+ e− annihilation to hadrons. In particular, these
results provide an important input for calculations of the hadronic contribution to the muon
anomalous magnetic moment. The ﬁrst round of data taking was performed in 2011-2013 with
about 60 1/pb integrated luminosity per detector in the center-of-mass (c.m.) energy range
from 0.32 to 2.0 GeV. The collected data sample exceeds those in all previous experiments
for this region. Here we present the survey of results of data taken in 2011-2013, including a
precise measurement of the e+ e− → π + π − reaction as well as other hadron ﬁnal states with
up to six pions or states including two kaons. At the end of 2016 the VEPP-2000 collider
resumed operation after upgrade of the injection system, and performance approaching the
project luminosity of 1032 cm−2 s−1 at 2 GeV has been demonstrated. Preliminary results of
the new 2017 run are also presented.

1

Introduction

The electron-positron collider VEPP-2000 1 has been operating at Budker Institute of Nuclear
Physics since December 2010, and has been upgraded to the new injection system in December
2016. The collider is designed to provide luminosity up to 1032 cm−2 s−1 at the maximum c.m.
√
energy s = 2 GeV. Two detectors, CMD-3 2 and SND 3 , are installed in two interaction regions.
The CMD-3 is the general-purpose particle magnetic (1.3 T) detector, equipped with the tracking
system, two crystal (CSI and BGO) calorimeters, liquid Xe (LXe) calorimeter, TOF and muon
systems. The CMD-3 detector has a high detection eﬃciency, good energy and angular resolution
for charged particles as well as for photons. The SND is a non-magnetic detector based on the
NaI crystals, arranged in three spherical layers, surrounding tracking system and Cherenkov
aerogel counter: 1.05 and 1.13 refraction indexes can be used. The SND detector has very good
energy resolutions for photons, and allows to separate particle types using energy deposition in
three calorimeter layers and Cerenkov counter response. The integrated luminosity collected is
about 60 pb−1 per detector in 2011-2013 runs with additional 80 pb−1 in 2017-2018 runs after the
upgrade. The luminosity is measured with about 1% accuracy 4 using Bhabha events. Figure 1
(left) shows the integrated luminosity averaged over 10% of best runs: red points correspond to
new 2017-2018 runs. Increase in the integrated luminosity vs experimental energy is shown in
Fig. 1 by green color. The beam energy was continuously measured concurrently with the data
taking using a Compton back scattering system 5 .
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Figure 1 – (left) The integrated luminosity averaged over 10% of the best runs vs beam energy: 2017-2018
improvement is shown by red points. (right) The collected integrated luminosity vs energy at the CMD-3 detector.
The luminosity collected in 2017-2018 is shown by green color.

2

Results from 2011-2013 runs

The analysis of data, collected in 2011-2013, is in process and a number of results on exclusive
cross sections was published by the CMD-3 and SND Collaborations. All major channels are
under analysis including channels with up to six pions or two kaons and two pions in the ﬁnal
state. Here we review the published results and show some of the recent preliminary results.
The CMD-3 collaboration has published several results with a few charged particles in the
ﬁnal state: e+ e− → 3(π + π − ) 6 , e+ e− → K + K − π + π − 7 , e+ e− → KS KL , KS → π + π − 8 , e+ e− →
K + K − 9 and e+ e− → 2(π + π − ) 10 around the φ-meson, e+ e− → π + π − π 0 η 11 , and e+ e− → pp̄ 12 .
The SND group uses advantage of well granulated calorimeter and has published many
results with only neutral particles in ﬁnal state: e+ e− → π 0 π 0 γ 14 , e+ e− → nn̄ 15 , e+ e− →
π 0 γ 16 , e+ e− → ηγ 17 , e+ e− → η(958) 18 , e+ e− → KS KL π 0 , KS → π 0 π 0 20 . With the help of
tracking system and Cherenkov counter many reactions with charged particles are also studies:
e+ e− → K + K − 19 , e+ e− → ωη 21 , e+ e− → π + π − η 22 .
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Preliminary results for the pion form factor from the e+ e− → π + π − cross section measurement are shown in Fig. 2.
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Figure 2 – (left) CMD-3 analysis: squares - particle separation with momenta, points - particle separation with
energy deposition in calorimeter. insert box: Results of the measurement of muon pair production in comparison
with the QED prediction. (right) SND ﬁrst measurements of the e+ e− → ωπ 0 η cross section: intermediate state
ωa0 has been identiﬁed (shown as inserted boxes).
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CMD-3 uses two independent methods for separation of two-pion events from the e+ e− and
μ+ μ− pairs: using only DC information or using only calorimeter response, shown in Fig. 2 (left).
We already estimate the DC selection accuracy below or close to 1%, which is cross checked with
the cross section of the e+ e− → μ+ μ− process, shown as inserted box with respect to the QED
prediction: it provides an important overall systematic test of the measurement. A study of
the systematic uncertainties of the calorimeter response is in progress, and we plan to “open
the box” and present ﬁnal result soon. SND detector uses energy deposition in three layers of
the calorimeter and response of the Cherenkov counter. The separation also allows to obtain
about 1% systematic error and preliminary results are shown in Fig. 2 (right) in comparison
with BaBar data.
Many other exclusive cross sections like e+ e− → π + π − π 0 , e+ e− → π + π − ω, e+ e− →
+
π π − φ, e+ e− → K + K − π 0 , e+ e− → K + K − η, e+ e− → 2(π + π − ), e+ e− → π + π − π 0 π 0 etc. in
the VEPP2000 energy range are under study and results will be published soon.
Both, CMD-3 and SND detectors performed the measurements of the reactions, which never
were studied before. Figure 3 (left) shows the cross section for the reaction e+ e− → π + π − π 0 η
measured by CMD-3 detector for the ﬁrst time 23 . Only part of the reaction with the ωη ﬁnal
state (signal from ω very well seen in data - see inserted box) was known before. SND has
discovered the e+ e− → ωπ 0 η reaction (Fig. 3 (right)), and established the ωa0 intermediate
state (shown in inserted boxes). These two measurements show that our knowledge in this
energy range is incomplete, and we should continue search for new reactions, contributed to the
total hadronic cross section.

Figure 3 – (left) Preliminary results of the pion form factor measurement; squares - particle separation with
momenta, points - particle separation with energy deposition in calorimeter; (right) Results of the measurement
of muon pair production in comparison with the QED prediction.

3

Preliminary results from 2017 run

In 2017 the VEPP2000 collider has resumed operation with the new injection complex. We
have no limitation with the number of positrons any longer. We have collected about 50 pb−1
in 5 months of operation in the c.m. energy scan from 1680 to 2007 MeV. About 4 pb−1
has been collected at Ec.m. =2007 MeV to to search for direct production of D∗ (2007)0 in the
e+ e− annihilation. An observation of such production at any level above the SM prediction
B(D∗0 → e+ e− ) ∼ O(10−19 ) would be a clear signal of physics beyond SM 13 .

197

σvis(e e-→3(π π-)), nb

+

1.2
1
0.8

1.5

1.5

1.4
1.3

1.4

1.2
1.1

1.3

+

σvis(e+e-→pp), nb

Another ≈ 10pb−1 has been collected in the N N̄ threshold scan with a step comparable
with the beam energy spread of 1.2 MeV. Figure 4 (left) shows our preliminary results for the
e+ e− → pp̄. Very sharp cross section behavior has been observe at the threshold, consistent with
1 MeV exponential rise (shown in inserted box). Figure 4 (right) shows our preliminary results
for the e+ e− → 3(π + π − ) cross section measurement. All analysis procedures are the same as in
our publication 6 , and we conﬁrm our previous observation of a very sharp cross section drop at
the N N̄ threshold. Moreover, an energy scan with a small step allows to investigate a structure
of this drop, which is also in the scale of pp̄-nn̄ threshold energy diﬀerence .
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Figure 4 – (left) The e+ e− → pp̄ visible cross section measured with the CMD-3 detector. Solid curve shows result
of the ﬁt by the exponentially-saturated function (dashed curve) convoluted with the 1.2 MeV energy spread and
radiation functions. The vertical lines show the pp̄ and nn̄ thresholds. (right) The e+ e− → 3(π + π − ) visible
cross section measured with the CMD-3 detector. Solid curve shows ﬁt with Born cross section (dashed curve)
convoluted with 1.2 MeV energy spread and radiation function. The vertical lines show the pp̄ and nn̄ thresholds.
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News on the CLIC Physics Potential
Nigel Watson, on behalf of the CLICdp Collaboration
School of Physics and Astronomy, The University of Birmingham, Birmingham B15 2TT, U.K.
Recent studies exploring the physics potential of the CLIC project are presented, with particular emphasis on t quark and Higgs measurements.

1

Introduction: Motivation for CLIC

There are four high energy e+ e− collider projects considered worldwide. Two are synchrotrons, in
√
the relatively early stages of development: the 100 km cirumference, s =90–240 GeV, Circular
√
Electron Positron Collider (CEPC) in China; and the 98 km, s =90–365 GeV, Future Circular
Collider (FCC-ee) at CERN. Two are linear accelerators and have been under development for a
√
longer period of time: the 17–50 km, s =250–1000 GeV International Linear Collider (ILC) in
√
Japan; and the 11–50 km, s =380–3000 GeV Compact Linear Collider (CLIC)1 at CERN. We
present highlights of the latter, which is based on a novel, twin-beam scheme with accelerating
gradients of 100 MV/m and is unique in oﬀering the only route to multi- TeV e+ e− collisions.
2

Top Quark Physics
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The CLIC physics programme will be staged in energy 1 and has tt production accessible from
the outset, with a scan of the tt threshold region as an early goal 2 , progressing to large samples
at higher energies that further enhance sensitivity to physics beyond the Standard Model (SM).
At threshold, the baseline strategy anticipates recording samples of approx. 10 fb−1 at each of
ten collision energies at 1 GeV intervals around the tt production threshold, as shown in Fig. 1(a),
giving a statistical precision on the measured t quark mass (PS scheme), Δmt ∼ 20 MeV. A
dedicated tune of machine parameters with lower than nominal charge per bunch reduces beam-
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Figure 1 – (a) Cross-section for tt production near threshold for nominal beam parameters 2 , (b) compares the
luminosity spectra 2 for nominal and reduced bunch charge schemes, (c) as for (a) in reduced bunch charge scheme 2

199

 



strahlung and narrows the main luminosity peak (Fig. 1(b)), enhancing dependence of the measured cross-section on the beam energy (Fig. 1(c)) and improving the uncertainty on mt for a
ﬁxed integrated luminosity. To achieve this requires twice the running time and the largest beneﬁt would be expected for measurements of t quark width and Yukawa couplings. The combined
theoretical and parametric uncertainties on mt are expected to be ∼30–50 MeV, dominated by
QCD scale, while the experimental systematics are estimated at ∼25–50 MeV. This improves
signiﬁcantly the precision expected at HL-LHC and, with suﬃcient luminosity, outperforms
measurements of mt from “direct” kinematic reconstruction of observed four-momenta.
Above threshold, a further 500 fb−1 would be recorded near to the tt production cross-section
maximum, shown in Fig. 2(a), and the ∼350k tt events produced allow decay modes that are
not straightforward at the LHC, such as t → c + missing energy, t → cH(H → bb) or t → cγ,
to be studied. The reconstructed mt in a full simulation study of t → cγ, shown in Fig. 2(b),
illustrates how analyses at CLIC rise to the experimental challenges such as separation of b from
c decays and control of multi-jet SM backgrounds.





    








  








































 



Figure 2 – (a) Leading-order cross-sections for the main tt production processes 2 (mt =174 GeV, mH =125 GeV,
unpolarised beams, with ISR, without beamstrahlung), (b) reconstructed mt in the t → cγ decay mode 2 .






  









   
    













   







 

√
At higher energies, the e+ e− → ttH cross-section peaks at s ∼ 800 GeV, where CLIC is
the only machine for which this is accessible in the baseline plan. For the vector boson fusion
√
process, e+ e− → ttνν, the higher the s the better, making CLIC uniquely placed.
At the higher energies that distinguish CLIC, the hadronic jets in a t quark decay are less
distinct from one another due to the Lorentz boost and, as shown in Fig. 3(a), may be initially
characterised as broad, large-R jets. To improve separation from background, jet substructure
methods popularised at LHC are an important ingredient of the multivariate selections developed. Figure 3(b) shows the pT of subjets in a single, successfully tagged t quark decay (without
























 
 


  













 


√
Figure 3 – (a) Typical tt → bbqqν decay 2 at s = 3 TeV, (b) pT of subjets in a t → jets decay 2 , harder (softer)
subjet in red (green), b-quark jet in blue, (c) t tagging eﬃciency in tt → hadrons vs. pT of the large-R jet 2 .
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use of vertexing information) vs. their azimuthal angle (φ) and pseudorapidity (η), while Figure 3(c) gives the eﬃciency of the tagger as a function of the pT of the large-R jet; the lower
eﬃciency for pT < 500 GeV is caused by incomplete containment of t decay products within a
single large-R jet.
As the t quark electroweak couplings are well-determined in the SM and have values that
may change substantially in new physics scenarios, their precise measurement constitutes a
stringent test of the validity of the SM itself. Measurements of the cross-section (σ tt ), forwardbackward asymmetry (AFtt B ) and the lepton helicity angle in tt decays are robust experimental
observables and can be used to extract both CP-conserving and CP-violating form factors 1,4 .
Beam polarisation, which is present for e− in the CLIC baseline and as an option for e+ , simpliﬁes
√
disentangling the Z and γ contributions, while measurements at higher s increase sensitivity
to physics beyond the SM such as contact interactions.
To evaluate the precision with which the experimental observables can be determined, detailed studies of tt events using full simulation of the CLIC detector, including beam-related
backgrounds, have been carried out. Due to the variation in the luminosity spectrum with the
collision energy, as shown in Fig. 4(a), and the impact that this has on the topology of the
√
ﬁnal state, selection and reconstruction of tt events is optimised separately for each of s of
0.38, 1.4 and 3.0 TeV. The use of boosted reconstruction techniques is particularly relevant far
above threshold. To ensure reliable separation of t from t, events are selected in the bbqqν
ﬁnal state, where the sign of the charged lepton is used to infer the ﬂavour of the fully hadronic
t decay, from which the polar angle in the tt centre-of-mass system is determined. For the two
√
higher collision energies, events close to the nominal s are selected. In addition,
√ at 1.4 TeV a
constrained kinematic ﬁt is used to estimate the eﬀective centre-of-mass energy ( s ) of events
having signiﬁcant initial-state photon radiation (ISR) and/or√energy loss due to beamstrahlung,
from which σ tt and AFtt B are reconstructed diﬀerential in s . The performance of this reconstruction method,
which in full simulation with overlay of beam-related background has a
√
resolution on s ∼ 75 GeV, is illustrated in Fig. 4(b).














  











 

2
Figure 4 – (a) σ tt , including the eﬀects
√ of ISR, electroweak corrections and the CLIC luminosity spectrum , (b)
comparison of reconstructed vs. true s in tt events with a nominal collision energy of 1.4 TeV 2 .

3

Higgs Physics

The impact that CLIC will have on our understanding of the nature of the Higgs boson has been
√
studied in detail 3 . Figure 5(a) shows the s-dependence of the cross-section for the main H
production processes. The cross-section for Hνν has the largest sensitivity to beam polarisation,
a factor ∼ 2 enhancement for −80% e− beam polarisation. In the dominant Higgstrahlung
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√
process at s ∼ 350 GeV, mH can be reconstructed event-by-event via the Z boson recoil mass,
regardless of the decay mode of the H. For the case of Z → μ+ μ− or e+ e− , these allow eﬀectively
model-independent measurements, combining to give a statistical uncertainty on σ(ZH) of 3.8%
for an integrated luminosity of 500 fb−1 . A signiﬁcantly better statistical precision of 1.8% is
obtained for the case where Z → qq, although some small model dependence arises due to the
ambiguity of pairing jets of hadrons to either the Z or the H. Figure 5(b) shows reconstructed
Z → qq invariant mass vs. the recoil mass (∼ mH ). The combination of all Higgstrahlung
channels leads to a relative uncertainty on the coupling gHZZ of 0.8%. This uncertainty was
√
√
substantially larger at two alternative s (250 and 420 GeV) considered; s ∼ 350 GeV appears
to be the best compromise between detector resolution and physics backgrounds.
Taking advantage of the higher branching fraction in the Z → qq channel, H decays to
“invisible” (undetectable, for whatever reason) decays can be measured, with an estimated
√
sensitivity to branching fractions H → invisible < 1% at 90%CL (with 0.5 ab−1 , s = 350 GeV).
At energies above 1 TeV, vector boson fusion processes become increasingly signiﬁcant due to the
log(s) cross-section dependence and improved luminosity performance, allowing access to rare
√
H decay modes. Above s ∼ 700 GeV the ttH production rates allows the Yukawa coupling to
be extracted and, by combining eight-jet and six-jet plus ν ﬁnal states, a statistical precision
√
on gHtt of 4.4% can be obtained after ﬁve years of data taking at s = 1.4 TeV (1.5 ab−1 ). The
3
precision with which the Higgs couplings can be determined in a model-independent analysis
are summarised in Fig. 5(c).







 












 

 





√
Figure 5 – (a) Cross-section vs. s for main H production processes 3 (mH = 126 GeV, unpolarised beams,
no beamstrahlung), (b) reconstructed di-jet invariant mass vs. recoil mass 3 for e+ e− → Z(→ qq)H(→ any), (c)
statistical precision of H couplings determined in the three-stage CLIC programme from model-independent ﬁts 3 .

Summary
The expected precisons for selected t quark 2 and Higgs physics 3 measurements at the CLIC
facility are described. These are characterised as having greater precision and lower model
√
dependence than measurements at HL-LHC. The ﬁrst stage of CLIC at s ∼ 380 GeV will
study Higgs production via the Higgstrahlung and vector-boson fusion modes, and measure t
quark production in the threshold and continuum regions, allowing rare decay modes to be
investigated. At higher energies, the collider has enhanced potential to discover physics beyond
the SM, with direct detection up to kinematic limits, indirect discovery potential though precise
electroweak measurements up to a few tens of TeV, and a sensitivity in general that rises steeply
with centre-of-mass energy. The combination of these factors makes CLIC unique among the
proposed future e+ e− machines.
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Parton densities with Parton Branching method and applications
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We present results from a parton branching solution of the QCD evolution equations which
includes the transverse momentum distributions for all parton ﬂavours. The transverse momentum dependent (TMD) parton densities were extracted by ﬁtting inclusive HERA DIS
data with two alternative evolution scenarios. In both cases the same ordering variable is
used, but as αS argument in the branching we use either the evolution scale or pT . The
resulting distributions diﬀer mainly in the gluon component at low scales and/or small kT region. This was demonstrated by two phenomenological applications from LHC – the Z boson
pT spectrum and the azimuthal decorrelation of two leading jets.

1

Introduction

The Parton Branching evolution method is described in 1,2,3 . This formalism can be compared,
on one hand, with DGLAP evolution equations 4 for ordinary (collinear) parton densities, and,
on the other hand, with existing evolution equations for TMD parton densities 5 working in
special regions of the phase space: CSS at low transverse momentum 6 and/or CCFM at high
energy and low-x region 7 .
2

Method description

In our approach, we use the evolution equation which deals with the resolvable branchings.
Denoting z as the fraction of the light-cone momentum of the parton after the branching with
respect to the original one we introduce the resolution parameter zm < 1 such that the emissions
with z < zm are considered as resolvable. The amount of non-resolvable emissions with z > zm
is then dictated by the unitarity of the evolution. Technically, this is done by Sudakov form
factor Δa
  2


μ
dμ2  zm
2
2
Δa (μ ) = exp −
dz z Pba (μ , z)
(1)
2
μ20 μ
0
b

which can be interpreted as a probability that the parton a does not undergo any resolvable
branching between scales μ20 and μ2 . The splitting function Pba (μ2 , z) describes the probability
density that parton a splits into parton b at scale μ2 and momentum fraction z.
c
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The evolution equation for the momentum weighted PDF f˜a (x, μ2 ) = xfa (x, μ2 ) is then
given as:

d f˜a (x, μ2 )  zm dz
f˜b (x/z, μ2 )
=
z Pab (μ2 , z)
.
(2)
d ln μ2 Δa (μ2 )
z
Δa (μ2 )
x
b

With Pab being the standard DGLAP splitting functions, the evolution (2) converges to the
DGLAP equation if zm is large enough2 . The non-necessity to know the virtual terms of the
splittings makes equation (2) a good candidate for possible extensions beyond standard DGLAP.
In this text we focus on the eﬀect from using a diﬀerent functional form of the renormalisation
scale which is the argument of αS in Pab . In future, we plan to extend the splittings for the
CCFM terms which are important in low-x limit.
We solve the equation by the Monte Carlo technique which employs Markov chain of the
branchings. Within this method the Δa (μ22 )/Δa (μ21 ) is a non-branching probability between two
consecutive scales μ21 and μ22 and the splitting function integrated over z < zm represents the
branching probability. The method is described in more detail in 2 .
In 1,2,8 we demonstrated that at LO, NLO and NNLO the PDFs from the Parton Branching
method are within 1% identical with the corresponding semi-analytical solution of the DGLAP
evolution as implemented in Qcdnum 9 . Such precision was achieved with zm = 1 − 10−3 and
higher zm gives even better agreement. To be noticed, the individual splitting functions Pab at
higher orders can be negative and cannot be interpreted in terms of probability. However, the
Sudakov factor (1) is still well deﬁned, i.e. it is a decreasing function of the scale μ for any
μ > μ0 , which is the key property for the applicability of the Parton Branching method.
3

The evolution equation for the TMD densities

The main motivation for the Parton Branching method is to have PDFs dependent not only
on x but also on the transverse momentum kT for all parton ﬂavours. For each branching in
the evolution we generate the relative transverse momentum qT of the parton and consequently
estimate the ﬁnal kT value. The evolution scale μ can be identiﬁed either with virtuality, then
√
def
def
μ == qT / 1 − z, or with the rescaled transverse momentum, μ == qT /(1 − z). It can be shown,
that in the second case the emissions are also ordered in the angle. Therefore, it includes the
color coherence eﬀects between the emissions and we use this kind of ordering in our ﬁts. The
complete evolution equation for TMD density Aa has the following form:
Aa (x, kT , μ2 ) = Δa (μ2 )Aa (x, kT , μ20 ) +
(3)



  μ2 d2 μ Δa (μ2 )  zm (μ2 ) dz


x
+
F
(z)μ
k
T
+
zPab αs (μ2
,
, μ2 ,
r ), z Ab
2
2
z
z
z
μ20 πμ Δa (μ ) x
b

μ

=
and the 2D integration over μ is performed in domain μ20 < |μ |2 < μ2 . The
where
∞ 2
TMD density Aa is normalized in such a way that 0 d πkT Aa (x, kT , μ2 ) = f˜a (x, μ2 ).
In this evolution equation, one can choose the ordering condition, for angular ordering F =
1 − z, the renormalisation scale denoted as μr , and the limit for the resolvable branchings zm .
4

|μ |

The extraction of TMDs from HERA DIS data

The ﬁt is performed within xFitter package 10 where the Parton Branching method is implemented. We ﬁtted precision measurements in neutral and charged current interactions at various
beam energies from HERA 1+2 of σred = d2 σ ep /dxdQ2 · Q4 x/(2πα2 (1 + (1 − y)2 )) (which is the
DIS cross section where the photon ﬂux is removed) in the range 3.5 < Q2 < 50000 GeV2 and
4 · 10−5 < x < 0.65.
The TMD parton densities at NLO were extracted using two alternative evolution scenarios.
In both cases the rescaled transverse momentum qT /(1 − z) was used as an evolution variable,
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but as αS argument in the branchings in eq. (4) we use either the evolution scale, μr = μ , or
qT , μr = (1 − z)μ . These are denoted as Set 1 and Set 2, respectively. A similar χ2 /ndf ≈ 1.21
is obtained for both sets3 . However the sets diﬀer in the gluon component at small scales, both
in longitudinal component x and in transverse momentum kT .
5

Drell-Yan pT spectrum

1/σ dσ/dqT

The kT spectrum of the TMD densities is mainly determined by the evolution itself rather than
the starting parametrisation. One of the classical ways to probe the transverse momenta of the
partons is the pT spectrum of the Drell-Yan pair in pp collisions.
To predict the cross sections, we convoluted the LO matrix element squared with the TMDs
obtained in the previous section. Since EW branchings are not included in the evolution equation
(4) the lepton pair can be produced only in the hard subprocess. In contrast to the classical
approach, the partons entering the hard process have kT from the beginning generated according
to TMDs and it is not aﬀected by the initial-state parton shower.
0.08

Z → ee, dressed level, 66 GeV ≤ m < 116 GeV, |y | < 2.4
Data
PB-NLO αs (q(1 − z)) (ex p + mod)
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Figure 1 – The pT spectrum of the di-lepton pair as measured by ATLAS compared with the predictions based
on Set 1, αS (q), and Set 2, αS (q(1 − z)), TMD densities.

In ﬁgure 1 we compare the pT -spectrum of the ATLAS measurement11 Drell-Yan production
√
at s = 8 TeV with our calculations. It can be seen that the renormalisation scale of the
evolution aﬀects small pT region, where the Set 2 agrees better with the data.
6

Dijet Δφ decorrelation

As the second application we show the prediction for the diﬀerence Δφ between azimuthal angles
of two leading jets. In contrast to the previous case, the partons radiated by the parton shower
can be clustered into the leading jets. The parton shower is generated according to the TMD
densities by CASCADE MC 12 . In contrast to the classical approach, the parton shower does
not change the kinematics of the hard process but still can change the measured distribution.
The predictions are based on the hard-subprocess generated at NLO using POWHEG 2-jets
convoluted with the TMD densities and dressed by the parton shower from CASCADE.
√
In ﬁgure 2 we compare the Δφ distribution of the jets measured by CMS13 at s = 13 TeV
with our predictions. It can be seen that there is no substantial diﬀerence between predictions
based on Set 1 and Set 2 TMD densities. For the reference, the prediction based on collinear
PDFs, i.e. POWHEG 2-jets matched with Pythia 8 MC, is also included.
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Figure 2 – The angle Δφ between two leading jets as measured by CMS compared with NLO predictions based
on Set 1 and Set 2 densities. In addition the predictions from POWHEG 2jets matched with Pythia 8 is plotted.

7

Conclusion

For the ﬁrst time, precision DIS measurements have been used to obtain both collinear and TMD
parton densities, including uncertainties, over a wide range in x and μ values, which are relevant
for LHC and future collider phenomenology as well as for low-energy and small-kt physics. The
renormalisation scale in the evolution has been chosen to be either the evolution scale μi (Set 1)
or the transverse momentum qt i (Set 2). These TMD variants give similar χ2 /ndf = 1.21 with
respect to the ﬁtted HERA data but diﬀer in the gluon component at small scales.
The obtained TMDs are applied to calculate the transverse momentum spectrum of the Zboson in DY production at LHC energies. This observable was found to be sensitive to the form
of the renormalisation scale of the evolution, the choice used in Set 2 gives better agreement
with data. On the other hand, for the second studied process, the azymtutal decorrelation in
the dijet system at LHC, both TMD variants give identical predictions.
References
1. F. Hautmann, H. Jung, A. Lelek, V. Radescu, and R. Zlebcik. Phys. Lett. B 772 446–451
(2017), arXiv:1704.01757.
2. F. Hautmann, H. Jung, A. Lelek, V. Radescu, and R. Zlebcik. JHEP 01 070 (2018),
arXiv:1708.03279.
3. A. Bermudez Martinez, P. Connor, F. Hautmann, H. Jung, A. Lelek, V. Radescu, and
R. Zlebcik. DESY 18-042 (2018), arXiv:1804.11152.
4. V. N. Gribov, and L.N. Lipatov. Sov.J.Nuc.Phys. 15 438 (1972).
Yu. L. Dokshitzer. Sov.Phys. JETP 46 641 (1977).
G. Altarelli., and G. Parisi Nucl.Phys. B 126 298 (1977).
5. R. Angeles-Martinez et al. Acta Phys. Polon. B 46 no.12 2501 (2015), arXiv:1507.05267.
6. John Collins. Foundations of perturbative QCD. Cambridge University Press (2013).
7. S. Catani, F. Fiorani, and G. Marchesini. Nucl. Phys., B 336 18–85 (1990).
8. Radek Zlebcik. PoS, DIS2017 078 (2018).
9. M. Botje. Comput. Phys. Commun. 182 490–532 (2011), arXiv:1005.1481.
10. S. Alekhin et al. Eur. Phys. J. C 75(7) 304 (2015), arXiv:1410.4412.
11. Georges Aad et al. [ATLAS coll.] Eur. Phys. J., C 76(5) 291 (2016), arXiv:1512.02192.
12. M. Bury, A. van Hameren, H. Jung, K. Kutak, S. Sapeta, and M. Serino. Eur. Phys. J.,
C 78(2) 137 (2018), arXiv:1712.05932.
13. Albert M Sirunyan et al. [CMS coll.] CMS-SMP-16-014 (2017), arXiv:1712.05471.

210

Constraining PDFs from neutral current Drell-Yan measurements and
eﬀects of resummation in slepton pair production a
Juri Fiaschi1 , Elena Accomando2 , Francesco Hautmann3 , Michael Klasen1 and Stefano Moretti2
1
Institut für Theoretische Physik, Westfälische Wilhelms-Universität Münster,
Wilhelm-Klemm-Straße 9, D-48149 Münster, Germany
2
School of Physics & Astronomy, University of Southampton, Highﬁeld, Southampton SO17 1BJ, UK
3
Theoretical Physics Department, University of Oxford, Oxford OX1 3NP, UK
The high statistics that will be collected during the LHC Run-II (and beyond) open the
path to precision measurements at the TeV scale, where the PDFs will play a crucial role in
BSM searches. In the di-lepton ﬁnal state accurate measurements of the Forward-Backward
Asymmetry (AFB) will be available, particularly in the invariant mass region around the Z
peak. We show that this observable displays a statistical error which is competitive with
that assigned to the existing PDF sets and which will rapidly become smaller than the latter
as the integrated luminosity grows, thereby oﬀering a means of constraining the (anti)quark
PDFs over a sizeable (x, Q2 ) range. In the context of SUSY searches we consider the eﬀects of
employing threshold-improved PDFs in a consistent calculation at NLO+NLL of slepton pair
production cross sections. The calculations featuring a consistent resummation procedure both
at PDF and partonic matrix element level are accompanied by PDF and scale uncertainties,
and they provide a reliable and updated theoretical estimation for experimental data analyses
at the LHC Run-II.

1

Introduction

The LHC programme has recently entered in the Run-II stage, featuring an upgraded c.o.m.
energy of 13 TeV and aiming to achieve a high integrated luminosity in the next years and
furthermore during the following High Luminosity (HL) stage. In order to keep up with the
increasing statistical precision of experimental measurements, an impressive eﬀort has been made
on the theoretical side to provide higher order calculations, often including also the resummation
of large logarithmic contributions that appear in the perturbative expansion, such that in many
cases the remaining uncertainty is dominated by the determination of the Parton Distribution
Functions (PDFs). In this context, a precise determination of the PDFs will be a crucial point
for LHC physics, as well as their consistent employment in the theoretical calculations of cross
sections at next-to-leading order (NLO) and next-to-leading logarithmic (NLL) accuracy.
These two main points are considered in this work. In Sect. 2, we propose the inclusion of the
di-lepton ﬁnal state Forward-Backward Asymmetry (AFB) pertaining to the Neutral Current
(NC) Drell-Yan (DY) production channel, in the ﬁt of the PDFs. In Sect. 3 we consider a SUSY
BSM scenario and we study the eﬀect of adopting threshold-resummed improved PDFs in a
consistent calculation of the slepton pair production cross section at NLO+NLL.
a
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2

The Forward-Backward Asymmetry in the ﬁt of PDFs

In this section we consider the possibility of including the Forward-Backward Asymmetry (AFB)
observable in future ﬁts of the PDFs 2 . In Fig. 1 we compare the statistical and PDF errors
on the AFB and we recognise that when the former is smaller than the latter, a precise experimental measurement of the observable can improve the ﬁt of the PDFs, thus reducing its PDF
uncertainty. In the plot on the left are shown the two sources of uncertainties in the Run-I
setup. As visible the statistical indetermination is always of the same order or larger than the
PDF error, thus no improvement in the PDF ﬁt is to be expected due to the inclusion of this
data. In the plot on the right the same exercise is repeated for the Run-II c.o.m. energy and
for various stages of achieved integrated luminosity. In this scenario it is possible to deﬁne an
invariant mass interval where the statistical precision overcomes the PDF error.
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Figure 1 – Statistical and PDF uncertainties on the reconstructed A∗FB distribution for the LHC with c.o.m.
energy of 8 TeV (left) and 13 TeV (right). The blue band refers to the PDF uncertainty evaluated varying the
factorisation scale in the interval 0.5M < Q < 2M , while the dashed blue line (right plot only) represent the
choice Q = pT . The statistical error is obtained for diﬀerent integrated luminosities as speciﬁed in the legend.

Another interesting feature of the AFB resides in its sensitivity on the partonic content
of the proton which is parametrised diﬀerently in each PDF set. The AFB indeed depends
on the relative size of the u and d quarks contribution to the DY process. The diﬀerences in
the parametrisation of the quarks PDFs between the various sets is augmented in the high-x
region. Imposing a rapidity cut on the sample we select the di-lepton events arising with a large
boost, thus originating from the interaction between a valence quark with a large-x and a sea
anti-quarks with small-x.
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Figure 2 – A∗FB distribution in the invariant mass region around the Z peak at the LHC with c.o.m. energy of
13 TeV computed with the CT14NNLO and the NNPDF3.1 PDF sets. The error band represent the statistical
uncertainty computed for an integrated luminosity L = 300 fb−1 . A rapidity cut of |Y | > 0.8 (left) and |Y | > 1.5
(right) is imposed on the di-lepton system.

In Fig. 2 we are showing the predictions for the AFB obtained with the NNPDF3.1 1 and
the CT14NNLO 3 PDF sets. From left to right, we have applied a rapidity cut |Y | > 0.8 and
|Y | > 1.5 on the observable, while the statistical uncertainty bands have been computed for an
integrated luminosity L = 300 fb−1 . As visible the separation between the predictions of the
two PDF sets grows with the rapidity cut, thus an experimental measurement of the AFB in
these conditions can be used to resolve the correct parametrisation of the quark (anti-quarks)
PDFs in the high-x (low-x) region and to extract information on the u and d quarks content in
the proton.
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3

Threshold-resummed improved PDFs in slepton pair production cross sections

Searches for BSM physics will reach considerably higher sensitivity as the LHC machine will
operate at higher c.o.m. energy and luminosity. Impressive theoretical eﬀorts have been spent
to keep up with the increasing precision of experimental measurements, with the aim of providing reliable predictions for the relevant processes in the experimental analysis. This holds
also in the context of SUSY searches since nowadays the cross sections for many processes have
been calculated at NLO and beyond 4 . Also special resummation techniques have been established in order to take into account the contribution of logarithmic terms that appear in the
perturbative expansions of the cross sections to all orders. In this work we make use the public
code RESUMMINO 5 , which has been developed speciﬁcally for the calculation of resummed
cross sections at NLL precision for several SUSY processes, with the purpose of updating the
theoretical predictions for slepton pair production cross sections with NLO+NLL accuracy for
the c.o.m. energy of the LHC Run-II 6 .
A consistent calculation of the cross sections requires that the order in the perturbation expansion of the partonic matrix element of the hard process matches the one of the ﬁt of the PDFs
which are employed in the computation. For this reason we will adopt the threshold-resummation
improved PDFs provided by the NNPDF collaboration 7 . This particular set includes grids that
have been obtained using matrix elements calculated at NLO (NNPDF30 nlo disdytop) and
NLO+NLL (NNPDF30 nll disdytop) in the ﬁt of a reduced experimental data set, including
only Deep Inelastic Scattering (DIS), Drell-Yan and top pair production data. Consequently to
this reduction these PDF sets are generally aﬀected by a larger error with respect to the case of
globally ﬁtted PDFs.
We present our results in the form of a K-factor, following the prescription of Ref. 8 , which
is deﬁned as:
K=

σ(NLO + NLL)NLO global σ(NLO + NLL)NLO+NLL reduced
·
,
σ(NLO)NLO global
σ(NLO + NLL)NLO reduced

(1)

The purpose of this choice is two-fold. On one hand this deﬁnition allows to obtain (approximate)
central total NLO+NLL cross sections with NLO+NLL PDFs via
σ(NLO + NLL)NLL+NLO

global

= K · σ(NLO)NLO

global .

(2)

On the other hand we can rescale the (smaller) PDF error obtained from the global PDF
set directly on the K-factor such that it will be straightforward to estimate the uncertainty
on the consistent result at NLO+NLL. However in order to keep an important beneﬁt of the
resummation we will transfer on the K-factor the relative size of the scale uncertainty calculated
on the NLO+NLL result. We will also sum in quadrature the two (independent) sources of
uncertainty in order to obtain an overall theoretical error band.
In Fig. 3 we show the results for the diﬀerential (left) and integrated (right) cross section
of ﬁrst and second generation slepton pair production. The diﬀerential cross section has been
evaluated for one choice of the SUSY parameters which predicts a slepton mass of 564 GeV,
while the total cross section has been obtained for a range of slepton masses within the sensitivity
of the LHC by the end of the Run-II 9 . In the lower plots we show the K-factor as deﬁned in
Eq. 1 (red curve) and the ratio of the central values obtained with the reduced PDF sets ﬁtted
at NLO and NLO+NLL (blue dashed line). The latter highlights the eﬀect of the resummation
in the sole PDF ﬁt. Comparing these two curves we notice a partial compensation between the
eﬀect of the resummation within the PDFs and the partonic matrix element.
In Fig. 4 we repeat the same analysis for the case of third generation sleptons. The experimental searches for stau pair production yield less stringent limits on the mass of the SUSY
particles since they also require the reconstruction of the taus in the ﬁnal state 10 . Moreover
since in the stau sector large mixing is allowed, the experimental limits have been determined
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Figure 3 – Invariant-mass (left) and integrated cross section (right) distributions with their K-factors (lower
panels) according to Eq.(1) using the full expression (full red) and only its second, PDF-dependent part (dashed
√
blue line) for the pair production of left-handed selectrons/smuons at the LHC with s = 13 TeV.

Figure 4 – Same as in the right plot of Fig. 3 for the integrated cross section of stau pair production for two
mixing scenarios: totally right-handed (left) and maximally mixed (right).

assuming diﬀerent compositions of the mass eigenstates. We show our results assuming purely
right-handed staus and a maximal mixing respectively in the left and right plots of Fig. 4, since
the case of purely left-handed staus can be directly related to the results obtained above. For
what concerns the resulting K-factor we obtain similar results regardless of the stau mixing
because the QCD corrections turn out to be largely independent on the weak coupling structure
of the underlying partonic cross section and the dependence on the weak couplings cancels in
the ratios of Eq. 1. Similarly to the previous case, we observe a compensation between the eﬀect
of the resummation within the PDFs and the partonic matrix element.
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In this presentation we show the ﬁrst results of the study of parton pseudo-distribution functions on the lattice which is a novel method that can be used to extract parton distribution
functions employing ab-initio methods.

1

Introduction

A precise knowledge of Parton Distribution Functions (PDFs) is of utmost importance in order
to capitalize all the information collected by hadron colliders and to transform it into predictions
for Standard Model and beyond the Standard Model Physics. Factorization theorems, dictate
that the cross-sections of diﬀerent processes can be cast as the convolution of a part that can be
calculated within QCD perturbation theory and a PDF, that characterizes the hadronic target
involved, and thus is naturally non-perturbative. However PDFs, are deﬁned through matrix
elements of some bilocal operators on the light cone z 2 = 0 and therefore seem to be naturally
inaccessible for lattice simulations that are performed in Euclidean space. An important step
forward out of this deadlock was performed by X. Ji 1 who proposed the use of purely space-like
separations and introduced the concept of quasi-PDF that can be matched to the PDF with
the use of Large Momentum Eﬀective Theory. Quasi-PDFs have been studied extensively in the
literature 2 . Despite the promising ﬁrst results, some of the tantalizing issues that the quasi-PDF
approach faces is the fact that matrix elements with very large momentum need to be computed
and that the non-perturbative renormalization program is relatively complicated. A related and
very promising approach 3 was proposed by one of us (AR), and its ﬁrst lattice implementation
has been already performed 4 . Both previous approaches can be employed for the construction
of lattice cross sections to study partonic structure from lattice QCD simulations 5 .
2

Formalism

The starting point of our calculation is the equal time hadronic matrix element where the quark
and anti-quark ﬁelds are separated by a ﬁnite distance. The pertinent matrix element
Mα (z, p) ≡ p|ψ̄(0) γ α Ê(0, z; A)τ3 ψ(z)|p ,
a

Speaker.
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(1)

contains the 0 → z straight-line gauge link Ê(0, z; A) in the fundamental representation, the
ﬂavor Pauli matrix τ3 , and an appropriate gamma matrix γ a . One can decompose the matrix element as Mα (z, p) = 2pα Mp (−(zp), −z 2 )+z α Mz (−(zp), −z 2 ) . The twist-2 contribution can be
obtained in the limit z 2 → 0 from the Mp (−(zp), −z 2 ) part. When considering z = (0, 0, 0, z3 ),
α in the temporal direction, and the hadron momentum p = (p0 , 0, 0, p) the z α -part drops out.
The Lorentz invariant quantity ν = −(zp), is coined as the Ioﬀe time 6,7 . With these deﬁnitions
p|ψ̄(0) γ 0 Ê(0, z; A)τ3 ψ(z)|p = 2p0 Mp (ν, z32 ) .

(2)

We introduce the Ioﬀe time pseudo-PDF M(ν, z32 ) which can be matched to the regular PDF
f (x, μ2 ) at a scale μ2 = 4e−2γE /z32 . One can derive the scale dependence of the Ioﬀe time
pseudo-PDF from the DGLAP evolution of the regular PDFs. The evolution equation for the
Ioﬀe time pseudo-PDF reads


 1
αs
1 + u2
d
2
2
M(ν,
z
)
=
−
du
B(u)M(uν,
z
)
,
with
B(u)
=
,
(3)
C
F
3
3
2π
1−u +
d ln z32
0
where CF = 4/3, and B(u) is the LO evolution kernel for the non-singlet quark PDF 7 . In
principle one can use the matrix element of Eq. (2) in the small z3 limit in order to extract
the MS Ioﬀe time PDF I(ν, μ2 ), the Fourier transform of the PDF, according to M(ν, z32 ) =
C(ν, μ2 z32 , α)⊗I(ν, μ2 )+O(z32 ).3 Unfortunately, large O(z32 ) corrections forbid such an extraction.
It has been posited 3 that z32 corrections which are related to the transverse structure of
the hadron will hopefully cancel approximately if one constructs an appropriate ratio. One can
argue that M(ν, z32 ) ≡ Mp (ν, z32 )/Mp (0, z32 ) will have smaller O(z32 ) corrections and we will use
it to extract the Ioﬀe time pseudo-PDFs. This ratio is expected to have a well deﬁned continuum
limit and does not require renormalization.
3

Numerical Implementation

Our ﬁrst study was performed employing 500 quenched gauge conﬁgurations with a volume of
323 × 64 and a lattice spacing of 0.093 fm. The maximum nucleon momentum of our study
was 2.5 GeV. We calculate the relevant matrix elements by employing the methodology 8 using
an operator insertion given by Eq. (1). We calculate a nucleon two point function given by
Cp (t) = Np (t)N p (0), where by Np (t) we denote the helicity averaged, non-relativistic nucleon
interpolating ﬁeld of momentum p. Additionally, we calculate the correlator given by

0
(4)
Np (t)O0 (z, τ )N p (0) with O0 (z, t) = ψ(0, t)γ 0 τ3 Ê(0, z; A)ψ(z, t) .
CpO (z) (t) =
τ

Then the eﬀective bare matrix element
Meﬀ (z3 p, z32 ; t) =

O 0 (z)

O 0 (z)

Cp
(t + 1) Cp
(t)
−
,
Cp (t + 1)
Cp (t)

(5)

is deﬁned. It was shown 8 , that the desired matrix element J of Eq. (1) can be obtained
considering the limit of large Euclidean time separation.
In Fig. 1, we plot the ratio M(ν, z32 ) as a function of the Ioﬀe time ν. It is interesting to
observe that the data collapse approximately on the same curve (similarly for the imaginary
part). One plausible explanation of this phenomenon is an approximate factorization of the
transverse and longitudinal structure of the hadron. By considering the cosine Fourier transform
of the quark minus the antiquark distributions (denoted as qv (x)) one can obtain the real part
MR (ν) of the Ioﬀe-time distribution while the imaginary part of this distribution can be obtained
by the sine Fourier transform of the function q+ (x) = q(x) + q̄(x).
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Figure 1 – Real and Imaginary parts of M(ν, z32 ). The curves plotted for comparison are discussed in the text.

For eye-guidance and neglecting the anti-quark distribution, the Ioﬀe time distribution that
√
x(1 − x)3 is plotted. Despite the good
one obtains from the model PDF given by qv (x) = 315
32
agreement between the data plotted as a function of ν and the model curve there is still some
lingering z3 -dependence. It was argued 4 that one can expect that since diﬀerent values of z32 for
the same ν correspond to the Ioﬀe time distribution at diﬀerent scales. Next, we check whether
evolution can diminish or even get rid of this residual scatter, by solving the evolution equation
at leading order and checking how it aﬀects our data for energy scales larger than 500 MeV.
More speciﬁcally, we ﬁx the point z3 at the value z0 = 2a corresponding, at the leading logarithm
level, to the MS-scheme scale μ0 ∼ 0.8 GeV and evolve the rest of the points to that scale. In
Fig. 2 we plot the data for the reduced Ioﬀe time distribution before and after evolution and we
observe a signiﬁcant reduction of the residual scatter.
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Figure 2 – The ratio M(ν, z32 ) for for z3 /a = 1, 2, 3, and 4. : Top: Real part. Bottom: Imaginary part. LHS:
Data before evolution. RHS: Data after evolution. Evolution collapses all data to the same universal curve.

Finally, as a proof of concept we attempted a ﬁrst comparison of the evolved data for Re M
and compare them to recent results obtained from phenomenological studies performed by the
global ﬁtting community. In Fig. 3 we show the evolved data at the LHS and the comparison
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with the phenomenological curves on the RHS.
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Figure 3 – LHS: Data points for Re M (ν, z32 ) with z3 ≤ 10a evolved to z3 = 2a. RHS: uv (x) − dv (x) built from
the evolved data corresponding to the μ2 = 1 GeV2 scale; evolved to μ2 = 4 GeV2 .

4

Conclusions

We presented the ﬁrst results of the parton-pseudo distribution method as a means to extract
PDFs from lattice QCD. A particular ratio of the pertinent matrix element leads to a practical
method that one can adopt in order to obtain the PDFs in a lattice QCD computation. This
method has expedited convergence to the light-cone limit and a well deﬁned continuum limit.
The ﬁrst feasibility tests were carried out in the quenched approximation with relatively heavy
pions but despite the limitations of the ﬁrst study we demonstrated that already these data are
in a reasonable agreement with the phenomenological extractions of the PDFs and additionally
are consistent with the scale evolution of the PDFs. Having shown that a priori there are no
conceptual obstacles for the lattice community to deliver a PDF employing this method we plan
to address all the diﬀerent sources of systematic errors in our forthcoming publications.
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The importance of ln(1/x) resummation: a new QCD analysis of HERA data
Francesco Giuli
Particle Physics, Denys Wilkinson Buildingg, Keble Road, University of Oxford, OX1 3RH Oxford, UK
Fits to the ﬁnal combined HERA deep-inelastic scattering cross-section data within the conventional DGLAP framework of QCD have shown some tension at low-x and low-Q2 . A
resolution of this tension incorporating ln(1/x)-resummation terms into the HERAPDF ﬁts
is investigated using the xFitter program. The kinematic region where this resummation is
important is delineated. Such high-energy resummation not only gives a better description of
the data, particularly of the longitudinal structure function FL , it also results in a gluon PDF
which is steeply rising at low x for low scales, Q2 2.7 GeV2 , contrary to the ﬁxed-order (FO)
NLO and NNLO gluon PDF. This contribution is based on the results presented in Ref. 1 1 .

1

Input data sets

The input datasets in use are the ﬁnal combined e± p cross-section measurements of H1 and
ZEUS 2 (both from neutral-current (NC) and charged-current (CC) processes and for e+ p and
e− p scattering) and the HERA combined charm 3 from ZEUS and H1. The inclusion of charm
data in the ﬁt is useful to determine the optimal charm pole mass. Additionally, since they
extend to rather small values of x, they may be sensitive to ln(1/x) resummation eﬀects.
2

Fit strategy

The present QCD analysis uses the xFitter program 4,5 and is based on the HERAPDF2.0
setup. The quark distributions at the initial scale Q20 were represented by the generic form:
xqi (x, Q0 ) = Ai xBi (1 − x)Ci Pi (x),

(1)

where Pi (x) = 1 + O(x) deﬁnes a polynomial in powers of x. The parametrised quark distributions qi were chosen to be the valence quark distributions (xuv , xdv ) and the light anti-quark
distributions (xŪ = xū, xD̄ = xd¯+ xs̄). The gluon distribution was parametrised with the more
ﬂexible form:


(2)
xg(x) = Ag xBg (1 − x)Cg Pg (x) − Ag xBg (1 − x)Cg .
The normalisation parameters Auv and Adv were ﬁxed using the quark counting rules and Ag
using the momentum sum rule. The normalisation and slope parameters, A and B, of ū and
d¯ were set equal such that xū = xd¯ at very small x. The strange PDFs xs and xs̄ were
parametrised as xs = xs̄ = 0.4xD̄, representing a suppression of strangness with respect to the
light down-type sea quarks, but the input data are not sensitive to the fraction of strangeness.
The ln(1/x) resummation corrections are avaiable in the HELL code, which is a standalone code
that implements the resummation corrections to the DGLAP splitting functions P and to the DIS
coeﬃcient functions C (both massless and massive) up to next-to-leading-log accuracy in ln(1/x)
(NLLx). The scale at which PDFs are parameterised have been chosen to be Q20 = 2.56 GeV2
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as compared to 1.9 GeV2 of HERAPDF2.0. The reason is that the numerical computation of
ln(1/x)-resummation corrections may become unreliable at low scales due to the large value of
the strong coupling αS .
3

Results

0.8

Q2 = 3.0 GeV2
NNLO+NLLx
NNLO

0.7

10

xΣ(x,Q2)

0.9

xg(x,Q2)

xuV(x,Q2)

The eﬀect of ln(1/x) resummation on splitting functions and DIS coeﬃcient functions is more
dramatic at NNLO than at NLO 6 . In fact, the full calculation with NNLO+NLLx resummation
is closer to the NLO result than it is to the NNLO result. This is not accidental and is mostly
due to the perturbative instability of the NNLO correction to the splitting functions generated
by small-x logarithms 7 . Thus, to better assess the impact of the ln(1/x) resummation on the
original HERAPDF analysis, we only focus on NNLO ﬁts.
As well as evaluating uncertainties due to the experimental statistical and systematic errors we
have perfomed an exploration of model and parametrisation uncertainties as follows. We have
varied the charm mass (mc = 1.41, 1.51 GeV), the bottom mass (mb = 4.25, 4.75 GeV), the
strong coupling αS (m2Z ) (ΔαS = ±0.002), the strangeness fraction (fs = 0.3, f 0.5), the initial
scale (Q20 = 2.88 GeV2 ), and the Q2 cut on the data (Q2min = 2.7 GeV2 , 5 GeV2 ).
Furthermore, parametrisation uncertainties have been explored by adding extra terms to the
polynomials Pi (x) of Eq. 1. The only noticeable diﬀerence comes from the addition of a linear
term to the polynomial PuV (x) of the valence up quark PDF. The largest contribution to the
uncertainty on the gluon distribution arises from the variation of the Q2min cut to 5 GeV2 .
Interestingly, this uncertainty is reduced for the ﬁt with ln(1/x) resummation, due to reduced
tensions with the data.
Fig. 1 shows a comparison of PDFs with and without ln(1/x) resummation at Q2 = 3 GeV2 .
This ﬁgure displays also the full uncertainty bands. When resummation is included, both the
gluon and the total singlet PDFs rise towards low x, in contrast to the behaviour of the gluon
when resummation is not included.
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Figure 1 – The up valence PDF xuv , the gluon PDF xg and the total singlet PDF xΣ for the ﬁnal ﬁts with
(NNLO+NLLx) and without (NNLO) ln(1/x) resummation.

The χ2 values for the ﬁts are summarised in Tab. 1. There is a decrease of 73 units in
when the ln(1/x) resummation is used. Most of this diﬀerence is coming from the highly
accurate NC Ep = 920 GeV data which probe the low-x and low-Q2 region and are thus most
sensitive to ln(1/x) resummation (413/377 to be compared to 446/377). As expected, a decrease
in χ2 has been also observed in the NC Ep = 820 GeV (65/70 for the NNLO+NLLx ﬁt vs. 70/70
for the FO NNLO ﬁt) and in the charm data (49/47 vs. 48/47), which are also expected to have
some sensitivity. Other data sets entering the ﬁt probe higher x and Q2 and their χ2 are not
signiﬁcantly changed. In Fig. 2 the ﬁt results are compared to the NC Ep = 920 GeV inclusive
reduced cross-section data in the lowest Q2 bins included in the ﬁts. It is evident that for the
ﬁt including ln(1/x)-resummation eﬀects, not only the initial description of the data is better,
χ2
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Table 1: Total χ2 per d.o.f. for the PDF ﬁts to HERA inclusive and charm data with the new settings. Also
shown are the contributions to the χ̃2 /n.d.p from the correlated shifts and the log terms.

NNLO+NLLx ﬁt
with new settings
1373/1178
77
11
−3
−1

1.4 e+p → e+X (NC)

σred

σred

1.4 e+p → e+X (NC)
1.2
1
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0.6
0.4
HERA1+2 Data Q2 = 2.7 GeV2
0.2
δ uncorrelated
0
δ total
NNLO+NLLx
−0.2
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−0.4
1.2
1.1
1
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0.001
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x
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Figure 2 – The HERA NC Ep = 920 GeV data compared to the ﬁts with and without ln(1/x) resummation for
the Q2 = 3.5, Q2 = 3.5 and 4.5 GeV2 bins.

but also the correlated shifts are smaller and this is one of the reasons why the χ2 of the ﬁt is
signiﬁcantly smaller. In particular, it is evident that the low-x turn-over of the measurements is
better reproduced by the ﬁt that includes ln(1/x) resummation, which in turn explains the big
reduction of the χ2 . This is a direct consequence of the steeper gluon at low x (see Fig. 1) which
makes FL larger at low x causing a more pronounced turn-over of the reduced cross section,
deﬁned as follows:
y2
FL ,
(3)
σred = F2 −
Y+
where F2 and FL are the structure functions related to the parton distributions 8 , Y+ = 1+(1−y)2
and y = Q2 /(sx).
This point is also illustrated in Fig. 3 where the H1 FL measurement is compared to the
theoretical predictions of FL with and without ln(1/x). It is clearly visible that the description of
this data set is improved in the former case thanks to the fact that ln(1/x)-resummed predictions
for FL are larger at low x.
The results presented so far indicate that the improvement of the description of the HERA
data when including ln(1/x) resummation is driven by the low-x and low-Q2 data. We can also
delineate the kinematic region responsible for the improvement more precisely. To do so, we
have performed χ2 scans in Q2min with no cut in x, and in xmin (where xmin is the minimum
value of Bjorken x allowed in the ﬁt) ﬁxing Q2min = 2.7 GeV2 . Furthermore, an additional χ2
scan in ymax has been done, excluding from the ﬁt data with y > ymax . The χ2 scans as a
function of Qmin , xmin and ymax allow us to delineate the region of the (x, Q2 )-plane in which
ln(1/x) resummation is important.a Fig. 3 displays a zoom of the low-x and low-Q2 kinematic
region covered by the HERA1+2 inclusive and charm data at Ep = 920 GeV. The green shaded
area indicates the region such that x < 5 · 10−4 , 2.7 GeV2 < Q2 < 15 GeV2 , and 0.4 < y < 1
a
The actual plane over which the constraint acts is the (x, Q2 /s)-plane. However, for simplicity in the following
√
we will only consider the Ep = 920 GeV inclusive and the charm datasets that were both taken at s = 318 GeV.
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√
(assuming s = 318 GeV) determined by combining the results of the scans discussed above.b
This provides an estimate of the region where ln(1/x) resummation provides a signiﬁcantly
better description of the HERA data as compared to FO predictions.

Figure 3 – Left: The H1 measurement of FL compared to the predictions with and without ln(1/x) resummation;
Right: Scatter plot of the low-x and low-Q2 kinematic region covered by the HERA1+2 inclusive data and charm
data at Ep = 920 GeV. The green shaded area indicates the region in which ln(1/x) resummation has a signiﬁcant
eﬀect.

4

Conclusion

In conclusion, ln(1/x) resummation provides a substantial improvement in the description of the
precise HERA1+2 combined data and it overcomes a major disadvantage of the FO analyses,
namely a decreasing gluon PDF at low x and Q2 . It represents an alternative to the addition
of higher-twist terms 9,10,11 and does not suﬀer from the pathological features of some of these
analyses 9 .
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In fact, given the range in y, the constraint on x has no eﬀect on the shaded area.
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QCD Results from the Tevatron
Christina Mesropian
on behalf of the CDF and D0 collaborations
The Rockefeller University,
New York, NY USA

We present results from soft and hard QCD studies at the Tevatron. The recent study of
√
central exclusive π + π − production at s = 900 and 1960 GeV is discussed, as well as results
on multi-parton interaction (MPI) for diﬀerent ﬁnal states, including ﬁnal states consisting of
heavy ﬂavor mesons, J/ψ and/or Υ. Finally, the measurement of Z → bb jets is presented.

1

Introduction

The Fermilab Tevatron, pp̄ collider with superconducting magnets operated from 2001 to 2011
at a center of mass energy of 1.96 TeV (Run II). The CDF and D0 detectors each recorded
approximately 10 fb−1 of collision data in Run II. QCD studies at the Tevatron contributed
signiﬁcantly to the major progress in understanding the strong interactions. Almost 7 years after
the Tevatrons ﬁnal shutdown in September 2011, new interesting results from both collaborations
address various aspects of QCD theory, providing rigorous tests of predictions for hadron colliders
and reducing uncertainties for the most problematic parts of the theory.
2

Central Exclusive Production

Central exclusive production is deﬁned as the class of reactions p + p̄ → p + X + p̄, where the
colliding particles emerge intact and a produced state X is separated from the leading particles
by large rapidity gaps. These processes have been the subject of much interest in the recent years,
√
√
particularly for large s, where the rapidity range Δytotal = 2 × ln s/mp =15.3 at the Tevatron
allows the possibility of large rapidity gaps produced between state X and proton and antiproton.
The CDF experiment previously published results on the ﬁrst observations of exclusive dijet
production, exclusive di-photon production, photon-pomeron interactionsa (γ + pomeron →
J/ψ, ψ(2S)) as well as exclusive productions of χc by double pomeron exchange (DPE), see
review 1 for additional information. One can consider DPE as a quantum number ﬁlter, favoring
a

the pomeron is a hypothetical object with the quantum numbers of the vacuum
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Figure 1 – (a) Diﬀerential cross section dσ/dM (ππ) for two charged particles, assumed to be π + π − , with pT >
0.4 GeV/c, | η |<1.3 and | y(ππ) |<1.0 between two rapidity gaps 1.3<| η |< 5.9. Red(black) points correspond
√
to 0.9(1.96) TeV data; (b) Ratio of cross sections at s=0.9 and 1.96 TeV.

states having valence gluons, such as glueballs, i.e., hadrons with no valence quarks. Such states
are expected in QCD, but their existence is not established.
√
The results 2 discussed here use the CDF data from 2 diﬀerent s (900 and 1960 GeV),
comprised from events with two charged particles, each with | η |<1.3 and pT >0.4 GeV/c, and
no other activity above noise levels in the full detector up to | η |=5.9. The noise levels are
determined for each sub-detector using bunch-crossing (zero-bias) triggers in which no tracks or
√
CLCb hits are detected. The cross section 1 at s = 1.96 TeV shows a sharp decrease at 1000
MeV/c2 (for pT (ππ) > 1 GeV/c), a strong f2 (1270) resonance, and indications of other features
of uncertain origin at higher mass. The cross section at 0.9 TeV is similar in shape but higher by
a factor of 1.21.6. As the production is expected to be dominated by double pomeron exchange,
selecting isospin I =0 and spin J =0 or 2 states, the data can be used to further our knowledge
of the isoscalar mesons.
3

Studies of Multiple Parton Interactions (MPI)

The CDF and D0 collaborations comprehensively studied the phenomenon of MPI. These studies
become increasingly important at higher center of mass energies. The events with double parton
scattering (DPS) provide insight into spatial distribution of partons in the colliding hadrons.
They also can be a background to many rare processes. DPS results are usually interpreted
A
B
AB = m σSP S σSP S , where m is the combinatorial factor and equal 1
in terms of a formula σDP
S
2
σef f
for identical states A and B and equal 2, when A = B. σef f is related to the parton spatial
distribution. Experimentally, the determination of σef f is based on the percentage of identiﬁed
DPS events. The latter is extracted based on topological considerations which involve a proper
understanding of topologies expected in SPS.
The D0 collaboration has studied 3 DP events in γγ + 2jets ﬁnal state in which two pairs
of partons undergo two hard interactions in a single pp̄ collision, see Figure 2(left) for depiction
of key discriminant ΔS, an azimuthal angle between diphotons and dijets, and Figure 2(right)
representing ΔS distribution in the data in comparison with DP and SP models. The result,
σef f = 19.3 ± 1.4(stat) ± 7.8(syst)mb, is compatible with previous CDF and D0 results for DPS
events in 4 jets, photon+3 jets ﬁnal states.
b

Gas Cherenkov luminosity counters providing rapidity coverage from 3.7 to 4.7
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Figure 2 – (left) Pictorial representation of the key discriminant ΔS, relative to orientation of photon and jet
transverse momenta vectors in γγ + dijet events. Vectors qT1 and qT2 are the pT imbalance vectors of diphoton
and dijet pairs respectively. (right) The ﬁt of data ΔS distribution with SP and DP templates to extract the
DP fraction. The black points correspond to data, red boxes correspond to the DP signal model normalized to
the DP fraction obtained from the ﬁt, and the blue triangles are the SP background template normalized to its
fraction (1 − fDP ). The pink open boxes correspond to the sum of the signal and background (total).

The D0 collaboration also measured 4 for the ﬁrst time the simultaneous production of J/ψ
√
and Υ (1S, 2S, 3S) in pp̄ collisions at s=1.96 TeV. This production is expected to be dominated
by DP interactions, with production through SP being suppressed by additional powers of αs .
Because of the dominance of gg interactions in producing heavy quarkonium states, the spatial
distribution of gluons in a proton is directly probed by the DP scattering rate. In contrast,
the DP studies involving vector bosons and jets probe the spatial distributions of quark-quark
or quark-gluon initial states. The result of σef f = 2.2 ± 0.7(stat) ± 0.9(syst)mb is in good
agreement with the previous D0 result for double J/ψ ﬁnal state and lower than results for the
ﬁnal states that are produced predominantly by q q̄, and qg processes.
4

Studies of Z → bb jets

CDF has collected 5.4 fb−1 of pp̄ events using the dedicated trigger path which required a
displaced vertex compatible with a b-hadron decay. This unique dataset 5 is used to search for
Standard Model Z and Higgs resonances decaying into a pair of b-jets. The Z production cross
section times the bb̄ branching ratio is measured by extracting Z → bb̄ events from a ﬁt to the
dijet invariant mass distribution, where the dominant QCD b-jet background is estimated by a
data-driven technique to minimize the dependence of the analysis on the Monte Carlo simulation.
The measured cross section is σ(pp̄ → Z) × B(Z → bb̄) = 1.11 ± 0.08(stat) ± 0.13(sys) nb. The
analysis technique is used on the same dataset to search for H → bb̄. No signal is found and
an upper limit on the pp̄ → H → bb̄ cross section is set at 95% C.L. resulting on 33 times the
expected Standard Model value, see Figure 3.
In addition, CDF performed a search 6 for a narrow neutral scalar particle φ decaying into
b-quark jets in multi b-quark jets ﬁnal states. Since an inclusive search is diﬃcult due to large
multi-jet backgrounds, the analysis relies on the case where the φ boson is produced in association
with one or more b-quarks. Final states with at least three b-quark jets represents a powerful
search channel, with the third b-quark jet providing additional suppression of the large multi-jet
background. The diﬀerent initial production state and the lower center of mass energy with
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Figure 3 – (top) Invariant mass distribution of the double tagged data sample with the result of the ﬁt In red
the ﬁtted Z → bb̄, in blue the Bb + Cb, and in green the bB + bC background. Capital letter indicates the b-tag
trigger jet. (bottom) Observed (black solid line) and expected (black dashed line) CLs as function of the cross
section times the branching ratio normalized to SM H → bb̄.

respect to LHC makes this search competitive with the LHC measurements especially in the low
b-quark jets invariant mass region. No hint of deviation from the SM background expectations
has been observed.
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A short overview of the recent soft QCD measurements in proton-proton collisions at the Large
Hadron Collider from the ATLAS and CMS collaborations is presented. The inelastic cross
section measurement by CMS at 13 TeV is summarised. The contribution of the diﬀractive
processes to the very forward photon spectra studied by ATLAS and LHCf is discussed. The
ATLAS measurements of the exclusive two-photon production of the muon pairs is presented
and compared to the previous ATLAS and CMS results.

1

Introduction

Study of proton-proton (pp) scattering at the high centre-of-mass energy is the main goal of
LHC 3 experiments. Both ATLAS 1 and CMS 2 Collaborations perform measurements of Standard
Model processes and conduct searches for new physics phenomena at the new energy frontier.
Furthermore, LHC experiments are preparing the detectors upgrades for the high-luminosity
LHC, where up to 200 simultaneous proton-proton collisions are foreseen. All these rely on
the precise description of the non-perturbative eﬀects in Monte Carlo simulations of detectors.
Therefore, measurements of the soft QCD processes are an important ingredient of the success of
Run-2 physics programs as well as the future studies towards the Phase-1 and Phase-2 upgrades.
2

Inelastic cross section measurement

Inclusive hadron-hadron cross sections are fundamental observables in high-energy particle, nuclear, and cosmic ray physics, and have been measured in experiments covering many orders
√
of magnitude in center-of-mass energy, s. The CMS measurement 4 based on pp collision
√
data collected, during several running periods with low pileup in 2015 at s = 13 TeV with
CMS forward calorimeters HF and CASTOR, covering pseudorapidities −6.6 < η < −3.0 and
+3.0 < η < +5.2, is summarised in Fig. 1. These detectors provide sensitivity to a large part
of the total inelastic cross section, including diﬀractive events with dissociated protons that
produce particles only at forward rapidity. The presence of the CASTOR calorimeter in the
B = 0 T data sample allows a larger coverage of the phase space for inelastic pp collisions.
Copyright 2018 CERN for the beneﬁts of the ATLAS and CMS Collaborations. CC-BY-4.0 license.
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The CMS data acquisition system was triggered by the presence of both beams in the
interaction point (”zero bias“). Additional triggers requiring the presence of only one beam or
no beams were used to study beam-gas, electronic noise, and other backgrounds.
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Figure 1 – Proton-proton inelastic cross section at s = 13 TeV in two phase space regions 4 , where ξ = M 2 /s,
compared to diﬀerent models and to the ATLAS result 5 .

An inelastic cross section of 67.5 ± 0.8(syst) ± 1.6(lumi) mb is obtained for ξ = M 2 /s > 10−6
(corresponding to M > 13 GeV), with M the larger of MX and MY , where MX and MY are
the masses of the diﬀractive dissociation systems with negative and positive pseudorapidities,
respectively, consistent with a previous measurement in the same phase space 5 . In addition, an
inelastic cross section of 68.6 ± 0.5(syst) ± 1.6(lumi) mb is obtained in the enlarged phase space
ξX > 10−7 or ξY > 10−6 (corresponding to MX > 4.1 GeV or MY > 13 GeV). The measured
cross sections are smaller than those predicted by the majority of models for hadron-hadron
scattering. In contrast, the same models generally describe reasonably well the measurements
√
of the total inelastic cross section at s = 13 TeV 5,6 . Given that the diﬀerence between the
two sets of measurements is dominated by the contribution from low-mass diﬀractive processes,
the data-model discrepancies observed here suggest a theoretical underestimation of the cross
section for such events.
3

Diﬀractive processes contribution to the photon production

The LHCf 7 experiment consists of two independent detectors, called Arm1 and Arm2, installed
at ±140 m from the ATLAS IP. The combined data-taking of the ATLAS and LHCf experiments,
where ATLAS inner tracker is used to veto central charged-particle activity and LHCf detector
is used to measure photons in the high rapidity range allows to study the diﬀractive events and
provide precision constraints on the modelling of these processes 8 .
The forward photon energy spectra measured by the LHCf-Arm1 detector are shown in
Fig. 2, separately for region A (η > 10.94, φ < 180◦ ) and region B (8.81 < η < 8.99, φ < 20◦ ),
and both for the Nch -inclusive and Nch = 0 regions. In region A, the NγNch =0 photon energy
spectrum observed in data is much harder than the inclusive-photon spectrum at the photon
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Figure 2 – Forward photon energy spectra 8 measured by the LHCf-Arm1 detector in the regions (left) A and
(right) B. Filled circles show the inclusive-photon spectra 9 . Filled squares indicate the spectra for Nch = 0 events.
Coloured lines indicate model predictions with (dashed lines) and without (solid lines) the Nch = 0 requirement.

energies below 3 TeV, whereas the NγNch =0 and inclusive photon spectra have similar slopes in
region B.
The results are compared to predictions based on several hadronic interaction models: EPOSLHC, QGSJET-II-04, SYBILL 2.3, and PYTHIA 8.212DL. Predictions from EPOS-LHC generally show best agreement with data. At photon energies above 2 TeV, the PYTHIA 8 predicts
signiﬁcantly higher ratio than observed in data. This indicates that the large discrepancy between PYTHIA 8 and data in the high-energy photon region 9 can be due to overestimation of
the diﬀractive dissociation process in PYTHIA 8. The QGSJET-II-04 and SYBILL 2.3 models
predict a relative rate of inclusive and NγNch =0 productions that is much lower than observed in
data in both A and B regions. This suggests that QGSJET-II-04 and SYBILL 2.3 predict a too
small contribution of low-mass diﬀractive events to the forward photon energy spectrum.
4

Exclusive γγ → μ+ μ− production

Rare photon–photon induced (γγ) interactions in pp collisions can be studied at the LHC with
suﬃcient precision due to high centre-of-mass energy and high integrated luminosity.
The exclusive production process competes with the two-photon interactions involving singleor double-proton dissociation. The electromagnetic break-up of the proton typically results in
a production of particles at small angles to the beam direction, which can mimic the exclusive
process. However, the proton-dissociative processes have signiﬁcantly diﬀerent kinematic distributions compared to the exclusive reaction, allowing an eﬀective separation of the diﬀerent
production mechanisms.
The exclusive γγ → μ+ μ− contribution is extracted from data by performing a binned
maximum-likelihood ﬁt to the measured dimuon acoplanarity (1−|φμ+ μ |/π) distribution 10 . The
acoplanarity variable is not aﬀected by the muon momentum scale and resolution uncertainties
and provides a good separation of signal from background.
excl.ﬁd.
The ﬁducial cross section is measured to be σγγ→μ
+ μ− = 3.12 ± 0.07(stat.) ± 0.14(syst.)
EPA
pb. This value can be compared to the bare EPA predictions from Herwig, σγγ→μ
+ μ− =
3.56 ± 0.05 pb, to the EPA predictions corrected for absorptive eﬀects using the ﬁnite-size
EPA,corr
parameterisation, σγγ→μ
+ μ− = 3.06 ± 0.05 pb.
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The comparison between the measured diﬀerential cross sections and the theoretical predictions is shown in Fig. 3. The EPA predictions corrected for absorptive eﬀects are in good
agreement with the measured cross sections.
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Figure 3 – (left) The exclusive γγ → μ+ μ− diﬀerential ﬁducial cross section measurements 10 as a function of
dimuon invariant mass mμ+ μ− . (right) Comparison of the ratios of measured and predicted cross sections to the
bare EPA calculations as a function of the average dimuon invariant mass scaled to the proton-proton centre-ofmass energy used. Full circle 10 , open circle 11 , up-triangle 12 and down-triangle 13 represent the mass points from
several exclusive muon pair production measurements with diﬀerent requirements on the dimuon invariant mass.

It is expected that absorptive eﬀects in two-photon interactions in pp-collisions depend on
the proton energy fractions passed to the quasi-real photons. Therefore, it is interesting to
study the evolution of the ratio of the measured cross section to the bare EPA predictions,
as a function of the average dimuon invariant mass, as shown in Fig. 3. The mμ+ μ−  for
diﬀerent measurements is calculated using the Herwig generator and corresponding ﬁducial
region deﬁnitions. The deviations from unity of the ratios of measured cross sections to the
√
bare EPA-based predictions from Herwig increase slightly with the energy scale mμ+ μ− / s,
indicating the increase of the size of the absorptive corrections with increasing energy scale. The
measurements are also compared to two model predictions that diﬀer in the implementation of
the absorptive corrections. While the ﬁnite-size parameterisation of absorptive eﬀects describes
the data reasonably well, mismodelling at the level of 10–20% is observed with SuperChic2 14 .
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MULTIPLICITY AND UNDERLYING EVENT IN ALICE:
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Via Pietro Giuria 1, 10125 Torino, Italy
With the high collision energies at the LHC, the contributions to particle production from
hard-QCD processes increase, but it remains dominated by soft-QCD processes. Such processes challenge the theoretical models, since they are described by non-perturbative phenomenology. A selection of the most recent ALICE measurements of charged-particle multiplicities and the Underlying Event will be presented, focusing on model comparisons. A
summary of the current understanding of soft-QCD processes will be discussed, evaluating
possible ways to further constrain theory.

1

Introduction

For the majority of the processes observed at the LHC non-perturbative aspects are involved.
Of speciﬁc interest are Multiple Parton Interactions (MPI) that refer to the presence of more
than one hard collision, with high transverse momentum pT . In the following, measurements of
charged-particle multiplicities and the Underlying Event (UE), constituted by semi-hard and soft
events, will be presented and discussed, highlighting model comparisons. ALICE is constituted
by 18 diﬀerent detector systems and has good momentum resolution and excellent particle
identiﬁcation. The experiment is described elsewhere 1 .
2

Underlying Event

The measurement of the UE observables is crucial to separate soft and hard processes as a
function of the leading track, i.e. the track with highest transverse momentum. Measurements
√
from ALICE exist for pp collisions at s = 0.9, 7 TeV and 13 TeV 2 . Figure 1 shows the
results for the average charged-particle density as a function of the pT of the leading track for
toward (left) and transverse (right) regions. For the toward and away regions with respect to
the leading track, where the fragmentation products from hard scattering are accumulated, the
average particle density increases monotonically. The UE is probed in the transverse region, in
which the particle density grows up to a few GeV and then ﬂattens forming a plateau. This
ﬂattening can be attributed to the insigniﬁcance of the hard processes to the particle density at
high leading-track pT , while at low leading-track pT the particle density is inﬂuenced by hard
processes (and eventually by MPI).
3

Particle multiplicities

Particle multiplicities are essential as a reference for other measurements and for tuning theoretical models. Both the pseudorapidity density dNch /dη and the probability P(Nch ) of charged
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√
particles have been measured by ALICE in proton–proton, pp, collisions at s = 0.9 to 8 TeV 3
4
and at 13 TeV . Figure 2 top left shows the dNch /dη as a function of the pseudorapidity in
multiplicity slices derived from the V0 detector amplitude for high-multiplicity triggered data.
On the top right plot, a comparison with Monte Carlo models is performed, PYTHIA 8 5 with
Colour Reconnection, PYTHIA 6 Perugia 2011 6 and EPOS LHC 7 agree well with the data. On
the bottom right panel of Fig. 2, the dNch /dη distribution as a function of the pseudorapidity
√
η in the laboratory system is shown for proton–lead, p–Pb, collisions at sNN = 8.16 TeV. The
number of charged particles is higher in the Pb-going side, at positive η. In general, models
show a good agreement in the Pb-fragmentation side 8,9,7 . In the p-going side, theoretical calculations that assume gluon saturation, MC-rkBK 10 and KLN 11 , reproduce the distribution
better. On the bottom left, dNch /dη at midrapidity is scaled by half the average number of
√
participants calculated with a Glauber model as a function of sNN . Since the contribution
from diﬀractive processes is negligible, the pA points agree with the pp inelastic event class.
The rise of AA points is much steeper with respect to pp and pA. ALICE has measured the
pseudorapidity density also for lead–lead 12 and xenon–xenon collisions 13 , probing diﬀerent system sizes and collision species, showing that the centrality-dependence distribution for the two
diﬀerent systems agrees up to the 10% most central collisions.
4

Multiplicity-dependence studies

Strangeness enhancement has been used as an observable to test the formation of the Quark–
Gluon Plasma in heavy-ion collisions 14 . Nevertheless, ALICE has observed an enhancement
also in high-multiplicity pp collisions when measuring the yields of strange particles 15 . While
theoretical models are successfully describing particle multiplicity and the UE, they fail in the
description of the multiplicity dependence of strange hadrons, as can be seen in Fig. 3 left.
The DIPSY model 18 , which contains the colour ropes formalism, reproduces better the data.
In Fig. 3 right, instead, the J/Ψ yields are presented as a function of multiplicity for p–Pb
collisions 17 . One can observe that the yields grow faster than the diagonal for the midrapidity
region (hint of multiplicity and MPI saturation), while for the forward rapidity region, where
the interaction is softer, there is a hint of saturation in the J/Ψ relative yield.
5

Summary

The charged-particle multiplicities and UE observables are described by models up to 10-20%.
This is a good achievement given the complexity of non-perturbative soft-QCD description. Several measurements, like the UE and the J/Ψ meson yields as a function of the multiplicity, hint
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Figure 2 – Top left: Pseudorapidity density of charged particles measured for pp collisions at s = 13 TeV in
forward multiplicity slices. Top right: Monte Carlo comparisons to relative pseudorapidity density. Bottom left:
√
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dNch /dηlab in p–Pb collisions at sNN =8.16 TeV. Bottom right: dNch /dη at midrapidity as a function of sNN .

to saturation of MPI at high multiplicity and high pT . Progress has been made in the description
of the multiplicity dependence of strange hadron production, but the models are still challenged.
The multiplicity and UE measurements have signiﬁcantly improved our phenomenological understanding of high-energy collisions. Nevertheless, further constraints can still be posed, e.g.
probing QCD using the UE to test non-perturbative dynamics excluding the hard sector.
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Pb–Pb collisions. Right: Relative yield of inclusive J/Ψ mesons as a function of relative multiplicity 17 .
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QCD with jets and photons at ATLAS and CMS
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Jets and photons are abundant messengers sensitive to QCD interactions and the structure
of hadrons at the LHC. In this note recent results from the ATLAS and CMS Collaborations
in proton-proton and proton-lead collisions are summarized. Major progress is being made in
the observations and the understanding of those objects. Detailed QCD interpretations are
possible today to an accuracy of about 5%. With full NNLO prediction becoming available in
the close future another step in precision is getting in reach. Further work is also needed in
improving the understanding of non-perturbative and soft eﬀects in particular for multi-ﬁnal
states, and to keep up with the signiﬁcant experimental and theoretical progress.

1

Introduction

The precision of measurements of jets and photons at the CERN LHC makes tremendous
progress, and the complexity of observables and ﬁnal states is more and more increased. The
current status of jet and photon measurements by the ATLAS 1 and CMS 2 Collaborations is
presented here. The comparison to theory predictions and modelling can in some cases already
make statements on the order of 5% accuracy. Further improvements are expected with upcoming full NNLO event generation, combined with simultaneous better understanding of soft and
non-perturbative contributions.
2

Review of measurements

In particular for the measurement of inclusive jet and photon production the data can typically
be well described by NLO model predictions when they are combined with electroweak and nonperturbative corrections. A powerful demonstration of this are the double-diﬀerential inclusive
jet cross section measured at 8 TeV 3 , see Fig. 1. In the detailed analysis of inclusive jet and
di-jet production 4 it is found that NLO predictions describe individual distributions well, with
quantitative p-values on the order of ≈ 1%, while on a global level there remains tension. For the
same data it is found that the NNLO predictions simulated with scale pjet
T are better compared
.
However,
these
NNLO
modelling
uncertainties can not
to the ones simulated with scale pmax
T
yet be fully determined, making a quantitative analysis not feasible at the moment on this level.
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Figure 1 – The double diﬀerential jet distributions over a very wide pT −range measured by CMS 3 .
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Figure 2 – Photon+heavy ﬂavor jet production with photon in forward direction measured by ATLAS 6 .

Furthermore, the analysis of photons+jet events illustrates good agreement with NLO predictions 5 , whereas already the measurement of a photon plus one heavy-ﬂavor jet illustrates
obvious shortcomings of the NLO predictions 6 , since the models systematically underestimate
γ
the cross sections at higher ET
values, see Fig. 2. This becomes more obvious in the tri-photon
ﬁnal state, where the NLO predictions consistently remain about a factor of 2 below the measurements 7 . Also the study of correlations in multi-jet ﬁnal states, with up to four jets, clearly
reveals the various shortcomings of existing event generators 8 . Here the HERWIG7 NLO predictions are overall best, but none of the generators describe the data to a reasonable level. It
is shown that this result is in particular sensitive to the modeling of parton showers.
If the measurements are analysed on inclusive level, fundamental conclusions can be derived
from this on the level 5% accuracy. This has been exploited by various determinations of the
strong coupling constant αS using diﬀerent methods 11,3 . But also impressive constraints on the
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parton density functions in the proton have been obtained 12 . The parton density of gluons at
high values of x can be considerably better understood when LHC jet data is included in the
analysis together with HERA data.

Figure 3 – The groomed jet structure measured by ATLAS 9 showing a mismatch of NLO predictions in the soft
region.

p+Pb/Pb+p ratio

Dedicated measurements with increased sensitivity to non-pQCD eﬀects indicate the need
to also better understand non-perturbative and soft eﬀects. The analysis of jet sub structure
reveals the need for non-perturbative contributions in the domain more sensitive to soft physics 9 .
However, otherwise these data are well described by NNLL predictions, c.f. Fig. 3. Also the
measurement of the jet charge is an interesting probe 10 . Finally, also the measurement of veryforward directed jets is in particular sensitive to soft QCD and low-x eﬀects. A measurement of
the inclusive jet cross section in −6.6 < η < −5.2 in proton-lead collisions (see Fig. 4) illustrates
a major opportunity to signiﬁcantly improve model predictions 13 and learn about the very low-x
QCD dynamics as well as soft contributions in this phase-space.
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Figure 4 – Inclusive very-forward jet production in proton-lead collisions. Shown is the ratio between jet production
in proton-lead relative to lead-proton in CMS/CASTOR 13 .
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3

Conclusion

NLO predictions with non-perturbative and EW corrections are able to well describe data in
huge phase-space regions. Detailed QCD interpretations are possible to an accuracy of about
5%. NNLO predictions with full uncertainties are needed to make the next step, and this will
have a huge potential to enter true precision QCD interpretation at LHC.
Soft and non-perturbative eﬀects are typically described better by event generators compared
to NLO model predictions. Some work is needed in non-perturbative physics to keep up with
the increased level of precision in particular for multi-ﬁnal states, and other more complex
observables.
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We discuss the numerical unitarity method for the computation of two-loop scattering amplitudes relevant for LHC phenomenology. We extend one-loop technologies by making use
of novel ideas such as a geometric construction of surface terms and ﬁnite ﬁeld numerics.
Recently the method has been employed to perform the ﬁrst reduction of the leading-colour
two-loop ﬁve-gluon scattering amplitudes to master integrals.

1

Introduction

Experiments at the LHC have entered a new phase of measurement where the Standard Model
will be probed with an unprecedented level of precision. The success of this program requires
theoretical predictions that match these experimental precision targets - at the percent level for
many observables. In practice, this means an increasing number of QCD processes must be evaluated at NNLO accuracy. In recent years, signiﬁcant progress in the handling of real radiation
has led to the calculation of several 2-to-2 processes at NNLO. For processes with more particles
or jets in the ﬁnal state, one of the bottlenecks is the evaluation of the virtual contributions,
which requires the evaluation of complex multi-scale two-loop scattering amplitudes. Modern
amplitude calculations are based on the reduction of an amplitude into a linear combination
of so-called master integrals. At one loop, the basis of master integrals is known for generic
processes and the reduction for high-multiplicity one-loop matrix elements is now largely automated. At higher loops, the reduction to master integrals is still an obstacle for high-multiplicity
processes. In this talk, we discuss a method for the reduction of two-loop multi-leg amplitudes,
numerical unitarity, which builds on the successes of the one-loop programme. We will discuss
its recent application in obtaining the ﬁrst complete reduction of a ﬁve-point two-loop QCD
amplitude to a minimal set of master integrals 1 .
2
2.1

Numerical Unitarity
Principles of numerical unitarity

The starting point of a numerical unitarity algorithm is to consider the integrand of the scattering
amplitude, denoted A, as a rational function of the loop momenta. It can be organised by
the possible set of propagator structures Γ determined from the natural decomposition of the
amplitude in diﬀerent topologies. The next key idea is to construct a convenient ansatz for
the numerator of each propagator structure, where each term behaves in a well deﬁned manner
under integration—more speciﬁcally where every term either corresponds to a master integral

241

or to a surface term (i.e. it integrates to zero). Taking ρj to be the inverse propagators, the
ansatz is written as
 cΓ,i mΓ,i (l )

'
,
(1)
A(l ) =
props j ρj
Γ

i ∈ MΓ ∪SΓ

where l denotes the loop momenta, MΓ and SΓ the set of master integrals and surface terms
associated with Γ, and dependence on external kinematics is implicit. Finally, this ansatz can
be constrained by exploiting the unitarity of the theory which dictates that leading residues at
multi-propagator poles of the integrand (denoted Γ ) factorise into a product of tree amplitudes
summed over the physical states of the theory,
Atree
i
 !

Γ
Atree
i (l ) =


Γ ≥Γ,
i ∈ MΓ ∪SΓ

states i

cΓ ,i mΓ ,i (Γl )
'
,
props j ρj

(2)

where the sum is over propagator structures Γ which contain a subset of the propagators in Γ.
Starting at two-loops subleading poles can also appear 3 . We thus obtain a system of equations for
the unknown coeﬃcients in the ansatz of the numerator. Using powerful numerical techniques,
the system is solved to obtain a decomposition of the amplitude as a linear combination of master
integrals. Combining the decomposition with the results for the integrals we can evaluate the
amplitude at a given kinematic point. These ideas have been extensively used at one-loop, but
their extension to higher orders require new improvements which we shall now review.
2.2

Two-loop numerical unitarity

A main obstacle to numerical unitarity at higher loops is the generation of an ansatz for the
numerator with good properties under integration 2 . The generation of surface terms can be
achieved with integration-by-parts (IBP) relations 4 ,


 !
uνj
∂
D
,
(3)
d l ν '
0=
∂j
props k ρk
l=1,2

uνj

where
is called an IBP-generating vector. Arbitrary vectors will generate relations between
integrals that do not ﬁt naturally in our integrand parametrisation, such as integrals with other
propagator structures. This can be avoided by using vectors which satisfy 5
uνi

∂
ρj = fj ρj .
∂νi

(4)

As the vectors are polynomials in loop momenta, this is a so-called syzygy equation, the solution
of which can be formulated as a problem in algebraic geometry. We aim to construct a generating
set of solutions to insert into eq. (3) to build a complete set of surface terms. The function space
of the integrand that is not ﬁlled by surface terms corresponds to the master integrals.
Having constructed a master/surface parametrisation of the integrand, we must now solve
eq. (2) and numerically obtain the coeﬃcients of the master integrals. We have implemented the
linear function system in a C++ code where, given a set of external momenta, we sample the
many systems of equations over a suﬃcient number of on-shell loop momenta. This allows us
to build a numerical linear system which can be solved with standard linear algebra techniques
such as PLU factorisation. At two loops, the size of the linear system may lead to loss of
precision. While ﬂoating point calculations are possible 6 , this issue can be avoided altogether
by formulating numerical unitarity in terms of ﬁnite ﬁelds 7,8 . Importantly, because we allow
the surface terms to depend on the dimensional regulator D, the coeﬃcients of the master
integrals are D dependent. To be able to perform a Laurent expansion of the amplitude in
= (4 − D)/2, we must obtain the full functional dependence on . This dependence can be
recovered numerically by evaluating the coeﬃcients for multiple values of D in an extension of
the one-loop procedure 9 combined with Thiele’s formula 7 .
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Figure 1 – Propagator structures with master integrals for 5-point two-loop massless kinematics.

3

Five-Gluon QCD Amplitudes

We now discuss how the method described above was used for the ﬁrst complete reduction
to master integrals of all independent helicity conﬁgurations of the ﬁve-gluon two-loop QCD
amplitudes in the leading-colour approximation 1 . The parametrisation of the integrand functionspace was performed using a combination of standard tensor-reduction techniques and IBP
relations constructed from vectors generated with the computational algebraic geometry package
Singular. All surface terms constructed in this way were validated on a numerical kinematic
point using IBP relations generated with Fire 11 . For this process, there are 155 master integrals
corresponding to all the permutation of the topologies listed in ﬁg. 1. Standard numerical
unitarity was modiﬁed to compute with ﬁnite ﬁelds (we use the implementation of the Givaro
library 12 ) which removes any issues related to precision loss, at the expense of requiring a
completely rational parametrisation of the external kinematics and on-shell phase space. The
external kinematics are guaranteed to be rational by starting from a parametrisation based
on momentum twistors 7 , and for the on-shell phase space we constructed a convenient set of
variables that guarantees all manipulations can be done with rational operations. The reduction
to master integrals can then be done with ﬁnite ﬁelds, and the coeﬃcients subsequently promoted
to rational numbers. In this way we compute exact numerical values for the coeﬃcients of
the master integrals. Finally, combining these with the available expressions for the master
integrals 13 , which can be evaluated to arbitrary precision, we obtain exact benchmark values for
all four independent helicity conﬁgurations of the planar two-loop ﬁve-gluon QCD amplitudes.
In table 1 we present the results we obtained at the point s12 = −1, s23 = −8, s34 = −10,
s45 = −7, s15 = −3 with sij = (pi + pj )2 . The results, corresponding to the coeﬃcient of
α02 /(4π)2 , were computed in the ’t Hooft-Veltman scheme with the master integrals normalised
to (2π)4−8 . We veriﬁed that we reproduce the expected universal pole structure 14 , and the
known analytic results for the all-plus helicity conﬁguration 15 . Furthermore, using our code we
validate an independent set of benchmark results 16 within their error bounds.
4

Conclusions

We have discussed the numerical unitarity method for the calculation of phenomenologically
relevant two-loop scattering amplitudes. This approach is based on a generic organisation of the
amplitude’s integrand which opens the door to the automation of the calculation of two-loop
amplitudes. We have applied it to perform the ﬁrst complete numerical reduction of the leadingcolour ﬁve-point two-loop gluonic amplitudes in QCD. We employ cutting-edge techniques such
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Table 1: Numerical results for the 4 independent helicity conﬁgurations of the 5-point 2-loop gluonic QCD
amplitudes in the HV scheme, truncated to 6 digits. The MHV helicity amplitudes are normalised to tree-level,
and the all-plus and single-minus to the leading order of the one-loop result.

A/(A0 Nc2 )(4π)4
(+, +, +, +, +)
(−, +, +, +, +)
(−, −, +, +, +)
(−, +, −, +, +)

−4

−3

−2

−1

0

0
0
12.5000
12.5000

0
0
25.46247
25.46247

-5.00000
-5.00000
-1152.84
-6.12163

-3.89318
-16.3220
-4072.94
-90.2218

5.98109
-10.3838
-3637.25
-115.784

as the geometrical constructions of surface terms and ﬁnite ﬁelds. Use of the latter paves the
way to future analytic reconstruction of the result. We expect that this promising method can
be used to compute new multi-scale scattering amplitudes at two loops in the near future.
Acknowledgments
The work of S.A., F.F.C. and B.P. is supported by the Alexander von Humboldt Foundation, in
the framework of the Sofja Kovalevskaja Award 2014, endowed by the German Federal Ministry
of Education and Research. The work of M.Z. is supported by the U.S. Department of Energy
under Award NumberDE-SC0009937.
References
1. S. Abreu, F. Febres Cordero, H. Ita, B. Page and M. Zeng, arXiv:1712.03946 [hep-ph].
2. H. Ita, Phys. Rev. D 94, no. 11, 116015 (2016) [arXiv:1510.05626 [hep-th]].
3. S. Abreu, F. Febres Cordero, H. Ita, M. Jaquier and B. Page, Phys. Rev. D 95 (2017)
no.9, 096011 [arXiv:1703.05255 [hep-ph]].
4. K. G. Chetyrkin and F. V. Tkachov, Nucl. Phys. B 192 (1981) 159.
5. J. Gluza, K. Kajda and D. A. Kosower, Phys. Rev. D 83 (2011) 045012, [arXiv:1009.0472
[hep-th]].
6. S. Abreu, F. Febres Cordero, H. Ita, M. Jaquier, B. Page and M. Zeng, Phys. Rev. Lett.
119 (2017) no.14, 142001 [arXiv:1703.05273 [hep-ph]].
7. T. Peraro, JHEP 1612, 030 (2016) [arXiv:1608.01902 [hep-ph]].
8. A. von Manteuﬀel and R. M. Schabinger, Phys. Lett. B 744 (2015) 101 [arXiv:1406.4513
[hep-ph]].
9. W. T. Giele, Z. Kunszt and K. Melnikov, JHEP 0804 (2008) 049 [arXiv:0801.2237 [hepph]].
10. W. Decker, G.-M. Greuel, G. Pﬁster, H. Schönemann. 2015. “Singular 4-0-2. A computer
algebra system for polynomial computations.” http://www.singular.uni-kl.de
11. A. V. Smirnov, Comput. Phys. Commun. 189 (2015) 182 [arXiv:1408.2372 [hep-ph]].
12. Thierry Gautier, Jean-Louis Roch, and Gilles Villard, ”Givaro”, http://givaro.forge.
imag.fr, accessed 2017-12-09.
13. C. G. Papadopoulos, D. Tommasini and C. Wever, JHEP 1604 (2016) 078
[arXiv:1511.09404 [hep-ph]].
14. S. Catani, Phys. Lett. B 427 (1998) 161 [hep-ph/9802439].
15. T. Gehrmann, J. M. Henn and N. A. Lo Presti, Phys. Rev. Lett. 116 (2016) no.6, 062001
Erratum: [Phys. Rev. Lett. 116 (2016) no.18, 189903] [arXiv:1511.05409 [hep-ph]].
16. S. Badger, H. Frellesvig and Y. Zhang, JHEP 1312 (2013) 045 [arXiv:1310.1051 [hepph]] ; S. Badger, C. Brønnum-Hansen, H. B. Hartanto and T. Peraro, Phys. Rev. Lett.
120 (2018) no.9, 092001 [arXiv:1712.02229 [hep-ph]].

244

Including higher-order mixed QCD-QED eﬀects
in hadronic calculations
Germán F. R. Sborlini
Tif lab, Dipartimento di Fisica, Università di Milano and INFN, Sezione di Milano,
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We review some recent results about the computation of mixed QCD-QED corrections beyond the leading order in perturbation theory. We start by considering the eﬀects induced
in the Altarelli-Parisi equations and the partonic distributions. In particular, we describe
the computation of one-loop mixed QCD-QED and two-loop QED terms in the splitting
kernels, which are relevant to account for the presence of photon distributions. In the last
part, we brieﬂy talk about the implementation of these corrections in the context of the
qT -subtraction/resummation formalism.

1

Introduction and motivation

The study of hadronic collisions in the high-energy and high-luminosity regime is pushing the
theoretical predictions to the precision frontier. The experimental analysis require accurate simulations which should include most of the eﬀects predicted by the theoretical framework. With
more data becoming available, the experimental uncertainties rapidly reduce and this increases
the sensitivity to tiny deviations from the dominant QCD background. In particular, the QED
and electroweak contributions are turning into crucial components of the full predictions since
they could provide percent-level modiﬁcations, now detectable by the experiments.
The purpose of this work is to brieﬂy summarize some recent developments concerning
the precision program in QCD-QED computations. In Sec. 2, we describe the extension of the
DGLAP equations to include mixed O(ααS ) corrections. In Sec. 2.1, we comment on a technique
that allows to recover these QED and mixed QCD-QED contributions from the well-known
QCD calculations. After that, in Sec. 3, we apply the Abelianization algorithm to a particular
collider process, namely diphoton production, and we show that the Abelianized qT -subtraction
framework successfully deals with the singularities due to the presence of soft/collinear gluons
and photons. Finally, we present the conclusions in Sec. 4.
2

Extended DGLAP equations

The DGLAP equations control the perturbative evolution of the parton distribution functions,
through the well-known splitting kernels. These objects can be computed within perturbation
theory, by studying the collinear limits of scattering amplitudes. Higher-order corrections to
the splitting functions for QCD partons have been computed, both in the multi-loop and in the
multiple-collinear case. In particular, we have explored the double and triple collinear limits at
one-loop level for processes including photons1 .
The formalism can be extended to include leptons and photons, as well as QCD partons.
This leads to a more complicated system of integro-diﬀerential coupled equations which can be
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partially simpliﬁed by changing the PDF basis. Explicitly, by using the canonical basis, i.e.
¯ . . . , e− , e+ , . . . , γ, g}, the system is written as
B = {u, ū, d, d,

dfi
Pf i f j ⊗ f j ,
=
dt
j∈B

(1)

with t = log(Q2 /μ2 ) the evolution variable and ⊗ denotes a convolution among distributions
(fi ) and splitting kernels (Pfi fj ). The last ones are expanded in a perturbative series according
to

(k,l)
akS al Pij ,
(2)
Pij =
k,l

with α ≡ 2π a and αS ≡ 2π aS . In general, the evolution kernels are not diagonal, thus conducing
to a highly non-trivial mixing of the diﬀerent distributions. However, by using an optimized
basis2 , we get
d{Δl2 , Δl3 }
= Pl+ ⊗ {Δl2 , Δl3 } ,
dt

d{ΔU }
= Pu+ ⊗ {ΔU } ,
dt

d{ΔD }
= Pd+ ⊗ {ΔD } ,
dt

(3)

with Δli , ΔU and ΔD some speciﬁc linear combinations of leptons, up and down quarks PDFs,
respectively3,4 . Moreover, up to O(α αSn ), the kernels relating diﬀerent quark and/or lepton
ﬂavors vanish, which allows to write the equations for the valence distributions as
dqvi
= Pq−i ⊗ qvi ,
dt

dlvi
= Pl− ⊗ lvi ,
dt

uv = u − ū, . . . , ev = e− − e+ , . . .

(4)

besides highly simplifying the singlet equations3,4 .
The full set of evolution equations must fulﬁll physical constraints in the end-point region
(i.e. x = 1), which are related to the conservation of the proton total momentum and its
fermionic composition (i.e. the fermion number conservation). These conditions are used to
derive the terms proportional to δ(1 − x) in the splitting functions, besides imposing strong
restrictions on the functional dependence of the diﬀerent kernels for 0 ≤ x < 1.
2.1

Abelianization of splitting kernels

The key idea of our work is related with the possibility of extracting the mixed QCD-QED
corrections from previous computations performed within pure QCD. The algorithmic approach
is based on the Abelianization of the diﬀerent contributions to the QCD computation, which
accounts for the replacement of gluons by photons3 . If the computation is available on a diagramby-diagram decomposition, then the Abelianization is trivial: we can strip the color factor and
multiply the kinematic part by the recomputed factor, including the charge dependence. But,
the interesting fact is the possibility of recovering the QCD-QED corrections from analytic results
provided that we keep track of the color factors (i.e. CA , CF ) and contributions proportional to
nF . Then, we can derive explicit rules to transform the results. For instance, starting from the
O(αS2 ) splitting functions, the O(α αS ) terms are obtained by:
• removing the color average over the initial states, writing the color factors as functions of
NC and expanding around NC = 0;
• keeping the leading terms and recomputing the color structure (inserting the electric
charges where it corresponds).
There are some subtleties related with the presence of symmetry factors and the treatment the

closed fermion loops: we need to consider the replacement nF → q e2q . In an analogous way,
2
well-deﬁned transition rules to extract the O(α ) contributions can be deﬁned4 .
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Figure 1 – Corrections due to the inclusion of QED contributions in the Pqγ (left) and Pγq splitting kernels. We
include both O(α2 ) (brown) and O(α αS ) (red) terms.

To quantify the impact of the QED corrections, we deﬁne the K-ratios according to
(i,j)

Kab

(i,j)

LO
= aiS aj Pab (x)/Pab
(x) ,

(1,0)

LO
Pab
= aS Pab

(0,1)

+ a Pab

,

(5)

where the lowest-order kernel contains both the lowest QED and QCD contributions. It is
important to notice that these corrections allow to connect the quark and photon PDFs, thus
leading to a non-trivial evolution of the last distribution. In Fig. 1, we plot the K-ratios for
the Pqγ and Pγq splitting kernels. The O(α2 ) (brown) contributions are suppressed by a factor
10 in comparison to the dominant O(α αS ) ones (red). A non-trivial charge separation eﬀect is
present in the middle-x region, in particular for the Pqγ kernel.
3

Application to diphoton production

By applying the Abelianization algorithm to the public code 2gNNLO 5 , we modiﬁed the structure
of the NLO QCD terms to recover the corresponding NLO QED contributions. In this procedure, we obtained the NLO QED extension of the qT -subtraction formalism6,7 , which allows to
consistently deal with the ﬁxed-order calculation beyond the LO in QCD-QED. Moreover, we
checked the behavior of the diﬀerent pieces of the calculation and found a complete cancellation
of IR singularities in the qT → 0 limit.
In Fig. 2, we present the NLO QED corrections to the transverse momentum (left) and
invariant mass (right) distributions for the diphoton production at LHC. We used the typical
ATLAS cuts, with 14 TeV c.m. energy and NNPDF3.1QED 8,9 PDFs (which implements the
LUXqed approach10 to reduce the uncertainties in the determination of the photon PDF). In
the invariant-mass spectrum, the momentum ordering of the triple-photon system leads to a
dynamical cut, which is a novel feature of the QED corrections. Also, we notice that the qγchannel (green line) dominates the NLO QED contribution in the high-transverse momentum
region, thus showing the importance of a precise determination of the photon PDF.
4

Conclusions and outlook

In this article, we summarized some recent developments in the computation of mixed QCDQED corrections. We provided an algorithmic technique to recover these contributions from
the higher-order QCD computations. By applying the Abelianization procedure, we managed
to obtain the O(α αS ) 3 and O(α2 ) 4 corrections to the Altarelli-Parisi splitting functions. This
knowledge is crucial for the proper treatment of the PDF evolution beyond LO QED.
Besides that, the Abelianization proved to be useful for obtaining corrections to physical
cross-sections. We applied it through the qT -subtraction method, and obtained the universal
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Figure 2 – Transverse momentum (left) and invariant mass (right) distributions for the diphoton production at
LHC. The black (blue) curve shows the total NLO QCD (QED) prediction, without including the LO. The dashed
green line indicates the relative contribution of the qγ-channel to the total NLO QED correction.

coeﬃcients to compute the NLO QED corrections to the production of neutral colorless particles.
As a proof-of-concept, we included O(α3 ) terms to the diphoton production cross-section 7,11 . We
discussed the phenomenology for hadron colliders (LHC at 14 TeV), and we found non-negligible
corrections in the high-energy region.
Further considerations on the development of a framework to deal with mixed QCD-QED
is needed to achieve precise predictions for current experiments11 . In this direction, we have
managed to successfully extend the qT -resummation formalism to compute mixed QCD-QED
corrections, using on-shell Z production as benchmark process12 .
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Modeling of quantum eﬀects in the hadronization
Šárka Todorova-Nová
LAPP, Annecy-le-Vieux, France

A recent observation of a threshold momentum diﬀerence in the production of adjacent hadrons
is implemented in the fragmentation model of a three-dimensional QCD string, with the aim
to investigate the common origin of the azimuthal ordering of hadrons and of the correlations
commonly attributed to the Bose-Einstein eﬀect. The role of particle decays and their polarization in the measurement of two-particle correlations is evaluated. A comparison with the
available data is presented and further measurements suggested. The impact of the hadronization on the long range angular correlations is discussed.

1

Introduction

The aim of the study 1 is to translate the observation of a distinct correlation pattern between
close hadrons 3 into a MC description of quantized fragmentation of a helical QCD string 4 .
The hadronization eﬀects are expected to be universal and their MC implementation plays an
important role in the interpretation of measurements of the hadron production.
2

String fragmentation with helical string

In the ﬁrst approximation, the helical structure of the string can be implemented as a modulation
on top of the default longitudinal string fragmentation (two degrees of freedom describing the
generation of the intrinsic transverse momentum of hadrons are nevertheless suppressed as the
transverse momentum of hadrons is obtained from the transverse shape of the string). Such
a study can be performed by doing modiﬁcations in the Pythia generator 5 . In practice, all
hadrons are assigned a quantized transverse mass (the nearest multiple of κRΔΦ  0.192 GeV
which is bigger than the tabulated mass). The size of the intrinsic transverse momentum being
thus deﬁned, its direction follows the rotation of the phase of the helical ﬁeld. It is argued
that it is the correlation introduced by the helical winding which is responsable for various
observable correlation phenomena such as the azimuthal ordering of hadrons 2 and the BoseEinstein (BE) eﬀect 3 . Since the data suggest the BE correlations stems from part of string
with approximately homogeneous helix ﬁeld, or from a decay of heavier object (such as η 
meson), the ordered chains are injected into the fragmentation chains as triplets of pions with
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identical longitudinal momentum, correlated in the transverse plane, according to the observed
production rate of ordered triplets (about 1% per ﬁnal charged track). Fig. 1 illustrates the
properties of the simulation using the diﬀerence between pairs of particles with the oppositesign(OS) charge and with the like-sign(LS) charge, normalized to 
the number of charged particles
in the sample: Δ(Q) = N1ch [ N (Q)OS − N (Q)LS ], where Q = −(pi − pj )2 stands for the 4momentum diﬀerence. This observable is particularly sensitive to the properties of pairs of
adjacent hadrons.
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Figure 1 – Left: The rank dependence of the subtraction between opposite-sign and like-sign pairs in the default
PYTHIA simulation; pairs of hadrons originating from diﬀerent strings (color-disconnected chains) are assigned
rank=-1. Rank 0 designs pairs of hadrons from the decay of a direct common resonance. Right: The measured
Δ(Q) and the shape generated by ordered charged pion triplet chains injected into simulation with rate of ∼ 1%
per charged hadron produced.

For a proper description of the correlation pattern predicted by the model of helical QCD
string, it is not suﬃcient to inject the source of correlations into simulation. The model predicts
a threshold momentum diﬀerence for the production of adjacent hadrons at Q 0.26 GeV and
eﬀectively, looking at the Fig. 1, there is no place left for additional adjacent hadrons in the
region Q <0.25 GeV. The implementation of the polarized η decay measured by ? (Fig. 2), the
enhancement of the longitudinal polarization for ρ and K ∗ decay, and the explicit veto on pairs
of adjacent hadrons produced in the ”forbidden” low-Q region allows to reproduce (roughly) the
measured data. The aim of the exercise is to identify the simulation components which need a
further experimental cross-check : for example, there is an excess in the simulation in the region
of the η/chain decay, and it is possible that the excess appears as the result of double counting
of π + π − pairs in the chain and η decay contributions.
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Figure 2 – Left: The η decay contribution to the Δ(Q). Right: The contributions of direct and adjacent hadron
pairs to the shape of Δ(Q) in Pythia8.230. The default ρ0 production rate has been reduced by 20%, the
production rate of K 0∗ has been increased by 50%, and ρ+− and K +−∗ decay plane has been rotated to the string
transverse plane, in order to reproduce the overall shape of the data.
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Bose-Einstein correlations, azimuthal ordering - the same source?
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Figure 3 – Left: The injection of ordered pion chains translates into enhanced production of like-sign hadron pairs.
R(Q) is the ratio of the like-sign and opposite-sign inclusive Q distribution. Right: The injection of ordered pion
chains translates into an azimuthal ordering signal. The simulation is not corrected for the pairs of adjacent
hadrons in the ”forbidden” region below Q-threshold.

Figure 3(left) shows the traditional correlation function, deﬁned as the ratio of like-sign pair
Q distribution and the unlike-sign pair Q distribution 3 . The simulation based on the injection
of correlated adjacent pion triplets describes the data well, in particular when the Q-threshold
is enforced for all the adjacent hadrons. The role of the adjacent hadrons is primordial in the
model and in the simulation, and it is not compatible with the picture of BE interference in
the incoherent particle production the physicists usually work with. The assumptions made
about the nature of the correlations have a large impact on the focus and interpretation of the
experimental data : from the point of view of the hadronization studies, the ratio does not allow
to extract the quantized properties of the hadron production (the gaussian shape of the excess
of correlated like-sign pairs is completely invisible in the ratio of inclusive Q distributions). The
ratio also retains a dependence on the shape of the uncorrelated combinatorial background,
contrary to the subtraction, which removes the background eﬃciently.
Figure 3(right) shows the appearance of the azimuthal ordering (positive correlations in the
power spectrum measuring correlations between the azimuthal opening angle and the pseudorapidity diﬀerence is observed) 2 . The data are not as well reproduced as the Bose-Einstein eﬀect,
but the hypothesis of the common origin of both eﬀects seems plausible. The measurement of
the azimuthal ordering therefore provides a useful complementary input which should help to
to adjust various components of the simulation.
4

Long range correlations

The presence of narrow strings may have been one of factors facilitating the emergence of the
so-called “ridge” eﬀect observed both in HI and pp collisions, where azimuthal correlations
spanning over a larger intervals of pseudorapidity appear in the data.
The ridge-like structure can be easily generated by a laterally boosted helical string: the
pions produced in the string fragmentation have instrinsic transverse momentum of only ∼ 140
MeV, w.r.t. the string axis, and are therefore likely to be measured in the direction of the boost.
As an example, a simple string with the mass of 20 GeV has been generated, fragmented into
set of pions within the helix string scenario, and boosted laterally (with γ =1.2). Fig. 4 shows
the angular correlations of the produced pions, with signiﬁcant signal at large pseudorapidity
diﬀerence. It is interesting to look at the rank dependence of these correlations (the bottom plot):
the side peaks are dominated by larger rank diﬀerences, but adjacent pairs can be nevertheless
observed at large pseudorapidity diﬀerence, extending up to 4.
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Figure 4 – Top: The emergence of a ridge-like structure in the fragmentation of a helical string with a lateral
boost. The narrow helix radius (0.07 fm) implies a small intrinsic momentum (∼140 MeV) of hadrons and thus
smaller smearing in the boosted direction. The recoiling system is not shown. Bottom: The rank dependence of
the ridge structure shown above. Higher eta diﬀerence is eﬀectively dominated by pairs with larger rank distance
(the distribution is truncated) but the adjacent hadrons may have a large pseudorapidity diﬀerence as well.

5

Further experimental input

The model of the helical QCD string is rather successful in terms of the reduction of the number
of independent parameters entering the simulation. For the validation and further development,
it can be compared with a large variety of measurements (single particle spectra, particle correlations). The data used so far do not contain all the information which is necessary: the
correlation measurements shown here do not identify the charged particles, and therefore do not
see a diﬀerence between pions and kaons, for example. The properties of an ordered chain of
kaons cannot be predicted easily within the model : kaons are expected to contain a string loop,
and the properties of the string knotting are not known. The measurement of the Δ(Q) for pairs
of identiﬁed hadrons (pions,kaons,..) is therefore of utmost interest. The model predicts the
bulk of correlations should be carried by particles with (intrinsic) transverse momentum of ∼140
MeV, which is a value very close to, or even below, the acceptance of the LHC experiments. A
dedicated measurement of the very low pT region would be very welcome indeed.
6

Conclusions

The simulation strategy for the quantum properties of the string fragmentation is outlined and
the ﬁrst simulation of the so-called Bose-Einstein eﬀect is performed, successfully reproducing
the data. The correlation of like-sign pairs of hadrons is a consequence of non-trivial properties
of the production of adjacent hadrons, which are themselves correlated, too. The building
blocks of the simulation contributing to the description of the Q spectra are identiﬁed and the
uncertainties discussed. The simulation marks an additional success by obtaining a signal of
the azimuthal ordering of hadrons, even though the measurement is not reproduced in suﬃcient
detail yet. From the initial studies it seems the long range correlations can be modelled by the
fragmentation of boosted helical strings. A presence of adjacent hadron pairs in the long range
correlation signal is not excluded.
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Forward-backward b-quark asymmetry at the Z pole: QCD uncertainties redux
David d’Enterria1 , and Cynthia Yan1,2
CERN, EP Department, CH-1211 Geneva 23, Switzerland
Harvey Mudd College, Department of Physics, Claremont CA91711, USA
1

2

The forward-backward asymmetry of b-quarks measured at LEP in e+ e− collisions at the Z
exp
pole, A0,b
= 0.0992 ± 0.0016, remains today the electroweak precision observable with
fb |
th
the largest disagreement (2.8σ) with the Standard Model theoretical prediction, A0,b
fb | =
0.1037 ± 0.0008. The dominant systematic uncertainties are due to QCD eﬀects — b, c-quark
showering and fragmentation, and B, D meson decay models — which have not been revisited
in the last 20 years. We reassess the QCD uncertainties of the eight original LEP measurements
of A0,b
fb , using modern parton shower simulations based on pythia 8 and pythia 8 + vincia
with diﬀerent tunes of soft and collinear radiation as well as of hadronization. Our analysis
indicates QCD uncertainties, of order ±0.4% and ±1% for the jet-charge and lepton-charge
based analyses, that are overall slightly smaller but still consistent with the original ones.
Using the updated QCD systematic uncertainties, we obtain A0,b
fb = 0.0996 ± 0.0016.

1

Introduction

In the Standard Model (SM), the Z boson mediates weak neutral currents between fermions of
the same generation. The Z couples to both left- and right-handed chiral states with diﬀerent
strengths depending on weak-isospin and electromagnetic charges. The vector and axial-vector Z
f
f
f
couplings for a fermion of type f are gVf = (gLf +gR
) = I3f −2Qf sin2 θW and gA
= (gLf −gR
) = I3f
respectively, where I3 is the third component of the weak isospin of the fermion, Qf its charge
(related to the former via the hypercharge Y f : Qf = I3f + Y f /2), and sin2 θW ≈ 0.23 is the weak
mixing angle that controls the γ–Z mixing and provides a relationship between the coupling
constants of the electroweak theory: g sin θW = g  cos θW = e. From the expressions above, the
varying strengths of the Z-fermion couplings for the (νe , νμ , ντ ), (e, μ, τ ), (u, c, t), and (d, s, b)
lepton/quark groups are explained. The mixed Z vector and axial-vector couplings not only
aﬀect the total e+ e− → f f cross section but induce asymmetries in the angular distributions
of the ﬁnal-state fermions produced in the process. Angular asymmetries in the e+ e− → f f
ﬁnal-state are ultimately driven by the fermions’ charge Q and the weak mixing angle:

Af =

f 2
)
(gLf )2 − (gR

(gLf )2

+

f 2
(gR
)

=2

f
gVf /gA

1+

f 2
(gVf /gA
)

, with
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gVf
f
gA

= 1 − 4|Qf | sin2 θf .
eﬀ

(1)

Experimentally, forward-backward asymmetries in e+ e− → f f are determined from the ratio of
the number of forward- (backward-)going (anti)fermions measured in the hemisphere deﬁned by
the direction of the e+ (e− ) beams:

AfFB =

NF − NB
,
NF + NB



1

where F =
0

dσ
dΩ, B =
dΩ



0
−1

dσ
dΩ,
dΩ

(2)

√
The forward-backward asymmetry of b quarks (A0,b ) in the process e+ e− → Z → bb at s = mZ
fb
is the one most accurately measured among all quarks at LEP, given that b-quarks are the
easiest jets to identify. The value A0,b |exp = 0.0992 ± 0.0016, obtained from the combination
fb
√
of eight measurements at s = 91.21–91.26 GeV using two diﬀerent (lepton- and jet-charge
based) methods, shows today the largest discrepancy (2.8σ) with respect to the theoretical SM
prediction, A0,b |th = 0.1037 ± 0.0008 (and so does the value of sin2 θW derived from them) 1 . We
fb
reanalyze here the original studies to see if such a discrepancy could be explained by a potential
underestimation of the associated systematic uncertainties.
2

LEP b-quark forward-backward asymmetry data

Table 1 lists the eight A0,b measurements with the breakdown of their uncertainties. In four
fb
measurements, the original b, b̄ quarks are identiﬁed from the charge of the leading lepton  inside
each b-jet (through the fragmentation b → B, b → c → D and subsequent B, D →  decay),
whereas in the other four, the b charge is reconstructed from the jet constituent particles. The
statistical uncertainties of A0,b dominate, being twice bigger than the systematic ones, while the
fb
QCD uncertainties account for about half of the latter (and are assumed to be fully-correlated
among measurements). The QCD-related biases on A0,b depend strongly on the experimental
fb
selection procedure and are related to: (i) hard gluon radiation, and (ii) smearing of the b-jet
(thrust) axis due to b and (b →)c soft radiation and hadronization, and subsequent B and D
hadron decay models. Whereas the ﬁrst bias is theoretically well controlled through next-tonext-to-leading-order perturbative QCD (plus massive b-quark) corrections 2 , the uncertainties
of the latter were estimated using Monte Carlo (MC) parton shower simulations 3 that have not
been revisited in 20 years.
Table 1: LEP measurements of A0,b
fb and associated statistical, total systematic, and QCD-systematic uncertainties
(with the newly-computed QCD systematics quoted in parentheses).

Measurement
ALEPH lepton (2002) 4
DELPHI lepton (2004-5) 5
L3 lepton (1999) 6
OPAL lepton (2003) 7
ALEPH jet-charge (2001) 8
DELPHI jet-charge (2005) 9
L3 jet-charge (1998) 10
OPAL jet-charge (2002) 11

A0,b
fb
0.1003 ± 0.0038 ± 0.0017
0.1025 ± 0.0051 ± 0.0024
0.1001 ± 0.0060 ± 0.0035
0.0977 ± 0.0038 ± 0.0018
0.1010 ± 0.0025 ± 0.0012
0.0978 ± 0.0030 ± 0.0015
0.0948 ± 0.0101 ± 0.0056
0.0994 ± 0.0034 ± 0.0018

stat.
4.1%
6.4%
6.9%
4.3%
2.7%
3.3%
10.8%
3.7%

uncertainties
total syst. QCD syst. (new)
1.7%
0.6% (0.8%)
2.4%
1.5% (1.3%)
3.4%
1.8% (0.8%)
1.5%
1.1% (1.4%)
1.1%
0.5% (0.5%)
1.5%
0.5% (0.4%)
5.9%
4.1% (0.4%)
1.8%
1.5% (0.3%)

At future high-luminosity e+ e− machines, such as the FCC-ee with 105 times more data
collected at the Z pole than at LEP 12 , statistical uncertainties will be totally negligible, and the
latter QCD eﬀects will dominate the systematics of the A0,b measurement.
fb
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3

Simulation of the LEP b-quark forward-backward asymmetry measurements

The eight original LEP measurements of A0,b have been implemented in a MC event simulation
fb
based on pythia 8.226 13 with seven diﬀerent parton-shower and hadronization tunes, as well
as based on two alternative (dipole antenna) shower approaches from pythia 8.210 combined
with vincia 1.1 and 2.2 (with uncertainties given by 12 variations of the vincia parameter
√
set) 14 . Ten million e+ e− → Z(bb) events are thereby generated at s = 92.4 GeV with QED
radiation on, and analysed as done in the original experiments. The whole MC setup eﬀectively
corresponds to nine diﬀerent modelings of the underlying QCD eﬀects (bottom- and charmquark gluon radiation and fragmentation functions, and B, D semileptonic decays). Tune-7
and vincia 2.2 include proton-proton data whereas all other models are based on LEP data
alone. For all analyses, the b-jets are ﬁrst reconstructed with the JADE algorithm from the
list of ﬁnal-state particles and the thrust axis of the event is computed as a proxy of the bb
direction. Each original ycut and Mjet jet selection criteria, and (transverse) momenta (pT ) p
cuts on the ﬁnal electron and muons, are applied. On the one hand, the lepton-based analyses
determine the b-quark charge from that of the hardest charged lepton in the event, and then
extract Aobs,b by ﬁtting the corresponding distribution of polar angles θ between the e− and
fb
the thrust axis, dN/d cos θ = 3/8 [1 + cos2 θ + 8/3 Aobs,b (1 − 2χB ) cos θ], where χB ≈ 0.12
fb
is the B 0 B 0 eﬀective mixing parameter. On the other, in thejet-charge-based
analyses, b, b̄
pκL Q/ pκL (where pL is the
quarks are identiﬁed via their measured jet charge Qjet =
longitudinal momentum of the ﬁnal-state particles, with charge Q, with respect to the thrust
axis, and the power κ varies between 0.4 and 0.6), and Aobs,b is derived by ﬁtting the distribution
fb
QF − QB  / Qb − Qb̄  = 8/3 Aobs,b (1 + C) cos θ/(1 + cos2 θ), where QF (QB ) are the jet charges
fb
in the forward (backward) hemisphere, and the C factor is a ∼3.5% correction for missing higherorder QCD terms and for the diﬀerence between the thrust axis and the b-quark direction 1,3 .
4

Results and conclusions

Through the procedure describe above, we extract 9 diﬀerent MC values of Aobs,b for each one of
fb
the eight experimental setups, which we compare among themselves and against the experimental
obs,b
data in Fig. 1 and 2 for lepton- and jet-charge analyses. The central A
values plotted
fb
diﬀer slightly from the A0,b values quoted in Table 1, since the latter are obtained correcting
fb
for radiative eﬀects, γ exchange, Z-γ interference, and shifted to the pole mZ = 91.187 GeV
mass. The ﬁrst (leftmost) MC point corresponds to the pythia 8 tune-1 result obtained with
the 1990 jetset parameter set, very similar to the one used to obtain the original LEP QCD
uncertainties 3 . The red band around the MC points is the standard deviation of the predictions,
which we take as indicative of the associated QCD systematic uncertainty for each measurement.
It amounts to about 1% (0.4%) for the lepton (jet) charge-based measurements, and is found
to be overall slightly smaller but still fully consistent with the original QCD uncertainties (last
column of Table 1). Using the updated QCD systematics, we obtain 15 a new weighted-average
b-quark forward-backward asymmetry, A0,b = 0.0996 ± 0.0016, very similar to the current one.
fb
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Figure 1 – b-quark forward-backward asymmetry extracted from lepton-charge analyses of e+ e− → bb simulations
based on seven pythia 8 and two pythia 8+vincia tunes (squares with red band), compared to the corresponding
experimental results (rightmost data point, with QCD, in red, and uncorrelated, in blue, systematic uncertainty
bands) measured by ALEPH (top left) 4 , DELPHI (top right) 5 , L3 (bottom left) 6 , and OPAL (bottom right) 7 .
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FIRST MEASUREMENT OF ELASTIC, INELASTIC AND TOTAL
CROSS-SECTION, DETERMINATION OF THE ρ PARAMETER AT
√
s = 13 TEV BY TOTEM AND AN EVIDENCE FOR ODDERON
J. KAŠPAR
INFN, Sezione di Pisa, Italy
and CERN, Geneva, Switzerland
and Institute of Physics of the ASCR, Prague, Czech Republic
(on behalf of the TOTEM Collaboration)
The TOTEM experiment has performed the ﬁrst 13 TeV measurements of the total crosssection and the ρ parameter, i.e. the real-to-imaginary ratio of the nuclear elastic scattering
amplitude at t = 0. The obtained ρ value is signiﬁcantly lower than expected and together with
the total cross-section the new TOTEM measurements rule out most of the pre-LHC models
and indicate a strong role of a crossing-odd scattering amplitude even at high energies. A
similar conclusion is made from comparison of proton-proton and proton-antiproton elastic
diﬀerential cross-section in the dip region. Theory oﬀers several candidates for the crossingodd scattering amplitude. In particular, in perturbative QCD it could be realised as t-channel
exchange of a colourless bound state of 3 gluons.

1

Introduction

This contribution presents two recent measurements 1,2 by the TOTEM experiment 3 . Both
are related to proton-proton scattering at 13 TeV, the ﬁrst determines the value of the total
cross-section, the second of the parameter


ρ=

Ael 
,
Ael t=0

(1)

where Ael stands for the nuclear elastic-scattering amplitude and t for four-momentum transfer
squared. The two measured observables are related by dispersion relations and thus discussing
them together allows to draw stronger physics conclusions.
The article is organised as follows. Section 2 presents the total cross-section measurement,
Section 3 the ρ measurement. Section 4 shows that these measurements indicate a strong role of
a crossing-odd amplitude, which could be realised in QCD as an exchange of a colourless bound
state of 3 gluons. A similar conclusion can be drawn from the dip region of the elastic diﬀerential
cross-section as shown in Section 5. Section 6 gives a short review of theoretical concepts that
introduce crossing-odd amplitudes.
2

Total cross-section measurement

At 13 TeV, TOTEM determined the total cross-section using data from a special LHC ﬁll with
β ∗ = 90 m optics 1 . The measurements of the inelastic rate, Ninel , of the elastic rate, Nel , and

259

(mb)

140

p̄p (PDG 2010)

ATLAS, ATLAS-ALFA

pp (PDG 2010)

CMS

σel (green), σinel (blue) and σtot (red)

120

Auger (+ Glauber)

LHCb

110

ALICE

TOTEM

130

100
90

σtot ﬁts by COMPETE
(pre-LHC model RRPnf L2u )

80

σel ﬁt by TOTEM

70

(11.84 − 1.617 ln s + 0.1359 ln2 s)

σtot

20

7 TeV
8 TeV

σel

10
0
101

2.76 TeV

30

0.9 TeV

0.546 TeV

40

1.8 TeV

σinel

50

13 TeV

60

102

103

104

√

s

105
(GeV)

Figure 1 – Total (red), inelastic (blue) and elastic (green) cross-section measurements plotted as function of
√
collision energy, s. The black lines with grey bands correspond to data ﬁts and associated uncertainties.

its extrapolation to the forward direction, dNel /dt|t=0 , were combined via the optical theorem
to determine the total cross section in a luminosity-independent way:
σtot =

16π(h̄c)2 dNel /dt|t=0
.
1 + ρ2 Nel + Ninel

(2)

Using ρ = 0.10 (see Section 3), the following results were obtained:
σtot = (110.6 ± 3.4) mb ,

σinel = (79.5 ± 1.8) mb ,

σel = (31.0 ± 1.7) mb .

(3)

Figure 1 compares total, inelastic and elastic cross-section measurements by TOTEM to the
results of other experiments. The TOTEM measurements at 13 TeV conﬁrm the trend of crosssection growth with energy – the data are compatible with asymptotic log2 s dependence. The
continuous growth is an important aspect for physics implications discussed in Section 4. Also,
it is worth noting the remarkable agreement of the total cross-section data with the pre-LHC
prediction by COMPETE 4 (solid black line).
3

ρ measurement

Elastic scattering of protons is a process mediated by strong (“nuclear”) and electromagnetic
(“Coulomb”) interactions. At LHC energies, the interference of the associated scattering amplitudes gives a signiﬁcant eﬀect at |t| = O(10−4 GeV2 ). Since the Coulomb amplitude is known
from QED, the interference exposes the phase of the nuclear amplitude in the measurable differential cross-section. Consequently, this provides a tool to determine the ρ parameter.
In order to reach the very low |t|, special experimental arrangement was needed, including an
LHC optics with very high β ∗ = 2500 m and very close approach of the forward-proton detectors
to the beam requiring a dedicated scheme for the LHC collimators. In this way, |t| values as low
as 8 · 10−4 GeV2 were reached.
The ρ parameter was determined by means of diﬀerential cross-section ﬁts. Following the
empirical observation, the modulus of the nuclear amplitude was parametrised by an exponential
 b
n
form: a exp( N
n=1 bn t ). The coeﬃcients b2 , b3 , etc. can account for small deviations from the
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Table 1: Summary of ρ-ﬁt results for various ﬁt conﬁgurations.

|t|max = 0.07 GeV2
χ2 /ndf
ρ
0.7
0.09 ± 0.01
0.6
0.10 ± 0.01
0.6
0.09 ± 0.01

Nb
1
2
3

|t|max = 0.15 GeV2
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ρ
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Figure 2 – Selected TOTEM measurements (red) of total cross-section (left) and ρ (right) compared to pre-LHC
models by COMPETE.

leading exponential behaviour of the data reﬂected in the coeﬃcient b1 . Table 1 summarises the
ﬁt results for several degrees of the polynomial in the exponent (rows) and two values of the
upper |t| bound (columns). For the latter, the value of 0.07 GeV2 corresponds to a |t| region
where a purely-exponential nuclear amplitude is suﬃcient, the value of 0.15 GeV2 includes all
the data usable for ρ extraction. The combination of Nb = 1 and |t| < 0.15 GeV2 gives a bad ﬁt
quality and indicates “non-exponentiality” of the diﬀerential cross-section on the full |t| range
at 13 TeV, as previously observed by TOTEM at 8 TeV 5 . Consequently, the ρ value for this
combination is not given. All other combinations give reasonable ﬁt quality and ρ constrained
to a narrow range from 0.09 to 0.10 – signiﬁcantly lower than extrapolations from lower energies
4.
The ﬁt combination Nb = 1 and |t| < 0.07 GeV2 has another important meaning: it is the
closest ﬁt conﬁguration to the UA4/2 analysis 6 and other past ρ determinations. Due to the
phenomenon of “forward-cone shrinkage”, many lower-energy experiments could only probe the
low-|t| end of the diﬀerential spectrum where a purely-exponential description is appropriate.
From this point of view, this ﬁt combination corresponds to the most fair comparison to models
and extrapolations based on lower-energy data.
4

Physics implications

Figure 2 confronts selected TOTEM measurements with pre-LHC models represented by the
comprehensive study by the COMPETE collaboration 4 . The colourful curves correspond to 23
models which were found to give reasonable description of pre-LHC data. While the TOTEM
measurements of total cross-section are only compatible with the COMPETE models in the blue
band, the measurements of ρ only with the green models. In summary, there is no model which
can describe the TOTEM total cross-section and ρ measurements simultaneously.
Another, even less model-dependent, relation between σtot and ρ can be obtained from
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Figure 3 – Example of models including a crossing-odd component that can describe the TOTEM measurements.

dispersion relations 7 . If only the crossing-even component of the amplitude is considered, it can
be shown that ρ is proportional to the rate of growth of σtot with energy. Therefore, the low
value of ρ presented in Section 3 indicates that either the total cross-section growth should slow
down at higher energies or that there is a need for an odd-signature object being exchanged
by the protons. While at lower energies such contributions may naturally come from secondary
Reggeons, their contribution is generally considered negligible at LHC energies due to their
Regge trajectory intercept lower than unity.
Since the total cross-section measurement presented in Section 2 does not indicate slowing
down of the σtot growth, the interpretation based on a crossing-odd amplitude is favoured.
Consequently, Figure 3 shows two examples of models including such a contribution and being
compatible with TOTEM data. For both, the model by Nicolescu et al. 8 and the Durham model
9 , the inclusion of a crossing-odd component was essential for reaching the good agreement with
data.
5

Indications for crossing-odd contribution from non-forward region

The interpretation presented in Section 4 and indicating a strong role of a crossing-odd amplitude
component was based on measurements related to elastic scattering at t = 0. However, a similar
conclusion can be drawn also from non-forward elastic diﬀerential cross-section. In particular,
the dip region is a sensitive area, since the crossing-even component is expected to be suppressed
and thus crossing-odd components can make an appreciable eﬀect: shallower dip in protonantiproton and more pronounced dip in proton-proton collisions 10 .
Figure 4 provides a comparison of pp and pp̄ diﬀerential cross-section in the dip region. The
left plot shows the only available direct comparison at the same energy 11 . It gives a signiﬁcant
√
conﬁrmation of the expected pp vs. pp̄ diﬀerence, however, at the low energy of s = 53 GeV
the diﬀerence might be attributed to secondary (mesonic) Reggeons. The eﬀect of the latter
is expected to vanish at gluon-dominated regime at higher energies (TeV scale), thus the very
shallow dips in the middle plot (pp̄) 12 together with the pronounced dips in the right plot (pp)
indicate an exchange of a standalone odd-signature object.
6

Odd-signature objects in theory

Sections 4 and 5 presented experimental arguments for a strong role of odd-signature objects as
mediators in high-energy proton scattering. This section brieﬂy summaries theoretical studies
of such objects, following the reviews by Ewerz 10 and Braun 13 .
In axiomatic ﬁeld theory, an odd-signature object was ﬁrst introduced by Nicolescu et al. under the name Odderon 14 . The maximal Odderon follows from the assumption of maximal
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Figure 4 – Elastic diﬀerential cross-section from ISR (left,
LHC (right).

√

s = 53 GeV), Tevatron (middle) and TOTEM at

strength of strong interactions and is constructed as a double pole at J = 1 when t = 0. This
pp
pp̄
pp
pp̄
, σtot
∝ log2 (s) and σtot
− σtot
∝ log(s),
leads to a number of distinct predictions such as σtot
pp
pp
/σtot
→ 1 for
which is compatible with the generalised Pomeranchuk theorem stating that σtot
s → ∞. The concept of maximal Odderon was argued generally consistent with quantum ﬁeld
theory 15 , while other authors claims that it violates unitarity 16 .
In Regge theory, the Odderon is often introduced as a partner of the Pomeron, typically
constructed as a Regge pole or cut with quantum numbers C = P = −1.
In perturbative QCD, the Odderon corresponds to a colourless C = −1 bound state of 3
reggeised gluons. It emerges similarly as the Pomeron from BFKL: via (generalised) LLA resummation which leads to the Bartels-Kwiecinski-Praszalovicz (BKP) equation 17,18 . Several
solutions have been found, all having Regge-like energy dependence sα . The Janik-Wosiek solutions 19 lead to Odderon intercept ≈ 0.96 and have some phenomenologically relevant couplings
missing. The Bartels-Lipatov-Vacca solutions 20 give intercept 1. The physics relevance of
diﬀerent solutions is not yet quite clear.
There have been attempts to include the Odderon in (semi-)non-perturbative QCD models,
following the approaches developed for the Pomeron. A notable example can be the combination
of the framework by Nachtman 21 , Stochastic Vacuum Model 22 and modiﬁed gluon propagators
that reﬂect non-perturbative properties 23 . This model predicts the Odderon intercept to be 1.
Another non-perturbative approach is based on the AdS/CFT correspondence, where the
Odderon emerges on equally ﬁrm footing as the Pomeron 24 .
In lattice-QCD calculations the J P C = 1−− state is typically called vector glueball and is a
conﬁrmed part of the glueball spectrum 25 , typically with a mass between 3 and 4 GeV.
7

Summary

The TOTEM collaboration has published the ﬁrst 13 TeV measurements of proton-proton total
cross-section and the ρ parameter. The latter has been found to be signiﬁcantly lower than the
pre-LHC expectations.
None of the COMPETE models, which can be regarded as representative of pre-LHC physics
modelling, can describe simultaneously the total cross-section and ρ measurements by TOTEM.
Two models have been found to be compatible with TOTEM measurements, in both cases
the inclusion of a crossing-odd component was essential for reaching the good agreement.
The consistent pattern of shallow dips in pp̄ and pronounced dips in pp elastic elastic scattering provides an independent strong indication for the importance of a crossing-odd component.
A crossing-odd component is naturally present in many theoretical frameworks. In particular, it emerges from various treatments of QCD and is thus its unavoidable consequence. In
perturbative QCD the crossing-odd amplitude is realised by an exchange of a colourless bound
state of 3 gluons.
If the role of the crossing-odd contribution is shown to be negligible for elastic proton-proton
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scattering in the future, the presented ρ measurement predicts via dispersion relations that the
growth of the total cross-section should slow down at higher energies.
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MEASUREMENT OF JETS AND PHOTONS WITH THE ALICE
EXPERIMENT AT THE LHC
L. LEARDINI
Physikalisches Institut, Heidelberg University, Im Neuenheimer Feld 226,
69120 Heidelberg, Germany

Jets and direct photons are used to probe the formation and the properties of the QuarkGluon Plasma (QGP) by the ALICE Collaboration. The results shown here will present
the measurements obtained from Pb–Pb and p–Pb collisions. It is observed that in Pb–Pb
collisions jets are collimated and hadron yields (π 0 and η) at high transverse momentum
undergo strong suppression due to the interaction of the patrons with the QGP. On the
other hand, photons do not show any suppression in this region, and, in addition, an excess
attributed to a thermal emission is observed at low transverse momentum. No hints of medium
modiﬁcations are observed for the p–Pb results, for which a jet quenching limit of −0.4 GeV/c
is calculated.

1

Introduction

The main focus of the ALICE experiment is the study of the ultra-relativistic heavy-ion collisions and of the subsequent hot and dense phase of the matter, the Quark-Gluon Plasma (QGP).
The understanding and characterisation of the properties of the created medium is accomplished
using, among others, hard probes: the prompt component of the direct photons and jets from
parton fragmentation. Prompt photons and jets have a common origin in the hard scatterings in
the initial phase of the system evolution after the initial nucleus-nucleus collision. The partons
created in the initial hard collisions scatter and lose energy while moving in the QCD medium.
The modiﬁcation of the hadron yields originating from these partons as a function of momentum
gives information on the medium. This quantity is studied for several particle species, where the
comparison to pp and p–Pb results contributes to the characterisation of the parton energy loss
and QGP evolution. While for jet measurements the attention is focused on the modiﬁcations
induced by the medium, a key feature of the direct photon (i.e. not coming from hadron decays)
measurement is that its information is unaﬀected by the passage through the QCD matter.
However, the medium itself will be a source of thermal emission and will lead to additional contribution of direct photons at low transverse momentum. Thus, the early stages are accessible
in the form of the direct photon emission temperature and collective ﬂow measurements. Considering that most of the photons are created in hadron decays, the direct photon measurement
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requires a good knowledge of the decay photon contribution to the inclusive photon yields.
2

Jet measurements

In ALICE, jets can be measured via charged-particle tracking, using the central barrel detectors,
and via clusters in the EMCal, one of the electromagnetic calorimeters 1 . Jets are reconstructed
using FastJet: the anti-kT algorithm is used for signal jets while the kT algorithm is used for
the average background estimation. The typical resolution parameters are R = 0.2 and 0.4.
The ALICE Collaboration already measured jet quenching in Pb–Pb collisions 2 but to better
characterise the medium properties, detailed studies on jet shapes are carried out.
In Fig. 1 (left), the fully-corrected mean jet mass as a function of the charged jet pT measured
√
in 0–10% most central Pb–Pb collisions at sNN = 2.76 TeV centre-of-mass energy 3 is shown.
The jet mass is directly related to the leading parton virtuality and it can be used as a measure
of the jet broadening: soft splittings within the jet cone will increase the jet mass while large
angle radiation outside the jet cone will reduce the jet mass. The measurement points to
a collimated jet structure, with the mean value of the jet mass increasing for increasing jet
transverse momentum, as expected from NLO pQCD calculations. Moreover, the comparison
to models with and without jet quenching indicates that competing eﬀects, energy loss in the
medium and medium response, enter this measurement and that further eﬀorts are needed in
order to isolate them.
The study of p–Pb collisions, that started out as a way to disentangle initial and ﬁnal state
and cold nuclear matter eﬀects, became of relevance by itself to verify whether QGP formation
takes place also in small systems. As mentioned above, the jet quenching has already been
measured in central Pb–Pb in ALICE, setting the lower limit at −8 GeV/c of jet spectrum
shift 4 . The same measurement has been carried out in p–Pb collisions using semi-inclusive
hadron-jet coincidence 5 . This method allows for an unbiased measurement, independent of the
collision geometry. The observable considered is the ratio of the recoil distributions (Δrecoil ) in
high (0–20%) and low (50–100%) multiplicity collisions, shown in Fig. 1, (right). In the presence
of jet quenching, the ratio should be below unity. As no suppression is observed, the limit for
jet quenching in small systems is set as a −0.4 GeV/c shift in the jet spectrum, indicated by
the red line in the ﬁgure.
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Figure 1 – Left: Fully-corrected mean jet mass compared to Pythia and to event generators with jet quenching
√
(JEWEL and Q-PYTHIA) for jets with R = 0.4 in the 10% most central Pb–Pb collisions at sNN = 2.76 TeV 3 .
Right: Ratio of Δrecoil distributions measured with R = 0.4 for 0–20%/50–100% in p–Pb collisions at
√
sNN = 5.02 TeV 5 . The grey boxes show the systematic uncertainty of the ratio, including the correlated uncertainty of numerator and denominator. The red line indicates the jet quenching limit as a pT -shift of −0.4 GeV/c.
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Neutral mesons and photon measurements
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Photons are measured in ALICE with the electromagnetic calorimeters (EMCal, PHOS) or
reconstructing electron-positron pairs coming from photon conversions in the detector material (PCM) 1 . Neutral meson and direct photon measurements are closely connected: the main
background for the direct photon measurement are the photons from hadron decays, the largest
contributions are given by the neutral pion and η meson decays in two photons. Therefore, for
a good direct photon measurement, a very precise knowledge of the decay photon background
and therefore an accurate measurement of the neutral meson contribution is necessary.
√
Neutral pions and η mesons have been measured in pp collisions at s = 0.9, 2.76, 7 and 8 TeV,
√
in non-single diﬀractive (NSD) p–Pb collisions at sNN = 5.02 TeV and in Pb–Pb collisions at
√
√
sNN = 2.76 TeV. Fig. 2 shows only the most recent results for pp collisions at s = 8 TeV
(left) 6 , p–Pb (middle) 7 and Pb–Pb collisions (right) 8 .
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Figure 2 – Neutral meson pT -diﬀerential spectra measured in pp collisions at s = 8 TeV (left), in NSD p–Pb
√
√
collisions at sNN = 5.02 TeV (middle) and Pb–Pb collisions at sNN = 2.76 TeV (right). The ALICE data are
compared to several theory predictions, detailed and referenced in the respective papers 6,7,8 .

These results illustrate ALICE capabilities of measuring identiﬁed particles over a large transverse momentum range, combining the diﬀerent reconstruction methods. In Fig. 2, the comparison to several theoretical predictions is also shown (detailed descriptions and references are
given in the respective ALICE papers). While the model description of the neutral pion spectra
is overall good, the agreement is worse for the η meson. Thus, the ALICE measurements could
help in improving the theory if, for example, they are included in the global parameterization
of the η fragmentation function.
Once the neutral mesons have been measured, the spectra are used to estimate the total decay
photon contribution. This contribution will be then subtracted from the inclusive photons to
obtain the direct photon signal. The direct photon spectra are composed of two types of photons: photon from hard scattering (originating from the same environment as jets), dominant
at high-pT and described by NLO pQCD, and photon from thermal emission of the QGP and
hadronic phase, dominant at low-pT . This second component is used to extract the medium
characteristics, e.g. the emission temperature 9 .
Fig. 3 shows the neutral meson (in p–Pb and Pb–Pb) and direct photon (in Pb–Pb) nuclear
modiﬁcation factors, RAA , as a function of the transverse momentum. The RAA is calculated
as the ratio of the yields measured in Pb–Pb (p–Pb) collisions over the yields measured in pp
collisions, scaled by the number of binary collisions. Since no precise pp reference exists for the
direct photons, a theoretical calculation is used instead, as illustrated in the ﬁgure. Focusing
on the low-pT direct photon measurement, a large excess above unity can be observed. This
is the thermal photon component, characteristic of heavy-ion collisions, where the QGP forms,
which is absent in minimum bias pp collisions. Considering the high-pT region instead, we ob-
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Figure 3 – Nuclear modiﬁcation factor of direct photons in 0–20% Pb–Pb collisions at sNN = 2.76 TeV 9 and of
√
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neutral mesons in 0–10% Pb–Pb collisions at sNN = 2.76 TeV 8 and NSD p–Pb collisions at sNN = 5.02 TeV 7 .

serve the expected behaviour as mentioned in the introduction. Direct photons are expected
to be unaﬀected by the QGP, and in fact the RAA agrees with unity within uncertainties. On
the other hand, the hadron yields show a strong suppression, reﬂecting the energy loss of the
parton from which they originate in the strongly interacting medium. Moreover, we have the
conﬁrmation from the p–Pb measurement that the suppression is indeed a ﬁnal state eﬀect: no
such suppression is observed for the neutral mesons measured in p–Pb collisions.
4

Summary

Jets and photons are complementary probes that can be used to study the characteristics of the
QGP in Pb–Pb collisions and to judge whether or not this medium is formed in small systems as
produced in p–Pb collisions. Concerning the latter, no evidence of medium induced eﬀects has
been found neither in the jet nor in the high-pT hadron measurements, which are therefore used
to set a limit for jet quenching in small systems and disentangle initial and ﬁnal state eﬀects.
Conversely, the presence of QGP is suggested by the strong suppression of jet and hadron yields
at intermediate and high-pT in Pb–Pb collisions and by the excess of direct photons at low-pT ,
consistent with the emission from a hot medium.
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Measuring hydrodynamical expansion via the production of identiﬁed hadrons in
Pb–Pb collisions with ALICE
Nicolò Jacazio for the ALICE Collaboration
Bologna University and INFN
√
During the LHC Run-2, ALICE has collected data from Pb–Pb collisions at sNN = 5.02 TeV.
The centrality dependence of identiﬁed particle production, including elliptic (v2 ) and higher
harmonic ﬂow coeﬃcients (v3 , v4 ), has been measured. The high-precision measurement of
transverse momentum (pT ) diﬀerential elliptic ﬂow of the φ-meson (whose mass is close to
that of the proton) allows for a unique testing of mass ordering at low pT as well as baryon
and meson grouping at intermediate pT . The pT -diﬀerential hadron spectra are presented and,
together with ﬂow coeﬃcients, compared with state-of-the-art calculations from models based
on relativistic hydrodynamics coupled with UrQMD. The added transport code is to describe
rescattering in the hadronic phase, which has been successful in describing the pT -spectra of
identiﬁed particles up to a few GeV/c. Moreover, results from the simultaneous Blast-Wave
ﬁt to the pT distributions are compared across multiple collisions energies and system sizes in
order to address the evolution of collective behaviour from small systems to large systems.

1

Introduction

The ultimate goal of heavy-ion physics is the study of the properties of the Quark-Gluon Plasma
(QGP), a de-conﬁned state of matter in which chiral symmetry is restored. The presence of a deconﬁned phase manifests with typical signatures that can be quantiﬁed by studying the particle
production. In particular the measurement of identiﬁed particles provides a unique way to gain
insight into the physical quantities at play. The latest Pb–Pb runs at the LHC, concluded in 2015,
recorded Pb–Pb collisions at the highest energy ever achieved in the laboratory, allowing the
quantitative comparison with collisions at lower energy. The ALICE experiment 1,2 , thanks to its
excellent tracking performance coupled with extensive particle identiﬁcation (PID) capabilities,
is particularly well suited for the study of identiﬁed hadron production over a wide range of
transverse momentum. This is achieved by combining multiple techniques that allow, at midrapidity, to perform hadron identiﬁcation starting from 100 MeV/c and up to ∼ 20 GeV/c.
2

Data analysis and results

We report results on the production of identiﬁed π, K, p and φ-meson production measured
√
in Pb–Pb collisions at sNN = 5.02 TeV as a function of centrality. The data sample was
recorded in 2015 with a minimum-bias trigger. The total charge collected in the V0 detectors
(V0M amplitude), a set of two scintillator hodoscopes located in the pseudorapidity region
2.8 < η < 5.1 (V0A) and −3.7 < η < −1.7 (V0C) and covering the full azimuth, was used
to determine the centrality of each Pb–Pb collision deﬁned as percentiles of the total hadronic
cross section. Further details on the centrality determination can be found in 3,4 . The amount
of pile-up per event was reduced by selecting runs with low interaction rate and by rejecting
events with more than one reconstructed vertex, resulting in a negligible contamination eﬀect.
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Particle Ratio

The pT spectra of identiﬁed π, K and p are shown for two centrality classes in Figs. 1(a)
and 1(c). This measurement refers to primary particles 5 only, i.e. the contributions from weak
decays of strange particles and from particle knock-out in the material were removed with the
data driven approach described in 6 . The systematic uncertainties were estimated by varying
the PID techniques and the selection criteria used to deﬁne the track sample. The evaluation
of the eﬃciencies and acceptance corrections was performed by using events simulated with
the HIJING 7 event generator and embedded into a detailed description of the ALICE detector
through which tracks are propagated with the GEANT3 8 transport code.
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Figure 1 – Spectra of identiﬁed charged pions, kaons and protons for 0 − 5% (a) and 70 − 80% (c) as a function of
√
pT as measured in Pb–Pb collisions at sNN = 5.02 TeV and compared to model predictions (iEBE + VISHNU,
McGill, EPOS-LHC). (b) and (d) show particle ratios compared to the predictions from the same models. In
ﬁgure (e) are reported the values of the Blast-Wave parameters obtained by performing a combined ﬁt to the π,
K, p spectra for each centrality class across diﬀerent collision energy.

A direct comparison of the spectral shapes between the two centralities reveals steeper falling
spectra for the peripheral case, while for the central one particles are boosted towards higher
pT following the mass hierarchy typical of radial ﬂow. The spectral shapes are compared to the
predictions from diﬀerent models such as iEBE-VISHNU with TRENTo and AMPT initial con-
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ditions 9,10 , IP-Glasma + Music + UrQMD (McGill) 11 and EPOS-LHC 12 . In central collisions,
the description of the data is qualitatively good especially at low pT where hydrodynamics is
expected to work the best. EPOS-LHC is found to give a better description of the peripheral
collisions. The particle ratios p/π and K/π are computed and compared to the predictions of
the same models in Figs. 1(b) and 1(d). In central collisions the agreement is remarkably good
at low pT (below 2 GeV/c) for the K/π ratio (meson/meson), the ratio is also well reproduced
by EPOS-LHC up to high pT ; on the contrary in peripheral collisions only EPOS-LHC is able
to reproduce the data well. The p/π ratio (baryon/meson) is well described at low pT by the
iEBE-VISHNU model, while McGill shows increasing discrepancies and EPOS-LHC agreement
is good only above 2 GeV/c. In peripheral collisions the iEBE-VISHNU model describes the
data below 1 GeV/c and EPOS-LHC generally overestimates the value of the p/π ratio. The
picture depicted by the models indicates that hydrodynamics is at work in central heavy ion
collisions and is able to describe the data, while in peripheral collisions the description is more
diﬃcult and a core-corona such as EPOS-LHC is able to better describe the data. These observations advocate the creation of a ﬁreball subject to larger ﬂow in central heavy-ion collisions
while in peripheral collisions hydrodynamical models have more diﬃculty to describe the data.
Similar conclusions can be drawn from the analysis of the spectral shape in the framework of
the Blast-Wave model 13 , shown in Fig. 1(e), which yields a larger transverse expansion velocity
for the most central events.
In a complementary way, particle production can be studied more diﬀerentially by measuring
the ﬂow coeﬃcients obtained studying the particle azimuthal distribution with respect to the
common symmetry plane. In Figs. 2 and 3, the results of the ﬂow coeﬃcients v2 , v3 and
v as a function of pT as measured with the scalar product method in Pb–Pb collisions at
√4
sNN = 5.02 TeV are shown. More details can be found in 14 .
The conclusions drawn from Figs. 2 and 3 complete the ones on the spectral shape. At low
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Figure 2 – v2 (a) and v3 (b) of identiﬁed pions, kaons, protons, and φ-mesons for semi-central (10 − 20%) and
semi-peripheral (40 − 50%) centrality classes, measured with the scalar product method. The measured ﬂow
coeﬃcients are compared with the IP-Glasma + Music + UrQMD (McGill) model predictions 11 .
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Figure 3 – v4 of identiﬁed pions, kaons, protons for semi-central (10 − 20%) and semi-peripheral (40 − 50%)
centrality classes, measured with the scalar product method. The measured ﬂow coeﬃcients are compared with
the IP-Glasma + Music + UrQMD (McGill) model predictions 11 .

pT , v2 shows a clear mass ordering which can be once more explained in terms of strong radial
ﬂow, for pT > 3 GeV/c the v2 shows a separation of baryons from mesons suggesting that
the production of hadrons may happen via quark coalescence. The McGill 11 IP-Glasma model
prediction (viscous hydrodynamics with η/s = 0.095 and temperature-dependent ζ/s(T ) coupled
to a hadronic cascade) of the vn are also shown in Figs. 2 and 3. As for the comparison to the
measured particle spectra the model seems to describe ﬂow coeﬃcients better in central collisions
for pT < 1, while an overestimation is observed in the same pT range in more peripheral ones.
When performing this comparison it is important to note that in the theoretical models the
breaking of the mass ordering for the φ-meson occurs during the hadronic re-scattering phase.
3

Conclusions

The ALICE Collaboration has presented the results on the production of identiﬁed pions, kaons,
protons and φ-mesons measured as a function of the event centrality in Pb–Pb collisions at
√
sNN = 5.02 TeV. Particle ﬂow was quantiﬁed thanks to the analysis of the spectral shape in
the Blast-Wave framework and the direct comparison to models as well as the measurement of
v2 , v3 and v4 coeﬃcients and their comparison to the model predictions.
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Heavy ion measurements at CMS and ATLAS
E. Chapon, on behalf of the ATLAS and CMS Collaborations
Experimental Physics Department, CERN, CH-1211 Geneva 23, Switzerland
We present an overview of recent results from the ATLAS and CMS collaborations on heavy
ion physics. Using data from proton-proton, proton-lead and lead-lead collisions at the LHC,
these results help to shed light on the properties of hot and dense nuclear matter.

Relativistic heavy ion collisions (HIC) are probing a wide variety of physics phenomena.
The main motivation for PbPb collisions is to study hot medium eﬀects, related in particular
to the creation of a quark-gluon plasma (QGP). Cold nuclear matter eﬀects, such as a realistic
description of the initial state and its ﬂuctuations, nuclear absorption, or energy loss, are also
important and better studied in pPb collisions. Finally, it is important to simultaneously perform
the measurements in pp collisions at the same centre-of-mass energy, which serve as a reference
of “nucleons colliding in vacuum”. We present an overview of recent heavy-ion results from the
ATLAS 1 and CMS 2 Collaborations.
Electroweak bosons and photons are good probes of the initial state of the collisions, including nuclear modiﬁcations to parton distribution functions (nPDFs). They interact weakly
with the medium, and they are expected to scale with the number of binary collisions, without medium suppression. The Z boson nuclear modiﬁcation factor (RAA ), for instance, has
been measured to be compatible with unity at all centralities by ATLAS in PbPb collisions at
√
sNN = 5.02 TeV 3 , as shown in Fig. 1. Top quarks are another probe to gluon nPDFs, recently
observed by CMS in the  + jets channel for the ﬁrst time in HIC 4 . The mass of the hadronically
decaying W bosons is used for signal extraction, ﬁtted in categories of the number of b-tagged
jets (0, 1, or ≤ 2) and lepton ﬂavour (electron or muon). The measurement is shown in Fig. 1
and is consistent with expectations from pQCD calculations including nPDF eﬀects.
Though nPDFs play an important role in the understanding of quarkonia in HIC, more
phenomena come into play, already in pPb collisions where the ratio of the Υ(2S) and Υ(3S)
to the Υ(1S) is found to be smaller in pPb than in pp collisions at the same energy, as well
as the ratio of ψ(2S) to J/ψ 5 . Such a diﬀerent modiﬁcation of the excited quarkonium states
compared to the ground states could point to the importance of ﬁnal-state interactions after
the quarkonium state has been produced. Further, in PbPb collisions, colour screening further
suppresses the production of the more weakly bound states (as seen in the Υ meson system 6
in Fig. 1), regeneration may be relevant especially for low-pT charmonia, and a hint for energy
loss eﬀects, similar to other hadrons, has been found in the slight increase of the prompt J/ψ
RAA at high pT 7 .
The production of open heavy ﬂavour has been studied by ATLAS and CMS via the measurements of both charm (D0 and D∗ ) and beauty (B± and nonprompt J/ψ). In PbPb collisions,
a similar suppression is found for the diﬀerent measured hadrons at high pT : D0 , B± and nonprompt J/ψ feature a similar RAA compared to that of charged hadrons 8 , as can be seen in
Fig. 2. Such universality of the high-pT RAA would be expected from a ﬂavour independence of
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Figure 1 – Left: scale production yield and nuclear modiﬁcation factor of Z bosons as a function of centrality,
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using pp and PbPb data at sNN = 5.02 TeV 3 . Center: measured tt̄ cross section in pPb collisions, compared to
the expectation from pQCD calculations and measurements in pp collisions 4 . Right: nuclear modiﬁcation factor
of Υ(1S,2S,3S) as a function of centrality 6 .
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the path-length dependence of energy loss. In addition CMS has measured the v2 and v3 ﬂow
coeﬃcients of D0 mesons in PbPb collisions 9 (Fig. 2), and found them to be signiﬁcantly non
zero at low pT , with v2 staying positive up to 40 GeV and compatible with the v2 of charged
particles: this apparent universality at high pT is consistent with the RAA picture. In pPb collisions, ATLAS has found the forward-backward ratio of both D0 and D∗ mesons to be consistent
with unity 10 , in the explored kinematic range (|yCM | < 0.5, 5 < pT < 30 GeV). CMS has also
measured a signiﬁcant v2 of D0 mesons in pPb collisions 11 . Smaller D0 v2 values are found at a
given pT compared to strange hadrons. However, in PbPb collisions, approximate scaling of v2
with the number of constituent quarks is found for both strange and charm mesons. This could
be interpreted as a weaker coupling between heavy quarks and the medium in pPb than PbPb
collisions.
Detailed studies of jets allow for better understand the interactions of the partons with the
medium. CMS has compared the correlation between reconstructed jets and hadrons in pp and
PbPb collisions 12 , showing that fewer high pT and more low pT hadrons are found at large angle
from the jet, compared to pp data, which could indicate additional in-medium gluon radiation
and / or a medium backreaction, i.e., a wake-like response of the QGP to the propagating
parton. The dijet asymmetry 13 , deﬁned as the ratio of the transverse momenta of the two jets,
p
xJ = pT,2
, and unfolded for detector resolution eﬀects, is shown in Fig. 2. A larger asymmetry is
T,1
found in PbPb (smaller xJ values) compared to pp data, showing that one of the two jets loses
more energy than the other in the medium, consistent with expectations from medium energy
loss due to jet quenching.
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Figure 2 – Left: Nuclear modiﬁcation factors of prompt D0 , charged hadrons, and nonprompt J/ψ, as a function
of pT 8 . Center: Elliptic ﬂow of prompt D0 mesons in pPb collisions, compared to several strange hadrons9 . Right:
Dijet asymmetry xJ in pp and PbPb collisions at 2.76 TeV 13 .

Such jet modiﬁcations also depend on the ﬂavour of the parton that initiated the jets. Using
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photon-tagged jets 14 , one favours quark jets over gluon jets, compared to inclusive jets. ATLAS
reports a diﬀerent modiﬁcation of the jet fragmentation for photon-tagged and inclusive jets,
in PbPb compared to pp collisions, but such an observation (illustrated in Fig. 3) may also
arise from the diﬀerent underlying jet pT spectra. CMS has studied b jet pairs in pp and
PbPb collisions, measuring their mean dijet asymmetry xJ  15 . Such a selection enhances the
contribution of primary b quarks, compared to an inclusive b jet selection which is contaminated
by gluon splitting. The higher transverse momentum imbalance (smaller xJ  values) found in
PbPb compared to pp events is compatible for light and b jets.
CMS is also probing the substructure of jets in pp and PbPb collisions, allowing for an
even ﬁner understanding of the medium modiﬁcation of the parton shower evolution. The
grooming techniques allow for the removal of soft wide-angle radiation from the jet, revealing the
underlying hard structure via the identiﬁcation of two subjets. The splitting function, measured
as a function of the momentum imbalance between the two subjets, zg = pT,2 /(pT,1 + pT,2 ),
is found to be steeper in central PbPb collisions than in pp 16 . These two leading subjets are
also used to build the groomed jet mass 17 Mg . When the soft drop grooming parameters are
chosen to be independent from the subjet ΔR, a hint for an increased probability to produce
jets at large Mg /pT, jet is found in central PbPb events, compared to pp, as shown in Fig. 3. The
dependence of these results with the grooming settings indicates that the region of phase space
where modiﬁcations are most signiﬁcant corresponds to splittings with large angular separation
and low-to-moderate momentum sharing.
The very strong electromagnetic ﬁelds in PbPb collisions allow for the use of these beams as
a photon-photon collider, in ultra-peripheral events (when the impact parameter of the collision
is larger than twice the radius of the Pb nucleus). ATLAS has used this data sample to directly
measure a novel process: light-by-light scattering 18 (see Fig. 3), with a signiﬁcance over a
background-only hypothesis of 4.4 standard deviations (3.8 expected). CMS has also used ultraperipheral pPb collisions as a photon-proton collider, measuring Υ(1S) photoproduction 19 in
photon-proton energies Wγp bridging the gap between previous HERA and LHCb measurements,
and providing new constraints for the evolution of the gluon density at low values of fractional
momenta x in the proton.
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Figure 3 – Left: ratio of the fragmentation functions D(z) (z = pT,had /pT,jet ) in pp and central PbPb collisions
at 5.02 TeV, for photon-tagged and inclusive jets 14 . Center: distribution of the ratio of the groomed jet mass
Mg to the jet pT , compared in pp and PbPb collisions at 5.02 TeV and in several jet pT bins 17 . Right: diphoton
acoplanarity (1 − Δφ(γγ)/π) distribution in ultraperipheral PbPb collisions, consistent with the expectation from
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The collective behaviour of charged particle production in hadronic collisions can teach us
about ﬂuctuations in the initial stage of the collisions, as well as about properties of the medium
created in the collision. Collectivity in small systems (pp and pPb collisions) is more diﬃcult to
understand and has been the focus of several recent studies. ATLAS has analysed a large sample
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√
of pp collisions at s = 8 TeV, selecting events associated to a Z boson, i.e. corresponding to a
2
high-Q hard-scattering process 20 . The elliptic ﬂow coeﬃcient v2 is found to be 8 ± 6% larger
than in inclusive pp events, with at most a weak dependence on the multiplicity. A major
experimental diﬃculty in the study of collectivity in small systems is to avoid the contribution
from non-ﬂow, i.e. from dijet-like topologies. One way is to divide the event into subevents 21 ,
to suppress such contributions, allowing one to obtain a negative 4-particle cumulant c2 {4} and
a well-deﬁned v2 {4} = (−c2 {4})1/4 . CMS has measured symmetric cumulants, probing the
event-by-event correlation between vn harmonics. It was found that, at high multiplicity, v2
and v3 are anti-correlated, while v2 and v4 are positively correlated, in a similar way in pp, pPb
and, PbPb collisions 22 . The study of particle correlations also allows one to look for the chiral
magnetic eﬀect, predicted to arise in heavy ion collisions because of chiral symmetry restoration
and the strong magnetic ﬁelds induced by the nuclei. Observations made by CMS so far in pPb
and PbPb collisions 23,24 are consistent with the expectation from local charge conservation and
allow one to set stringent limits on the maximum amount of signal present.
In short, we have reported recent results from the ATLAS and CMS Collaborations at the
LHC allowing to get a better picture of QCD in a dense and hot medium. The studies help
improve our understanding of the initial state and its ﬂuctuations, the hydrodynamic evolution
of the medium, parton interactions and their ﬂavour dependence, etc. The increasing size of the
datasets gives access to new processes, such as top quark production or light-by-light scattering.
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Hard probes with p-Pb and Pb-Pb collisions and ﬁxed target results at LHCb
F. Fleuret on behalf of the LHCb Collaboration
Laboratoire Leprince-Ringuet (LLR),
École polytechnique, CNRS/IN2P3,
Palaiseau, France
Since 2013, the LHCb collaboration extended its physics programme to the study of ion
collisions. Thanks to the unique tracking and PID capabilities of the detector in the forward
rapidity region, LHCb can provide important results on heavy ﬂavour production in protonPb and Pb-Pb collisions at LHC. Moreover, LHCb has the unique capability to operate in
a ﬁxed target conﬁguration and study proton and ion-beam induced reactions on gaseous
targets. In the following, we report on the results and performances on open and hidden
heavy-ﬂavour hadron production in pPb and PbPb collisions, recorded in collider mode, and
in pAr collisions, recorded in ﬁxed target mode.

Introduction
Heavy quarks and quarkonia are recognized to be privileged probes of Quantum ChromoDynamics (QCD). Because of their mass - signiﬁcantly larger than the QCD scale - they are excellent
tools to investigate the rich interface between the perturbative and non-perturbative domain of
QCD. Moreover, in the high density/temperature regime of QCD, they are decisive probes of the
deconﬁned state of matter, the Quark Gluon Plasma (QGP) which can experimentally be studied
in nucleus-nucleus collisions. Besides, the study of heavy ﬂavour production in proton-induced
reactions on various nuclear targets, which are insensitive to eﬀects due to deconﬁnement, is
needed for a correct interpretation of the results obtained in nucleus-nucleus collisions. This is
crucial to establish a robust baseline in order to clearly identify phenomena speciﬁcally related
to QGP. Several eﬀects can be studied in proton-nucleus collisions, such as parton shadowing or
anti-shadowing (nPDF) in the target nucleus 1 , saturation eﬀects 2 , interaction with comoving
hadrons 3 , and parton energy loss 4,5 .
In the recent years, the LHCb collaboration extended its physics programme to the study of
ion collisions. The LHCb detector 6 is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding
the interaction region, a large-area silicon-strip detector located upstream of a dipole magnet
with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift
tubes placed downstream of the magnet. Diﬀerent types of charged hadrons are distinguished
using information of two ring-imaging Cherenkov detectors and muons are identiﬁed by a system
composed of alternating layers of iron and multiwire proportional chambers. The online event
selection is performed by a trigger which consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a two stage software stage trigger, which
full event reconstruction in the second step.
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Figure 1 – Nuclear modiﬁcation factors in pPb collisions as a function of the rapidity in the centre-of-mass
√
system. Top left: prompt J/ψ and prompt ψ(2S) RpP b in sN N = 5 TeV data. Top right: prompt D0 RpP b in
√
√
sN N =5 TeV data. Bottom left: prompt J/ψ RpP b in sN N = 8.16 TeV data. Bottom right: RpP b of J/ψ from
√
√
b-hadron decay at sN N = 5 TeV and sN N = 8.16 TeV.

Heavy ﬂavour production in pPb and Pbp collisions
In early 2013, the LHCb detector collected two data samples of pPb and Pbp a collisions at
√
sN N = 5 TeV, corresponding to an integrated luminosity of 1.6 nb−1 . In 2016, two other
√
samples of pPb and Pbp collisions have been recorded at sN N = 8.16 TeV corresponding to
−1
an integrated luminosity of about 30 nb . Thanks to the inversion of the beams, LHCb covers
the rapidity ranges -4 < y ∗ < -2.5 in Pbp collisions, 2.5 < y ∗ < 4 in pPb collisions. Fig. 1 (top,
left) shows the nuclear modiﬁcation factor RpP b of prompt J/ψ and prompt ψ(2S) as a function
of the rapidity in the nucleon-nucleon centre-of-mass system 7,8 . Prompt J/ψ results are in fair
agreement with nPDF, coherent energy loss 9 and CGC 10 predictions. On the other hand, the
ψ(2S) results show, in the backward region, a much larger suppression than expected by nPDF
and coherent energy loss predictions. This additionnal suppression may be due to the interaction
of the lightly-bound ψ(2S) state with the outcoming hadrons or partons produced in the collision 3 . Prompt D0 mesons, measured in their hadronic decay channel, show a similar behavior as
a
Either the proton beam or the lead beam is pointing along the beamline from the interaction point towards
the LHCb detector, referred respectively as forward or backward conﬁguration.
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J/ψ and are in good agreement with nPDF and CGC predictions, as shown on Fig. 1 (top, right).
Thanks to the much larger samples obtained with the 2016 data, more precise results on
prompt J/ψ production have been obtained 11 . Those results conﬁrm the pattern observed at
lower energy and are in good agreement with nPDF, coherent energy loss and CGC expectations,
as shown on Fig. 1 (bottom, right). Thanks to the very good precision achieved, these results
put strong constraints on the nPDF parametrizations. Finally, it is interesting to note that
non-prompt J/ψ coming form the decay of b-hadrons show smaller nuclear matter eﬀects, in
good agreement with expectations (Fig. 1, bottom right plot).
Heavy ﬂavour production in Pb-Pb collisions
LHCb participated for the ﬁrst time in PbPb data taking in December 2015 collecting about
√
50 millions events at sN N =5.02 TeV. In its current design, the detector performances are
limited to peripheral collisions. As shown in Fig. 2, for central events (large energy deposited in
the electromagnetic calorimeter tracking detectors show very high occupancy preventing event
reconstruction. However, the detector is very well suited for ultra-peripheral collisions where
one ion interacts with the electromagnetic ﬁeld of the other and where therefore a small number
of tracks reach the detector.
Heavy Flavour production at low energy
Lattice QCD predictions imply that, at suﬃciently high temperature, the production of charmonium bound states, in a hot and dense medium, decreases due to the modiﬁcation of their
binding. Heavy quarks are then assumed to move freely inside the medium until they hadronize
as open heavy mesons. To each cc bound state there corresponds a dissociation temperature
(larger than the QGP critical temperature) related to its radius. Hence, it is expected that the
produced ground states such as J/ψ , due to the feed-down from χc and ψ(2S) decays exhibit a
step-by-step suppression with increasing density of the medium, also called sequential suppression. Experimentally, the sequential suppression of charmonium bound states must be tested
and studied in nucleus-nucleus collisions at “low” energy (typically at a centre-of-mass energy
√
per nucleon-nucleon collisions of sN N ∼100 GeV). In contrast, at “high” energy (typically
√
sN N ∼1 TeV), because of the large number of cc pairs produced, secondary charmonium production via statistical recombination is expected to occur and oﬀset the thermal suppression of
primary production.
Fig. 3 shows the preliminary results obtained with proton beam induced reactions on a gaseous
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√
Ar target at sN N = 110 GeV 12 . The J/ψ transverse momentum and rapidity (in the centre-ofmass system) distributions show reasonable agreement with phenomenological predictions and
PYTHIA distributions (see Ref. 12 for more details). These results demonstrate the feasibility
√
of the LHCb ﬁxed target program. In 2016, a pHe data sample at sN N = 86.8 GeV has been
√
√
recorded, and a sN N = 69 GeV pNe sample in 2017. A ﬁrst PbNe run at sN N = 69 GeV
is foreseen in 2018. Besides heavy ﬂavour studies, the measurement of anti-proton production
√
in pHe collisions at sN N =110 GeV, of key interest for cosmic rays physics, has also been
13
performed .
Conclusion
The LHCb experiment has recently provided very important results in heavy-ion collisions,
providing in particular new constraints on nuclear matter eﬀects in Heavy Flavour production.
Moreover, the LHCb experiment has the unique capability to perform a thorough heavy-ion
program in a ﬁxed target mode to disentangle charmonium suppression in heavy-ion collisions.
In PbPb collisions, the detector performances are currently limited to peripheral collisions, but
its performances should be improved after the upgrade of the tracking system which will occur
during the next LHC Long Shutdown (LS2). Further improvements are envisioned for a longer
term future.
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Heavy Flavor Results from PHENIX
K. Nagashima for the PHENIX collaboration
Hiroshima University, Kagamiyama, Higashi-Hiroshima 739-8526 ,Japan
Heavy quarks are a sensitive probe of the quark-gluon plasma created in heavy-ion collisions
because the modiﬁcation of their phase-space distribution in the QGP reﬂects the medium
dynamics. The PHENIX collaboration at the Relativistic Heavy Ion Collider has measured
the cross-section and the nuclear modiﬁcation factor of open and hidden heavy ﬂavor in a
variety of collision systems to understand the full-time evolution of heavy-ion collisions. We
present the cross-section of open heavy ﬂavor pairs as a function of the azimuthal opening
angle in p + p collisions, the system size dependence of charmonium nuclear modiﬁcations in
p+Au, p+Al, and 3 He+Au, RAA of B →J/ψ in Cu+Au collisions and the RAA of electrons
from charm and bottom√hadron decays in Au+Au collisions. All these analyses used data
collected in collisions at SN N = 200 GeV. The interpretation of these results is discussed in
the view of the production mechanism and the quarkonia breaking in medium, and the quark
mass dependent energy loss in the QGP.

1

Introduction

Heavy quarks are produced at the initial stage of heavy-ion collisions and subsequently propagate through the quark-gluon plasma (QGP) because heavy quark masses are larger than the
QGP temperature. Therefore, the modiﬁcation of the heavy ﬂavor phase-space distribution in
the QGP strongly reﬂects the medium dynamics. Transport properties, such as the diﬀusion
coeﬃcient D ∝ η/(sT ), and the quark-mass-dependent energy loss in the QGP can be studied
by the measured nuclear modiﬁcation factor RAA 1 2 .
The PHENIX collaboration at the Relativistic Heavy Ion Collider (RHIC) has measured the
cross-section and the nuclear modiﬁcation factor of open and hidden heavy ﬂavor in a variety of
collision systems to understand the full-time evolution of heavy-ion collisions. PHENIX silicon
vertex detectors allow measuring the distance of closest approach (DCA) for an extraction of
charm and bottom quark yields and a greater mass resolution for a separation of ψ(2S) from
ψ(1S). We present the cross section of open heavy ﬂavor pairs as a function of the azimuthal
opening angle in p+p collisions, the system size dependence of charmonium nuclear modiﬁcations
in p+Au, p+Al, and 3 He+Au, RAA of B →J/ψ in Cu+Au collisions and the RAA of electrons
from charm and bottom hadron decays.
2
2.1

Results
Production Mechanism of Heavy Flavor

The heavy ﬂavor measurement in p+p collisions is important for an understanding of the production mechanism and a baseline measurement of heavy-ion collisions. The PHENIX has measured
the invariant yield of μμ pairs from cc̄ and bb̄ as√a function of Δφ and pT with like- and unlikesign μμ mass distributions in p+ p collisions 3 at SN N = 200 GeV as shown in Fig. 1. The high
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angle distribution of bb̄ pairs is well described by PYTHIA and POWHEG, which provides the
understanding of the production mechanism of heavy ﬂavor pairs.
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Figure 1 – Left: The inclusive μμ pair mass distribution from p + p collisions at sNN = 200 GeV. The cocktail
calculation of expected sources describe well the measured μμ pair mass distribution. Right: The azimuthal
opening angle distribution from bb̄. PYTHIA and POWHEG models describe well the data.

2.2

Charmonium suppression in Small Collision Systems

The measurement of charmonium suppression due to interactions with comoving hadrons 4 is
necessary to correctly interpret the quarkonia suppression in heavy-ion collisions. We measured
the dimuon mass distribution and the relative production ratio of ψ(2S) and ψ(1S) mesons at
forward rapidity in p+p, p+Al, p+Au and 3 He+Au collisions 5 as shown in Fig. 2. These double
ratios are also measured in diﬀerent energy and collision system at ALICE 6 and LHCb 7 . For
the study of suppression due to comoving particles, the double ratio is measured as a function of
the comoving particle density which is deﬁned as the particle multiplicity dN/dη divided by the
nuclear overlap < ST >. Fig. 2 (right) shows the dependence of the comoving particle density
of ψ(2S) suppression which favors the charmonium suppression due to interactions of the fully
formed color-neutral meson with comovig particles. This breakup mechanism is likely important
for the interpretation of sequential screening of quarkonia in A+A collisions.

√
Figure 2 – Left: The measured dimuon mass spectrum for p+Au collisions at sNN = 200 GeV. Right: The
double ratio of ψ(2S) and ψ(1S) mesons measured in p/3 He+Au collisions to that same ratio in p + p collisions
as a function of the comoving particle density.
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2.3

Nuclear Modiﬁcation of B→J/ψ and prompt J/ψ in Cu+Au Collisions

The PHENIX has measured the fraction of B-meson decays in the inclusive J/ψ yield in p+p
√
and Cu+Au collisions at sNN = 200 GeV for integrated pT and centrality 8 . The fraction
of B-meson decays in Cu+Au collisions is systematically larger than in p+p collisions, which
indicates a smaller suppression of B mesons than that prompt J/ψ in Cu+Au collisions. The
nuclear modiﬁcation factor RCuAu is calculated by the fractions in Cu+Au and p+p collisions
and the measured RCuAu of inclusive J/ψ as shown in Fig. 3. The RCuAu of B→J/ψ indicates
no signiﬁcant nuclear modiﬁcation of B-meson for pT > 0. On the other hands, prompt J/ψ
is strongly suppressed in Cu+Au collisions, which indicates that cc̄ binding is broken in the
medium. There is no signiﬁcant diﬀerence between the positive (Au-going) and negative (Cugoing) rapidity within uncertainties. However, the systematically yield enhancement at negative
rapidity (Cu-going) is shown in both RCuAu of B→J/ψ and prompt J/ψ, which favors the
cold-nuclear-matter eﬀects.

Figure 3 – Left: The DCAR distribution and the ﬁtting function for prompt J/ψ and B→J/ψ. Right: Nuclear
modiﬁcation factors RCuAu of prompt J/ψ and B→J/ψ.

2.4

Nuclear Modiﬁcation of c → e and b → e in Au+Au Collisions

The PHENIX has measured the invariant yield of separated charm and bottom hadron decay
electrons and the bottom electron fraction in 0-10% central Au+Au collisions via applying
the Bayesian inference techniques 9 simultaneously to the invariant yield of c + b → e and
DCAT distributions. Nuclear modiﬁcation factors, RAA , of electrons from charm and bottom
hadron decays are calculated with the inclusive RAA and the bottom electron fraction in p + p
10 and Au+Au collisions as shown in Fig. 4. We found that a quark mass dependence of R
AA ,
RAA (c→e) < RAA (b→e), for 3.0 < pT < 8.0 GeV/c , which indicates the quark mass ordering
of the energy loss in the QGP. A T-Matrix model 11 parametrized as the diﬀusion constant
D(2πT ) = 4 is in good agreement with the measured bottom electron fraction in 0-10% central
Au+Au collisions 12 , which favors that heavy quarks are strongly coupled in the QGP.
3

Summary

The PHENIX has measured open and hidden heavy ﬂavor in a variety of collision systems to
study the production mechanism, the cold-nuclear-matter eﬀects, and the QGP dynamics. The
cross-section of cc̄ and bb̄ as a function of Δφ and pT in p + p collisions is measured a like- and
unlike-sign μμ pairs. PYTHIA model well describes the azimuthal opening angle distribution

285

Au+Au, sNN=200 GeV
0-10% central, |y|<0.35
Data 2004+2014

Data
Re-fold
Charm
Bottom
Background

 

counts



[2.00-2.50 GeV/c]
b/(c+b)=0.38

102

10

(Data - Re-fold)/ σstat

1

2.2

0-10% Au+Au, sNN=200 GeV

2 Data 2004+2014, |y|<0.35
1.8

RAA (c → e, b → e)

103

2

1.6

 



c+b → e (Phys.Rev.C 84,044905)
c →e

p+p from e-h correlations
Phys.Rev.Lett.105,202301

b →e

1.4
1.2
1
0.8
0.6
0.4

0

0.2
−2
−0.15

−0.1

−0.05

0

0.05

0
1

0.1
0.15
DCAT [cm]

2

3

4

5
6
p [GeV/c]

7

8

9

T

Figure 4 – Left: The DCAT distribution of electrons from charm and bottom hadron decays. Right: The nuclear
modiﬁcation factor of electrons from charm (green line) and bottom (blue line) hadron decays in 0-10% central
Au+Au collisions.

of both cc̄ and bb̄ which provides the understanding of the production mechanism of heavy
ﬂavor pairs. The double ratio of ψ(2S)/ψ(1S) mesons measured in p/3 He+A collisions to that
same ratio in p+p collisions is measured as a function of comoving particle density to study the
breakup mechanism of charmonium in small system collisions, which favors the interactions of
the fully formed color-neutral meson with comovig particles. This breakup mechanism is likely
important for the interpretation of sequential screening of quarkonia in A+A collisions. J/ψ
production is measured separately for prompt J/ψ and B→J/ψ in p + p and Cu+Au collisions
at forward rapidity. We found no signiﬁcant modiﬁcation of B→J/ψ and a strong suppression of
prompt J/ψ for pT > 0. Invariant yields of electrons from charm and bottom hadron decays are
measured in Au+Au collisions via applying the Bayesian inference technique simultaneously to
the inclusive invariant yield and DCAT distributions. We found that the quark mass dependence
of RAA , RAA (c→e) < RAA (b→e). It indicates the quark mass ordering of the energy loss in
the QGP. The model comparison favors that the heavy quark diﬀusion constant is D(2πT ) = 4
which indicates that heavy quarks are strongly coupled in the QGP.
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Systematic measurements of low pT direct photons at PHENIX
Y. Yamaguchi for the PHENIX collaboration
RIKEN, Hirosawa 2-1, Wako, Saitama, Japan
The low pT direct photons are of keen interest since thermal photons from a hot and dense
medium are supposed to be dominant. PHENIX has conducted new measurements of the
√
low pT direct photons in sN N = 200 GeV Cu+Cu and 39, 62.4 GeV Au+Au collisions to
study the system size and collision energy dependence on direct photon production. While the
integrated yields of the direct photons, dN/dy, have separate scalings with diﬀerent collision
energies for pT > 5 GeV/c, a unique scaling of dN/dy for pT > 1 GeV/c with respect to
the charged particle multiplicity is observed across a wide range of the collision energies from
39 GeV to 2.76 TeV. A possible explanation of this unique scaling for pT > 1 GeV/c is that
most of photons are produced near the phase transition from QGP to hadron gas around a
critical temperature.

1

Introduction

Direct photons are one of the most important probes to understand the time evolution of a
hot and dense QCD medium 1 . The deﬁnition of direct photons is photons not originating
from hadron decays. They are produced at every stage of the collision until freeze-out of the
medium. Particularly thermal photons from the medium are of keen interest because they pass
through the medium without strong interaction, then carry the thermodynamic information of
the medium at the point of their production. The contribution of the thermal photons from
the medium is expected to be dominant at the low pT region, typically 1 < pT < 4 GeV/c 2 .
However a large amount of photons from hadron decays, particularly π 0 , make the direct photon
measurements challenging due to a small signiﬁcance level of the direct photon signal over the
background photons.
2

Direct photon puzzle

The PHENIX experiment has reported the ﬁrst observation of the excess yield of the direct
photons over the scaled p + p data, which is considered as the hard photon contribution from
√
initial parton scatterings, for pT < 4 GeV/c 3 in Au+Au collisions at sN N = 200 GeV. Then,
the low pT direct photon result in d+Au has shown no signiﬁcant modiﬁcation of the direct
photon pT distribution 4 , encouraging the observed excess yield of the direct photons by medium
eﬀects.
An azimuthal anisotropy of the direct photons, which results from an elliptic ﬂow with
a conversion of an initial spacial anisotropy to a ﬁnal momentum anisotropy, is another key
observable sensitive to a production time for direct photons. At ﬁrst, the azimuthal anisotropy
of the direct photons was expected to be small due to a large contribution from the hotter medium
at an early stage where an elliptic ﬂow is not fully developed. However, the measured azimuthal
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√
anisotropy of the direct photons in Au+Au collisions at sN N = 200 GeV is surprisingly large,
5,6
comparable to those for hadrons .
Figure 1 shows the comparison results with several model calculations for both pT spec√
trum and azimuthal anisotropies (v2,3 ) for 20-40% most central Au+Au collisions at sN N =
5
200 GeV . Any model calculations can not make a consistent description for both large excess yield and large azimuthal anisotropy of the direct photons in pT < 4 GeV/c. Thus, it is
challenging to understand the mechanism simultaneously producing a large yield and a large
azimuthal anisotropy as observed.

Figure 1 – The comparison results with several model calculations for both pT spectrum and azimuthal anisotropies
√
(v2,3 ) for 20-40% most central Au+Au collisions at sN N = 200 GeV.

3

New PHENIX results on direct photons

√
PHENIX has newly conducted the low pT direct photon measurements in sN N = 200 GeV
Cu+Cu and 62.4, 39 GeV Au+Au collisions. They allow us to further study the system size
and energy dependences on low pT direct photon production. Figures 4 and 2 show the new
√
PHENIX results of the low pT direct photon measurements for sN N = 200 GeV Cu+Cu 7 and
62.4, 39 GeV Au+Au collisions, respectively.
Clear excess yields over the binary-scaled p + p result are seen in MB and 0-40% most
central Cu+Cu collisions as we have seen in Au+Au collisions at the same energy. While neither
p + p data nor reliable theoretical calculations on primordial photon production are available for
Au+Au results with lower energies, the pT spectra look exponential as same as other heavy ion
data.
An inverse slope, Tef f , of the exponential ﬁt is related to an averaged temperature of the
medium. Figure 3 shows the collision energy dependence of Tef f of the exponential ﬁt to the
heavy ion data including the ALICE data 8 . It is seen that Tef f monotonically increases as a
√
function of sN N . However, the direct photons have a blue-shift eﬀect, making Tef f larger by
a radial ﬂow than as it is. In general, a radial ﬂow velocity gets larger at a higher collision
energy and its development with time evolution of the medium is non-trivial. Considering the
blue-shift eﬀect on the direct photon pT spectrum, an increasing trend of Tef f should become
more modest.
An integrated yield of the direct photons, dN/dy, can give a further insight on the mechanism
of the direct photon production. Figure 5 shows integrated yields of the direct photons for
diﬀerent collision energy data in diﬀerent pT integrated ranges, pT > 1 GeV/c (left) and pT >
5 GeV/c (right), as a function of the charged particle multiplicity, dNch /dη, at mid-rapidity 9 .
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Figure 3 – The collision energy dependence of an inverse slope, Tef f , of the exponential ﬁt to the
√
39 − 200 GeV Au+Au data at RHIC as well as sN N = 2.76 TeV Pb+Pb data at LHC.

√

sN N =

Surprisingly, a unique scaling of dN/dy with (dNch /dη)1.25 is observed independent of the
collision energies for pT > 1 GeV/c, where the excess yield over the scaled p + p data is seen.
The expected dNch /dη dependence from the scaled p + p data is shown together as a band,
locating below the heavy ion data. A possible interpretation of this unique scaling is that the
main contributor in the low pT region is similar across a wide range of the collision energies
from 39 GeV to 2.76 TeV. It is natural if most of the low pT direct photons are produced near
the phase transition from QGP to hadron gas around a critical temperature. In addition, the
observed large azimuthal anisotropy can reasonably be explained with this interpretation. On
the other hand, diﬀerent energy data are separately scaled for pT > 5 GeV/c. The same scaling
for p + p and heavy ion data with the same collision energy supports that the hard photons from
initial parton scatterings are dominant in pT > 5 GeV/c.
4

Summary

The measurements of the low pT direct photons have been newly performed for 200 GeV Cu+Cu
and 39, 62.4 GeV Au+Au collisions at PHENIX to study the system size and collision energy
dependences on direct photon production. A unique scaling of dN/dy with respect to dNch /dη
is observed across a wide range of the collision energies for pT > 1 GeV/c, where the excess
yield over the scaled p + p data is expected due to thermal radiations from the medium. If most
of the photons making the excess yield over the scaled p + p data are produced near the phase
transition from QGP to hadron gas around a critical temperature, this unique scaling of dN/dy
with respect to dNch /dη is possibly reasonable and the observed azimuthal anisotropy of the
low pT direct photons can be explained as well.

289

(a) Cu+Cu MB

(b) Cu+Cu 0-40%

Cu+Cu
1

Au+Au 40-60%

TAA×p+p

Normalized to Npart
Au+Au 40-60%: Npart=56.0
Cu+Cu 0-40%: Npart=66.4

TAA×p+p fit
-p /B

Ae

T

+TAA×p+p fit

10−2

3

Ed N/dp (GeV-2c3)

10−1

−3

3

10

10−4

10

−5

1 1.5 2 2.5 3 3.5 4 4.5 5

1 1.5 2 2.5 3 3.5 4 4.5 5

p (GeV/c)

p (GeV/c)

T

T

Figure 4 – The low pT direct photon results with
collisions.

dir

+X

Pb+Pb, sNN = 2760 GeV
Au+Au, sNN = 200 GeV

PHENIX

α = 1.25

Au+Au, sNN = 62.4 GeV

1

Au+Au, sNN = 39 GeV
Cu+Cu, sNN = 200 GeV
p+p, s = 200 GeV

10−1

10−1
−2

10

A+A/p+p → γ + X
dir
Pb+Pb, sNN = 2760 GeV
Au+Au, sNN = 200 GeV
p+p, s = 200 GeV
p+p, s = 62.4 GeV

PHENIX

α = 1.25

10−3
10−4

T

dNγ /dy (p > 5.0 GeV/c)

10

A+A/p+p → γ

sN N = 200 GeV Cu+Cu data for MB and 0-40% most central

T

dNγ /dy (p > 1.0 GeV/c)

102

√

10−2
Ncoll scaled prompt photons

10−3

p+p fit,
pQCD,
pQCD,
pQCD,

10−4
10

2
dNch/dη | 10

s = 200 GeV
s = 2760 GeV
s = 200 GeV
s = 62 GeV

10−5
Ncoll scaled prompt photons

10−6

p+p fit,
pQCD,
pQCD,
pQCD,

−7

10

103

10

η≈0

2

dNch/dη | 10

s = 200 GeV
s = 2760 GeV
s = 200 GeV
s = 62 GeV

103

η≈0

Figure 5 – Integrated yields of the direct photons for diﬀerent collision energy data in diﬀerent pT integrated
ranges, pT > 1 GeV/c (left) and pT > 5 GeV/c (right), as a function of the charged particle multiplicity,
dNch /dη, at mid-rapidity.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.

K. Adcox et al, Nucl. Phys. A 757, 184 (2005).
S. Turbide, R. Rapp, and C. Gale, Phys. Rev. C 69, 014903 (2004).
A. Adare et al, Phys. Rev. Lett. 104, 132301 (2010).
A. Adare et al, Phys. Rev. C 87, 054907 (2013).
A. Adare et al, Phys. Rev. C 91, 064904 (2015).
A. Adare et al, Phys. Rev. Lett. 109, 122302 (2012).
A. Adare et al, arXiv:1805.04066 [hep-ex].
J. Adam et al, Phys. Lett. B 754, 235 (2016).
A. Adare et al, arXiv:1805.04084 [hep-ex].

290

critical acoustics and singular bulk viscosity of quark matter
Boris O. Kerbikov
Alikhanov Institute for Theoretical and Experimental Physics, B. Cheremushkinskya 25, 117218
Moscow, Russia a
We examine the behavior of sound attenuation and bulk viscosity near the 2’nd order QCD
phase transition at ﬁnite density. A dynamical model is presented describing the coupled
evolution of sound mode and a slow mode of ﬂuctuations.

1

Introduction

The main result of heavy ion experiments performed over almost two last decades at RHIC and at
RHIC and LHC is a discovery of a new form of matter with properties markedly diﬀerent from the
pre-RHIC era predictions. Theoretical eﬀorts accompanying the experimental discoveries added
a lot to our understanding of the quark matter properties. There is, however, an unfortunate
aspect in the theoretical studies. Only zero, or very small μB domain of the QCD phase diagram
in the (μB , T ) plane is accessible to lattice Monte-Carlo simulations since for μ = 0 the fermion
determinant is no longer real.
The analysis of the quark matter properties can be carried out testing its response to external exitations. Transport coeﬃcients characterize how small perturbations from equilibrium
are transmitted through the medium. Shortly after the collision and until hadronization the
created matter is in the form of an almost ideal liquid. Sound is the only long-lived propagating
mode in a near-ideal ﬂuid. Viscosity leads to the dissipation of the sound wave energy. Shear
viscosity η dominates the sound attenuation in the regime of weak interaction when the system
is approximately scale invariant (Stokes absorption). If the medium is compressible and close to
deconﬁment/conﬁnement transition the bulk viscisity ζ is responsible for the sound absorption.
Close to the critical temperature Tc the sound attenuation is anomalously strong 1,2,3,4,5 . The
bulk viscosity ζ sharply rises towards singularity near Tc 6,7,8,9,10 . The speed of sound which is
by the ﬂuctuation-dissipation theorem related to the sound absorption attains its minimum near
Tc . This is the softest point of EoS. In ultra-relativistic and ultra-nonrelativistic limits when the
trace of the energy-momentum tensor depends only on the energy and particle densities ζ = 0 11 .
As shown by Mandelshtam and Leontovich (ML) long ago 12 and later conﬁrmed by Tisza
13 the anomalous behavior of the sound absorption coeﬃcient γ near T is caused by the contric
bution from the slow mode with a large relaxation time τ = Γ−1 . The divergent bulk viscosity
has the same origin. The essence of ML theory is the following 1,2,12,14 . Propagation of the
sound wave changes the temperature in compression-rarefaction regions. The slow mode (chemical reactions in the original ML work 12 ) can not keep up with this process. During the slow
equilibration energy dissipation takes place resulting in anomalous sound absorption and enhanced bulk viscosity. In 14 the sound attenuation near the 2’nd order transition point has been
investigated along the lines of the ML theory.
a
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In this case the slow mode corresponds to the relaxation of the order parameter which
exhibits ﬂuctuations near Tc . Let us present a compendium of the results of the ML theory for
the low frequency ωτ  1 region 1,2,9,14
ω 2 τ (c2∞ − c20 )
,
2c30 1 + ω 2 τ 2

(1)

ετ (c2∞ − c20 )
ζ(0)
=
,
2
2
1+ω τ
1 + ω2τ 2

(2)

γ(ω) =

ζ(ω) =

ω2τ 2
(c2 − c20 )
1 + ω2τ 2 ∞
ωτ
−i
(c2 − c20 ).
1 + ω2τ 2 ∞

c2 (ω) = c20 +

(3)


 
∂p
∂p
is the ordinary hydrodynamic speed of sound, c2∞ =
– the speed
∂ε s
∂ε ϕ
of sound at a given value of the order parameter ϕ, c∞ > c0 . Expression for ζ(0) in (2) is the
known Landau-Khalatnikov formula 14 . In order to equilize the short and long waves distortions
caused by the attenuation one introduces the dimensionless attenuation per wavelength αλ = λγ.
According to (1)-(2)


Here c20 =

αλ = ω

πζ(0)
,
εc20

(4)

This relation is used to determine the bulk viscosity of conventional materials from the
π, i.e., weak absorption. The
sound absorption. From (1) it follows that ωτ
1 means αλ
clear-cut picture of the high frequency ωτ  1 transport coeﬃcients is far from being complete.
According to 5 with ωτ increasing αλ (ω) slowly approaches the constant value deﬁned by the
critical indices.
The most diﬃcult problem within the slow relaxation ML theory is the behavior of ζ and
αλ in the immediate vicinity of the 2’nd order transition temperature, i.e., at |t|  Gi, where
t = (T − Tc )/Tc , and Gi is the Ginzburg-Levanyuk number. The subtle point is the distinction
between hydrodynamic and non-hydrodynamic sectors 2,9,15 . Following 7,8,10 we consider ω → 0,
T → Tc . In various approaches, like d = 4 − ε renormalization, modes coupling theory, or
isomorphism between the ﬂuid and 3d Ising system the bulk viscosity ζ(ω → 0, T → Tc ) shows
a power divergence
ζ ∼ ξ z−α/ν ∼ t−zν+α ,

(5)

Here ξ is the correlation length, z  3 is the dynamical critical exponent, ν  0.6 is the
correlation length critical exponent, ξ(t)  t−ν , α  0.11 is the critical exponent of the heat
capacity. According to (4) αλ diverges near Tc as αλ ∼ t−1.69 . The above anomalies of ζ and αλ
arise as a result of coupling between the hydrodynamical modes and the slow order parameter
mode. Below we present a dynamical model 16 which explicitly contains the slow mode and gives
the critical behavior of ζ(T ) very close to (5). Consider a region of the QCD phase diagram
corresponding to the onset of the 2SC superconductivity. For the orientation purposes one can
take Tc  40 MeV, μ(quark)  400 MeV. In color superconductor the exceedingly narrow BCS
ﬂuctuation region is replaced by a wide and physically important one δT /T  10−4 instead
of (10−12 − 10−14 ) in BCS. When the temperature approaches Tc from above precursor quark
pairing takes place. Fluctuations of the pair ﬁeld are described by a collective mode propagator,
or the ﬂuctuation propagator (FP) L(q, ω) 4 .
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In 16,17 the FP was derived for the relativistic quark system using either Dyson equation, or
the time-dependent Landau-Ginzburg equation with stochastic Langevin forces. The FP reads
1
L(q, ω) = − ·
ν t+

1
π
8Tc (−iω

+ Dq 2 )

,

(6)

where ν = p0 μ/2π 2 , p0 is the Fermi momentum, D is the diﬀusion coeﬃcient. At small ω
and q the FP L(q, ω) can be arbitrary large in the t → 0 limit. Within the Kubo formalism ζ
and αλ are expressed in terms of the pressure-pressure correlation function. In the diagrammatic
expansion of the correlation function close to Tc diagrams containing L(q, ω) bring the dominant
contribution. Based on the experience gained in condensed matter physics 4 we assume that the
Aslamazov-Larkin (AL) diagram shown in Fig.1 plays the leading role. In the short presentation
we leave out the detailed evaluation of this diagram which may be found in 16,17 .

Figure 1 – Feynman diagram for the AL polarization operator. The way lines correspond to L(q, ω).

The important point is that the imaginary part of the polarization operator corresponding
to the AL diagram is proportional to t−3/2 . Then the Dyson equation yields
αλ  R · ω · t−3/2 · ln2

Λ
,
2πTc

(7)

where R has a dimension m−1 and depends on the critical temperature, Fermi momentum
and the quark mean free path 16,17 , Λ is the UV cut-oﬀ equal to the Debye frequency in BCS.
The bulk viscosity is
ζ R·

εc2 −3/2
Λ
· ln2
.
·t
π
2πTc

(8)

The temperature dependence t−3/2 is rather close to the scaling law (5). Finally, we note
that the electrical conductivity given by the AL diagram has the t−1/2 dependence 17 . We also
note that a broad range of acoustic problems in QGP has been examined in 18 .
The author was supported by a grant from the Russian Science Foundation project number
16-12-10414. The author expresses his gratitude to M.S. Lukashov who participated in the early
stage of this work.
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The angular distributions of lepton pairs in the Drell–Yan process can provide a wealth of
information on the underlying QCD production mechanisms. It is possible to parameterise
these dynamics in terms of a set of frame dependent angular coeﬃcients, Ai=0,...,7 , which
depend on the invariant mass, transverse momentum, and rapidity of the ﬁnal-state lepton
pair. Motivated by recent measurements of these coeﬃcients by both ATLAS and CMS,
we perform a precision study of the angular coeﬃcients at O(αs3 ) in perturbative QCD. We
√
make predictions relevant for pp collisions at s = 8 TeV, and perform comparisons with the
available ATLAS and CMS data. The compatibility of this data is assessed by performing a
partial χ2 test with respect to the central theoretical prediction which shows that χ2 /Ndata is
signiﬁcantly reduced by going from O(αs2 ) to O(αs3 ).

1

Introduction

The production of Z bosons followed by subsequent leptonic decay is a benchmark process at
hadron colliders. The production rate for this process is extremely large, and, combined with
the fact that the ﬁnal state is experimentally clean, it has allowed precise diﬀerential Z-boson
cross section measurements to be performed at the LHC. Typically, these measurements are
performed inclusively with respect to the kinematic information of the gauge boson decay and
have many phenomenological applications, including PDF and luminosity determinations.
However, additional tests of the QCD dynamics for Z-boson production may also be performed by explicitly studying the angular distribution of the ﬁnal-state leptons 1,2,3,4,5,6,7 . Under
the assumption that the lepton pair is produced through the exchange of a gauge boson, the
reconstructed leptons provide a direct probe of the polarisation of the intermediate gauge boson, which in turn exposes the underlying QCD production mechanism. The QCD dynamics
of this process can be expressed in terms of a set of eight frame dependent angular coeﬃcients
Ai=0,...,7 , which depend on the invariant mass, transverse momentum, and rapidity of the lepton
pair and describe the production of the intermediate gauge boson. Distributions for the angular coeﬃcients can be extracted experimentally through ﬁts to the measured ﬁnal-state lepton
kinematics, which in turn can be compared to the corresponding predictions obtained in pQCD.
The CMS 8 and ATLAS 9 collaborations have recently performed a measurement of these
√
angular coeﬃcients in pp collisions at s = 8 TeV. These analyses have been performed in the
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Collins–Soper reference frame 1 , with an invariant-mass selection around the Z-boson resonance.
Most notably, both ATLAS and CMS observe clear evidence of non-vanishing distributions
for the diﬀerence of the angular coeﬃcients A0 and A2 . These results are interesting as they
demonstrate a violation of the Lam–Tung relation 2,3,4 , A0 − A2 = 0.
The purpose of this work is to reassess the compatibility of the LHC data to theory by
providing predictions for the phenomenologically most important angular coeﬃcients in highmass lepton pair production at O(αs3 ).
2

Theoretical and numerical setup

Consider the inclusive production of lepton pairs through the decay of an intermediate gauge
¯ 2 ) + X. In the lepton-pair rest frame, we deﬁne
boson, p(p1 ) + p(p2 ) → V(q) + X → (k1 ) + (k
the ﬁnal-state lepton momenta in terms of the angles θ and φ according to
μ
=
k1,2

Q
(1, ± sin θ cos φ, ± sin θ sin φ, ± cos θ)T ,
2

Q=



q2 .

(1)

The diﬀerential cross-section for lepton-pair production may be written as an expansion in
spherical harmonics of the lepton kinematics of up to degree two according to
(
1
3 dσ unpol.
dσ
(1 + cos2 θ) + A0 (1 − 3 cos2 θ)
=
d4 q d cos θ dφ
16π d4 q
2
1
+ A1 sin(2θ) cos φ + A2 sin2 θ cos(2φ)
2
+ A3 sin θ cos φ + A4 cos θ + A5 sin2 θ sin(2φ)
)
(2)
+ A6 sin(2θ) sin φ + A7 sin θ sin φ ,
where dσ unpol. is the unpolarised cross section. We note that the ﬁrst term inside the parenthesis
equal to (1 + cos2 θ) is not accompanied by a separate angular coeﬃcient, as its normalisation
is described by dσ unpol. that has been extracted as a pre-factor in Eq. (2).
To provide theoretical predictions for these angular coeﬃcients, one can make use completeness of the spherical harmonics and extract the angular coeﬃcients appearing in Eq. (2) with
the use of the projectors
*
+
*
+
A1 = 5 sin(2θ) cos φ ,
A2 = 10 sin2 θ cos(2φ) ,
A0 = 4 − 10 cos2 θ ,
* 2
+
A4 = 4 cos θ ,
A5 = 5 sin θ sin(2φ) ,
A3 = 4 sin θ cos φ ,
A6 = 5 sin(2θ) sin φ ,

A7 = 4 sin θ sin φ ,

(3)

where . . . denotes taking the (normalised) weighted average over the angular variables θ, φ
and is deﬁned as
 2π
1
−1 d cos θ 0 dφ dσ(θ, φ) f (θ, φ)
.
(4)
f (θ, φ) ≡
 2π
1
−1 d cos θ 0 dφ dσ(θ, φ)
In this way, one can use a general implementation of the diﬀerential cross-section for the process
¯ 2 )+X to reconstruct the diﬀerential cross-section according
p(p1 )+p(p2 ) → V(q)+X → (k1 )+(k
to the expansion given in Eq. (2). Our predictions are obtained with the calculation of Ref. 10 , to
provide NNLO-accurate QCD predictions for the pT,Z distributions of the angular coeﬃcients.
This process is implemented in the ﬂexible parton-level Monte Carlo generator NNLOjet. The
shown predictions have been obtained with the central member of the PDF4LHC15_nnlo_30
PDF set, and an uncertainty due to independent variation of factorisation and renormalisation
scales is included. In fact, when performing the projection according to Eq. (4) we chose to
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Figure
1 – The pT,Z distribution for the angular coeﬃcients A0 (left) and A2 (right), in pp collisions at
√

s = 8 TeV. The ATLAS data (black points) are compared to the LO (blue ﬁll), NLO (green ﬁll), and
NNLO (red ﬁll) theoretical predictions. In the lower panel, each distribution is shown normalised with
respect to the central NLO prediction.

partially un-correlate the scales choices in the numerator and denominator of the expression. We
provide predictions in the Gμ -scheme, where we additionally include the dominant corrections
to the ρ-parameter to deﬁne eﬀective values for both the sine of the weak mixing angle and
electromagnetic coupling. For more detail we direct the reader to 11 .
3

Phenomenological results

In this Section we provide predictions for the phenomenologically most relevant angular coeﬃcients A0,1,2 , as well as the diﬀerence (A0 − A2 ). We do not discuss the angular coeﬃcients A3
and A4 in what follows. The experimental precision of the extracted values of these coeﬃcients is
relatively poor, and the corresponding QCD corrections for these distributions are also small 11 .
A comparison of the ATLAS data and corresponding theoretical predictions is provided for
the angular coeﬃcients A0 (left) and A2 (right) as a function of pT,Z in Fig. 1. The corresponding
distributions for A1 (left) as well as the diﬀerence (A0 − A2 ) (right) are provided in Fig 2. Each
distribution is obtained with the kinematic selection of 80 < m < 100 GeV on the lepton-pair
ﬁnal state. The ATLAS data is indicated by black points and compared to the LO (blue ﬁll),
NLO (green ﬁll), and NNLO (red ﬁll) theoretical predictions. In the lower panel of each plot,
the distributions are provided normalised with respect to the central NLO prediction.
It is found that the NNLO corrections are important for improving the precision of each theoretical predictions, and that the shapes of the A1 and A2 distributions are altered at NNLO. The
importance of these corrections is most apparent for the A2 distribution, where large negative
corrections are observed, resulting in an improved description of the data.
In Fig. 2 (right), the data for the diﬀerence of the angular coeﬃcients A0 and A2 is shown,
which provides clear evidence for violation of the Lam–Tung relation, A0 − A2 = 0. In the
framework of perturbative QCD (pQCD), this relation can be shown to hold up to O(αs ) and
is violated only at O(αs2 ) and highera . Consequently, the NLO predictions for this observable
are the ﬁrst non-trivial predictions (the LO predictions being zero), and the ﬁrst correction to
this distribution being provided by the NNLO calculation. A visual comparison between the
data and the corresponding predictions for this observable indicate that the NNLO predictions
a

Note that for the Z-boson pT,Z distribution, the O(αs2 ) calculation is labelled as NLO.
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Figure 2 – As in Fig. 1, now for the angular coeﬃcients A1 (left), and the diﬀerence (A0 − A2 ) (right).
For the distribution of (A0 − A2 ), the regularised ATLAS data is also shown.

provide an improved description of the data as compared to NLO. To better quantify this comparison, we perform a χ2 test for this data with respect to the central theory prediction. We
consider the unregularised ATLAS data for the angular coeﬃcients A0 and A2 (and their correlations, as provided through the covariance matrix) within the range of pT,Z ∈ [11.4, 600] GeV,
corresponding to a total of 38 data points. The results are: χ2NLO /Ndata = 185.8/38 = 4.89 at
NLO; and χ2NNLO /Ndata = 68.3/38 = 1.80 at NNLO. Similar conclusions are drawn when the
CMS data is similarly analysed 11 .
4

Conclusions

We have provided NNLO predictions for the pT,Z distributions of the angular coeﬃcients in pp
√
collisions at s = 8 TeV. It is found that the NNLO corrections reduce the overall theoretical
uncertainty of the predictions, and result in an improved description of the data. Of particular
note are the large (and negative) corrections to the A2 distribution, which are seemingly necessary to adequately describe the observed distributions for A2 as well as the diﬀerence (A0 − A2 ).
Current approaches to performing an extraction of the W-boson mass in hadron-hadron collisions rely upon an accurate modelling of the angular coeﬃcients in vector-boson production 12 .
The Monte Carlo samples used in such an analysis are in part obtained from a reweighting based
upon the ﬁxed-order calculation of the angular coeﬃcients in vector-boson production at O(αs2 )
accuracy. The O(αs3 ) corrections to the decay lepton distributions in vector-boson production
computed in this work provide an important step towards improving the theoretical description
of reference quantities necessary for the precise measurement of MW . Upon request, predictions for the angular coeﬃcients in W-boson production at O(αs3 ) will be obtainable with the
calculation of Ref. 13 .
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Electroweak scale physics & exotic searches at LHCb
O. Lupton on behalf of the LHCb collaboration
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The LHCb experiment has a broad and varied physics programme, extending far beyond its
core set of ﬂavour physics measurements. This contribution summarises recent electroweak
scale measurements and searches for exotic states in the dimuon ﬁnal state.

1

Introduction

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity range 2–5
that is principally designed for the study of b- and c-hadrons, but which is well-suited to a wide
variety of electroweak scale measurements and exotic searches that are highly complementary to
other experiments at the LHC and elsewhere. Several features of the detector that are crucial
for the core ﬂavour physics programme, such as excellent vertex and momentum resolution, and
a powerful trigger system, contribute to excellent jet tagging performance and sensitivity to low
mass exotic states. LHCb operates at a substantially lower instantaneous luminosity than the
general purpose detectors at the LHC, ATLAS and CMS, which results in a clean, low pile-up
environment in which to search for physics beyond the Standard Model (SM).
2

Searches for exotic dimuon resonances

The excellent mass resolution and muon identiﬁcation performance of the detector over a wide
range of momenta make searches for exotic dimuon resonances an attractive prospect in LHCb
data. Two results are presented in this section, one covering a wide mass range and another
focused on the region in the immediate vicinity of the Υ resonances.
2.1

Dark photons

Several theories of physics beyond the SM propose new particles that could explain the nature
of dark matter. Such theories typically include additional particles and dark boson-mediated
forces, with a massive dark photon A being a popular feature. These dark photons typically
do not couple directly to charged SM particles, but they can gain a weak coupling to the SM
electromagnetic current via kinetic mixing. The strength of this coupling is suppressed by a
factor ε with respect to the SM photon. There is, therefore, a 2D parameter space to be probed.
The LHCb measurement1 presented here uses the dimuon ﬁnal state and is based on a
√
dataset corresponding to an integrated luminosity of L = 1.6 fb−1 recorded at s = 13 TeV
2
during 2016. The ﬂexible nature of the LHCb software trigger allows the full rate of prompt,
i.e. consistent with originating at the primary pp interaction vertex, dimuon candidates to be
recorded for analysis, from the dimuon mass threshold up to the Z 0 . The prompt-like dimuon
spectrum is shown in Fig. 1. Backgrounds due to semileptonic decays of heavy-ﬂavour hadrons,
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Figure 1 – Prompt-like dimuon spectrum used in the dark photon search with various resonance peaks labelled.1
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Figure 2 – Results of the dark photon search. Both prompt-like (top) and displaced (centre) exclusions are shown.1

and misidentiﬁed hadrons, are determined using ﬁts to χ2 -like variables relating to the dimuon
vertex quality. Background due to oﬀ-shell photon decays γ ∗ → μ+ μ− is irreducible and used to
normalise the dark photon search in a data-driven manner. The various well-known quarkonia
peaks labelled in Fig. 1 are excluded from the prompt-like search, which extends up to 70 GeV/c2 .
A search is performed for displaced dimuon vertices in the mass range [214, 350] MeV/c2 , in
this case the background composition is somewhat diﬀerent. At radii of more than 5 mm and
low mass the background is dominated by real photon conversions in the vertex locator material.
Such conversions are vetoed using a new method based on a large dataset of secondary hadronic
interaction vertices3 . At smaller radii the background is dominated by heavy ﬂavour decays.
No signiﬁcant excess is found, and the limits set are shown in Fig. 2. The prompt-like search
sets world-best limits in the mass region [10.7, 70] GeV/c2 , while the displaced search probes a
world-ﬁrst region of parameter space. Future updates to these searches are expected to take
advantage of the novel all-software trigger in the LHCb experiment upgrade for Run 3 of the
LHC, and to extend to lower values of m(A ) by exploiting the dielectron channel.4,5
2.2

Search in vicinity of the Υ resonances

A dedicated search for dimuon resonances in the vicinity of the Υ(nS) resonances has also been
performed, probing closer to, and in between, these peaks than the dark photon search.6 The
mass region that is probed in this analysis is illustrated in Fig. 3. No signiﬁcant excess is seen,
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Figure 4 – eμb invariant mass for all 44 selected candidates in the tt̄ measurement9 . No ﬁt is performed to
this distribution, it is presented simply to illustrate the
signal purity.

but the ﬁrst limits are set in the mass range [8.7, 11.5] GeV/c2 . Limits are set assuming that the
produced resonance is either a scalar or a vector boson.
3

tt̄ production

Top quark physics forms an important part of the electroweak scale physics programme at LHCb,
and is an excellent example of an area of study where the forward acceptance of the LHCb
detector has several advantages with respect to the central region instrumented by ATLAS and
CMS. For example, top quark cross-sections can provide important constraints on the large-x
gluon PDF, with the forward kinematic region being particularly sensitive. The forward region
also provides a greater fraction of events with quark-initiated production than central detectors,
enhancing the size of tt̄ asymmetries visible at LHCb.
Carrying out such measurements at LHCb presents several challenges relating to the small
acceptance, low luminosity and lack of missing energy measurement. Despite these challenges, t
√
and tt̄ production7,8 have previously been observed at LHCb using data recorded at s = 7 TeV
and 8 TeV.
√
The step to s = 13 TeV for Run 2 of the LHC has increased the LHCb-visible cross sections
for top quark processes by an order of magnitude, bringing new channels into statistical reach.
√
The new result presented here is a measurement of tt̄ production at s = 13 TeV using the eμb
9
−1
ﬁnal state and an integrated luminosity of L = 2 fb . This is a very pure ﬁnal state, as the
second lepton suppresses W + bb̄ production and the opposite-ﬂavour leptons suppress Z 0 + bb̄.
The signal purity is illustrated in Fig. 4, and the ﬁducial cross section is calculated as
σtt̄ =

N − Nbkg
· Fres = 126 ± 19 (stat) ± 16 (syst) ± 5 (lumi) fb−1 .
L·

(1)

Figure 5 compares this result, and an extrapolation to the full cross section, with SM predictions
at next-to-leading order. The measured cross sections are compatible with these predictions.
4

Z 0 → bb̄

The ﬁnal measurement discussed in these proceedings is the ﬁrst observation of Z 0 → bb̄ production in the forward region10 . This measurement is an important validation of the LHCb jet
reconstruction and b-tagging performance. Two b-tagged jets are reconstructed, with a third
balancing jet also reconstructed to help control the QCD background and deﬁne signal and
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spectrum showing the Z 0 → bb̄ signal10 .

control regions using a multivariate technique. The background-subtracted signal distribution
is shown in Fig. 6. The signal is observed with a statistical signiﬁcance of 6σ and the measured
cross section is found to be compatible with SM predictions at next-to-leading order.
5

Conclusions

LHCb has a broad and exciting programme of electroweak and exotic measurements, which are
typically still statistically limited and will beneﬁt signiﬁcantly from further Run 2 updates and,
crucially, from the LHCb upgrade ahead of Run 3 of the LHC.
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Searches for strongly-produced superparticles at the Large Hadron Collider have excluded
gluinos and squarks of all generations up to the TeV scale. While limited by statistics, electroweak signatures remain less thoroughly explored, and in particular the Higgsino sector
has proven challenging. Conventional searches for leptons associated with missing transverse
momentum do not fully cover the phase space, requiring new approaches to extend experimental sensitivity. Dedicated reconstruction techniques address the challenge posed by massdegenerate spectra. By looking beyond the assumption of leptonic signatures, searches for
gauge-mediated supersymmetry have broken new ground.

1

Introduction

Supersymmetry (SUSY)1–6 at low scales has long been considered a leading candidate for new
physics within reach of the Large Hadron Collider7 (LHC). To date, experimental searches
have disfavoured the existence of strongly-produced sparticles up to the TeV scale. Sparticles
produced via electroweak (EW) processes are less tightly constrained due to various challenges,
not least their generally lower production cross-sections.
With naturalness arguments not having delivered their promised bounty, the present goal of
the experimental search programme is to “leave no piste unskied”. Therefore, this talk reviews
the status of conventional searches for electroweak signatures, and describes the approaches used
by the ATLAS8 and CMS9 collaborations to extend sensitivity where these searches are limited,
such as by mass-degenerate SUSY spectra or by reduced decay rates to leptons. Emphasis is
placed on new results showing sensitivity to Higgsino production.
1.1

Phenomenology of the SUSY electroweak sector

EW signatures are primarily deﬁned by the phenomenology of the lightest supersymmetric particle (LSP), and the next-to-lightest supersymmetric particle (NLSP). Assuming R-parity conservation,10 the LSP (typically the lightest neutralino, χ̃01 ) is stable and holds neither electric
nor colour charge, and is therefore a dark matter candidate. EW NLSPs include the chargino
0
(χ̃±
1 ) and neutralino (χ̃2 ), respectively electrically charged or neutral mass eigenstates of mixtures between the superpartners of the Standard Model (SM) gauge bosons and the ﬁve Higgs
bosons expected from a 2-Higgs-doublet model.11 Alternatively, the NLSP could be a slepton
˜ partnered with the electron, muon or tau lepton.
(),
a
Copyright 2018 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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For EW sparticle masses of a few hundred GeV, the cross-sections are around O(0.1) −
O(10) fb, comparable to Higgs production cross-sections, and therefore orders of magnitude
below signiﬁcant background sources such as SM diboson production. The speciﬁc example of
MNLSP = 500 GeV implies cross-sections of 22fb for pair-producing charginos that are pure
Wino admixtures, but only 6fb for pure Higgsinos.12, 13 Left- (right-)handed sleptons of the
same mass have cross-sections of 0.5fb (0.2fb).
2

Conventional searches: multileptons

The traditional signature of at least two high transverse momentum (pT ) leptons b mitigates
the drawbacks of a small production cross-section in comparison with the strong processes
dominating proton-proton collisions. This motivates the classic strategy of selecting two or
more leptons, in conjunction with missing transverse momentum (E T ) from the invisible LSPs.
The most recent analyses of this nature from ATLAS and CMS have been carried out using
36 fb−1 of LHC proton-proton collision data collected at a centre-of-mass energy of 13 TeV.14–17
In all cases, these searches deal mainly with irreducible backgrounds from SM diboson production, and implement vetos on hadronic jets to mitigate jetty backgrounds such as top-quark
pair-production (tt̄), where no jets are expected from the signal decay processes. Searches for
≥ 3 leptons may suﬀer from a high rate of non-prompt or misidentiﬁed leptons.
2.1

Searches for slepton production

Searches for slepton production by ATLAS and CMS highlight various interesting experimental
methods.16, 18 Besides selecting events with two opposite-sign, same ﬂavour leptons and no
jets, a veto is applied to events whose dilepton mass M falls within the Z mass window. A
minimum M cut is also applied to remove dileptons from light hadronic resonances. Further
sensitivity is achieved by utilising the “stransverse mass” or MT2 variable.19, 20 This observable
eﬀectively separates signal from background by assuming that the event arises from the pairproduction of two heavy objects that each decay to a visible (lepton) and an invisible (neutrino
or neutralino) particle, and uses the E T constraint to place a lower bound on the parent particle
mass. The CMS analysis applies a simple cut at 90 GeV to substantially reduce the dominant
WW background, as a kinematic endpoint in MT2 exists for this process at the W mass, then
deﬁnes signal regions (SRs) in E T . ATLAS, in contrast, uses bins at large MT2 .
For many of the background processes, background estimation is possible using Monte Carlo
simulated events, whose normalisation is constrained by auxiliary measurements of data in
control regions. CMS utilises a data-driven “ﬂavour symmetry” method for the two major
residual background components of tt̄ and WW production. In these processes, the rate of ee
and μμ events with the selected kinematics is identical to that of eμ events, up to corrections
for diﬀerent reconstruction and particle identiﬁcation eﬃciencies for the two lepton ﬂavours.
In Figure 1, the ﬂavour symmetry approach is shown to accurately reproduce the data in
the signal region, demonstrating the eﬀectiveness of the method, albeit also revealing the lack
of any supersymmetric signal. The same ﬁgure shows the constraints placed by this search on
the masses of sleptons and the LSP, in a simpliﬁed model scenario where only production of
mass-degenerate left- and right-handed selectrons and smuons is assumed. For light LSPs, the
expected (observed) exclusion reach is 500 (450) GeV. Slepton production may be excluded
for LSP masses up to 220 GeV. Similar sensitivity is shown by the ATLAS dilepton search
channels.16
Searches for staus occupy a particular niche within the slepton analyses. While many of the
same approaches apply to deﬁning the searches, the dominant hadronic tau decay modes are
more diﬃcult to diﬀerentiate from other hadronic jets, reducing the signal purity. To address
b

Typically, “lepton” is used to refer only to the electron and muon, with tau leptons being mentioned explicitly.
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Figure 1 – Left: Signal region 
E T distribution for the CMS slepton search,18 showing the use of the “ﬂavour
symmetry” method to estimate the dominant backgrounds. Right: Limits placed on the slepton and LSP masses,
in a simpliﬁed model assuming mass-degenerate left- and right-handed selectrons and smuons.

this, both ATLAS and CMS have invested signiﬁcantly in optimising tau reconstruction and
identiﬁcation for LHC Run 2.21, 22 CMS has searched for stau production in channels considering
all decay modes of the two taus.23, 24 Due to the low purity, exclusion sensitivity to the nominal
stau production cross section has not yet been reached, as shown in Figure 2, but overall, the
doubly hadronic decay channel is seen to be more sensitive.

Figure 2 – Limits placed on stau production cross-sections by CMS analyses in channels considering at least one
leptonic decay of the taus23 (left) or doubly hadronic tau decays24 (right).

2.2

Searches for charginos and neutralinos

Chargino/neutralino decay modes are less constrained than those of sleptons. Diﬀerent-ﬂavour
dileptons or more than two leptons can be produced. The decay chain may feature on-shell Z
bosons, allowing a very clean signature to be identiﬁed. However, the rates of purely leptonic
ﬁnal states are diluted due to the propensity of SM bosons to decay to hadrons.
It is possible to carry out searches for chargino pair-production with a very similar approach
to the slepton analyses, as exempliﬁed by a recent CMS result.25 This strategy is eﬀective
when assuming 100% chargino decays to leptons via an intermediate slepton or sneutrino, but
sensitivity to W-mediated decays is more modest.
Surveying the searches for a wide range of chargino/neutralino decays depicted in Figure 3,26, 27 a few observations are possible. Firstly, for slepton-mediated decays, exclusion sensitivity is achieved for NLSP masses up to nearly 1150 GeV in the limit of massless LSPs.
However,the lack of coverage at large LSP masses illustrates how “compression” of the SUSY
mass spectrum poses a challenge for experimental sensitivity due to the limited visible ﬁnal state
energy. Constraints are also much weakened when allowing the electroweakino NLSPs to decay
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via SM bosons. These observations have motivated new analyses that address the challenge of
compressed signal scenarios and challenge the assumption of leptonic signatures.
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Figure 3 – Overview of current exclusion limits on production of charginos and neutralinos in diﬀerent search
channels using LHC data, shown in the plane of the parent and LSP masses. Left: ATLAS limits on pairproduction of charginos or neutralinos, or associated chargino-neutralino production using 8 and 13 TeV data.26
Right: CMS limits on associated chargino-neutralino production using 13 TeV data.27
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Searches for compressed supersymmetric states

Events / 4 GeV

In EW SUSY signal scenarios with compressed mass spectra, leptonic signatures may still be
present, but the phase space available to the leptons is severely reduced, as illustrated in Figure 4.
This has necessitated special procedures for reconstructing and calibrating soft leptons in both
ATLAS and CMS.28–31
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Figure 4 – Left: Subleading lepton transverse momentum spectrum for SM processes and Higgsino or slepton
NLSPs with a mass of 110 GeV decaying to a 100 GeV LSP.32 Right: Eﬃciency as a function of transverse
momentum for reconstructing and identifying muons in ATLAS, measured in simulation and in data using Z → μμ
and J/ψ → μμ decays.29

Searches using soft leptons have been published by both collaborations.32, 33 Leptons with
transverse momenta as low as 4-5 GeV can be reconstructed oﬄine, but triggering on these soft
leptons is a challenge, although soft dimuon triggers are employed in the CMS search. Due to
the large NSLP mass scale, hard ISR jets can be emitted, boosting the entire sparticle system.
The heavy LSPs carry away most of the momentum, facilitating a E T trigger selection as an
alternative to lepton triggers. Other analysis techniques common to ATLAS and CMS include
vetos on b-tagged jets, as a major source of soft leptons.
For the ﬁnal signal-background discriminants, a variety of observables are used: MT2 for
sleptons, a large ratio of the E T to the total visible transverse momentum, or ﬁnally structures
in the M spectrum, as demonstrated in Figure 5.
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Analysis of the M spectrum in these signal regions requires vetos on the mass ranges associated with light hadronic resonances such as J/ψ and Υ. Unlike in conventional searches,
the signal inhabits ranges well below those typical for the SM background processes. Another
important aspect of these analyses is that non-prompt and misidentiﬁed leptons make up a major background component, necessitating careful estimation using data-driven methods. These
specialised searches extend the limits on slepton, Wino and Higgsino production to NLSP-LSP
mass splittings of O(10 GeV), for NLSP masses below 150-200 GeV as shown in Figure 6.
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Figure 6 – Limits placed on compressed electroweak SUSY models by using searches with soft leptons, shown in
the plane of the NLSP mass and the NLSP-LSP mass splitting.32, 33 Left: ATLAS limits on compressed sleptons.
Right: CMS limits on compressed Higgsinos.

Even more unconventional reconstruction is needed for the extremely compressed spectra
that can arise in models of Anomaly-Mediated Supersymmetry Breaking (AMSB).34, 35 In such
scenarios, a general expectation is that the chargino NLSP is only separated by O(100 MeV)
from the LSP, and therefore undergoes a non-prompt decay to a soft pion and the LSP, with
a typical lifetime of O(0.1ns), implying that a chargino produced with some boost can travel
several centimetres from the interaction point before decaying.36 Searches have been carried out
for this unique “disappearing track” signature by reconstructing “tracklets” with a series of hits
in the inner tracking layers but none in the outer layers.37, 38
These analyses rely on robust data-driven estimates of the rates of fake tracklets, which can
originate from genuine hadron or lepton tracks that are bent by nuclear interactions or photon
emission, or from random combinations of nearby hits. As in the searches with soft leptons,
triggering is accomplished using E T triggers beneﬁting from ISR jet emission. Both ATLAS and
CMS produce limits on charginos in the AMSB scenario, featured in Figure 7. Due to diﬀerent
choices in the tracklet reconstruction, the CMS analysis has peak sensitivity for proper lifetimes
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of a few nanoseconds, while the ATLAS analysis is better tuned for sub-nanosecond lifetimes,
successfully excluding pure Higgsinos with masses below 152 GeV.39
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New search channels have been realised by stepping beyond the boundaries of leptonic signatures. Gauge-Mediated Supersymmetry Breaking (GMSB) models in particular motivate the
investigation of photonic or purely hadronic ﬁnal states.40, 41 A characteristic feature of GMSB
is a keV-scale gravitino LSP, which eliminates the possibility of a compressed mass spectrum.
The lightest neutralino can then be the NLSP, its mixings determining the precise signature.
Pure Bino NLSPs typically decay producing a high pT photon, the subject of searches by
CMS and ATLAS.42, 43 Because both of the Bino decay products are massless, the combination
of one or two energetic photons and large E T suﬃces to extract a signal. This can be seen from
the ATLAS and CMS limits in Figure 8, in which it is assumed that the production process
0
features the heavier χ̃±
1 and/or χ̃2 due to the low rate of Bino direct production. The limits
from both experiments are seen to be consistent, and are sensitive only to the production crosssection, but not to other mass scales that would aﬀect the kinematics of additional jets and
leptons in the ﬁnal state.
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Figure 8 – Exclusion limits on GMSB models from searches in photonic ﬁnal states, where the lightest neutralino
is a pure Bino.42, 43 Left: CMS limits on the cross-section of chargino pair-production or associated charginoneutralino production with the lightest neutralino and chargino being mass-degenerate. Right: ATLAS limits
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Finally, all-hadronic ﬁnal states have become of interest particularly in the context of Higgsino production. Both CMS and ATLAS have exploited the multi-b topology in searches that
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reconstruct two Higgs bosons accompanied by large E T from the light gravitino LSP.44, 45 Reconstruction of Higgs candidates from high-mass Higgsinos in the ATLAS analysis is done by
pairing nearby b-tagged jets, based on the expectation that the Higgs bosons will be somewhat
boosted, and hence their decay products will be collimated. In the CMS analysis, as well as in
the ATLAS dedicated low-mass selection, the Higgs candidates are instead identiﬁed by minimising the mass diﬀerence between the candidate jet pairs. The ATLAS low-mass analysis further
accounts for possible biases in the mass peak position. Top pair-production being the dominant
source of background with multiple b-tagged jets, an explicit reconstruction of and veto on top
pairs is executed in both searches. Remaining background contributions are assessed using side
bands and control regions, with the ATLAS low-mass estimate employing a BDT reweighting
of 2-b-tag data to the 4-b-tag signal region.
Figure 9 shows the resulting exclusion limits. Higgsinos with masses up to 890 GeV are
excluded, with the ATLAS low-mass optimisation proving crucial for closing the gap at Higgsino
masses below 200 GeV.
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Figure 9 – Exclusion limits on Gauge-Mediated Supersymetry Breaking models from searches in fully hadronic
ﬁnal states, where the lightest neutralino is a pure Higgsino, using data from CMS44 (left) and ATLAS45 (right).
Limits on the production cross-section are displayed, with the ATLAS plot showing the contributions of selections
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5

Conclusions

Having analysed up to 36 fb−1 of LHC Run 2 data, the ATLAS and CMS collaborations have
made substantial inroads in the search for electroweak signatures of supersymmetry. Conventional searches for multilepton signatures are well developed and provide some of the strongest
bounds on chargino and neutralino production. More challenging searches for compressed mass
spectra have been implemented thanks to reﬁnements in soft electron and muon reconstruction, and more exotic methods have been employed to achieve sensitivity to sparticles with
O(100 MeV) degeneracies. Sensitivity to pure Higgsino production is beginning to be achieved,
aided by the use of non-leptonic and in particular fully hadronic ﬁnal states. Yet, weak-scale
SUSY might still be hiding in the form of the stau.
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PRECISION MEASUREMENT OF THE FORM FACTORS OF
SEMILEPTONIC CHARGED KAON DECAYS FROM NA48/2
S. SHKAROVSKIY a
Joint Institute for Nuclear Research, Joliot-Curie, 6, Dubna, Moscow region 141980, Russia
We present a measurement of the charged kaon semileptonic form factors based on 4.3 million
K ± → π 0 e± νe and 2.9 million K ± → π 0 μ± νμ decays collected by the NA48/2 experiment.
The single results for the semi-electronic and semi-muonic channel have better and similar
precision, respectively, than previous measurements. The combination of both channels yields
the most precise measurement of the form factors of semileptonic kaon decays.

1

Introduction

The main purpose of the NA48/2 experiment at the CERN SPS was a search for the direct CP
violation in K ± decay to three pions 1 . The experiment used simultaneous K + and K − beams
with momenta of 60 GeV/c propagating through the detector along the same beam line.
The main components of the NA48/2 detector were a magnetic spectrometer, composed by
four drift chambers and a dipole magnet deﬂecting the charged particles in the horizontal plane,
and a liquid krypton electromagnetic calorimeter (LKr) with an energy resolution of about 1%
±
for 20 GeV photons and electrons. For the selection of Kμ3
decays, a muon veto system (MUV)
was essential to distinguish muons from pions.
The data used for the form factor (FF) analysis were collected in 2004 during a dedicated
run with a special trigger setup which required one or more tracks in the magnetic spectrometer
and an energy deposit of at least 10 GeV/c in the electromagnetic calorimeter.
2

Kl3 form factors

Semileptonic kaon decays K ± → π 0 l± ν (Kl3 ) oﬀer the most precise determination of the CKM
matrix element |VU S | 2 , that require both a branching ratio and a FFs experimental measurement.
a
for the NA48/2 Collaboration: G. Anzivino, R. Arcidiacono, W. Baldini, S. Balev, J.R. Batley, M. Behler,
S. Bifani, C. Biino, A. Bizzeti, B. Bloch-Devaux, G. Bocquet, N. Cabibbo, M. Calvetti, N. Cartiglia, A. Ceccucci, E. Celeghini, P. Cenci, C. Cerri, C. Cheshkov, J.B. Chèze, M. Clemencic, G. Collazuol, F. Costantini,
A. Cotta Ramusino, D. Coward, D. Cundy, A. Dabrowski, P. Dalpiaz, C. Damiani, M. De Beer, J. Derré,
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Kl3 precision FFs measurement results based on the NA48/2 data analysis are presented in this
paper.
The Kl3 decay width in the absence of electromagnetic eﬀects can be represented by the
Dalitz plot density depending on the lepton and pion energies in kaon rest frame El and Eπ
respectively 3 :
d2 Γ0 (Kl3 )
= N (Af+2 (t) + Bf+ (t)f− (t) + Cf−2 (t)),
(1)
dEl dEπ
where t = (PK − Pπ )2 = m2K + m2π − 2mK Eπ , N is a normalization constant and f− (t) =
(f+ (t) − f0 (t))(m2K − m2π+ )/t. Here f+ (t) and f0 (t) are the so called vector and scalar Kl3 FFs,
respectively. The mK is a mass of K + , mπ is a mass of π 0 and mπ+ is a mass of π + .
Table 1: Deﬁnitions of the FF parameterizations used in the analysis

Quadratic
Pole
Dispersive

f+ (t)
1 + λ+ t/m2π + 12 λ+ (t/m2π )2
MV2
(MV2 −t)
exp ( (Λ+ +H(t))t
)
m2π

f0 (t)
1 + λ0 t/m2π
MS2
(MS2 −t)
exp ( (ln[C]−G(t))t
)
(m2K −m2π )

Deﬁnitions of the implemented parameterizatios are shown in the Table 2: the Quadratic 4
parameterization (ﬁt parameters λ+ , λ+ , λ0 ), the Pole 5 (ﬁt parameters MV , MS ) and the Dispersive 6 one (ﬁt parameters Λ+ , ln[C]).
2.1

The Kl3 events reconstruction and selection

The data selection requires one track in the magnetic spectrometer and a time coincidence with
at least two clusters in the LKr from the π 0 decay. The track had to be inside the geometrical
acceptance of the detector, and needed a good reconstructed decay vertex, proper timing and
a momentum p > 5GeV /c in case of electrons. For muons the momentum needed to be greater
than 10GeV /c to ensure proper eﬃciency of the MUV system. To identify a track as the electron
we require 2.0 > E/p > 0.9, where E is the energy deposited in the LKr and p is the momentum
measured in the spectrometer, and no signal in the MUV system. To identify the track as a
muon we require an associated hit in the MUV system and E/p < 0.9.
Longitudinal Kl3 decay position Zn (neutral vertex Z coordinate) is deﬁned as a longitudinal
position of π 0 decay, reconstructed from LKr data assuming PDG 7 value for π 0 mass. The
transverse neutral vertex coordinates (Xn , Yn ) are calculated as the impact point position of the
reconstructed charged track on the Zn plane.
For the kaon momentum (PK ) measurement we direct Z axis along the beam average position
in space, measured from 3π ± data. In the assumptions of m(ν) = 0 and kaon ﬂight along the
beam axis (that means availability of the measured
Pt (ν) = −Pt ), two solutions of quadratic
√
2 + E 2 − P 2 − P 2 ),
equation for PK exist: PK = P1,2 = (φPZ ± d)/(E 2 − PZ2 ), where φ = 0.5(MK
t
Z
2
2
2
2
2
2
2
d = φ PZ − (E − cxPZ )(MK E − φ )) and E, Pt , PZ are the total energy and total momentum
of all the registered particles π 0 , l.
The background contribution (see Table 2) has been estimated using the NA48/2 Monte
Carlo. For Ke3 the background from K ± → π ± π 0 (2π) signiﬁcantly contributes to the signal.
A cut in the Pt (ν) >= 0.03 GeV /c of the event reduced this background. For Kμ3 selection,
essential background may come from 2π decays with a subsequent π ± → μ± ν̄. The cuts in
m(π ± π 0 ) and m(μν̄) reduced this background. For both Kμ3 and Ke3 samples the K ± → π ± π 0 π 0
decays can contribute to the background.
Additionally, the eﬀect of Kμ3 misidentiﬁcation as Ke3 (due to the μ → eν decay) has been
taken into account.
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Inner bremsstrahlung part of π ± π 0 γ decay was simulated separately for the kaon rest frame
kinetic energy of the charged pion Tπ∗± < 90M eV , its probability estimation is taken from 8 .
Table 2: Simulated background processes, their probabilities Br (in %), generated MC statistics Ng (in 106
events) and the estimated fractions Fe and Fμ (both in units of per mill) in Ke3 and Kμ3 samples for the present
selection.

Process
K ± → π ± (π 0 → 2γ)
K ± → π ± 2(π 0 → 2γ)
K ± → π ± (π 0 → e+ e− γ)
K ± → π ± γ(π 0 → 2γ)
K ± → π 0 μ± ν(μ → eν)

Notation
2π
3π
2πD
2πγ
e
Kμ3

Br
20.66
1.761
1.174
0.0275
0.03353

Ng
393.2
62.5
1.5
35.3
174.3

Fe
0.270
0.286
0.049
0.004
0.004

Fμ
0.264
1.833
0.000
0.044
0.000

The experimental two-dimensional Dalitz plot is corrected for background by subtracting of
the estimated background contributions.
The total statistics of selected data is 4.28 × 106 events for Ke3 , and 2.91 × 106 events for
Kμ3 selection.
2.2

Preliminary results on the Kl3 form factors

To extract the FF a events-weighting ﬁt is performed in 5 × 5M eV cells in the Dalitz plot of
Eπ∗0 vs El∗ energies, computed in the kaon rest frame. The Ke3 and Kμ3 Dalitz plots were ﬁtted
simultaneously with a common set of the ﬁt parameters MINUIT 9 package called from the
ROOT 10 interface minimizes χ2 by means of parameters variation. The preliminary ﬁt results
and contributions to systematic uncertainty for Quadratic, Pole and Dispersive Parameterisation
are shown in the Table 3.
Table 3: Fit results for the Quadratic (×103 ), Pole (M eV /c2 ) and Dispersive (×103 ) Parameterisation

Quadratic
Kμ3
Ke3
Kl3
Pole
Kμ3
Ke3
Kl3
Dispersive
Kμ3
Ke3
Kl3

λ+
23.32 ± 3.08sta ± 3.50sys
23.52 ± 0.78sta ± 1.29sys
23.35 ± 0.75sta ± 1.23sys
mV
879.1 ± 8.1sta ± 13.5sys
896.8 ± 3.4sta ± 7.6sys
894.3 ± 3.2sta ± 5.4sys
Λ+
23.55 ± 0.50sta ± 0.97sys
22.54 ± 0.20sta ± 0.62sys
22.67 ± 0.18sta ± 0.55sys

λ+
2.14 ± 1.06sta ± 0.96sys
1.60 ± 0.30sta ± 0.39sys
1.73 ± 0.29sta ± 0.41sys
mS
1196.4 ± 18.1sta ± 28.8sys

λ0
14.33 ± 1.11sta ± 1.25sys
14.90 ± 0.55sta ± 0.80sys

1185.5 ± 16.6sta ± 35.5sys
ln[C]
186.68 ± 5.12sta ± 9.23sys
189.12 ± 4.91sta ± 11.09sys

The NA48/2 is the ﬁrst experiment measuring the FF using both K + and K − . In Kμ3 the
result is dominated by the statistical error, for Ke3 by the systematic (Fig. 1).
In order to avoid the problem of partially correlated systematic uncertainties in the Ke3 and
Kμ3 results averaging, we just repeated the complete analysis considering the two decay modes
information as the joint data set, containing two Dalitz plots that should be simultaneousely
ﬁtted with a common form factor parameters.
The combined ﬁt results for Quadratic, Pole and Dispersive parametrizations are also listed
in Table 3. The comparison between Kl3 Quadratic ﬁt results by recent experiments is shown
0 (KLOE, KTeV and
in Fig. 2. The 68% conﬁdence level contours are displayed for both Kl3
−
NA48) and charged kaon decays (ISTRA+ studied Kl3 only). The preliminary NA48/2 results
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Figure 1 – (Color online) 1σ conﬁdence contours for measurements of Ke3 vector form factor and of Kμ3 λ+ , λ+
and λ0 form factor parameters. NA48/2: result of the present work.

presented here are the ﬁrst high precision measurements done with both K + and K − decays.
All the measured parameters are in good agreement with the measurements done by the other
experiments.
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Figure 2 – Joint Kl3 results for the λ+ , λ+ and λ0 form factor in comparison with the Kl3 from another experiments.

Conclusion
Kl3 form factors measurement is performed by NA48/2 experiment on the basis of 2004 run
±
±
, and a smallest error in Ke3
has been
data. Result is competetive with the other ones in Kμ3
reached, that gives us also the combined result with the smallest error.
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Theory of rare kaon decays
Giancarlo D’Ambrosio a
Istituto Nazionale di Fisica Nucleare, Sezione di Napoli, Complesso Universitario di Monte S. Angelo,
Via Cintia Ediﬁcio 6, 80126 Napoli, Italy

I review rare kaon decays in the LHC era: we discuss interplay with B-anomalies and possible
New Physics in direct CP violation in K → 2π: very rare kaon decays like K → πν ν̄ are
very important to this purpose We discuss also the decays K 0 → μ+ μ− due to the LHCB
measurement

Introduction and K → πν ν̄

1

Rare kaon decays furnish challenging MFV probes and will severely constrain additional ﬂavor
physics motivated by NP 1 . SM predicts the V − A ⊗ V − A eﬀective hamiltonian (Fig. 1)
H =

α
GF
√
( Vcs∗ Vcd XN L +
Vts∗ Vtd X(xt )
) s L γ μ dL ν L γ μ ν L ,





2 2π sin2 θW 
λxc
A2 λ5 (1 − ρ − iη)xt

(1)

2 , θ
xq = m2q /MW
W the Weak angle and X’s are the Inami-Lin functions with Wilson coeﬃcients
known at two-loop electroweak corrections and the main uncertainties is due to the strong
corrections in the charm loop contribution. The structure in (1) leads to a pure CP violating
contribution to KL → π 0 νν, induced only from the top loop contribution and thus proportional
to m(λt ) (λt = Vts∗ Vtd ) and free of hadronic uncertainties. This leads to the prediction

B(KL → π 0 νν)SM = (2.9 ± 0.2) × 10−11

B(K + → π + νν)SM = (8.3 ± 0.9) × 10−11 .

where the parametric uncertainty due to the error on |Vcb |, ρ and η is shown.
Typical BSM predict new ﬂavor structure that might aﬀect K → πν ν̄ that now can be
tested at NA62 and KOTO 2 ; we describe two diﬀerent BSM eﬀects i) new ﬂavor structures for
 avoiding ΔS = 2 constraints (Fig. 1) 3,1 and ii) attempts to describe B-anomalies 4 , typically
induce large ﬂavor eﬀects at O(1) TeV 5 . i) the recent lattice results for K → 2π leave open the
possibility of BSM for  ; to isospin breaking terms in (A2 ) have been studied 3 in Fig.1. We
a

Supported by MIUR under Project No. 2015P5SBHT (PRIN 2015) and by INFN research initiative ENP
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Figure 1 – K → πν ν̄: SM (left), K → 2π isospin breaking terms ((A2 )) and typical eﬀects (right)

Figure 2 – RS scenario to explain B-anomalies: B(K → πν ν̄) ranges as a function of fermion proﬁles (ci ’s)

expect eﬀects at most 10% in K + → π + ν ν̄ while are more sizable for KL → π 0 ν ν̄. Theoretically
addressing ﬂavor in Randall Sundrum models is more challenging: we have studied the so called
ﬂavor anarchy scenario with 5D MFV and custodial symmetry; the only sources of ﬂavor breaking
are two 5D anarchic Yukawa matrices. These matrices also generate also the bulk masses, which
are responsible for the resulting ﬂavor hierarchy. The theory ﬂows to a next to minimal ﬂavor
violation model where ﬂavor violation is dominantly coming from the 3rd generation. We show
that it is possible to ﬁnd a range of parameters for bulk masses satisfying experimental ﬂavor
constraints, but also we explain the neutral B-anomalies, requiring NP ﬂavor scale at O(1) TeV.
Then we address K → πν ν̄−decays: we show the TH predictions as a function f the bulk fermion
masses in Fig.2 5 . A natural issue is to test O(1) TeV physics at LHC; we are trying to apply
the technique of Ref. 6 to this purpose.
2

KL,S → μ+ μ−

Recent KS → μμ LHCB measurement is very interesting and unexpected
B(KS → μμ)LHCB < 9 × 10−9 at 90 % CL

B(KS → μμ)SM = (5.0 ± 1.5) × 10−12 .

(2)

It represents an important milestone since it has improved the previous limit, < 3.2×10−7 at 90 % CL,
lasted 40 years. It is based on a production of 1013 KS per fb−1 inside the LHCB acceptance
√
and it is obtained using 1.0 fb−1 of pp collisions at s = 7 TeV collected in 2011.
Two photon exchange generates the dominant contribution for both KL and KS decays to
two muons 7 . The structure of weak and electromagnetic interactions entails a vanishing CP
conserving short distance contribution to KS → μ+ μ− . Indeed the SM short diagrams (similar
to K → πν ν̄ in Fig. 2) lead to the SM eﬀective hamiltonian similar to eq. (1).
The LD contributions to KS → μ+ μ− Fig. (4) have been computed reliably in CHPT
(B = (5.0 ± 1.5) × 10−12 ). The relevant short distance contributions are
−5
∗
2
−13
B(KS → μμ)SD
SM = 1 × 10 | (Vts Vtd )| ∼ 10
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vs

B(KS → μμ)N P ≤ 10−11

(3)

sL/R

μ+
s̃L/R
H, A

K0

g̃
s̃R/L
d˜R/L
μ−

dR/L

Figure 3 – Susy scenario: KS → μμ diagram (left), theory predictions: in dashed area no interference eﬀects are
considered (right)
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Figure 4 – KS LD diagram (left), interference eﬀect from eq. 5 on B(KS → μ+ μ− ) depending on the ALγγ sign:
negative (center and in red SM while in green NP contributions) and positive (right and in blue SM while in green
NP contributions).

We have shown that in some appealing susy scenario in Fig. (3) 8 large allowed new physics
contributions (NP) can be substantially larger that SM SD contributions.
The short distance hamiltonian will contribute also to KL → μμ, through a CP conserving
amplitude, (Ashort ), that has to be disentangled from the large LD two-photon exchange contributions, Aγγ : the absorptive LD contribution is much larger than SD, in the rate respectively 25
times larger than dispersive; total (Bexpt = (6.84±0.11)×10−9 ) To extract SD info the situation
would be better if we would know the sign of Aγγ , theoretically and experimentally unknown.
While KL −decays outside the LHCB ﬁducial volume the interference A(KL → μμ∗ A(KS → μμ
may aﬀect the LHCB KS −rates: we can study the time interference KS,L → μμ ; this can be
done by ﬂavor tagging K 0 K̄ 0 , speciﬁcally by detecting the associated π ± and (or) K ∓ , deter0 −K̄ 0
mining the impurity parameter D = K
. Then interference term will aﬀect the measured
K 0 +K̄ 0
branching 7 :
B(KS0 → μ+ μ− )eﬀ = τS
Df 2 M 3 β
+ K8π K μ Re

 tmax
tmin

dte−ΓS t ε(t)

i AS AL −

−1

βμ2 BS∗ BL

 tmax
tmin

dt Γ(KS0 → μ+ μ− )e−ΓS t

e−iΔMK t





e

−

ΓS +ΓL
t
2



ε(t) ,

(4)

Then we are i) increasing the sensitivity to short distance and ii) possibly determining the sign
ALγγ

spin

⎫
⎪
⎬



A(K1 → μ+ μ− )∗ A(K2 → μ+ μ− ) ∼ Im[λt ]y7A
AμLγγ −2π sin2 θW Re[λt ]y7A
+ Re[λc ]yc
⎪
   ⎪
⎭
⎩  
⎧
⎪
⎨

SD



LD

(5)
Experimentally, one can also access an eﬀective branching ratio of KS0 → μ+ μ− 7 which includes
an interference contribution with KL0 → μ+ μ− in the neutral kaon sample. LHCB has a beautiful
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kaon physics program
KS → μμ
KL → μμ
KS → μμμμ
KS → eeμμ
KS → eeee
KS → π + π − μ + μ −
3

PDG
Prospects
< 9 × 10−9 at 90% CL (LD)(5.0 ± 1.5) · 10−12 NP < 10−11
(6.84 ± 0.11) × 10−9
diﬃcult : SD << LD
−
SM LD ∼ 2 × 10−14
−
∼ 10−11
−
∼ 10−10
−
SM LD ∼ 10−14

(6)

The weak chiral lagrangian

In Ref. 9 we have studied how to determine the weak O(p4 ) chiral countertems in
LΔS=1 = L2ΔS=1 + L4ΔS=1 + · · · = G8 F 4 λ6 Dμ U † Dμ U  + G8 F 2




K→2π/3π







Ni Wi + · · · .

i





K + →π + γγ,K→πl+ l−

Due to the accurate NA48/2 study of the decays K ± → π ± π 0 γ and K ± → π ± π 0 e+ e− the subset
of CT’s in the table can be determined
r − Nr
K ± → π±γ ∗
N14
15
0
∗
r + Nr
2N14
KS → π γ
15
r − Nr − Nr − N
K ± → π ± π 0 γ N14
17
15
16
r − N r − 2N r
N14
K + → π + γγ
15
18

a+ = −0.578 ± 0.016
aS = (1.06+0.26
−0.21 ± 0.07)
XE = (−24 ± 4 ± 4) GeV−4
ĉ = 1.56 ± 0.23 ± 0.11

NA48/2
NA48/1
NA48/2
NA48/2

(7)
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QCD AND HIGH ENERGY INTERACTIONS:
MORIOND 2018 THEORY SUMMARY
Gudrun Heinrich
Max Planck Institute for Physics, Föhringer Ring 6, 80805 Munich, Germany

The highlights of the theory developments presented at the Rencontres de Moriond 2018 on
QCD and High Energy Interactions are summarised and put into perspective.

1

Introduction

With the wealth of new experimental results presented at Moriond 2018 and still to come,
theorists have to keep up with the increasing experimental precision, oﬀer interpretations of the
data, come up with new ideas how to probe the Standard Model and think ahead what could be
beyond and how it could be tested. All these points have been addressed in may exciting talks,
reﬂecting the current situation in particle physics from the QCD side, whose understanding in
all aspects is of great importance, both in its own right and also in order to tell apart New
Physics from QCD eﬀects.
2

Higgs Physics and precision calculations

As the excitement about the Higgs boson discovery is ebbing away, we should not forget that
we are just at the beginning of our exploration of the Higgs sector. The fact that the Higgs
boson so far looks pretty Standard-Model-like means that higher order corrections in the Higgs
sector are extremely important in order to establish that small deviations form the Standard
Model (SM) predictions are indeed signs of New Physics. Therefore Higgs physics and precision
calculations are closely related. As Keith Ellis 1 put it, new results in the Higgs sector are
“guaranteed deliverables”, and therefore it should be our primary goal to scrutinise the Higgs
sector, in particular get a handle on the Higgs couplings to light SM particles, the total and
partial widths, invisible decays and the trilinear Higgs coupling. He also presented a comparison
of various future collider options and put it into perspective for the upcoming European Particle
Physics Strategy document.
An update on available predictions and their uncertainties for Higgs boson production and
decay was given by Michael Spira 2 . While for inclusive Higgs boson production the theoretical
uncertainties nowadays are rather well under control 3,4,5 , this was less the case for the Higgs
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boson transverse momentum. Important progress on this subjet was presented at Moriond 2018.
Luca Rottoli reported on results 6,7 based on momentum space resummation at N3 LL, matched
to NNLO in the heavy top limit, for the Higgs boson pT spectrum, see Fig. 1(a). The same
procedure also has been used to produce predictions at this level of precision for the Drell-Yan
process, and the method allows to resum entire classes of observables. Results for the Higgs
boson transverse momentum spectrum at N3 LL, matched to NNLO also have been presented
very recently in Ref. 8 . However, the heavy top limit is not a good approximation in the pT -range
where the energy is suﬃcient to resolve the top quark loops. Therefore the prediction of the
Higgs boson pT -spectrum at NLO with full top quark mass dependence was much in demand,
and has been presented by Matthias Kerner 9 , showing that the full result diﬀers from the NLO
result in the heavy top approximation by about 9% at total cross section level 10 . The full
top quark mass dependence signiﬁcantly alters the tail of the pT,H -distribution, as can be seen
from Fig. 1(b). Note that the top-bottom interference eﬀects for Higgs+jet at NLO are also
available 11 .
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Figure 1 – Left: comparison of the transverse momentum distribution for Higgs boson production at NNLO and
N3 LL+NNLO, NNLL+NLO, and NNLO for a central scale choice of μR = μF = mH /2. Right: Higgs boson
transverse momentum spectrum at LO and NLO QCD in the mt → ∞ limit (HEFT) and with full top-quark
mass dependence. The upper panel shows the diﬀerential cross sections, the middle panel the ratio to the LO
HEFT prediction, the lower panel the diﬀerential K-factors for both the HEFT (orange) and the full theory (red).

Precision calculations within models suggesting an extended Higgs sector, for example the
Two-Higgs Doublet Model, are important for BSM searches. Stefan Dittmaier reported on a
calculation of NLO electroweak and QCD corrections to the decay h → W W/ZZ → 4 fermions
of the light CP-even Higgs boson within various types of Two-Higgs-Doublet Models, available
in PropHecy4f 12,13 , comparing also various renormalisation schemes.
Certainly, model independent approaches to the search for non-SM phenomena in the Higgs
sector are also very important, and many creative ideas, also including deep learning algorithms,
are emerging rapidly these days. For example, optimisations of measurements in the Higgs sector
based on information geometry, was presented by Felix Kling 14,15 .
3

Perturbative QCD at work

In the discussion session with the title “Where is New Physics?” the question was raised how
well “QCD backgrounds” are under control. The answer is: better and better! At Moriond 2018,
the record of loops+legs was held by Ben Ruijl (5 loops, 2 legs) and Ben Page (5 legs, 2 loops).
Ben Page presented results for planar 2-loop 5-gluon amplitudes 16,17 , obtained by numerical
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unitarity and ﬁnite ﬁeld reconstruction, thus using a method which may replace standard twoloop reduction methods at some point.
Ben Ruijl 18 presented a generalised R operation 19 to extract pole parts from multi-loop
Feynman graphs with numerators, which has been worked out in order to calculate the 5-loop
β-function 20 . He also showed results for Higgs decays to gluons at N4 LO 21 , which reduce the
scale uncertainties by almost a factor of 4 compared to N3 LO, such that the uncertainties due
to the truncation of the perturbative series now play a sub-leading role in ΓH→gg compared to
other eﬀects (e.g. top mass eﬀects, αs ).
Fabrizio Caola 22 reported about an eﬃcient method to handle infrared divergent real radiation at NNLO, called “nested soft-collinear subtraction” 23 , which has been used to calculate
pp → W H, H → bb̄ at NNLO 24 . Large corrections have been found at NNLO in regions which
are not populated by LO, as well as interesting eﬀects related to the fact that the b-quark is
treated as massless.
Rhorry Gauld presented a study of the angular coeﬃcients which parametrise the angular
dependence of the decay to leptons in Z-boson production at NNLO 25,26 , based on a calculation
of Z + X in the NNLOJet framework 27 . These coeﬃcients have been measured and a tension
with previous predictions has been observed for A0 − A2 . It turned out that NNLO is necessary
to describe the data.
David d’Enterria revisited the forward-backward asymmetry of b-quarks in e+ e− → Z (→
bb̄), asking the question whether the large (2.8σ) discrepancy between data and theory predictions in A0,b
F B , determined at LEP times, persists if the QCD uncertainties are re-assessed with
modern simulation tools 28 . Interestingly it turns out that the QCD uncertainties are overall
slightly smaller but still consistent with the original ones.
4

PDFs, non-perturbative QCD and Spectroscopy

Cranking up the orders in perturbative QCD is useful only if the gain in precision is not spoiled
by non-perturbative eﬀects. Major contributions to this subject concern PDF determinations
and a better understanding of hadron physics.
4.1

New developments related to PDFs

German Sborlini showed us that QED eﬀects can compete with NNLO QCD eﬀects and therefore
it is important to take a photon content of the proton into account, as has been pointed out
in 29 . He presented a calculation of the mixed QED-QCD splitting functions 30 and also showed
a calculation of NLO QED corrections to diphoton production, pointing out that jet vetos can
lead to enhanced QED eﬀects 31 .
R. Zlebcik presented a new method to calculate transverse momentum dependent parton
distribution functions and its implementation into xFitter 32 , together with applications to the
pT distribution of the Z-boson and dijet decorrelations 33 . The version xFitter-2.0.0 and its
various functionalities has been presented by F. Giuli 34 , focusing in particular on the inclusion
of small-x resummation. J. Fiaschi pointed out that the forward-backward asymmetry from
Drell-Yan production could also be useful to be included in PDF ﬁts 35 . Promising results have
been shown from the Lattice community by S. Zafeiropoulos 36 . A new approach based on ratios
of matrix elements leads to quark PDFs from ﬁrst principles which are competitive with PDFs
from global ﬁts.
4.2

Non-perturbative QCD and hadron physics

News about modelling quantum eﬀects in hadronisation, in particular on a model which provides an explanation for the emergence of Bose-Einstein-like correlations without additional free

327

parameters, have been reported by S. Todorova-Nova 37,38 . B. Kerbikov proposed a dynamic
model for sound absorption and bulk viscosity near the critical temperature 39,40 .
Chris Quigg pointed out that stable heavy tetra-quark mesons of type Qi Qj q̄k q̄l must exist
in the limit of very heavy quarks Q. He predicts that double-beauty states will be stable against
strong decays, while the double-charm states and mixed beauty-charm states will dissociate into
pairs of heavy-light mesons. Observation of such states would establish the existence of tetraquarks, and comparison with theoretical predictions for their production rate and lifetime would
teach us about the role of heavy colour-antitriplet di-quarks as hadron constituents 41 .
Shi-Yuan Li also pursued the deeper understanding of multi-quark states and emphasised
the importance of studying hadron correlations in this context 42 .
An explanation why the lifetimes of ﬁve Ωc excited states – recently found by LHCb and
conﬁrmed by Belle – are so small, has been oﬀered by M. Praszalowicz 43 , based on an extension
of the chiral quark-soliton model, where the two narrowest states are interpreted as penta-quarks
belonging to the 15 representation of SU (3).
Cai-Dian Lu oﬀered calculations of branching fractions for several doubly charmed baryon
+ − + +
states 44 , and in fact the Σ++
cc state has been discovered by LHCb in the decay channel Λc K π π ,
which has been calculated to have the largest branching fraction.
5

Flavour Physics

The ﬂavour sessions started with a talk by Gudrun Hiller45 stating the experimental facts and
their possible theory implications: there are hints in semi-leptonic B-meson decays (b → sll
transitions) pointing towards a violation of lepton-universality. The ratios
2
 qmax

q2

RH =  qmin
2
max
q2min

dq 2 dB/dq 2 (B̄ → H̄μμ)
dq 2 dB/dq 2 (B̄ → H̄ee)

(1)

for H = K and K ∗ have been measured to deviate from unity at the ∼ 2.6 σ level 46,47 , while the
radiative corrections do not exceed the percent level. The dimension six operators which can
be responsible for a violation of lepton-universality can be clearly identiﬁed 48,49 . The measured
ratios RD and RD∗ (b → clν transitions) also seem to indicate signs of lepton-non-universality
(LNU). Rather minimal extensions of the Standard Model to account for LNU would be U (1)
extensions (Z  -models) with gauged lepton ﬂavour 50 or leptoquarks, see Section 6. Collider
searches for such states will certainly give important information complementary to the data
from LHCb and Belle II.
Robert Fleischer 51 reported on a theoretical framework to study leptonic decays Bq0 →
+
−
l l (q = s, d), which belong to the cleanest rare B decays, and therefore oﬀer an outstanding
opportunity to explore the ﬂavour sector. So far, only Bs0 → μ+ μ− has been observed, and agrees
with the Standard Model expectation. On the other hand, another promising decay, Bs0 → e+ e− ,
has received little attention so far because of its helicity suppressed Standard Model branching
ratio, which however may be hugely enhanced through new (pseudo)-scalar contributions which
lift the helicity suppression. He also pointed out that new sources of CP violation may enter
the game, and presented observables which are well suited to explore in this direction, while
not giving up ﬂavour universality 51,52 . Utilising B → πK decays as a probe of new physics,
in particular with regards to CP asymmetries, is another interesting subject. Ruben Jaarsma
has presented a new state-of-the-art analysis, including also eﬀects from electroweak penguin
diagrams, which conﬁrms the tension with current data 53,54 .
Roman Zwicky explained that the contamination of right-handed currents in B → V γ (or
B → V l¯l) decays due to long-distance eﬀects can be controlled by considering in addition the
corresponding decay B → Aγ (l¯l), where V /A are vector/axial vector mesons, exploiting the
opposite relative sign of left- versus right-handed amplitudes 55,56 .
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Giancarlo D’Ambrosio gave us a broad overview on recent developments in Kaon physics 57 ,
also listing models which address the  / anomaly and discussing the interplay with B-anomalies.
More details will be provided in the following section.
6

Beyond the Standard Model

The contributions about physics beyond the Standard Model can roughly be divided into two
categories: the ones which address speciﬁcally the ﬂavour anomalies, and the ones which don’t.
In the ﬁrst category (see also 58 for a small review) is a class of models presented by Andreas
Crivellin 59,60 , which is of Pati-Salam type, i.e. based on a gauge group where lepton number is
the fourth colour. Implementing this gauge symmetry in a 5D Randall- Sundrum background,
the mass scales of the Kaluza-Klein resonances, in particular the vector leptoquarks, can be in
the few TeV range. The model naturally accommodates the RK,K ∗ anomalies, and in a nonminimal version also can oﬀer an explanation of the tensions in the anomalous magnetic moment
of the muon.
Abhishek Iyer also oﬀered an explanation for the anomalies in B- and rare K-decays, in
the context of custodial Randall-Sundrum models 61,62 . Two solutions are possible within such
models, one where both muons and electrons play a role in lepton non-universality, and one
where primarily muons play a role. More data on rare Kaon decays could serve to distinguish
the two possibilities 57 .
What is next if (some of) the indirect signs of New Physics in the ﬂavour sector turn out
to be ﬁrmly established? Tevong You addressed the interesting question whether we can reach
the scale of New Physics which may be behind the ﬂavour anomalies at future colliders 63,64 .
Focusing on rather minimal Z  and leptoquark models, the conclusion is that for narrow width
Z  models there is a good but not complete sensitivity at the HE-LHC, whereas FCC-hh would
almost guarantee a discovery, see Fig. 2. If leptoquarks are responsible, the conclusion depends
critically on the leptoquark masses, but for masses below 4.5 TeV a discovery at HE-LHC would
be very likely.

Figure 2 – Coverage of the parameter space for a minimal Z  -model that could explain the anomaly in B →
K (∗) μ+ μ− . Left: HL-LHC, right: FCC at 100 TeV.

Extended Higgs sectors can oﬀer solutions to open questions like the origin of dark matter,
baryogenesis or unexplained hierarchies. Howie Haber gave a classiﬁcation of extended Higgs
sectors within the framework of two-Higgs doublet models (THDMs) 65,66 . In particular, he
showed how alignment without decoupling can be achieved. George Hou presented models
with extra Higgs bosons, where alignment emerges naturally, which should lead to distinctive
signatures like triple top production 67,68 . Margherita Ghezzi talked about doubly charged
scalars, which can arise in many BSM models, and pointed out the importance of taking ﬁnite
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width eﬀects into account 69 . Luc Darmé gave convincing arguments that scenarios with light
thermal dark matter might be naturally accompanied by a corresponding light dark sector,
oﬀering prospects to detect a dark Higgs boson in the light spectrum 70,71 . Matthew McCullough
oﬀered two diﬀerent solutions to the hierarchy problem 72 , a linear dilaton model 73 which would
lead to oscillatory signals in the mγγ spectrum, and a “hyperbolic Higgs” model 74 , where the
Higgs boson becomes partially its own top partner.
How to compare a plethora of BSM models to data? Gambit 75,76 can help: it provides a
general global ﬁtting framework, including many statistical and scanning options, a fast likelihood calculator, and an extensive model database, which can be extended straightforwardly to
additional models.
7

Conclusions

The Moriond QCD 2018 edition contained a discussion session with the title “Where is New
Physics?”, and one named “Heavy Flavour indirect search for New Physics”. Should we combine this into the slogan “Heavy Flavour: here goes New Physics”? Even though the ﬂavour
anomalies seem to be intriguingly persistent and consistent with each other, it is certainly too
early make a deﬁnite statement, but the good news is that we will have more information from
the experimental side in the not too distant future, awaiting eagerly results from LHCb and
Belle II.
In any case we have seen plenty of progress to improve the precision of Standard Model
predictions in various aspects. Some results are showpieces of perturbation theory in QCD,
others operate at the interface between QCD and electroweak corrections, or concern the deeper
understanding of non-perturbative QCD. There is also much progress in providing convenient
observables as well as tools to confront theory predictions with data and to identify interesting
regions in the vast BSM parameter space. Some intriguing ideas about possible extensions of
the Standard Model have been presented, and it is not unlikely that the model builders may
soon get more hints about which direction to take.
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This summary of the talk “From QCD to Cosmology” was presented in the joint QCD and
Cosmology session of the 53rd Rencontres de Moriond, held March 17-24, 2018 in La Thuile.
It is a meditation on the connections between the wide array of interesting subjects taking
place in both sessions of the conference.

1

Introduction

It was really a pleasure to prepare this talk for the joint session between QCD and Cosmology
at Moriond. For many years, my work has been somewhere between these two subjects, and I
have always felt in previous visits that I proﬁted from the fact that they are held on the same
week – this year was no diﬀerent! In constructing this talk, I chose a few topics which I found
to be particularly interesting which highlight the rich cross pollinization between the two areas.
It is obviously very personalized and incomplete in that sense as far as the choice of topics is
concerned, and the referencing will similarly be abbreviated.
2

Dark Matter

As is well known, the identity of the dark matter, which is required by observations of the
cosmos on a wide variety of length scales, remains mysterious, and may represent a crucial piece
of information necessary to extend the Standard Model (SM) of particle physics. While there
are many theoretical ideas for how to extend the SM in order to incorporate dark matter, there
is currently no clear incontrovertible experimental signs that any one is favored. There is rich
interplay between our knowledge of QCD and the physics of many candidate ideas about dark
matter.
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2.1

WIMPs

For example, a large and popular class of dark matter theories invoke weakly-interacting massive
particles (WIMPs), whose observed abundance in the Universe can be understood through a
history in which they are originally in thermal equilibrium with the SM plasma, but eventually
fall out of equilibrium due to the expansion of the Universe, at which point their abundance
freezes out. For particles whose masses are around the weak scale, this typically takes place
while the Universe is hot enough that the hadronic degrees of freedom are described by a weakly
coupled plasma of quarks and gluons. For this reason, the nature of the interactions of WIMPs
with quarks and/or gluons are often the key to understanding the WIMP relic density. In
addition, two of the major searches for WIMP-like particles, their production at high energy
accelerators and their scattering with heavy nuclei, reﬂect these same interactions.
Theories in which dark matter interacts primarily with quarks are well-trod theoretical
ground, and have been extensively studied in the context of eﬀective ﬁeld theories1,2 and simpliﬁed models4,3 . Searches using mono-jet5 or for dijet resonances at the LHC are quite mature and
probing interesting regions of parameter space6 . However, there are still interesting theoretical
constructions which are not captured by these simpliﬁed models. For example, one can construct
a model in which the dark matter is a scalar particle, which interacts with another colored scalar
particle (through a renormalizable quartic interaction), and thereby at loop level with gluons7,8 .
In such a construction, the color and electroweak charges of the mediator scalar sweep out a
family of related theories, and because they need not decay into a single dark particle, they typically do not contribute to missing momentum signals at the LHC. The mono-jet signal receives
its leading order contribution at one loop, though the suppression may be compensated for large
color representation of the mediator9 . Such a theory serves as a guidepost to theories in which
the dark matter interacts with the SM through loop processes, and theories for which the LHC
searches for colored mediators can look very diﬀerent from supersymmetric theories.
There are also potentially interesting lessons for the physics of dark matter from the techniques developed to understand QCD itself. A beautiful example are the calculations of dark
matter annihilation for heavy, electroweakly charged particles. For heavy WIMPs, the W and Z
bosons are eﬀectively massless, and accurate estimates of the annihilation rate must re-sum multiple particle exchanges. A recent calculation10 applying technology from soft collinear eﬀective
theory, ﬁnds that large corrections relative to more naive treatments are typical.
The QCD phase transition is an important event. Where it occurs relative to the period
in which dark matter is produced may play an important factor in determining the resulting
dark matter abundance. For a weak scale WIMP, freeze out is typically well before the phase
transition. In the SM, the phase transition is predicted to be a cross-over, but for heavier or
lighter u, d, and s quarks, it would have been ﬁrst order11 . The fact that the transition region is
close to the quark masses realized in nature is an indication that it is plausible that some kind
of presently unknown physics could change the story while having so far escaped direction.
2.2

Sterile Neutrinos

Another motivated dark matter candidate is a sterile neutrino, often invoked as an ingredient
in theories which modify the SM to explain the observation that active neutrino ﬂavors oscillate
over long distances. At the loop level, sterile neutrinos can decay into an active neutrino and a
photon, but it can be long enough lived to play the role of dark matter provided its mass and
mixing with the active neutrinos are both small enough. An interesting regime of mass is around
a few keV, where it can have a suﬃcient lifetime, but is not so light that it would interfere with
the formation of galaxies to a noticeable degree. There are intriguing (and controversial) X-ray
signals which might provide hints that such particles exist and are slowly decaying today12,13 .
One mechanism to produce sterile neutrinos is through out-of-equilibrium scattering of the
active neutrinos on the background plasma. For keV masses, this process is maximal at tem-
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peratures around 130 MeV – right at the QCD phase transition! As a result, the nature of
the phase transition can inﬂuence the resulting abundance of sterile neutrinos as dark matter,
which aﬀects the mapping from the particle physics parameters to their ﬁnal density14,15 . As a
result, detailed measurements of both the parameters of sterile neutrinos and the QCD phase
transition can assemble a picture of cosmology at temperatures of ∼ 100 MeV.
2.3

Axions

The axion is another light dark matter candidate, whose very existence is inspired by the strong
CP problem, which contrasts the fact that the QCD Lagrangian admits a term which violates
CP, and yet searches for an electric dipole moment of the neutron have so far yielded only null
results, implying that the coeﬃcient of this term must be less than about 10−10 . Such a tiny
value for a quantity that could have been O(1) begs for some kind of dynamical explanation.
The leading candidate theory works by positing that this coeﬃcient is itself a scalar ﬁeld, which
the QCD dynamics then adjusts to zero16 . The quantum ﬂuctuations in this ﬁeld are usually
referred to as “axions”, and owing to their pseudo-Goldstone boson nature are extremely light,
weakly coupled ﬁelds which can play the role of dark matter17,18 .
The axion abundance is often seeded by a primordial misalignment in the value of the ﬁeld
in the early Universe. When QCD conﬁnes, and the axion experiences a potential, it begins
to oscillate, acting like nonrelativistic particles. The temperature dependence of the mass thus
inﬂuences the mapping between the initial misalignment and the ﬁnal density of dark matter, and
so controls our understanding of the relationship between the particle physics and cosmology. As
an intrinsically non-perturbative phenomenon, the axion mass is best studied via lattice gauge
theory, which has recently made good progress toward providing accurate calculations19,20 .
3

QCD and Dark Energy

The QCD phase transition also poses a question for dark energy. The current observation of the
acceleration of the expansion of the Universe points to a tiny but non-zero cosmological constant.
At the same time, one generically expects that a phase transition will contribute a quantity of
order the temperature at which it occurs to the eﬀective cosmological constant. Bellazini et.
al.21 present this as a diﬀerent way of parsing the famous cosmological constant problem which is
more grounded in known physics than the usual framing. In particular, it suggests that the QCD
phase transition contributed something of order (100 MeV)4 , which either had to be delicately
cancelled against a bare contribution, or adjusted away by some dynamics.
An interesting way to explore this idea is furnished by the interiors of neutron stars, which
are thought to be likely to exist in a diﬀerent phase of QCD owing to the incredibly high baryon
densities. A diﬀerent phase is characterized by diﬀerent expectation values of QCD condensates,
which is likely to result in an order (100 MeV)4 shift in the eﬀective dark energy in cores of such
stars. This in turn implies a shift in the equation of state of the stellar material, leading to a
diﬀerent and possibly observable mass-radius equilibrium condition, or visible modiﬁcations of
the wave-form of gravitational waves produced in neutron star mergers22 .
4

QCD as a Metaphor

Finally, it may be that QCD provides a guide to the construction of a theory of dark matter. A
new conﬁned force leads to massive particles which may interact very weakly with the SM, while
still experiencing strong self-interactions. For example, a dark SU(N) gauge theory without any
matter at all has dark matter in the form of dark glueballs. If (mild) hints for scattering from
small scale structure are taken seriously, they suggest a conﬁnement scale of a few hundred MeV
– amusingly close to ΛQCD ! – to explain the observations23,24 .
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The cosmic microwave background (CMB) has proven itself to be an invaluable source of cosmological
information. Since the early measurements with COBE in the 90’s, we have greatly advanced our studies
of the CMB temperature and polarization anisotropies. This helped us to establish the ΛCDM concordance model, with its key parameters being determined to (sub) percent-level precision today. The main
next steps with CMB anisotropies are the cosmic-variance-limited extraction of cosmological information
from the E-mode polarization patterns and the search for primordial B-modes predicted by inﬂation models. However, as highlighted in this contribution, in addition to the CMB anisotropies the CMB energy
spectrum provides unique complementary cosmological information that is within reach of present-day
technology. This will allow us to probe processes in the pre- and post-recombination Universe, shedding
new light on inﬂation, reionization, recombination and early-universe particle physics, as outlined here.

1

Introduction and motivation

The standard ΛCDM cosmology has been shown to describe our Universe to extremely high accuracy
1,2,3,4 . This model is based upon a spatially ﬂat, expanding Universe with dynamics governed by General
Relativity and whose dominant constituents at late times are cold dark matter (CDM) and a cosmological
constant (Λ). The primordial seeds of structures are furthermore Gaussian-distributed adiabatic ﬂuctuations with an almost scale-invariant power spectrum thought to be created by inﬂation. We know the
main cosmological parameters of the ΛCDM model (e.g., the total, CDM and baryon densities, the CMB
photon temperature, expansion rate, etc.) to (sub) percent-level precision 4,5 . Assuming standard Big
Bang Nucleosynthesis (BBN) and a standard thermal history, we can furthermore derive precise values for the helium abundance, Yp , and eﬀective number of relativistic degrees of freedom, Neﬀ 6 . Also
the physics of the recombination era, which determines the decoupling of photons and baryons around
redshift z  103 , is now believed to be well understood within ΛCDM 7,8 .
Of the many cosmological data sets, measurements of the cosmic microwave background (CMB)
temperature and polarization anisotropies, beyond doubt, have driven the development towards the era of
precision cosmology over the past decades. We have exhausted practically all information about the primordial Universe contained in the primary CMB temperature power spectra. Sources of secondary CMB
anisotropies related to the Sunyaev-Zeldovich eﬀect 9 have been mapped in detail 10,11 and a beautiful
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all-sky picture of the large-scale lensing potential has been constructed 12 . WMAP and Planck have also
clearly seen the E-mode polarization signals 13,14,15 , although there still is much more information left
before reaching the cosmic variance limit on E-modes. And ﬁnally, from measurements of the B-mode
polarization patterns we derived upper limits on the tensor-to-scalar ratio, which already rule out large
classes of early-universe models 4,16 .
We are now entering an exciting new chapter in cosmological studies using the CMB. The next
steps with CMB anisotropies are pretty clear: several sub-orbital experiments and space-based missions/concepts (e.g., BICEP3, CLASS, SPTpol, ACTpol, SPIDER, PIPER, LiteBird, PIXIE, COrE+,
PICO, CMB-Bharat, PRISTINE) are rushing to detect the primordial B-modes at large angular scales
and to squeeze every last bit of information out of the E-mode signals, all to deliver the long-sought
proof of inﬂation, reﬁne our understanding of the late Universe (e.g., reionization, lensing science) and
answer questions about extensions of the standard cosmological model 17,18,19,20,21 .
However, it is well known that CMB spectral distortions – tiny departures of the average CMB energy spectrum from that of a perfect blackbody – deliver a new independent probe of diﬀerent processes
occurring in the early Universe. The case for spectral distortions has been made several times and the
physics of their formation is well understood (for recent overview see 22,23,24,25,26,27 ). The purpose of
this contribution is to provide an overview of various distortion signals created within ΛCDM (Fig. 3)
and to highlight a few new-physics examples (i.e., decaying particles or evaporating primordial black
holes) that could cause additional interesting signals to look for. Thus far, no all-sky distortion has been
found 28,29 ; however, innovative experimental concepts, such as PIXIE 30,31 , PRISTINE and CMB-Bharat,
are being actively discussed and promise improvements of the earlier measurements with COBE/FIRAS
by several orders of magnitude. Similarly, from the ground novel concepts are being considered (e.g.,
APSERa 32 , COSMO). It is thus time to ask what information could be extracted from the CMB energy
spectrum and how this could help us reﬁne our understanding of the Universe.
2

CMB spectral distortion physics

This section provides a brief summary of CMB spectral distortion physics. The pioneering works on
this topic are mainly due to Yakov Zeldovich and Rashid Sunyaev in the 60’s and 70’s 9,33,34,35 . These
early works were later extended by 36,37 , to include the eﬀect of double Compton emission, and 38,39 , with
reﬁned numerical and analytical treatments. Latest considerations of spectral distortion and their science
can be found in 22,23,24,25,26,40 and 41,42,43 for the recombination radiation. For more in depth reading we
refer to recent lecture notes 27 .
Since the measurements of COBE/FIRAS in the mid-90’s we know that the energy spectrum of the
cosmic microwave background (CMB) is extremely close to that of a perfect blackbody at an average
temperature T 0 = (2.726 ± 0.001) K 28,29 . However, a number of early-universe processes are expected to
create CMB spectral distortions at a level that is within reach of present-day technology. This provides
strong motivation to study the physics of CMB spectral distortions and ask what these small signals
might be able to tell us about the Universe we live in.
The physics going into the cosmological thermalisation calculation — the process that restores the
pure blackbody spectrum after some departure from thermal equilibrium — are pretty simple and well
understood, allowing us to make precise predictions for diﬀerent thermal histories and energy release
scenarios 22,24 . For primordial spectral distortions, we are mainly concerned with the average CMB
spectrum, so that spatial perturbations can be neglected and the Universe can be described as uniformly
expanding, thermal plasma consisting of free electrons, hydrogen and helium atoms and their corresponding ions inside a uniform bath of CMB photons. We shall also restrict ourselves to redshifts z  few×107 ,
when electron-positron pairs already completely disappeared, since earlier thermalisation is perfect from
any practical point of view and no observable distortion remains.
Under these circumstances, any energy release or photon production inevitably causes a momentary
distortion of the CMB spectrum. In the early Universe, the double Compton (DC) and Bremsstrahlung
(BR) processes are controlling the number of CMB photons, while Compton scattering (CS) allows
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photons to diﬀuse in energy/frequency. The interplay of these interactions between matter and radiation
determines the precise shape of the CMB spectrum at any stage of its evolution. When studying diﬀerent
energy release mechanisms, one question thus is whether there was enough time between the energy
release and our measurement of the spectrum to produce and redistribute those distortion photons a ,
thereby completing the thermalisation process.
2.1

Distortion visibility function

The thermalisation problem has been studied thoroughly both analytically 9,33,35,37,45,44,46,47,48 and numerically 38,39,49,50,22,51,24 . From these studies, the following simpliﬁed picture can be drawn (Fig. 1): at
z  2 × 106 , when the Universe is less than a few month old, the thermalisation process is extremely
eﬃcient and practically any distortion can be erased until today. At lower redshifts, the CMB spectrum
becomes vulnerable to disturbances in the thermal history and only small amounts of energy or photons
can be ingested without violating the tight experimental bounds from COBE/FIRAS 52,28,53 and other
distortion measurements 54,55,56 .
The transition from eﬃcient to ineﬃcient thermalisation is encoded by the distortion visibility function, J(z, z ), which determines by how much the distortion amplitude (regardless of its shape) is suppressed between two redshifts z and z < z. Due to the huge entropy of the Universe (there are  1.6×109
times more photons than baryons), the DC process 57,58,59,60 is the most important source of soft photons at high redshifts (z  4 × 105 ), such that the distortion visibility function is roughly given by
5/2

5/2
J(z, z ) ≈ e−(z/zdc ) e(z /zdc ) , with thermalisation redshift zdc ≈ 1.98 × 106 , which is determined by the
eﬃciency of DC photon production and Compton redistribution 37,38,39 . Improved approximations for
the visibility function exist 46,48 , but for simple estimates the above expression suﬃces. Since we are
5/2
interested in the ﬁnal distortion, for our purpose we set z = 0 and then use J(z) = J(z, 0) = e−(z/zdc ) .
The distortion visibility function thus cuts oﬀ exponentially for z  zdc . How far into the cosmic photosphere 61 — the epoch of the Universe during which J  1 — one could view, thus depends on the
absolute sensitivity of the experiment and how much initial energy had to be thermalised. For instance,
with a PIXIE-type experiment 30 , one might be able to detect a distortion created as early as z  6 × 106
if Δργ /ργ  0.01 of energy were liberated by some process. At much later times (z  few × 105 ), the
distortion visibility is very close to unity (↔ basically all injected energy will still be visible as a distortion today) and the upper limits from COBE/FIRAS imply Δργ /ργ  6 × 10−5 28 . With a PIXIE-type
experiment, this could be improved to Δργ /ργ  8 × 10−9 , allowing us to constrain tiny amounts of
energy release due to (standard) processes occurring in our Universe.
2.2

Types of primordial distortions

While the distortion visibility tells us how much of the released energy will still be visible as a spectral
distortion today, it does not ﬁx the shape of the distortion. Here, three regimes are most important: at
z  2 × 106 , thermalisation is extremely eﬃcient (distortion visibility J  1) and CS, DC and BR are
able to adjust the initial blackbody spectrum, Bν (T ), at temperature T to a new blackbody, Bν (T + ΔT ) ≈
Bν (T )+∂T Bν (T )ΔT +O(ΔT 2 /T 2 ), with ΔT/T ≈ (1/4)Δργ /ργ assuming that a total energy of Δργ /ργ  1
was released (Fig. 1). In the next regime, valid until z  3 × 105 , the eﬃciency of DC and BR gradually
reduces while photons are still eﬃciently redistributed in energy by the Compton process. In this case,
electrons and photons are in kinetic equilibrium with respect to CS, forming a chemical potential or μdistortion 33 , but thermalisation stops being complete (↔ the distortion visibility function J approaches
unity). Thus, the departure from the initial blackbody is given by the superposition of a temperature
shift and a pure μ-distortion. At z  104 , up-scattering of photons by electrons also becomes ineﬃcient
and photons diﬀuse only a little in energy. In this era, a Compton-y distortion is formed, also known in
connection with the Sunyaev-Zeldovich eﬀect of galaxy clusters 9 . The classical μ- and y-distortion, have
a
Energy release is the most common mechanism to produce distortions. However, the adiabatic cooling of matter in fact
extracts energy from the CMB 44,22 , so that an excess of photons is found in the CMB spectrum. In this case, the DC and BR
processes absorb photons.
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a slightly diﬀerent shapes (Fig. 1). For a μ-distortion, the deviation from the CMB blackbody vanishes at
ν  124 GHz, while the cross-over frequency for a y-distortion is ν  217 GHz. With future experiments,
one can thus hope to distinguish these two types of distortions, and since a μ-distortion can only be
formed in the very early stage of the Universe, its amplitude directly constrains episodes of early energy
release at z  5 × 104 or until about 100 years after the Big Bang.
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Figure 1 – Various phases for the evolution of CMB spectral distortions in the history of the Universe. At redshift zh  few×106 ,
thermalisation is very rapid and a temperature shift is created. Around zh  3×105 a pure μ-distortion appears, while at zh  104
a pure y-distortion is formed. At all intermediate stages, the signal is given by a superposition of these extreme cases with a
small (non-μ/non-y or r-type) residual distortion that contains valuable information about the time-dependence of the energyrelease process in particular at z  104 − 3 × 105 . At redshifts z  103 − 104 , an additional rich distortion signal is created by
the recombining hydrogen and helium atoms (Figure adapted from 62 ).

The shape of primordial distortions caused by energy release is close to a superposition of the extreme cases described above. However, at 104  z  3×105 , scattering becomes ineﬃcient in redistributing photons over frequency and the distortion morphs between a μ- and y-distortion, but the transition is
non-linear in the energy exchange and a smaller residual (non-μ/non-y or r-type) distortion is formed in
addition. The sum of y-, μ- and r-distortion is sometimes called intermediate or hybrid distortion, but
additional information is only gained from the residual distortion. Although in earlier numerical studies
this regime was also mentioned 38,63 , only in the past years it was stressed that the residual distortion
contains valuable time-dependent information 22,47,51 , which allows us to distinguish diﬀerent energy release scenarios 24,64 . This adds another dimension to the CMB, delivering more than just two numbers
related to the μ- and y-distortion amplitudes. This is especially important since at late times (z  10−20),
the formation of structures reheats the medium to temperatures T  104 K − 105 K. In this era, a large
uniform y-distortion is formed with y  10−7 − 10−6 65,66,67,68,69,70,71 , which will swamp any primordial
y-signal. Without the r-distortion we were left only with the amplitude of the μ-distortion and thus could
just constrain the overall energy release!
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2.3

Computing and characterising the distortion

It is straightforward to calculate the distortion for any energy release history directly integrating the
corresponding Boltzmann equations 35,38,39,50 . One ﬂexible numerical approach is CosmoTherm b 22 ,
which for the ﬁrst time allowed direct integration of the thermalisation problem explicitly including
full time-dependence for a wide range of energy-release scenarios. However, for case-by-case studies
and parameter estimation full numerical approaches are currently too time-consuming. Fortunately, the
problem can be simpliﬁed: generally we expect the distortion to be very small, so that the Boltzmann
equations can be linearised. In this case, a Green’s function approach can be used 51 . This allows us
to precisely calculate the distortion for a wide range of energy release scenarios and perform parameter
estimations, as ﬁrst shown in 24 .
For estimates, it is usually suﬃcient to compute the eﬀective energy release within the diﬀerent
distortion eras, splitting μ and y-era at z  5 × 104 . For the y-type distortion, this yields the y-parameter
y  (1/4)Δργ /ργ 9 and for the μ-distortion one has μ ≈ 1.4 Δργ /ργ 33 . A detailed comparison of various
analytic approximations was given in 40 .

Figure 2 – Spectral distortions created by photon injection at diﬀerent frequencies and initial redshifts. The signal shows a rich
phenomenology, beyond the standard μ and y distortion shapes. The Figure is taken from 72 .

2.4

Photon injection distortions

In addition to distortions from energy release, we can also create distortions by photon injection. As
shown by 72 , these can have a much more rich phenomenology than just the broad μ and y-distortions
created by energy release. This is illustrated in Fig. 2 for several cases, showing that the ﬁnal distortion
depends on both the injection time and frequency.
b

www.Chluba.de/CosmoTherm
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In terms of physics, distortions created by photon injection do not directly heat the electrons or
baryons. Only once Comptonization becomes relevant do the electrons start heating or cooling. The net
eﬀect depends on the injection frequency of the photons. For frequencies xi = hνi /kT γ  3.6 − 3.8,
photons on average loose energy heating the matter. This causes a broad μ- and y-type contribution to
the total distortion signal, which for extremely high frequency injection, xi  10, can dominate. At lower
frequencies, cooling of the medium occurs since photons are on average up-scattered. This can create
negative μ and y-type contributions 72 . In addition, for xi  1, a signiﬁcant number of secondary particles
can built up, leading to interesting new eﬀects from the particle cascade 72 .
Photon injection distortions are by no means exotic. For example, the cosmological recombination
radiation 42 , one of the standard ΛCDM distortions, is created by photon injection. Injection of photons
can also occur in decaying or annihilating particle scenarios or evaporation of primordial black holes.
In light of recent measurements of EDGES 73 and the ARCADE low-frequency excess 74,56,75 , photon
injection distortions of the CMB have become a very interesting possibility. This is because these observations potentially point towards a connection with photon injection (or absorption) from decaying
or annihilating particles and their low energy by-products in form of non-thermal Bremsstrahlung or
synchrotron emission 72,76,77,78 .
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Figure 3 – Comparison of several CMB monopole distortion signals produced in the standard ΛCDM cosmology. The lowredshift distortion created by reionization and structure formation is close to a pure Compton-y distortion with y  2 × 10−6 .
Contributions from the hot gas in low mass haloes give rise to a noticeable relativistic temperature correction, which is taken
from 79 . The damping and adiabatic cooling signals were explicitly computed using CosmoTherm 22 . The cosmological recombination radiation (CRR) was obtained with CosmoSpec 43 . The estimated sensitivity (ΔIν ≈ 5 Jy/sr) of PIXIE is shown for
comparison (dotted line). The ﬁgure was taken from 40 .
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3

CMB spectral distortion signals from various scenarios

Several exhaustive reviews on various spectral distortion scenarios exist 22,23,24,25,26,40 , covering both
standard and non-standard processes. Here we highlight some of the main distortion signals expected
within ΛCDM and only brieﬂy mention more exotic sources of distortions. A summary of the relevant
ΛCDM distortions is shown in Fig. 3.
The distortion templates are available at www.Chluba.de/CosmoTherm.
3.1

Reionization and structure formation

The ﬁrst sources of radiation during reionization 66,80 , supernova feedback 70 and structure formation
shocks 65,67,69,68 heat the intergalactic medium at low redshifts (z  10), producing hot electrons (in
a wide range of temperatures T e  104 K − 106 K) that partially up-scatter CMB photons, causing a
Compton y-distortion. Although this is the largest expected average distortion of the CMB caused within
ΛCDM, its amplitude is quite uncertain and depends on the detailed structure and temperature of the
medium, as well as scaling relations (e.g., between halo mass and temperature). Several estimates for
this contribution were obtained, yielding values for the total y-parameter at the level y  few × 10−6
69,71,79,81,26 .
Following 79 , we use a ﬁducial value of y = 2 × 10−6 (see Fig. 3). This is dominated by the low-mass
end of the halo function (M  1013 M ) and the signal should be detectable with a PIXIE-type experiment
at more than 103 σ. The detection signiﬁcance reduces to a few hundred σ when including estimates for
the CMB foregrounds 82 , but still this provide a sensitive probe of reionization and structure formation
physics. Future CMB imagers (e.g., CORE and PICO) furthermore have the potential to separate the
spatially varying signature caused by the warm hot intergalactic medium (often referred to as WHIM)
and proto-clusters 69,71 , if the challenge of accurate channel intercalibration can be overcome.
Because the signal is so easily detectable, small corrections due to the high gas temperature (kT e 
1 keV) become noticeable 79 . The relativistic temperature correction can be computed using the temperature moment method of SZpack 83,84 and diﬀers from the distortions produced in the early Universe (see
Fig. 4). This correction should be detectable with PIXIE at  10 − 20 σ 79,82 and could teach us about the
average temperature of the intergalactic medium, promising a way to solve the missing baryon problem
67 . Both distortion signals are illustrated in Fig. 3.
3.2

Damping of primordial small-scale perturbations

The damping of small-scale ﬂuctuations of the CMB temperature set up by inﬂation at wavelength
λ < 1 Mpc causes another inevitable distortion of the CMB spectrum 86,87,88,89,90 . The idea behind this
mechanism is extremely simple and just based on the mixing of blackbodies with varying temperatures
through Thomson scattering (see Fig. 5). However, the process was only recently described rigorously
91,92 , allowing us to perform detailed computations of the associated distortion signal for diﬀerent earlyuniverse models 91,93,94,95,24,96,97 . The distortion is sensitive to the amplitude and shape of the power
spectrum at very small scales (wavenumbers 1 Mpc−1  k  2 × 104 Mpc−1 corresponding to multipoles
105    108 ) and thus provides a promising new way for constraining inﬂation while modes are still
evolving in the linear regime.
In the early days of CMB cosmology, this eﬀect was already used to derive ﬁrst upper limits on the
spectral index of scalar perturbations, yielding nS  1.6 from COBE/FIRAS 89 . Perturbation modes with
1 Mpc−1  k  50 Mpc−1 create y-distortions, while modes with 50 Mpc−1  k  2 × 104 Mpc−1 yield
μ-distortions. These scales are hard to access by any other means but spectral distortions provide a new
sensitive probe in this regime (Fig. 6).
For a given initial power spectrum of perturbations, the eﬀective heating rate in general has to be
computed numerically 91 . However, at high redshifts the tight coupling approximation can be used to
simplify the calculation 91,98 . We can then directly compute the associated distortion using CosmoTherm
22 . The various isocurvature perturbations can be treated in a similar manner 98 ; however, in the standard
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Figure 4 – Illustration for the eﬀect of relativistic temperature corrections on the distortion signal. In the primordial Universe,
electrons hardly reach temperatures  1 keV during the thermalization era (z  106 ). Therefore even repeated Compton
scattering cannot push the distortion signals beyond the standard non-relativistic y-distortion signal. Inside clusters of galaxies,
electrons can have temperatures kT e  1 keV. In this case, the distortion signals can extend to much higher frequencies.

inﬂation model these should be small. Tensor perturbations also contribute to the dissipation process,
but the associated heating rate is orders of magnitudes lower than for adiabatic modes even for very blue
tensor power spectra and thus can be neglected 99,100 .
For standard power spectrum parameters As = 2.207 × 10−9 , nS = 0.9645 and nrun = 0 4 , we present
the result in Fig. 3. The adiabatic cooling distortion (see Sect. 3.3) was simultaneously included. The
signal is uncertain to within  10% in ΛCDM, simply because of the remaining uncertainties in the
measurement of As and nS . It is described by a sum of μ- and y-distortion with μ ≈ 2.0 × 10−8 and y ≈
3.6×10−9 and a non-vanishing overall residual at the level of  20%−30% 40 . In terms of raw sensitivity,
this signal is close to the detection limit of a PIXIE-like experiment; however, foregrounds in particular
at low frequencies make a detection more challenging 82 . Still, a PIXIE-like experiment could place
interesting upper limits on the amplitude of scalar ﬂuctuations around k  103 Mpc−1 93,64 , potentially
helping to shed light on the small-scale crisis 101 and rule out models of inﬂation with increased smallscale power 96,102 .
The damping signal is also sensitive to primordial non-Gaussianity in the squeezed-limit, leading
to a spatially varying spectral signal that correlates with CMB temperature anisotropies as large angular scales 103,104 . This eﬀect therefore provides a unique way for studing the scale-dependence of fNL
105,106,107,108,109,110 . CMB spectral distortions hence deliver a complementary and independent probe of
early-universe physics, which allows capitalizing on the synergies with large-scale B-mode polarization
measurements.
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Figure 5 – llustration for the superposition of blackbodies. We envision blackbody photons inside a box at two temperatures
T 1 and T 2 , and mean T b = 12 (T 1 + T 2 ) initially (left panel). Thomson scattering mixes the two photon distributions without
changing the photon number or energy. The averaged distribution is not a pure blackbody but at second order in the temperature
diﬀerence exhibits a y-type distortion in the Wien tail (right panel). This then starts the thermalization process and repeated
Compton scattering slowly converts the distortion to a μ-distortion.

3.3

Adiabatic cooling for baryons

The adiabatic cooling of ordinary matter continuously extracts energy from the CMB photon bath by
Compton scattering, leading to another small but guaranteed distortion that directly depends on the
baryon density and helium abundance. The distortion is characterized by negative μ- and y-parameters
at the level of  few × 10−9 44,22,111 . For Planck 2015 parameters, the signal is shown in Fig. 3. It is
uncertain at the  1% level in ΛCDM and cancels part of the damping signal; however, it is roughly one
order of magnitude weaker and cannot be separated at the currently expected level of sensitivity of next
generation CMB spectrometers.
Additional interactions of dark matter with photons, electrons or protons could further increase the
cooling distortion 112 . This allows placing interesting constraints on the nature of dark matter and its interactions with the standard sectors. The recent EDGES measurements 73 have spurred increased interest
in this possibility 113,114,115 .
3.4

The cosmological recombination radiation

The cosmological recombination process is associated with the emission of photons in free-bound and
bound-bound transitions of hydrogen and helium 116,117,118 . This causes a small distortion of the CMB
and the redshifted recombination photons should still be visible as the cosmological recombination radiation (CRR), a tiny spectral distortion ( nK-μK level) present at mm to dm wavelength (for overview see
42 ). The amplitude of the CRR depends directly on the number density of baryons in the Universe. The
helium abundance furthermore aﬀects the detailed shape of the recombination lines, while the number of
neutrinos has a minor eﬀect 43 . Finally, the line positions and widths depend on when and how fast the
Universe recombined. The CRR thus provides an independent way to constrain cosmological parameters
and map the recombination history 119 .
Several computations of this CRR have been carried out in the past 120,121,122,123,41,124,125,126,127,128 .
These calculations were very time-consuming, taking a few days of supercomputer time for one cosmology 125,128 . This big computational challenge was recently overcome 129,43 , today allowing us to
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Figure 6 – Current constraints on the small-scale power spectrum. At large scales (k  3 Mpc−1 ), CMB anisotropies and large
scale structure measurements provide very stringent limits on the amplitude and shape of the primordial power spectrum. At
smaller scales, the situation is much more uncertain and at 3 Mpc−1  k  104 Mpc−1 , which can be targeted with CMB spectral
distortion measurements, wiggle room of at least two orders of magnitude is present. Future CMB distortion measurements
could improve these limits to a level similar to the large-scale constraints. The ﬁgure is adapted from 85 .

compute the CRR in about 15 seconds on a standard laptop using CosmoSpec c 43 . The ﬁngerprint from
the recombination era shows several distinct spectral features that encode valuable information about the
recombination process (Fig. 3). Many subtle radiative transfer and atomic physics processes 125,127,7,8
can now be included by CosmoSpec, yielding the most detailed and accurate predictions of the CRR in
the standard ΛCDM model to date (see Fig. 7). In ΛCDM, the CRR is uncertain at the level of a few
percent, with the error being dominated by atomic physics rather than cosmological parameter values 43 .
The CRR is currently roughly  6 times below the estimated detection limit of PIXIE (cf. Fig. 3)
and a detection from space will require several times higher sensitivity 130 . In the future, this could be
achieved by experimental concepts similar to PRISM 17 or Millimetron 131 . At low frequencies (1 GHz 
ν  10 GHz), the signiﬁcant spectral variability of the CRR may also allow us to detect it from the
ground with APSERa 32 . This could open a new way for directly studying the conditions of the Universe
at z  103 (HI-recombination), z  2000 (HeI-recombination) and z  6000 (HeII-recombination).
Furthermore, if something unexpected happened during diﬀerent stages of the recombination epoch,
atomic species will react to this 132 and produce additional distortion features that can exceed those
of the normal recombination process. This will provide a unique way to distinguish pre- from postrecombination energy release 132,133 .
To appreciate the importance of the cosmological recombination process at z  103 a little more, consider that today measurements of the CMB anisotropies are sensitive to uncertainties of the ionization
history at a level of  0.1% − 1% 134,135 . For a precise interpretation of CMB data, uncertainties present
in the original recombination calculations had to be reduced by including several previously omitted
atomic physics and radiative transfer eﬀects 136,134 . This led to the development of the new recombination modules CosmoRec 7 and HyRec 8 which are used in the analysis of Planck data 3 . Without these
improve treatments of the recombination calculation the value for nS would be biased by ΔnS  −0.01 to
nS  0.95 instead of  0.96 135 . We would be discussing diﬀerent inﬂation models 137 without these corrections taken into account! Conversely, this emphasizes how important it is to experimentally conﬁrm
the recombination process and CMB spectral distortions provide a way to do so.

c

www.Chluba.de/CosmoSpec
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Figure 7 – CRR from hydrogen and helium for 500-shell calculations. The diﬀerent curves show individual contributions
(without feedback) as well as the total distortion with and without feedback processes. At low frequencies, free-free absorption
becomes noticeable. The eﬀect is stronger for the contributions from helium due to the larger free-free optical depth before
recombination ends at z  103 . In total, some 6.1γ are emitted per hydrogen atom when all emission and feedback are included.
Hydrogen alone contributes about 5.4γ/NH and helium  0.7γ/NH ( 8.9γ/NHe ). The Figure was taken from 43 .

3.5

Dark matter annihilation

Today, cold dark matter is a well-established constituent of our Universe 2,3,4 . However, the nature of dark
matter is still unclear and many groups are trying to gather any new clue to help unravel this big puzzle
138,139,140,141,142,85,143 . Similarly, it is unclear how dark matter was produced, however, within ΛCDM,
the WIMP scenario provides one viable solution 144,145 . In this case, dark matter should annihilate at a
low level throughout the history of the Universe and even today.
For speciﬁc dark matter models, the level of annihilation around the recombination epoch is tightly
constrained with the CMB anisotropies 139,146,147,148,142,149,150,4 . The annihilation of dark matter can
cause changes in the ionization history around last scattering (z  103 ), which in turn can lead to changes
of the CMB temperature and polarization anisotropies 151,152,153,154 . Albeit signiﬁcant dependence on the
interaction of the annihilation products with the primordial plasma 155,148,156,157,158 , the same process
should lead to distortions of the CMB 159,133,22 . Sadly, it turns out that for the standard WIMP scenario
with s-wave annihilation cross section, the expected signal is even smaller than the adiabatic cooling
distortion 24 . We will thus not go into more details here.
3.6

Decaying particle scenarios

The CMB spectrum also allows us to place stringent limits on decaying particles in the pre-recombination
epoch 163,164,160,165,159,133,22 . This is especially interesting for decaying particles with lifetimes tX 

347

Figure 8 – Decaying particle detection limits (1σ) for a PIXIE-like experiment. The eigenamplitudes μi characterize the nonμ/non-y distortion signal 64 , which provides time-dependent information of the energy release history. CMB distortion limits
could be  50 times tighter than those derived from light element abundances 160,? . A separate determination of lifetime and
particle abundance could be possible for lifetimes tX  108 sec − 1011 sec, being complementary to constraints derived using
the CMB anisotropies 151,152,162 . The ﬁgure is adapted from 64 .

108 sec − 1011 sec 24,64 , as the exact shape of the distortion encodes when the decay occurred. Decays
associated with signiﬁcant low-energy photon production could furthermore create a unique spectral signature that can be distinguished from simple energy release 72 . This would provide an unprecedented
probe of early-universe particle physics (e.g., dark matter in excited states 166,167 ), with many natural particle candidates found in supersymmetric models 168,169 . This could also shed light on gravitino physics
164,170 , axions 171 and primordial black holes 172,173 .
The expected 1σ detection limits for a PIXIE-like experiment are illustrated in Fig. 8. The bounds
obtained from measurements of light-elements 160,161 could be superseded by more than one order of
magnitude. Similar improvements from light-elements are not expected any time soon, and most recent
updated only improved the limits by  10% 174 . Spectral distortions thus provide a powerful new probe
of particle physics.
3.7

Anisotropic CMB distortions

To close the discussion of diﬀerent distortion signals, we brieﬂy mention anisotropic (↔ spectral-spatial)
CMB distortions. Even in the standard ΛCDM cosmology, anisotropies in the spectrum of the CMB are
expected. The largest source of anisotropies is due to the Sunyaev-Zeldovich eﬀect caused by the hot
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plasma inside clusters of galaxies 9,175,176,177 , as mentioned above. The y-distortion power spectrum has
already been measured directly by Planck 10,11 and encodes valuable information about the atmospheres
of clusters 69,178,179,180,181,182,81 . Similarly, the warm hot intergalactic medium contributes and should
become visible 71,81 .
In the primordial Universe, anisotropies in the μ and y distortions are expected to be tiny (relative
perturbations  10−4 , e.g., see 183 ) unless strong spatial variations in the primordial heating mechanism
are expected 91 . As mentioned above, this could in principle be caused by non-Gaussianity of perturbations in the squeezed limit 103,104,105,106,107,108 ; however, a present detectable levels of non-Gaussianity
are beyond ΛCDM cosmology (see 109 for discussion of some of the foreground issues) and will not be
considered further.
Another guaranteed anisotropic signal is due to Rayleigh scattering of CMB photons in the Lymanseries resonances of hydrogen around the recombination era 184,185 . The signal is strongly frequency
dependent, can be modelled precisely and may be detectable with future CMB imagers (e.g., COrE+)
or possibly PIXIE at large angular scales 185 . In a very similar manner, the resonant scattering of CMB
photons by metals appearing in the dark ages 186,187,188,189 or scattering in the excited levels of hydrogen
during recombination 190,? can lead to anisotropic distortions. To measure these signals, precise channel
intercalibration and foreground rejection is required.
Due to our motion relative to the CMB rest frame, the spectrum of the CMB dipole should also
be distorted simply because the CMB monopole has a distortion 191,192 . The signal associated with the
large late-time y-distortion could be detectable with PIXIE at the level of a few σ 192 . Since for these
measurements no absolute calibration is required, this eﬀect will allow us to check for systematics. In
addition, the dipole spectrum can be used to constrain monopole foregrounds 192,26,193 .
Finally, due to the superposition of blackbodies of diﬀerent temperatures (caused by the spherical
harmonic expansion of the intensity map), the CMB quadrupole spectrum is also distorted, exhibiting a
y-distortion related to our motion 194,195 . The associated eﬀective y-parameter is yQ = β2 /6 ≈ (2.525 ±
0.012) × 10−7 and should be noticeable with PIXIE and future CMB imagers 193 .

4

Conclusions

CMB spectral distortion measurements provide a unique way for studying physical processes leading
to energy release or photon injection in the pre- and post-recombination eras. In the future, this could
open a new unexplored window to early-universe and particle physics, delivering independent and complementary pieces of information about the Universe we live in. We highlighted several processes that
should lead to distortions at a level within reach of present-day technology. Diﬀerent distortion signals can be computed precisely and eﬃciently for various scenarios using both analytical and numerical
schemes. Time-dependent information, beyond the standard μ- and y-type parametrization, may allow
us to independently constrain lifetime and abundance of decaying relic particles, learn about the shape
and amplitude of the small-scale power spectrum of primordial perturbations and shed light on dark
matter. The cosmological recombination radiation will allow us to check our understanding of the recombination processes at redshifts of z  103 . It furthermore should allow us to distinguish pre- from
post-recombination y-distortions. All this emphasizes the immense potential of CMB spectroscopy, both
in terms of discovery and characterization science, and we should make use of this invaluable source of
information with the next CMB space mission and worldwide ground-based eﬀorts.

Acknowledgments
JC is supported by the Royal Society as a Royal Society University Research Fellow and an European
Research Council Consolidator Grant (CMBSPEC, No. 725456) at the University of Manchester, UK.

349

References
1. G. F. Smoot et al. Structure in the COBE diﬀerential microwave radiometer ﬁrst-year maps. ApJL, 396:L1–
L5, September 1992.
2. C. L. Bennett et al. First-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Preliminary
Maps and Basic Results. ApJS, 148:1–27, September 2003.
3. Planck Collaboration, P. A. R. Ade et al. Planck 2013 results. XVI. Cosmological parameters. A&A,
571:A16, November 2014.
4. Planck Collaboration, P. A. R. Ade et al. Planck 2015 results. XIII. Cosmological parameters. A&A,
594:A13, September 2016.
5. Planck Collaboration, N. Aghanim et al. Planck 2018 results. VI. Cosmological parameters. ArXiv e-prints,
July 2018.
6. G. Steigman. Primordial Nucleosynthesis in the Precision Cosmology Era. Annual Review of Nuclear and
Particle Science, 57:463–491, November 2007.
7. J. Chluba and R. M. Thomas. Towards a complete treatment of the cosmological recombination problem.
MNRAS, 412:748–764, April 2011.
8. Y. Ali-Haı̈moud and C. M. Hirata. HyRec: A fast and highly accurate primordial hydrogen and helium
recombination code. Phys.Rev.D, 83(4):043513–+, February 2011.
9. Y. B. Zeldovich and R. A. Sunyaev. The Interaction of Matter and Radiation in a Hot-Model Universe.
ApSS, 4:301–316, July 1969.
10. Planck Collaboration, P. A. R. Ade et al. Planck 2013 results. XXI. Power spectrum and high-order statistics
of the Planck all-sky Compton parameter map. A&A, 571:A21, November 2014.
11. Planck Collaboration, N. Aghanim et al. Planck 2015 results. XXII. A map of the thermal SunyaevZeldovich eﬀect. A&A, 594:A22, September 2016.
12. Planck Collaboration, P. A. R. Ade et al. Planck 2015 results. XV. Gravitational lensing. A&A, 594:A15,
September 2016.
13. L. Page et al. Three-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Polarization
Analysis. ApJS, 170:335–376, June 2007.
14. Planck Collaboration, P. A. R. Ade et al. Planck 2013 results. XV. CMB power spectra and likelihood.
A&A, 571:A15, November 2014.
15. Planck Collaboration, N. Aghanim et al. Planck 2015 results. XI. CMB power spectra, likelihoods, and
robustness of parameters. ArXiv:1507.02704, July 2015.
16. BICEP2/Keck Collaboration, Planck Collaboration, P. A. R. Ade et al. Joint Analysis of BICEP2/Keck
Array and Planck Data. Physical Review Letters, 114(10):101301, March 2015.
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142. G. Hütsi, J. Chluba, A. Hektor, and M. Raidal. WMAP7 and future CMB constraints on annihilating dark
matter: implications for GeV-scale WIMPs. A&A, 535:A26, November 2011.
143. G. Aslanyan et al. Ultracompact minihalos as probes of inﬂationary cosmology. ArXiv:1512.04597,
December 2015.
144. G. Jungman, M. Kamionkowski, and K. Griest. Supersymmetric dark matter. Physics Reports, 267:195–
373, March 1996.

354

145. G. Bertone, D. Hooper, and J. Silk. Particle dark matter: evidence, candidates and constraints. Physics
Reports, 405:279–390, January 2005.
146. M. Cirelli, F. Iocco, and P. Panci. Constraints on Dark Matter annihilations from reionization and heating
of the intergalactic gas. JCAP, 10:9–+, October 2009.
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