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2021 RENCONTRES DE MORIOND

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

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

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

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

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

• March 9 - 11: “Gravitation”

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

• March 27 - April 3: “QCD and High Energy Hadronic Interactions”
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Higgs physics results at ATLAS

Rhys Owen on behalf of the ATLAS Collaboration
Particle Physics Department, Science and Technology Facilities Council,

Rutherford Appleton Laboratory, Harwell Campus, Didcot, OX11 0QX, UK

A summary of the latest Higgs results from the ATLAS detector are described. This includes
measurements of H → bb̄ decays from VBF production, evidence for non-resonant Higgs
decays to a pair of leptons and a photon (H → ��γ), as well as the latest limits on di-Higgs
production in the bb̄γγ channel using the full ATLAS LHC Run-2 dataset.

1 Introduction

The ATLAS collaboration1 has a rich physics program that includes many analyses investigating
Higgs boson production and decay modes using the Run-2 Large Hadron Collier (LHC) dataset.
The Run-2 integrated luminosity of 139 fb−1 represents a large increase over the 24.8 fb−1 from
Run-1 that allows ever more subtle measurements of the Higgs boson. These proceedings report
on a selection of recent ATLAS results in this area.

2 Measurements of VBF H → bb̄

H → bb̄ is the Standard Model (SM) Higgs boson decay with the largest branching ratio,
but direct measurement is experimentally challenging due to the large background of QCD
interactions at the LHC.

In order to reduce these backgrounds, H → bb̄ is searched for in events where the Higgs
boson is produced by the vector boson fusion (VBF) production mode. These recent results
from ATLAS identify events associated with the VBF production mode using two different
techniques; either an Adversarial Neural Network (ANN)2 or the further requirement of an
initial state radiation photon in the event are used to select the signal 3.

In this analysis, the ANN is used as a classifier in order to separate the signal events from
the background contribution. The adversarial nature of the training ensures the classifier is

Copyright 2021 CERN for the benefit of the ATLAS Collaboration. Reproduction of this article or parts of
it is allowed as specified in the CC-BY-4.0 license.
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insensitive to mbb̄, which is the observable used to extract the signal strength from a Likelihood
fit. To enhance the sensitivity of the final result, the analysis is split into ten regions depending
on the pseudorapidity of the bb̄ system and five slices of the classifier score. The insensitivity of
the classifier to the mass allows events from the mass side-bands instead of simulated events to
be used as the background sample in the training of the classifier. It also means the background
shape is the same in all slices of the classifier value so the same parametrised background shape
can be extracted from the highest statistic signal region and propagated directly to the other
signal regions.

The inclusion of an additional photon in a separate analysis further suppresses the QCD
background. The photon requirement also allows additional events to be selected by a trigger
requiring a single photon at level 1 and then 4 jets or 3 jets and a b-jet in the higher level
trigger. Background events are rejected using a Boosted Decision Tree (BDT). The classifier is
trained using a Monte Carlo (MC) background samples in this analysis. However, to improve
the modelling the MC samples are reweighed to match the distributions observed in the mass
side bands. Three regions are then defined using the classifier output, and a likelihood fit is
performed to the mbb̄ distribution.

Figure 1 shows the mbb̄ distribution for both analyses after background subtraction. As
the selection criteria used in both analyses are orthogonal, they can be combined in order
to extend the statistical power of the measurement. The combined signal strength is μV BF =
0.99+0.30

−0.30(Stat.)+0.18
−0.16(Syst.). This result represents an observed (expected) significance of 2.9 (2.9)σ

over the null hypothesis, meaning this channel is approaching a significant detection.

80 100 120 140 160 180 200

 [GeV]bbm

5−

0

5

10

15

20

E
ve

nt
s 

/ 8
 G

eV
 (

W
ei

gh
te

d,
 B

kg
.-

su
bt

ra
ct

ed
)

Data
)-0.35

+0.37 = 0.95
bb→H

μ (bb→H
bb→Z

Background uncertainty

ATLAS
-1=13 TeV, 126 fbs

bb → HVBF 
Weighted by Higgs Boson ln(1+s/b)

50 100 150 200 250
 [GeV]bbm

2−

1−

0

1

2

3

4

5

W
ei

gh
te

d 
Ev

en
ts

 / 
10

 G
eV

 (B
kg

.-s
ub

tra
ct

ed
)

Data
 = 1.3)

H
μjj (γH

jjγZ
Bkg. Uncertainty

ATLAS
-1 = 13 TeV, 132 fbs

γ)+b b→VBF H(
Weighted by Higgs Boson S/B

Figure 1 – Summary plots showing the results for the ANN (left)2 and H → bb̄γ analyses (right)3. Each plot is the
sum of the respective signal regions weighted by their significance. The QCD background estimate is subtracted
leaving the fitted Z → bb̄ or Z → jjγ component and the best fit for the signal.

3 Resonant and non-resonant searches for H → ��γ

One avenue for probing the nature of the discovered Higgs boson is investigating rarer decay
modes such as the decays to a pair of leptons and a photon. This decay mode is explored in the
following for the case in which the two leptons form a resonance (H → Zγ → ��γ)4 and for the
non-resonant case with m�� < 30 GeV5.

One particularly challenging aspect of the non-resonant analysis is that for mee < 1 GeV,
there is a high probability that the electron showers will not be well separated in the calorimeter,
meaning that there is a drop in efficiency when using the conventional electron reconstruction
algorithms. A dedicated merged-ee reconstruction is used to recover efficiency for these events.

Events are further classified by lepton type (keeping merged-ee events separate) and a kine-
matic classification of the event in to three categories: V BF -enriched, High pTt or Low pTt.
The quantity pTt, defined as pTt = |�p��γ

T × t̂|, t̂ = (�p��
T − �pγ

T)/|�p��
T − �pγ

T| , is used instead of p��γ
T as

it shows better experimental resolution by being less sensitive to pT systematic uncertainties6.
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The final signal strength is determined from a simultaneous fit to all of the categories. In
these fits, the signal is parametrised from Double-Sided Crystal Ball fit to Monte Carlo, and
the background distribution is parametrised by either an exponential function, exponential of a
second order polynomial, or a power law function. The particular function is selected to minimise
bias in each separate category. These categories are summed, weighted by their sensitivity, and
shown in Figure 2 (left).

The final fit provides a signal strength parameter strength of μ = 1.5 ± 0.5 compared to
the SM expectation. This represents a significance of 3.2σ over the background only hypothesis
(2.1σ expected) and is the first evidence of Higgs boson decays to this final state.
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Figure 2 – Summary plots showing the results for the non resonant evidence of H → ��γ (left) 5 and resonant
search for H → Zγ (right) 4. Each plot is the sum of the respective signal regions weighted by their significance.

A similar final state in which rare Higgs decays may be detected is H → Zγ where the
Z boson is decaying leptonically. The analysis imposes similar lepton requirements to ��γ but
instead requiring |92.1 − m��| < 10 GeV and no merged–ee category is necessary. There is,
however, an additional requirement on the relative pT of the photon and the mass of the system,
pγ

T/mZγ > 0.12. The resulting selected events are shown with the fitted background and signal
components in Figure 2 (right).

In this case, a 95% CL limit on the signal strength is set at 3.6 times the SM prediction,
with expected limits of 1.7 or 2.6 for a null hypotheses excluding or including the SM Higgs
production. More data is needed for conclusive evidence in this channel.

4 Search for di-Higgs production in the HH → bb̄γγ channel

Di-Higgs production is a rare process in the SM. The latest search results from ATLAS were
obtained using the HH → bb̄γγ final state, which benefits from both the high SM branching
ratio of H → bb̄ and the clean H → γγ signal7. This process is also sensitive to beyond the
standard model (BSM) couplings and is used to perform a resonant search for the decay of
X → HH → bb̄γγ.

Events for this analysis are selected requiring two photons in the detector with an invariant
mass 105 GeV < mγγ < 160 GeV. Further, exactly two b-tagged jets are required as well as
fewer than six central jets in total. A lepton veto is also included, which along with the limit on
the number of central jets, maintains orthogonality of the event selection with respect to other
di-Higgs searches.

For each event, a modified invariant mass, m�
bb̄γγ

= mbb̄γγ−mbb̄−mγγ+250 GeV, is calculated.
The use of an alternative mass definition improves the mass resolution especially for resonant
HH searches by providing cancellation of experimental resolution effects. This improved mass
definition is also used in the non-resonant HH search, to define low and high mass categories in

5



order to measure the trilinear self-coupling strength, expressed as a ratio to the SM expectation:
κλ = λHHH/λSM

HHH .
For both the resonant and non-resonant searches, the signal regions are defined using a

combination of a selection BDT and the m�
bb̄γγ

distribution. For the non-resonant search, the
high and low m�

bb̄γγ
categories are used simultaneously, whereas for the resonant search a number

of mX mass hypotheses are considered, with a signal window in m�
bb̄γγ

defined based on the
resolution expected from simulation.

A 95% confidence limit (CL) on non-resonant HH production is observed (expected) at
4.1 (5.5) times the SM prediction. This result represents an improvement over previous result
by a factor of five8. The non-resonant search is also used to set a 95% confidence interval on κλ

of [−1.5, 6.7] ([−2.4, 7.7]) , observed (expected).
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Figure 3 – Summary of limits set by the non-resonant analysis on the cross-section as a function of κλ (left) 7 and
on the resonant cross section for X → HH as a function of mX (right) 7.

Limits are set on a resonant σ(X → HH) for a wide range of mX from 250 GeV to 1 TeV.
For the low mX region, this represents a factor of 2 improvement over the previous combined
results9. Figure 3 summarises these results. On the left are the non-resonant limits as a function
of κλ including the theoretical prediction used to compute the confidence interval. On the right
are the limit results of the individual mass points of the resonant search.

5 Conclusions

The ATLAS Run-2 Dataset makes it possible to study previously unobservable rare Higgs boson
interactions, and these proceedings highlight some of the most recent results. Sensitivity to the
VBF H → bb̄ production process is now at 2.9σ, the first evidence is provided for Higgs boson
decays to a pair of leptons and a photon, and new stricter limits on di-Higgs production and κλ

using the HH → bb̄γγ final state are obtained.
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Higgs boson properties in the CMS experiment

Alessandro Calandri, on behalf of the CMS Collaboration
ETH Zürich

Measurements of the properties of the Higgs boson using proton collision data at
√
s=13

TeV collected at the Large Hadron Collider (LHC) by the CMS experiment are presented.
Data have been recorded during the LHC Run 2 (2015-2018) corresponding to an integrated
luminosity of approximately 140 fb−1.

1 Introduction

In 2012, the Higgs boson at a mass of around 125 GeV was first observed by the ATLAS and
CMS1 collaborations from proton collisions collected at

√
s=7 TeV and 8 TeV. These proceedings

will discuss a selection of the most recent CMS2 results using Run 2 data on Higgs boson decays:
Higgs decay into vector bosons, i.e. di-photon and WW channels (Sections 2.1, 2.2) and into
fermions, H→ μμ and H→ ττ (Sections 3.1, 3.2). The most finely-binned characterization of the
Higgs boson to date in several Run 2 Higgs boson decay channels is achieved using the Simplified
Template Cross-Sections (STXS) framework 3,4.

2 Higgs boson decay to vector bosons

2.1 H → γγ

The analysis5 is based on high-resolution diphoton events and it is sensitive to all the Higgs boson
production modes, e.g gluon-fusion (ggH), vector-boson fusion (VBF), associated production
with a vector boson (VH) and with a top-quark pair (ttH and tH). A multivariate classifier is
trained to predict the most likely production mode associated to each event. The discrimination
power of such a classifier is based on diphoton kinematics input features. As a second step, a
binary background rejection classifier is employed for signal/background discrimination in the
signal region and finally the invariant mass is fit in all STXS categories to extract the signal
strength as shown in Figure 1(a). Results are provided for inclusive signal strength in production
modes and using STXS-based categorisation as shown in Figure 1(b).

2.2 H →WW in associated production with a vector boson (VH)

The cross section for Higgs boson production in association with a leptonically decaying vector
boson is measured using events where the Higgs boson decays into a pair of W bosons 6. Events
in which at least one W boson decays leptonically are considered in this analysis. The main
backgrounds which contains two to four leptons, missing energy and jets arise from leptons from
prompt and non-prompt decays. Prompt-leptons are modeled using simulation while non-prompt
leptons stemming from the leptonic decays of heavy quarks, hadrons, misidentfied as leptons and
electrons from photon conversions are estimated in data and suppressed by the identification

7



Figure 1 – Left: Di-photon invariant mass distribution for the weighted combination of all the event categories.
The lower graph shows the residual signal contribution after the background subtraction and the best-fit SM.
Right: STXS results for the H→ γγ analysis. Figures taken from 5.

and isolation requirements imposed on electrons and muons. The VH leptonic production cross-
section is extracted in four channels differentiated by the number of leptons and jets in the
final state. The signal strength modifier μ is calculated by performing a simultaneous fit to all
analysis categories. The probability of observing a signal under the background-only hypothesis
corresponds to an observed (expected) significance of 4.7σ (2.8σ). The expected and observed
likelihood profiles as a function of the signal strength are shown in Figure 2(a). The fit has
also been performed using separate signal strengths for the WH and ZH production modes. A
combined signal strength μ=2.11±0.46 is measured applying a single signal strength in all STXS
bins. The inclusive production mode, split production mode, and combined signal strengths are
summarized in Figure 2(b).
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Figure 2 – Left: Expected and observed likelihood profiles as a function of the signal strength for the VH→WW
analysis. Right: Signal strengths for transverse momemtum of the vector boson associated to the Higgs decay
greater or smaller than 150 GeV and combined signal strength inclusive in production modes (WH and ZH).
Figures taken from 6.
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3 Higgs boson decay to fermions

3.1 H → μμ

The analysis7 targeting the Higgs boson decaying to a pair of muons represents the first evidence
for second-generation fermion couplings with the Higgs boson. The analysis selection is based on
the requirement of two-opposite sign muons with invariant mass of at least 110 GeV. Additional
selections are performed to further characterise the final state in terms of main production
modes (ggH, VBF, VH and ttH) of the Higgs boson. Finally, the invariant mass spectrum is fit
simultaneously for all the regions to extract the overall signal strength. Figure 3(a) reports the
combined dimuon invariant mass in data weighted according to the signal significance in each
category. Advanced multivariate techniques are employed to enhance the signal/background and
are based on kinematics and input observables which are not correlated with the reconstructed
Higgs mass. Especially in the VBF category, a deep neural network (DNN) is used to perform the
signal/background discrimination and Monte Carlo simulation is used to extract the background
shape. Figure 3(a) shows the dimuon invariant mass distribution for the weighted distribution
of all event categories. The analysis reaches the first evidence of the decay of the Higgs boson to
di-muons with observed (expected) significance of 3.0σ (2.5σ) at the Higgs mass of 125.38 GeV.
The observed signal strength is μ=1.19±0.44 which is compatible with SM expectations. Figure
3(b) shows the p-value over the Higgs mass for the various production modes of the Higgs boson
decaying to a di-muon pair and for the full combination.

Figure 3 – Left: Di-muon invariant mass for the weighted combination of all event categories. The lower panel
displays the residual after the background subtraction and reports the best-fit SM. Right: Observed local p-values
for the combined fit and for the individual production modes. Figures taken from 7.

3.2 H → ττ

The first evidence for the coupling of the Higgs boson to down-type fermions was established
at the LHC with the CMS experiment using

√
s=7 TeV and

√
s=8 TeV. The CMS experiment

achieved the first observation of H→ ττ using the 2016 data at
√
s=13 TeV. The analysis with

full Run 2 dataset 8 presents an extension of the Run 2 analyses with partial datasets with the
addition of the measurement in the context of the STXS framework.

The selected events are classified into decay channels based upon the number of electrons, muons,
and hadronic τ lepton candidates. Event categories are designed to increase the sensitivity to
the signal by isolating regions with large signal-to-background ratios and to provide sensitivity
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to the stage-0 (Higgs boson signal split in production modes) and stage-1 (categorisation based
on the number of additional jets). In addition, a boosted category (pHT >200 GeV) is also in-
cluded. For each category, two-dimensional distributions are built to perform signal/background
discrimination. One dimension is always represented by the di-τ invariant mass (mττ ) as re-
ported in Figure 4(a). Depending on the STXS categories additional observables are used. The
dominant background contains two true τ leptons or one τ and one jet misidentified as τ . For
such a background component, data-driven techniques in dedicated background-enriched control
regions are used. The results are extracted with a binned maximum likelihood fit in all categories
for the different channels and data taking years. The inclusive signal strength is measured to be
μ = 0.85±0.12. The observed results of the signal strength modifier is reported in Figure 4(b).
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Figure 4 – Left: Observed and expected di-τ invariant mass distribution obtained by reweighting every di-τ mass
distributions of each category, year and final state by the ratio between the signal and background yields. The
inset shows the difference between the observed data and the expected background distributions, together with the
signal expectation. Right: Observed results of the fit to the production mode signal strength modifiers. Figures
taken from 8.

4 Summary

Several Run 2 Higgs boson measurements have been completed by the CMS collaboration at√
s=13 TeV using the data of 137 fb−1 during the Run 2 LHC data-taking period. Higgs

boson decays to vector bosons (H→ γγ and VH→WW) and fermions are now established and
additional results have been provided on Higgs boson couplings to second-generation (H→ μμ)
and down-type fermions (H→ ττ).
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Higgs cross-section and properties at ATLAS and CMS

Sébastien Rettie, on behalf of the ATLAS and CMS Collaborations
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Gower St, Bloomsbury, London WC1E 6BT, UK

Recent measurements of Higgs boson cross-section and properties are presented using up
to 139 fb−1 of proton-proton collision data delivered by the Large Hadron Collider at√
s = 13 TeV and recorded by the ATLAS and CMS detectors. Three measurements are

discussed. The first is the measurement of Higgs boson production with sizeable transverse
momentum decaying to a bb̄ pair. The remaining two measurements exploit the H → WW ∗

decay channel in various production modes: gluon fusion, vector boson fusion, and produc-
tion in association with a W or Z boson. The results presented are compatible with Standard
Model predictions.

1 Introduction

The dataset collected at the Large Hadron Collider (LHC) 1 during 2015-2018 (Run 2) provides
an exquisite opportunity to explore the rich phenomenology of the Higgs boson, and to test
the validity of the Standard Model (SM) of particle physics. So far, measurements carried
out by the ATLAS 2 and CMS 3 experiments are consistent with the SM Higgs boson. The
next logical steps are to increase the precision of these measurements, and carry out differential
measurements. In particular, the simplified template cross-section (STXS) 4 framework allows
for the categorization of events into Higgs production modes by focusing on key quantities such
as the transverse momentum of the Higgs boson (pHT ) and the number of jets in the final state.
The main production modes are gluon fusion (ggH), vector boson fusion (V BF ), associated
production with a W or Z boson (V H, V = W,Z), and associated production with top quarks
(tt̄H) 5. In this article, the most recent results by both experiments are presented: Section 2
describes the analysis of H → bb̄ decays in the boosted regime by the ATLAS experiment, and
Section 3 presents results by both ATLAS and CMS in the H → WW ∗ decay channel.

2 Boosted H → bb̄ Decays with ATLAS

While unexplored areas where new physics discoveries could be hiding are numerous, one of
the regions of phase space for the Higgs decay with a large sensitivity to new physics is the
so-called boosted regime, where the Higgs boson has sizable transverse momentum. This regime
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Table 1: Signal acceptance times efficiency for the signal regions in the fiducial measurements 6.

Process pHT > 450 GeV pHT > 1 TeV

All 0.25 0.18

ggH 0.26 0.22
V H 0.27 0.19
V BF 0.22 0.15
tt̄H 0.20 0.16

is difficult to explore due to the challenging nature of reconstructing the Higgs boson decay
products. In this analysis, the Higgs boson candidate is reconstructed as a single large-radius
jet containing two b-tagged track-jets. A second jet is required to ensure a di-jet topology.
Either the leading or sub-leading large-radius jet can be considered as the Higgs candidate. The
dominant background process for this measurement are multi-jet events, which are modeled by
an analytic function. The measurement is inclusive in production modes; Table 1 gives the
relative fraction of the four main Higgs production modes present in the fiducial measurements
carried out in this analysis.

Inclusive, fiducial, and differential measurements are performed via a binned maximum-
likelihood fit to the Higgs candidate jet mass distribution. The event yields measured in this
analysis correspond to Higgs boson production cross-section values in the fiducial region of

σH(pHT > 450 GeV) = 13± 57 (stat.)± 22 (syst.)± 3 (theo.) fb,

σH(pHT > 650 GeV) = 13± 16 (stat.)± 7 (syst.)± 3 (theo.) fb,

σH(pHT > 1 TeV) = 3.4± 3.9 (stat.)± 1.0 (syst.)± 0.8 (theo.) fb.

These measurements are currently statistically dominated, and provide a first measurement
in the phase space pHT > 1 TeV.

3 H → WW ∗ Decays

In the following, Section 3.1 presents the latest result from the ATLAS Collaboration, focusing
on the ggH and V BF production modes, and Section 3.2 describes the CMS analysis measuring
the V H production mode.

3.1 ggH and V BF ATLAS Measurements

This analysis measures the ggH and V BF production modes of the Higgs boson, and its sub-
sequent decay into a pair of W bosons, with a final state consisting of an electron, a muon, and
missing transverse momentum. Events are required to contain an opposite-sign muon-electron
pair and missing transverse momentum. Either a single-lepton or electron-muon trigger is re-
quired to have fired. Most background processes are simulated with Monte Carlo methods,
however the contribution from non-prompt or fake leptons is derived from data. Compared to
the previous Run 2 results from ATLAS, several improvements to the analysis have been incor-
porated in addition to the increase in data statistics from 36 fb−1 to 139 fb−1, most notably
a measurement of the ggH production mode in the final state with two or more reconstructed
jets and measurements of cross-sections in kinematic fiducial regions defined in the STXS frame-
work. A maximum likelihood fit to the discriminating variable distributions (either the dilepton
transverse mass for the ggH production mode or the output of a deep neural network for the
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V BF production mode) is performed in order to extract the parameters of interest. STXS
measurements are provided in a total of 11 categories, as shown in Figure 1.
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Figure 1 – Best-fit values and uncertainties for the cross-sections measured in each of the STXS categories,
normalised to the corresponding SM predictions. The black error bars, green boxes and tan boxes show the total,
systematic, and statistical uncertainties in the measurements, respectively. The grey band represents the theory
uncertainty on the signal production corresponding to the STXS category 7.

3.2 V H → WW ∗ CMS Measurements

This result presents measurements of V H production in the H → WW ∗ decay channel, where
at least one W boson decays leptonically. The V H production mode provides a direct probe
of the Higgs boson coupling to vector bosons, and V H kinematics are sensitive to the effects of
new physics beyond the SM. The analysis selects events with final states containing two to four
leptons, and simulates the majority of the background processes with Monte Carlo methods,
with the exception of the non-prompt or fake lepton backgrounds, which are derived from data.
A maximum likelihood fit to the discriminating variable distributions, either the transverse mass
or the output of a boosted decision tree, is performed in order to obtain the final measurements.
The signal strength, defined as the ratio between the measured signal cross-section and the SM
expectation, provides insight on the compatibility between the measurements and the SM. The
measurements are carried out in 4 STXS bins, shown in Figure 2, where pVT corresponds to the
transverse momentum of the associated vector boson V . The pVT < 150 GeV phase space has
been measured in this channel for the first time.

4 Conclusion

Tremendous progress has been made in measuring properties and cross-sections of the Higgs
boson at the LHC since its discovery 9 years ago. The field is making big improvements in the
precision of a large number of Higgs measurements, both from using the full Run 2 dataset,
and from continually improving analysis methods. The ATLAS and CMS Collaborations are
still only at the early stages of exploring the Higgs sector; with the start of Run 3 approaching,
new data and more analysis improvements will provide unprecedented levels of precision, and
potentially hints of new physics beyond the SM.
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Figure 2 – Comparison between the combined signal strength, determined by applying a single signal strength
to both pVT bins and all V H production modes in the STXS fit, and the signal strengths for each pVT bin and
production mode (WH, ZH, and V H inclusive) 8.
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In this talk, we present a way to improve the accuracy of theoretical predictions for Higgs
boson production cross sections at the LHC using the measurements of lepton angular distri-
butions. In this regards, we exploit the sensitivity of the lepton angular coefficient associated
with the longitudinal Z-boson polarization to the parton density function (PDF) for gluons
resolved from the incoming protons, in order to constrain the Higgs boson cross section from
gluon fusion processes. We find that high-statistics determinations of the longitudinally po-
larized angular coefficient at the LHC Run 3 and high-luminosity HL-LHC improve the PDF
systematics of the Higgs boson cross section predictions by 50 % over a broad range of Higgs
boson rapidities. This study has been conducted using the open-source fitting framework
xFitter. This talk refers to the following paper 1.

1 Introduction

One of the key studies of the current and forthcoming physics programs at the Large Hadron
Collider (LHC) is to precisely measure the Higgs sector of the Standard Model (SM). At the
LHC, the dominant mechanism for the production of Higgs bosons is through gluon-fusion. In
this work, we investigate the sensitivity to the gluon PDF via O(αs) contributions. In particular,
we consider Drell-Yan (DY) charged lepton-pair production via Z/γ∗ exchange and the focus
of our study is the A0 angular coefficient, defined as the ratio of the longitudinal electroweak
boson cross section to the unpolarized cross section:

A0(s,M, Y, pT ) =
2dσ(L)/dMdY dpT
dσ/dMdY dpT

. (1)

It has been shown that this coefficient is perturbatively stable 2,3 and it has been presicely mea-
sured at Tevatron 4 and the LHC 5,6, as well as at fixed-target experiments 7,8,9,10.
In order to study the impact of high-precision A0 measurements on the Higgs boson produc-
tion cross section and to evaluate the reduction in PDF uncertainties, we implement the NLO
MadGraph5 aMC@NLO 11 A0 calculation into the open-source fit platform xFitter 12.
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Table 1: The χ2 values per degrees of freedom from NLO fits to A0 data for different collinear PDF sets. PDF
uncertainties are evaluated at the 68% CL.

PDF set Total χ2/d.o.f.

CT18NNLO 59/53

CT18Annlo 44/53

MSHT20nnlo as118 59/53

NNPDF31 nnlo as 0118 hessian 60/53

ABMP16 5 nnlo 62/53

HERAPDF20 NNLO EIG 60/53
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Figure 1 – Original CT18nnlo (dark blue) and profiled distributions using A0 pseudodata corresponding to inte-
grated luminosities of 300 fb−1 (magenta) and 3 ab−1 (cyan) for 80 < M < 100 GeV and |Y | < 3.5. Results for
gluon (xg) and d-type (xd̄) sea-quark densities are shown for Q2 = 104 GeV2. Bands represent PDF uncertainties,
shown at the 68% CL.

2 Fit to ATLAS 8 TeV data

We perform NLO fits to the
√
s = 8 TeV ATLAS measurements 6 for the angular coefficient

A0, using the unregularised data and including the covariance matrices of the experimental and
PDF uncertainties. The considered PDF sets are: CT18nnlo, CT18Annlo 13, MSHT20nnlo 17,
NNPDF3.1nnlo 14, HERAPDF2.0nnlo 16 and ABMP16nnlo 15. A very good description of data
is achieved for all PDF sets, and the results for the χ2 values are reported in Tab. 1.

3 Gluon PDF profiling

We generate A0 pseudodata at
√
s = 13 TeV for two projected luminosity scenarios of 300

fb−1 (Run III scenario) and 3 ab−1 (HL-LHC scenario), and apply the profiling technique 18,19

to evaluate the PDF uncertainties. We perform the analysis in the mass region 80 < M <
100 GeV around the Z-boson peak and rapidity region |Y | < 3.5. The results are reported in
Fig. 1. It is visible the largest reduction of uncertainties from the high-luminosity A0 profiling
occurs for the gluon density and for the d sea-quark densities. We also perform the profiling
analysis in the low mass region 4 < M < 8 GeV and forward rapidity region 2.0 < |Y | < 4.5. We
report the results in Fig. 2. The largest reduction of uncertainties observed in this case for the
gluon distribution is at x < 0.001. For the LHCb phase space, the most relevant improvements
are for the sea quark PDFs, e.g. d̄ at x ∼ 0.001.

4 Impact on the Higgs cross section

We compute Higgs boson cross section via the gluon-fusion production mechanism for
√
s = 13

TeV using the MCFM code 20,21 at NLO in QCD perturbation theory and we evaluate PDF
uncertainties on this quantity including constraints from A0 profiling. Fig. 3 (left) gives the
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√
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CT18nnlo PDF set, reduced to 68% CL coverage. The magenta and cyan bands show the uncertainties of the
CT18nnlo including constraints from the A0 measurement and assuming 300 fb−1 and 3 ab−1, respectively.

results versus the Higgs boson rapidity yH , where it is visible that the uncertainty is reduced by
a factor 2 in the −2 � yH � 2 region for the HL-LHC scenario.

Furthermore, we compute the gluon-gluon luminosity as a function of invariant mass to
assess the reduction of PDF uncertainties. The PDF uncertainties in the gluon-gluon luminosity
evaluated at

√
s =13 TeV and computed with CT18nnlo, as well as including constraints from

A0 profiling, are depicted in Fig. 3 (right). PDF uncertainties are halved in the range 100
< MX < 200 GeV in the HL-LHC scenario.
Moreover, we evaluate the N3LO Higgs boson total cross section using the code ggHiggs 22,23.
This cross section and its uncertainty in the cases of the current CT18nnlo 13, NNPDF3.1nnlo 14

and MSHT20nnlo 17 global sets as well as projected sets, based on complete LHC data sample 24

is reported in Fig. 4 (left). Paralleling the profiling analysis of Fig. 1, in Fig. 4 (right) the
profiling analysis which uses projected PDFs based on complete LHC data sample as input 24

is reported. Remarkably, a reduction in the gluon PDF uncertainty is still visible. In this case,
the 300 fb−1 to 3 ab−1 gain relative to the current-to-300 fb−1 gain is more significant than in
the case of the CT18nnlo 13 profiling scenario of Fig. 1.

5 Conclusion

We investigated the implications of precise measurements of the angular coefficient A0 near the
Z-boson mass scale on the theoretical predictions for the Higgs boson production cross section.
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The same approach, extended to mass regions away from the Z peak, allows the region of
larger x momentum fractions to be accessed and will be relevant for associated Higgs boson
production with a gauge/Higgs boson or heavy-flavour quarks. Conversely, the extension to
low masses can further provide a handle on the small-x regime 23,25 of Higgs boson production
relevant to the highest energy frontier. Further aspects of the connections between the gauge
and Higgs sectors of the SM may be investigated via generalization to the full structure of lepton
angular distributions. These other coefficients are generally smaller than A0 and with a milder
pT dependence, but provide a more pronounced Y rapidity dependence.
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* Speaker.

Focusing on Higgs-boson production in gluon fusion, a resummation is presented of all large
logarithms that originate when both the Higgs and the leading-jet transverse momenta are
much smaller than the Higgs mass mH, reaching next-to-next-to-leading logarithmic (NNLL)
accuracy. As an application, predictions are provided for the Higgs transverse-momentum
distribution with a veto on accompanying jets, whose accurate description is relevant to the
Higgs precision programme at the Large Hadron Collider.

1 Introduction

The detailed analysis of the properties of the Higgs boson is central to the entire LHC physics
programme. The significant accuracy increase in the future LHC runs offers a unique oppor-
tunity to scrutinise the Higgs sector of the Standard Model, demanding on the other hand an
unprecedented control on the theoretical description of the relevant observables. Experimental
analyses of Higgs processes typically categorise the collected events in jet bins, i.e. according
to the jet multiplicity accompanying the Higgs boson. This requires a theoretical description
which is differential in the considered Higgs observable and in the transverse momentum of QCD
radiation, the latter being used to define the jet multiplicity.

We focus on the Higgs transverse-momentum pH
t spectrum in the presence of a veto pJ,v

t

constraining the transverse momentum pJ
t of the hardest accompanying jet. Veto constraints of

such a kind are customarily enforced to enhance the Higgs signal with respect to its backgrounds,
relevant examples being the selection of H → W+W− events from tt̄ → W+W−bb̄ production.

Aiming at a reliable description of the whole pH
t spectrum, fixed-order predictions, currently

known at next-to-next-to-leading order in QCD 1,2,3,4, are not sufficient. When exclusive cuts on
radiation are applied, the convergence of the perturbative expansion is spoiled by the presence of
logarithms ln(mH/p

H
t ) and ln(mH/p

J,v

t ) that become large in the limit pH
t , p

J,v

t � mH, requiring an
all-order resummation. The resummation of the inclusive Higgs pH

t spectrum (i.e. when formally
pJ,v

t → ∞) is known with high accuracy 5,6,7,8,9, reaching nowadays N3LL′ level 10,11. Similarly,
the NNLL resummation of the jet-vetoed cross section was achieved in refs. 12,13,14,15,16.

In this contribution, we present a joint resummation of both classes of logarithms, achieving a
prediction which is differential in both pH

t and pJ
t , and NNLL accurate in the limit pH

t , p
J
t � mH.

The underlying formalism is deduced and explained in detail in ref. 17, in the context of the
RadISH resummation framework 7,8,11. The results presented here are of phenomenological
relevance in the context of the Higgs physics programme at the LHC, and constitute a milestone
in the theoretical understanding of the structure of double-differential resummations.
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2 Double-differential resummation

The inclusive Higgs pH
t spectrum is described at NLL in momentum space in terms of an en-

semble of independent resolved QCD emissions, each of which is far in rapidity from the others.
Unresolved emissions, on the other hand, combine with virtual all-order corrections, giving rise
to the well-known Sudakov form factor. The resolved ensemble is constrained by the pH

t mea-
surement function, which enforces the vectorial sum of the transverse momenta of all initial-state
emissions to equal the Higgs transverse momentum, in the form δ(pH

t − |
kt1 + . . . 
ktn|). Since in
the momentum-space description one has differential control on the kinematics of each emission,
the inclusive NLL spectrum, differential in pH

t , can be straightforwardly promoted to a double-
differential NLL prediction for d2σ/dpH

t dp
J
t by further imposing on the resolved ensemble the

leading-jet pJ
t measurement function, which at NLL simply reads δ(pJ

t−kt1), imagining emissions
ki to be ordered in decreasing transverse momentum.

At NNLL, on top of upgrading the perturbative evaluation of the involved NLL ingredients,
one needs to consider two genuinely new effects, arising in the resummation of pJ

t . First, the so-
called clustering correction 13: since at NNLL two emissions ka and kb may be close in rapidity,
a kt-type clustering algorithm 18 can combine them into the same jet, which may result as the
leading one. This correction is then proportional to the difference [δ(pJ

t−|
kta+
ktb|)−δ(pJ
t−kt1)],

and to the jet clustering condition Jab(R) = Θ[R2 − (ηa − ηb)
2 − (φa − φb)

2], thus inducing an
NNLL dependence on the clustering radius R. Second, a correlated correction 13 stems from
the fact that, at NNLL, the resolved ensemble receives a contribution from two soft correlated
emissions ka and kb, a purely non-abelian QCD effect. As in the inclusive pH

t treatment such
correlated emissions are always considered as a single cluster, in the double-differential case one
must correct for configurations in which they are actually not clustered by the jet algorithm.
This induces a contribution proportional to the double-soft correlated matrix element, and to
the jet un-clustering condition [1−Jab(R)]. Clustering and correlated corrections, present in the
single-differential pJ

t resummation, are included in the double-differential prediction by simply
supplementing them with pH

t measurement functions of the appropriate multiplicity.

A fully equivalent double-differential formulation as the one described above can be reached
starting from a more customary approach to pH

t resummation, in which the measurement function
is Fourier-transformed to impact-parameter b space, see for instance 19,20,5. In Fourier space,
the pH

t measurement function by construction factorises into a product of complex exponential

factors ei
�b·�kti . This implies that even in b space, one has direct access to information relevant to

each single resolved momentum ki, in turn allowing one to cast the pJ
t measurement constraint at

the level of b-space integrand. For instance, in order to consider the Higgs pH
t distribution with a

veto on QCD radiation (obtained upon integrating the double-differential spectrum d2σ/dpH
t dp

J
t

in pJ
t up to a veto scale pJ,v

t ), at NLL one just needs a factor Θ(pJ,v

t − kti) for each of the ei
�b·�kti

phases appearing in the pH
t measurement function.

The same logic can be followed at NNLL when considering clustering and correlated cor-
rections. Since these entail, in both cases, a pair of emissions ka and kb, they can be inserted

in the double-differential b-space integrand by simply supplementing a factor ei
�b·(�kta+�ktb), which

represents the pH
t measurement constraint on the two considered emissions.

The possibility to write the double-differential result not only in momentum space, but also
in conjugate-space language, may be used to explore the possibility of upgrading consolidated
single-differential predictions, for a variety of observables, to double-differential level.

3 Results

We show results of the double-differential resummation relevant to the 13 TeV LHC. Renormal-
isation and factorisation scales are set to μR = μF = mH = 125GeV, resummmation scale is
chosen as Q = mH/2, and R = 0.4. Figure 1 shows the double-differential spectrum d2σ/dpH

t dp
J
t
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Figure 1 – NNLL double-differential distribution
d2σ/dpHt dpJt , integrated over pJt up to pJ,vt , as a function
of pHt and pJ,vt .
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Figure 2 – Matched NNLL+NLO (red band), NLL+LO
(blue band), and fixed-order NLO (green band) pHt dif-
ferential distributions for pJ,vt = 30 GeV.

integrated in pJ
t up to pJ,v

t , i.e. the Higgs pH
t differential spectrum with a jet veto. The plot shows

the typical peaked structure along the pH
t direction, where at pH

t → 0 the behaviour is power-like
19, as well as a Sudakov suppression at small pJ,v

t . The two-dimensional distribution also features
the expected Sudakov shoulder 21 along pH

t ∼ pJ,v

t , originating from the sensitivity of the spec-
trum to soft radiation in this region beyond LO. The resummation formalism sketched above
resums Sudakov-shoulder logarithms ln(|pH

t − pJ,v

t |/pJ,v

t ) at NNLL in the regime pH
t ∼ pJ,v

t � mH.
This can be appreciated by noticing that the perturbative instability associated with the shoul-
der gets milder and milder approaching the region where both transverse momenta are much
smaller than mH, with no leftover integrable singularity in such a region.

As a phenomenological application of our result, we set pJ,v

t = 30GeV in accordance with
typical LHC experimental values. While the resummation formalism provides an accurate de-
scription of the small-pH

t end of the spectrum, in order to reliably cover larger pH
t values one

needs to match the resummed formula to a fixed-order calculation. We thus present NNLL
results matched to the NLO Higgs+jet pH

t distribution obtained with MCFM 22. To estimate
the theoretical uncertainty, a variation of μR and μF by a factor of two about the central value
is performed, with the constraint 1/2 ≤ μR/μF ≤ 2; moreover, for central μR and μF scales,
Q is varied by a factor of two around Q = mH/2, and the envelope of all such variations is
taken. Figure 2 compares the NNLL+NLO prediction to the NLL+LO, and to the fixed-order
NLO result. The integral of the NNLL+NLO (NLL+LO) distribution yields the corresponding
jet-vetoed cross section at NNLL+NNLO (NLL+NLO) 13.

One can observe a good perturbative convergence for the resummed predictions at the left
of the peak, where logarithmic corrections are dominant. Above pH

t ∼ 10GeV, the NNLL+NLO
prediction differs from the NLL+LO owing to the large NLO K factor in Higgs production. The
residual perturbative uncertainty in the NNLL+NLO distribution is of O(10%) for pH

t � pJ,v

t .
The comparison to the fixed order NLO prediction shows the importance of resummation across
the whole pH

t spectrum, and a much reduced sensitivity to the Sudakov shoulder at pH
t ∼ pJ,v

t .
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Indirect CP probes of the Higgs–top-quark interaction at the LHC a

Henning Bahl
DESY, Notkestraße 85,

D-22607 Hamburg, Germany

The precise determination of the Higgs boson CP properties is among the most important
goals for existing and future colliders. In this work, we evaluate existing constraints on the CP
nature of the Higgs interaction with top quarks taking into account all relevant inclusive and
differential Higgs boson measurements. We study the model dependence of these constraints
by allowing for deviations from the SM predictions also in the Higgs couplings to massive vector
boson, photons, and gluons. Additionally, we evaluate the future prospects for constraining
the CP nature of the top-Yukawa coupling by total rate measurements. In this context, we
propose an analysis strategy for measuring tH production at the HL-LHC without relying on
assumptions about the Higgs CP character.

1 Introduction

The discovery of a new particle which is consistent with the predictions for the Standard Model
(SM) Higgs boson marked a milestone for particle physics. The precise determination of its
properties is one of the main tasks for future LHC and High-Luminosity LHC (HL-LHC) runs
especially in light of the absence of any conclusive hint for beyond the SM (BSM) physics.

One important part of this program — particularly relevant in the context of searching for
new sources of CP violation in order to explain the baryon asymmetry of the Universe — is the
determination of the Higgs boson’s CP properties. Experimental studies already exclude the
possibility of the Higgs boson being a CP-odd state. The possibility of the Higgs boson being a
CP-admixed state is, however, far less constrained.

The focus of the present study1 is the by magnitude largest Higgs–fermion–fermion interac-
tion: the top-Yukawa interaction. While the CP properties of the top-Yukawa coupling can also
be constrained by electric dipole measurements,2 we concentrate on the constraints imposed by
existing LHC measurements (i.e. by signal strength and differential Higgs boson measurements).

At colliders, CP-violating couplings can be constrained directly by measuring CP-odd ob-
servable. Measuring a non-zero value for such an observable would directly imply the presence
of CP violation. While proposals for CP-odd observables targeting the top-Yukawa coupling

aDESY 21-035
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exists, their measurement is experimentally challenging. CP violation in the Higgs–top-quark
interaction, however, also induces deviations from the SM in CP-even observables. While a
deviation from the SM in a CP-even observable is not guaranteed to be caused by CP violation,
a systematic investigation of indirect constraints is still a powerful method to narrow down the
available parameter space for CP violation.

In the present work, we perform a fit to derive bounds on a CP-violating top-Yukawa coupling
following the indirect approach. We take into account all available inclusive and differential
Higgs boson measurements. Based upon the results of this fit, we point out that a measurement
of single top quark associated Higgs production independent of the Higgs CP character would
significantly enhance the sensitivity to a CP-violating top-Yukawa coupling. We then propose a
strategy for performing such a measurements at the HL-LHC focusing on the Higgs boson decay
to two photons.

2 Current constraints

We parameterize BSM effects in the Higgs-boson interaction with top quarks in the form

Lyuk = −ySMt√
2
t̄ (ct + iγ5c̃t) tH, (1)

where ySMt is the SM top-Yukawa coupling, ct rescales the CP-even top-Yukawa coupling (ct = 1
in the SM), and c̃t introduces a CP-odd top-Yukawa coupling (c̃t = 0 in the SM). Additionally,
we introduce the parameter cV rescaling the Higgs couplings to massive vector bosons. To
parameterize the effect of additional BSM particles affecting the H → γγ and gg → H processes,
our fit, moreover, allows to treat the Higgs–gluon–gluon and the Higgs–photon–photon couplings
as free parameters — κg and κγ , respectively.

The most relevant processes to constrain the modified top-Yukawa coupling of Eq. (1) are
Higgs production via gluon fusion, the Higgs decay to two photons, Z-boson associated Higgs
production, and top-associated Higgs production. Note that three different sub-processes con-
tribute to top-associated Higgs production: tt̄H, tWH, and tH production. While tWH and
tH are negligible in the SM, their cross-section can be significantly enhanced in the presence of
a CP-violating contribution to the top-Yukawa coupling. We do not consider constraints arising
from processes involving a virtual Higgs boson (e.g. tt̄ or tt̄tt̄ production).

We perform the global fit of this model to all relevant Higgs boson measurements using
HiggsSignal3,4,5. HiggsSignal includes the latest Higgs rate measurements from ATLAS and
CMS as well as the pT -binned simplified template cross-section measurements for the process
pp → ZH,H → bb̄.

In Fig. 1, we show two exemplary results of the described fit. The left plot shows the Δχ2

distribution in the (ct, c̃t) plane for a simplified model in which cV = 1 is assumed and κg and κγ
are calculated as functions of ct and c̃t. In this model, c̃t is constrained to the interval [−0.3, 0.3]
at the 1σ level. The most relevant constraints arise through measurements of Higgs production
via gluon fusion and the Higgs decay into two photons. While the rate of Higgs production via
gluon fusion would be equal to the SM value for c2t +9/4c̃2t � 1, the region of ct � 0.7 is excluded
by the constraints arising from the Higgs decay into two photons.

In the right plot of Fig. 1, the fit results are shown for the full five-dimensional model
in which ct, c̃t, cV , κg, and κγ are treated as free parameters. As a consequence of floating
κg and κγ , the 1σ allowed c̃t range is significantly enlarged to [−1.1, 1.1] with respect to the
two-dimensional model. The most relevant constraints in this model are rate measurements of
top-associated Higgs production — constraining the fit to an ellipsis where the top-associated
Higgs production rate (tt̄H + tH + tWH) is close to its SM prediction. The region of negative
ct is disfavored by Z-associated Higgs production measurements as well as measurements able
to at least partly disentangle the different contributions to top-associated Higgs production (i.e.
disentangling tH from tt̄H production).
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nature. While e.g. the rapidity difference between the leading b jet and the leading non-b jet
is a good discriminator between tH and tt̄H + tWH production, cuts based on this observable
introduce a large dependence of the measurement on the CP character of the top-Yukawa cou-
pling. Using instead the geometric mean of the leading jet and the Higgs boson rapidities, tH
and tt̄H+ tWH production can be disentangled equally well without inducing a relevant depen-
dence on the Higgs CP character. Focusing on the Higgs decay to two photons, this strategy has
been used to obtain a projection for a tH measurement at the HL-LHC:1 the tH signal strength
is projected to be below 2.21 at 95% CL assuming SM-like data and using 3 ab−1 (a limit five
times stronger than the current strongest limit7). The constraint on c̃t which would be imposed
by such a measurement is indicated by the green band in the right plot of Fig. 2.

4 Conclusion

In the present article, we investigated the constraints on a CP-violating Higgs–top-quark inter-
action imposed by current LHC data. Using all relevant inclusive and differential Higgs-boson
measurements, we performed a global fit in various models.

In the simplest model, the CP-odd part of the top-Yukawa coupling is strongly constrained by
measurements of Higgs production via gluon fusion and the Higgs decay to two photons. Varying
additionally the Higgs boson coupling to massive vector bosons as well as to gluons and photons,
we found a sizable CP-odd top-Yukawa coupling to be still allowed with the strongest constraints
being imposed by measurements of top-associated and Z-associated Higgs production.

As a next step, we discussed the future potential of total rate measurements to tighten
the constraints on a CP-odd top-Yukawa coupling. Since a more precise determination of top-
associated Higgs production combining the tH, tt̄H, and tWH channels would not result in
improved bounds on a CP-odd top-Yukawa coupling, it will be crucial to disentangle tH from
tt̄H + tWH production without relying on assumptions on the Higgs CP character. A large
deviation of the tH signal strength from the SM would be a strong hint for CP violation in the
Higgs–top-quark interaction.
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Extended scalar sectors at current and future colliders a
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We here give a brief overview on the current status of selected models that extend the scalar
sector of the Standard Model with additional matter states. We comment on current bounds
as well as possible discovery prospects at current and future colliders.

1 Introduction

After the discovery of a particle that complies with the properties of the Higgs boson predicted
by the Standard Model, particle physics has entered an exciting era. One important question
is whether the scalar sector realized by Nature indeed corresponds to the one predicted by the
SM, or whether the resonance at 125 GeV is a manifestation of a more extended scalar sector,
and additional scalar states could be observed at current or future collider facilities.

2 Theoretical and experimental constraints

In general, the introduction of non SM-like terms in the potential can lead to massive mass-
eigenstates and, successively, induce additional collider signatures. These predictions need to be
confronted with constraints from both theoretical and experimental sources. We here list them
for brevity and refer the reader to the corresponding references for more detail.

2.1 Theory constraints

Theoretical constraints include checks that the potential is bounded from below, perturbative
unitarity, typically via requirements on the maximal eigenvalue for the 2 → 2 scalar scattering
matrix using partial wave expension, and perturbativity of the couplings. Tools which can be
used for these checks include, among others, 2HDMC1,2 and ScannerS.3,4

2.2 Experimental constraints

From the experimental side, one of the most important features that need to be met is the
availability of a scalar particle that complies with the SM Higgs boson, including all current
measurements (mass and signal strength). Furthermore, one needs to ensure agreement with
electroweak precision measurements, null-searches at past and current colliders, and, for particles
providing a dark matter candidate, agreement with astrophysical measurements such as relic
density and direct detection bounds. Tools which enable comparison with collider results are e.g.
HiggsBounds5–11 and HiggsSignals,10,12–15 while dark matter predictions can be obtained using
MicrOMEGAs.16,17 These are confronted with experimental findings, i.e. latest results from the
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Figure 1 – Novel results for the singlet extension. Left: comparison of current constraints for a fixed value of
tanβ = 0.1. Right: maximal H → hh allowed, with electroweak constraints at the electroweak scale (blue) or
including RGE running to a higher scale (red), in comparison with results from the ATLAS combination.

GFitter collaboration18–20 as well as astrophysical observables from the Planck collaboration21

and XENON1T.22

3 Real singlet extension: novel results

We here discuss the Z2 symmetric real singlet extension of the SM, where we follow previous work
on this model.23–28 We discuss the case where the Z2 symmetry is softly broken by a vacuum
expectation value (vev) of the singlet field, inducing mixing between the gauge-eigenstates which
introduces a mixing angle α. The model has in total 5 free parameters, out of which 2 are fixed
by the measurement of the 125GeV resonance mass and electroweak precision observables. This
leaves

sinα, m2, tanβ ≡ v

vs
(1)

as free parameters of the model, where v (vs) corresponds to the vev of the SM-like doublet
(singlet) field. We here concentrate on the case where m2 ≥ 125GeV; in this case, sinα → 0
corresponds to the SM decoupling. In figure 1, we show novel results for this model using
currently available constraintsb, including a comparison of the currently maximal available rate
of H → h125h125 with the current combination limits from ATLAS.29 These plots supersede
the results shown in.27,28,30 The most constraining direct search bound depends on the mass
considered; in general, searches for diboson final states31–34 are most important, although some
regions are also constrained from the Run 1 Higgs combination.35 Especially33,34 currently
correspond to the best probes of the models parameter spacec.

4 Inert Doublet Model: sensitivity study

The Inert Doublet Model is a two Higgs doublet model (2HDM) that obeys an exact Z2 sym-
metry, leading to a dark matter candidate from the second scalar doublet.36–38 The results
discussed here build on previous work.26,27,39–43 The model features four additional scalar
states H, A, H±, and has in total 7 free parameters prior to electroweak symmetry breaking

v, mh, mH , mA, mH±︸ ︷︷ ︸
second doublet

, λ2, λ345 ≡ λ3 + λ4 + λ5, (2)

bCollider constraints are implemented via the current versions of HiggsBounds/ HiggsSignals.
cWe include searches currently available via HiggsBounds.
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where the λis are standard couplings appearing in the 2HDM potential. Two parameters (mh

and v) are fixed by current measurements.

The discovery potential for ILC/ CLIC has been discussed in,41,42,44 including detailed signal
and background simulation, beam-strahlung, etc. We here focus on the results of,43 where a
sensitivity comparison for selected benchmark points40,41,43 using a simple counting criteria was
presented: a benchmark point is considered reachable if at least 1000 signal events are produced
using nominal luminosity of the respective collider (c.f. also45). The summary of sensitivities
in terms of mass scales is given in table 1, and a graphical display in terms of production cross
sections for pair-production of the novel scalars at various collider options and center-of-mass
energies in figure 2, taken from.43 All cross-sections have been calculated using Madgraph546

with a UFO input file from47d. Results for CLIC were taken from.41,42

Table 1: Sensitivity of different collider options, using the sensitivity criterium of 1000 generated events in the
specific channel. x− y denotes minimal/ maximal mass scales that are reachable.

collider all others AA AA +VBF

HL-LHC 1 TeV 200-600 GeV 500-600 GeV
HE-LHC 2 TeV 400-1400 GeV 800-1400 GeV
FCC-hh 2 TeV 600-2000 GeV 1600-2000 GeV

CLIC, 3 TeV 2 TeV - 300-600 GeV
μμ, 10 TeV 2 TeV - 400-1400 GeV
μμ, 30 TeV 2 TeV - 1800-2000 GeV

0 500 1000 1500 2000

mass sum [GeV]

3−10

2−10

1−10

1

10

210

310

cr
os

s 
se

ct
io

n 
[fb

]

 = 13 TeVs
+H H
+A H

H A
-H+H
-H H
-A H

A A

0 500 1000 1500 2000

mass sum [GeV]

2−10

1−10

1

10

210

310

410

cr
os

s 
se

ct
io

n 
[fb

]

+H H  13 TeV

H A  27 TeV

-H H 100 TeV

Figure 2 – Pair-production cross-section predictions at pp colliders as a function of the sum of produced particle
masses. Left: For all considered production channels at 13 TeV LHC. Right: for selected channels at 13TeV, 27
TeV, and 100 TeV. Horizontal dashed lines denote the limit of the cross section at which 1000 events are produced
with the respective target luminosity.

We also include predictions in the VBF-type mode, corresponding to

p p → X + j j, μ+ μ− → X + νμ ν̄μ (3)

for proton-proton collisions and processes at a muon collider, whereX signifies the corresponding
final state. The cross sections are displayed in figure 3, taken from.43 We see that especially
for AA production the VBF mode serves to significantly increase the discovery reach of the
respective machine. Using the simple counting criterium above, we can furthermore state that

d Note the official version available at48 exhibits a wrong CKM structure, leading to false results for processes
involving electroweak gauge bosons radiated off quark lines. In our implementation in,43 we corrected for this.
Our implementation corresponds to the expressions available from.49
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Figure 3 – As figure 2, but now considering the VBF-type production mode. Left: for pp colliders, where two
additional jets are produced and right: at μμ colliders.

a 27 TeV proton-proton machine has a similar reach as a 10 TeV muon collider, while 100
TeV FCC-hh would correspond to a 30 TeV muon-muon machine.

5 2 real singlet extension: triple-Higgs final states

We now discuss the model introduced in,50 where the scalar sector of the SM is extended by
two real scalars with a discrete Z2 ⊗ Z

′
2 symmetry, that is explicitely broken by the vevs of the

two scalar fields, leading to mixing between all scalar states. The model is characterized by 9
parameters after electroweak symmetry breaking

m1, m2, m3, v, vX , vS , θhS , θhX , θSX , (4)

where mi, v, θ denote massese, vevs, and mixing angles. As before, one mass m and v are fixed.

In,50 various benchmark planes where proposed within this model, allowing for processes
which by that time had not been investigated by the LHC experiments:

p p → h3 → h1 h2, p p → ha → hb hb (5)

where in the latter case ha, hb �= h125 such that none of the scalars is identified with the 125
GeV resonance. We here focus on BP3, which features the first production mode, in the scenario
with h1 ≡ h125. Depending on m2, this allows for a h125 h125 h125 final state. For the subsequent
decay h125 → b b̄, this point was investigated in51 at a 14 TeV LHC, including detailed signal
and background simulation, where we made use of a customized loop sm model implemented in
MadGraph5 aMC@NLO (v2.7.3),52,53 and subsequently interfaced to HERWIG (v7.2.1).54–60 Results
are shown in table 2. We see that using the analysis strategy of,51 several benchmark points are
already accessible with a relatively low integrated luminosity.

6 Conclusion

A detailed understanding of the scalar sector realized by Nature is one of the most important
tasks at current and future collider facilities. We have presented results for several models that
extend the scalar sector of the SM by additional scalar states, and reported on the current status
as well as future collider prospects.

eWe use the convention m1 ≤ m2 ≤ m3.
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Table 2: 6 b final state leading-order production cross sections at 14 TeV, as well as significances for different
integrated luminosities.

(m2,m3) σ(pp → h1h1h1) σ(pp → 3bb̄) sig|300fb−1 sig|3000fb−1

[GeV] [fb] [fb]

(255, 504) 32.40 6.40 2.92 9.23
(263, 455) 50.36 9.95 4.78 15.10
(287, 502) 39.61 7.82 4.01 12.68
(290, 454) 49.00 9.68 5.02 15.86
(320, 503) 35.88 7.09 3.76 11.88
(264, 504) 37.67 7.44 3.56 11.27
(280, 455) 51.00 10.07 5.18 16.39
(300, 475) 43.92 8.68 4.64 14.68
(310, 500) 37.90 7.49 4.09 12.94
(280, 500) 40.26 7.95 4.00 12.65
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BSM Precision Searches
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Hadronic machines like the Large Hadron Collider, have a great potential to identify resonant

processes, like in the Higgs boson discovery in 2012. As more and more data is being accumulated

the LHC is however transitioning into a high-intensity experiment. Thanks to the incredible im-

provements in our experimental capabilities, and the astonishing precision reached in theoretical

computations of the SM, this intensity is being exploited to transform the LHC into a precision

machine capable of measuring the SM processes with unprecedented accuracy. This change to the

intensity frontier will take time to be appreciable in terms of LHC results. Nevertheless, the anal-

yses of LHC Run III, and the very design and technical requirements of the High-Luminosity LHC

upgrade (HL-LHC), are being conceived right now: it is a crucial moment to adjust and rethink the

ultimate collider capabilities to make the most out of it.

Departures from the SM betray the presence of unknown microscopic structure beyond the direct

collider reach and very well could reveal that the SM particles are not fundamental, with a richer

dynamics lurking at smaller distances (beyond the standard model – BSM). In this sense, the SM

might be an emergent theory that arises at the distance scales relevant for todays particle physics

experiments. Such new dynamics is then captured by an effective field theory (EFT), which flows at

small energy into the SM. The SM EFT corresponds to an expansion of the Lagrangian in inverse

powers of a large mass scale M (in this case the scale of BSM resonances),

Leff =
∑
i

c
(D)
i

O(D)
i

MD−4 (1)
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where O(D)
i are local field operators of canonical dimension D and ci are referred to as Wilson

coefficients. Operators with dimension D ≤ 4 define the SM, while operators of higher dimension

capture departures from the SM – in this note we shall limit ourselves to the leading D = 6 effects.

Searching for BSM effects in terms of EFT interactions will be the leitmotiv of future new physics

searches. These BSM precision searches, are often referred to as SM precision tests. This betrays

the fact that the new effects we are interested into might be very different from the SM. Indeed, of

the multitude of EFT operators that characterise departures from the SM, some induce processes

that are present already in the SM, while some others generate genuinely new observables. Among

the former, there are modifications to the Higgs couplings to fermions and the W and Z bosons, as

well as modification of the Z couplings to fermions that where the target of LEP. In this short note

I will give a few examples of processes that instead differ substantially from the SM, to motivate

dedicated BSM precision searches.

1 Higgs Couplings without the Higgs

An important class of effects induced by the operators O(D)
i , concerns energy-growth. The reason

why energy-growth is expectable in effective field theories, is that EFTs are theories with a limited

range of validity. This limitation is encapsulated in the fact that energy-growth leads towards

unitarity violation at high-energy.

Energy-growth can be used as the most prominent effect of EFTs and searched for experimentally.

These searches in the high-energy tails of distributions are very interesting for the future of collider

physics. An important motivation is that high-energy searches are by definition always statistics

dominated (one can always move the experimental focus towards higher energy, and hence lower

statistics) and they do not suffer from being systematics dominated (contrary to many low-energy

measurements in the long run of the HL-LHC). Moreover, high-energy searches are characterised by

a number of stimulating challenges, both theoretical and experimental – also an important feature

for long-term collider physics.

It is easy to see that to any operator in Eq. (1) there correspond a process in which this operator

will enter with energy-growth w.r.t. the SM. This is easy to see from dimensional analysis. In Ref. 4,

together with my collaborators, I identified the processes that grow with energy in the presence of

the operators,

Or = |H|2∂μH†∂μH Oyψ = Yψ|H|2ψLHψR

OBB = g′ 2|H|2BμνB
μν OWW = g2|H|2W a

μνW
aμν

OGG = g2s |H|2Ga
μνG

aμν O6 = |H|6 . (2)

These operators are special, because they modify the Higgs couplings to other SM particles, in

a way that is proportional to the SM. They are therefore traditionally searched in precision SM

measurements, and the results presented as bounds on rescaled SM amplitudes. In Ref. 4 we propose

instead to search for them in multi-boson (longitudinally polarised) processes.

Figure 1 shows a comparison of the HL-LHC reach on some of these operators, with promising

results. Better background estimates are necessary to realistically asses the potential of this type of

searches.

The relation between Higgs couplings measurements and high-energy multi-boson processes, is

a direct consequence of the relation between the Higgs particle and the Goldstone bosons in the SM
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(both are part the Higgs field H). It is still a debated possibility whether electroweak symmetry

breaking could be associated to different microscopic physics (in the EFT context this is usually

referred to as HEFT). Multiboson processes would be a privileged context to test this hypothesis,

as they would imply large deviations in absence of any deviation in Higgs couplings.
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Figure 1 – Taken from Ref.4. LEFT: HL-LHC (3000 fb−1) sensitivity on modifications of the top quark Yukawa via the

operator Ot from multiboson processes (shaded bands), and from measurements of Higgs couplings (95%C.L., dashed

grey lines); B controls additional backgrounds (for B = 1 the analysis includes a number of background events equal

to the SM signal); 1σ results without the 0� and 1� categories correspond to the dashed purple line. CENTER: same

but for modifications of the operator O6. RIGHT: 1σ reach for modification of the Higgs-γγ and Zγ rates (induced

by OBB and OWW ), using high-E measurements (green,pink,brown bands correspond to leptonic,semileptonic, and

also hadronic final states) or Higgs couplings (black error bars).

2 Helicity Selection Rules and Interference Resurrection

Another interesting context where the slogan SM �= BSM is representative, concern processes

involving transversely polarised vector bosons. In Ref. 2 we computed the total helicity (in the high-

energy limit, where helicity makes sense, and at tree-level) of all 2 → 2 scattering processes in the

SM and at the leading order in the D = 6 operators of Eq. (1). What we find is that the helicity of

processes involving transversely polarised vector bosons is different between the two, as illustrated

in table 1. Notice also that, at least from some processes, D = 8 can have the same helicity as

the SM.

Different helicity implies no interference in inclusive measurements, and hence worse reach in

precision searches.

It is in fact possible to overcome these helicity selection rule, by designing dedicated searches.

Indeed, access to the azimuthal decay angle between fermions in the vector-boson decay and the

scattering plane, contains information about interference between different helicity structures. This

was studied in detail in Refs. 3,4 in the context of pp → Wγ and ee → W+W− processes, and the

operator

O3W = C3W εijkW iν
μ W jρ

ν W kμ
ρ . (3)

The results are reported in Figure 2. SM-targeted inclusive searches correspond to the dashed

line. The other lines instead represent BSM-targeted searches with esclusive differential distribution

measurements.
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Table 1: From Ref. 2 (first two columns). Four-point amplitudes A4 that do not vanish in the massless limit and

the total helicity h(A4) of their SM and BSM contributions (divided in operators of D = 6 and D = 8). V = V ±,
ψ = ψ± and φ denote, respectively, transversely-polarized vectors, fermions (or antifermions) and scalars in the SM.

For processes with at least one transversely-polarized vector (listed above the double line in the table), SM and BSM6

contributions do not interfere in the massless limit because have different total helicity.

A4 |h(ASM
4 )| |h(ABSM6

4 )| |h(ABSM8
4 )|

V V V V 0 4,2 4,0

V V φφ 0 2 2

V V ψψ 0 2 2

V ψψφ 0 2 2

ψψψψ 2,0 2,0 2,0

ψψφφ 0 0 0

φφφφ 0 0 0

syst=10%, Delphes
No binning

No Detector

No syst
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Figure 2 – Projected 95%C.L. sensitivity on λγ and C3W (from an operator in Eq. (3)) for the 14 TeV LHC with an

integrated luminosity of 3ab−1, in different cases. Green dotted and dashed curves correspond to C3W = g/M2 and

C3W = g3/(16π2M2) (M ≈ 2p⊥γ) respectively.

3 Conclusions

The future of collider physics will be characterised by precision searches. These should not be

thought of as SM measurements only, but require dedicated studies, aimed at accessing the unique

features that characterise BSM physics. High-energy multiboson processes, as well as differential

distributions in the fermionic decays of W+W− pair-production, are not processes that immediately

come to mind when thinking about the SM, but they play an important role in the quest for BSM.
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There are more examples of this a. For instance, detailed measurements of the polar angle

distributions in WZ final states 5 to access BSM physics in the longitudinal polarisations. ZZ

final states in fermion collisions are affected only by D = 8 operators, and also require dedicated

searches 6,7. Finally, any process in which energy-growth can be identified would require a dedicated

analysis and discussion of the BSM structure that is being target, see for instance 8,9,11,10
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Exotic Higgs bosons

L. Finco on behalf of the ATLAS and CMS Collaborations
University of Nebraska - Lincoln

The latest results in the search for exotic Higgs bosons are presented. The analyses are
performed using proton-proton collision data collected with the ATLAS and CMS detectors
at the LHC at a center-of-mass energy

√
s = 13 TeV, with the full Run 2 luminosity. Several

exotic decay modes of the Higgs boson are reviewed, such as lepton-flavor-violating decays
and decays to non-Standard-Model particles. Moreover, the production of new bosons is also
investigated. No evidence for new physics is found and the results are interpreted to set limits
on the cross section times branching fraction of such decays.

1 Introduction

The discovery of a new particle consistent with the Standard Model (SM) Higgs boson h 1,2,3

has completed the theory, shedding light on one of the most important questions of physics: the
origin of the mass of elementary particles. Nevertheless, the SM cannot address several crucial
issues and there are strong indications it is only a low-energy expression of a more global theory.
The search for physics beyond the SM (BSM) is one of the main goals of the LHC, in particular
in the Higgs sector, and LHC data are currently still sensitive to the presence of new effects.
Two main approaches can be exploited to detect new physics in the SM Higgs sector: searching
for indirect hints through the measurement of deviations in the SM Higgs boson couplings and
looking for a direct evidence of new phenomena. The direct search for BSM physics in the Higgs
sector, described in this note, can be performed by investigating either h decays not predicted
by the SM (called exotic), or the existence of new particles. In the following, the latest results
in the direct search for BSM physics in the Higgs sector using proton-proton (pp) collision data
collected by the ATLAS 4 and CMS 5 experiments during the full Run 2 at a center-of-mass
energy

√
s = 13 TeV are summarized.

2 Exotic Higgs boson decays

The direct search for BSM physics in the Higgs sector can be investigated through h decays
to both SM particles (such as very rare SM decays and decays forbidden by the SM), and to
particles not predicted by the SM (like h decays to dark matter candidates or to light pseu-
doscalars/scalars).

2.1 Lepton flavor violating decays

A possible sign of new physics is lepton flavor violation in decays of the Higgs boson, which is
forbidden by the SM. Many searches have been carried out on this subject at the LHC, the most
recent one being the study of h → eτ and h → μτ decays performed by the CMS Collaboration6.
This analysis is carried out in eight signal regions, defined according to the τ decay (leptonic
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or hadronic) and the h production mode. Boosted decision tree algorithms are used to enhance
the signal separation from background events. In the absence of any significant excess, upper
limits on the branching fractions are derived. The observed (expected) 95% CL upper limits are
0.22% (0.16%) and 0.15% (0.15%) for the h → eτ and h → μτ searches, respectively, and are
shown in Fig. 1. These limits are significantly lower than the previous limits.

2.2 h → aa decays

Another possibility to probe new physics effects is to consider extensions of the SM scalar
sector, as done in the Two-Higgs-Doublets Models (2HDMs). These models introduce two
doublets of scalar fields (φ1 and φ2) in the SM lagrangian, which, after symmetry breaking,
lead to five physical states: two charged scalars, one CP-odd pseudoscalar and two neutral
scalars. According to how φ1 and φ2 couple with quarks and leptons, four 2HDM types can
be defined. A further extension of 2HDMs, where a complex scalar singlet is added to the
already present scalar doublets, is called 2HDM+S and introduces the additional (pseudo)scalar
a, opening up the possibility to investigate h → aa exotic decays, still consistent with all the
LHC measurements so far.
Depending on which 2HDM+S type is considered, many final states of the a decay can be
exploited, among which the most theoretically favored are a → bb̄, a → τ+τ− and a → μ+μ−.
The first two, when kinematically accessible, have a large branching fraction (if SM couplings
are supposed), but they are more difficult to trigger and have a low identification efficiency.
The last channel, instead, has a very clean signature, but an extremely low branching fraction.
Moreover, depending on the value of the a mass, decay products can have a different topology.
Below ma ∼ 15 GeV, given the large difference in mass between a and h, the a bosons will
be produced highly Lorentz boosted and their decay products will be strongly collimated. In
this case, special boosted reconstruction techniques have to be used. On the other hand, for
ma above ∼ 15 GeV, the final state particles are well separated and the usual reconstruction
techniques are applied. Several searches for h → aa decays have been performed by the ATLAS
and CMS Collaborations using Run 1 and Run 2 LHC data, exploiting various decay modes of
the a boson and probing different ranges of its mass 7,8. The results depend on the model type
considered and on the tan(β) parameter, i.e. the ratio of the vacuum expectation values of the
two additional Higgs doublets.
The latest result published by the ATLAS Collaboration on exotic h decays is the search for
the decay into a pair of a bosons in the bb̄μ+μ− final state 9. The a → bb̄ requirement ensures a
large branching fraction, while the clean di-muon signature, which can be used for triggering and
precision mass reconstruction, helps to suppress background. The search for a narrow di-muon
resonance is performed over the range 16 GeV ≤ mμμ ≤ 62 GeV and no significant excess of the
data above the SM prediction is observed. Upper limits are set on (σh/σSM ) × B(h → aa →
bb̄μ+μ−). They are shown in Fig. 1 (right) and compared to the results obtained by using only
the 2016 data set 10.

3 Search for new bosons

Besides 2HDMs, many other extensions of the SM predict a complex Higgs sector with several
Higgs fields, yielding a spectrum of Higgs bosons with different masses, charges and other prop-
erties, whose discovery would be a clear evidence of BSM physics. As different models predict
different production and decay modes for these particles, the ATLAS and CMS search programs
cover a variety of final states.
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Figure 1 – Observed (expected) 95% CL upper limits on the B(H → μτ) (left) and B(H → eτ) (middle) for
each individual category and combined 6. Upper limits on B(h → aa → bb̄μ+μ−) as a function of the signal
mass 9(right). For comparison, the expected (observed) limits from the 36 fb−1 result 10 are shown in dashed
(solid) blue line.

3.1 Searches for singly- and doubly-charged Higgs bosons

At the LHC, singly-charged Higgs bosons with mass above the top quark mass are expected to be
produced primarily in association with a top quark and a bottom quark. A recent analysis carried
out by the ATLAS Collaboration 11 searches for such charged Higgs bosons in the decay channel
H± → tb, which is expected to have the highest branching fraction, in the mass range from 200
to 2000 GeV, by using final states with jets and one electron or muon. No significant excess
above the background-only hypothesis is observed and exclusion limits are derived. Similar
results are obtained by the CMS Collaboration 12.
Another possibility to discover new particles is the search for doubly-charged Higgs bosons,
introduced by further extensions of the SM. In this context, CMS performed a search for singly-
and doubly-charged Higgs bosons produced in vector boson fusion processes and decaying into
W±Z and W±W± respectively 13. Events are selected in fully leptonic final states and are
characterized by a very clear signature. No excess of events with respect to the SM predictions
is observed and the extracted limits are reported in Fig. 2 (left). The ATLAS Collaboration
as well has searched for such a doubly-charged particle 14, in particular by recently looking for
the pair production of H±± bosons, or the associated production of a H±± boson and a singly-
charged H± boson, in the fully leptonic decay. Also in this case, no significant deviations from
the SM predictions are observed.

3.2 Searches for additional neutral Higgs bosons

The last possibility analyzed in this note to probe new physics effects in the Higgs sector concerns
the search for BSM neutral particles. The latest analysis carried out by CMS on this topic is
the search for a heavy neutral resonance H decaying into the SM h and another neutral Higgs
boson hs, with h → τ+τ− and hs → bb̄ 15. The mass constraint of the two final-state τ -leptons
at 125 GeV is exploited to improve the resolution of mbbττ and a neural network classifier is
used to separate signal from background contributions. A mass range of 240 - 3000 GeV for mH

and 60 - 2800 GeV for mhS
is covered and no signal is observed. 95% CL upper limits, shown

in Fig. 2 (right), are then derived in two dimensions, as a function of mH and of mhS
.

In the same context of neutral resonances, the ATLAS Collaboration has recently performed
the search for a heavy particle decaying into two photons 16, a final state with an excellent mass
resolution to distinguish signal from background events. The spin-0 and spin-2 hypotheses are
tested and no significant excess is observed with respect to the SM expectations in the diphoton
invariant mass spectrum.
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Figure 2 – Expected and observed exclusion limits at 95% CL for σV BF (H
±) × B(H± → WZ) as functions of

mH±
13 (left). Expected and observed 95% CL upper limits on σ ×B(H → h(ττ)hS(bb) for all tested mH values

15 (right). The limits for each corresponding mass value have been scaled by orders of ten as indicated in the
annotations.

4 Conclusions

The most recent searches for exotic Higgs bosons performed with data collected by the ATLAS
and CMS experiments at

√
s = 13 TeV have been presented. No significant deviations from

SM predictions have yet been observed. Nevertheless, the scalar sector of the Standard Model
remains a favored place to look for new physics effects and the full potential of the LHC is still
to be extracted.
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Multi-TeV signals of Higgs Troika model

Hooman Davoudiasl
High Energy Theory Group, Physics Department, Brookhaven National Laboratory,

Upton, New York 11973, USA

We consider a model of baryogenesis that requires extending the Standard Model by two
additional multi-TeV Higgs doublets that do not break electroweak symmetry. Adopting the
“Spontaneous Flavor Violation” framework, we can arrange for the heavy Higgs states to
have significant couplings to light quarks. This allows for the heavy scalars to be resonantly
produced at a future 100 TeV pp collider and discovered in di-jet and top-pair final states up
to masses of O(10 TeV). The same mass range can also lead to signals in flavor experiments.
Together, these measurements can play a complementary role in probing the physics involved
in this Higgs Troika baryogenesis scenario.

1 Introduction

The following is a summary of the talk given by the author at the virtual Rencontres de Moriond
QCD & High Enrgy Interaction, March 27 - April 3, 2021. The material is largely based on the
results of work performed in collaboration with Ian M. Lewis and Mathew Sullivan, in Refs. 1,2,
where more extensive lists of references relevant to our topic can be found. The plots presented
in this summary are from Ref. 2

There are a number of open questions in particle physics and cosmology, such as the nature of
dark matter, origin of neutrino masses, and the mechanism for generating the baryon asymmetry
of the Universe (BAU), that motivate extending the Standard Model (SM). However, of these
problems, the source of the BAU could plausibly have a connection to the visible sector.

Here, we present a model for baryogenesis that assumes two heavy extra Higgs doublets, for
a total of three Ha, a Higgs Troika; a = 1, 2, 3. We will identify H1 as that corresponding to
observed SM-like Higgs boson. The new states are in the multi-TeV mass regime. The model is
akin to leptogenesis 3, in that a B − L asymmetry – with B and L baryon and lepton numbers,
respectively – is generated by the heavy Higgs decays and processed by the SM electroweak
sphalerons into a baryon asymmetry. The heavy Higgs states decay out-of-equlibrium and the
Universe is reheated to T > 100 GeV. As in leptogenesis, the electroweak phase transition does
not need to be first order. The couplings of the new Higgs states to SM fermions generally
involve new sources of CP violation. Hence, all Skaharov conditions 4 for successful brayogenesis
can be satisfied in the Troika model. This model can be viewed as a minimal realization of
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Ha L

νR
+

Ha Hb L
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Figure 1 – Heavy Higgs decay diagrams at tree and the 1-loop level that generate B−L asymmetry. For degenerate
H2,3 masses, the other 1-loop processes are not enhanced.

similar proposals in Refs. 5,6,7. More general discussions of three Higgs doublet models can be
found, for example, in Refs. 8,9,10,11,12,13,14,15.

In the above setup, it is assumed that only H1 condenses and breaks electroweak symmetry
with a vacuum expectation value 〈H1〉 = v/

√
2; v = 246 GeV. The relevant interactions are

given by
λa
uH̃

∗
aQ̄ u+ λa

dH
∗
aQ̄ d+ λa

νH̃
∗
a L̄ νR + λa

�H
∗
a L̄ � , (1)

where Q, L, u, d, νR, and � are SM quark and lepton doublets, up- and down-type quark singlets,
right-handed neutrinos, and charged lepton singlets, respectively; family indices are suppressed.
The asymmetry is generated by the interference of the tree and 1-loop diagrams in Fig.1. We
assume that H2,3 masses are somewhat degenerate, at the 5-10% level and hence the 1-loop
“bubble” diagram is dominant.

We will assume that the SM neutrinos are Dirac fermions with λ1
ν ∼ 10−12. The asymmetry

generated by the Ha decay is defined as

ε ≡ Γ(Ha → L̄νR)− Γ(H∗
a → ν̄RL)

2Γ(Ha)
, (2)

where Γ(H
(∗)
a → X(∗)) denotes the partial with for H

(∗)
a → X(∗) and Γ(Ha) is the total width of

Ha. Since we want to generate ε � λ1
ν , the SM Higgs cannot be involved via processes illustrated

in Fig.1 and two additional Higgs doublets are needed. Henceforth, we will set a = 2, 3, unless
otherwise specified. We assume that the decay of a heavy modulus Φ of mass mΦ in the early
Universe resulted in the production of a population of H3 and H∗

3 which then decayed and
resulted in a reheat temperature above T∗ ∼ 100 GeV. One can show 1 that approximately

ε > 3.3× 10−8
( mΦ

20 TeV

)
(3)

is required. After the asymmetry is generated, one needs to make sure it will not be washed
out. For a reheat temperature ∼ T∗ and one dominant flavor of quarks and leptons contributing
to washout, assuming identical Ha couplings, it is found 2

λa
ν λ

a
f < 2.1× 10−4

( ma

10 TeV

)2
. (4)

2 Flavor Model and Constraints

We will assume that the largest couplings of Ha are to quarks. In order to have a consistent
flavor model for significant coupling of Ha to light quarks, ∼ 0.1 or larger, we will adapt the
the “Spontaneous Flavor Violation (SFV)” framework of Refs.16,17 and focus on the “up-type”
scenario:

λ2,3
u = ξλ1

u

λ2,3
d = diag(κd, κs, κb)

λ2,3
� = ξ�λ1

�

λ2,3
ν = diag(κν1 , κν2 , κν3)

(5)
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Figure 2 – Bounds on the up-type SFV parameters, from flavor data.

with Ha up-type quark couplings proportional to SM Yukawa couplings, parameterized by con-
stant ξ, and down-type quark couplings diagonal, but arbitrary. The washout condition in
Eq. (4) can be satisfied for κd ≥ 0.01 and κs = κb = ξ = 0, λ2,3

ν > 10−4, and heavy Higgs masses
in the range 2-30 TeV. We then estimate2 the contribution to the electron electric dipole moment
(EDM) de will always be a factor of 20 or more below the current bound de < 1.1× 10−28 e cm
18. Hence, an order of magnitude or more improvement in the bound on de can begin to test
the model.

Flavor constraints on our model parameters, for different assumptions regarding the cou-
plings, are presented in Fig.2; for more details see Ref. 2. In deriving the bounds, we employ
the formalism of Ref. 17 These bounds assume the alignment (no-mixing) limit for the Higgs
sector and identical masses and couplings for H2,3. The equality of masses is consistent with
our assumption of mild degeneracy of Higgs states and the dominance of the loop diagram in
Fig.1.

3 Collider Phenomenology

Since the heavy Higgs statesHa have substantial couplings to light quarks, they can be resonantly
produced at hadron colliders. Here, we will again assume the alignment limit for the Higgs sector.
Hence, Ha do not decay into H1H1 or gauge boson pairs at leading order, and their dominant
decay modes are into di-jet and tt̄ finals states.

For our HL-LHC projections, we assume 3 ab−1 of data and use
√
Luminosity scaling of

existing ATLAS 19 and CMS 20 bounds on the product of cross section, branching fraction, and
acceptance. To calculate the production cross section, the couplings of Eq. (5) are implemented
in MadGraph5 aMC@NLO 21 via FeynRules 22,23. The acceptance is estimated using parton-level
acceptance cuts in MadGraph5 aMC@NLO.
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Figure 3 – Regions above dashed lines can be discovered (5σ) in the dijet channel at a 100 TeV pp collider with
3 ab−1 (red) and 10 ab−1 (black), and the tt̄ channel with 3 ab−1 (blue) and 10 ab−1 (green). Parameter space
above dot-dashed lines can be excluded at 95% at ATLAS (blue) and CMS (violet), assuming 3 ab−1. Regions
below solid lines and color shaded can yield successful baryogenesis with Ha,b mass degeneracy corresponding to
ma/mb = 0.95 (magenta) and ma/mb = 0.9 (turquoise). Parameter space above the dotted lines and either gray
or light color shaded are excluded by the flavor bounds (Fig. 2).
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For a 100 TeV pp collider, we adapt the ZB bound projections in Ref.24, by implementing the
ZB model in MadGraph5 aMC@NLO. We then map the gauge coupling versus mass limits to those
for dijet cross sections. All components of Ha are assumed to have the same mass here. To find
the regions of parameter space that can lead to successful baryogenesis, we use the formalism
developed in Ref. 1 The asymmetry parameter is given by

ε =
1

8π

m2
a

m2
b −m2

a

∑
f=u,dNc,f Im

(
Trbaν Trba∗f

)
Nc,fTr

aa
f

, (6)

where Trbaf = Tr[λb†
f λa

f ] and Nc = 3, 1 for quarks and leptons, respectively. Assuming contribu-
tions from all quarks and using the washout condition in Eq. (4), we find that approximately

ε < 1.8× 10−9
( ma

10TeV

)4 1

[(mb/ma)2 − 1](κ2d + κ2s + κ2d + ξ2)
. (7)

In the above, a physical phase θf , with | sin θf | ≤ 1, is assumed in the product of fermion
couplings, so that ε �= 0.

For Ha masses up to 30 TeV considered here, the Φ modulus mass mΦ > 60 TeV and Eq. (3)
implies that ε > 10−7; the shaded regions in Fig. 3 correspond to this baryogenesis requirement.
For a given Higgs mass and ξ, Eq. (4) sets a maximum neutrino coupling, while ε > 10−7 gives
a minimum. As we can see from Fig. 3, the discovery reach for the Higgs Troika baryogenesis
model adopted here is quite impressive at a 100 TeV pp collider and can probe scalar masses
O(10 TeV). Also, our results show that flavor data can play a complementary role in searching
for the signals of the scenario discussed here. In particular, improved D− D̄ mixing constraints
can be quite sensitive for κd = κs = κb, ξ = 1 and ma > 15− 20 TeV.

The above estimates correspond to search for one Higgs doublet. However, the Troika
baryogenesis model requires at least two heavy Higgs doublets. We end this summary with a
few remarks about effect of Ha widths and spectrum on the discovery reach. If H2 and H3 are
well-separated in mass, we can expect distinct resonances. However, if the Higgs masses differ by
more than the widths, but less than the detector jet energy resolution, we may expect a broad
resonance. This could enhance the cross section reach by a factor ∼ √

2. If the Higgs widths are
larger than the mass separation, we may expect an enhanced sensitivity up to a factor of ∼ 2,
due to coherence.
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Standard Model physics results at CMS

Andrew M. Levin on behalf of the CMS Collaboration

School of Physics, Peking University, No. 5 Yiheyuan Road Haidian District, Beijing, China

The CMS Collaboration’s Standard Model Physics group has released a variety of new results,
including double parton scattering measurements, single boson measurements, multiboson
measurements, and vector boson scattering measurements.

Introduction

This document reports Standard Model measurements, except top quark and Higgs boson
physics measurements, which are covered elsewhere. This includes a rich variety of processes,
such as double parton scattering, single boson production, multiboson production, and vector
boson scattering. The following sections describe the results that the CMS Standard Model
Physics group has released in the last year.

Double parton scattering measurements

Double parton scattering (DPS) means two separate interactions that occur in the same proton-
proton collision. The analysis SMP-20-009 1 targets the case where one of the two interactions
is a Z boson process and the second interaction is a dijet process. The variable ΔrelpT, defined
in Eq. 1 and displayed in Fig. 1 (left), is used to discriminate between single parton scattering
(SPS) and DPS Zjj final state. In the DPS case, the two jets will balance each other, and so
ΔrelpT(j1, j2) is expected to be small, while in the SPS case, the two jets should balance the Z,
so ΔrelpT(j1, j2) is expected to be large.

ΔrelpT (A,B) =

∣∣∣∣ 
pT (A) + 
pT (B)

|
pT (A)|+ |
pT (B)|
∣∣∣∣ (1)

The analysis SMP-20-007 2 targets the case where both interactions are dijet processes.
The variable ΔS, defined in Eq. 2 (where 
pT,i is the transverse momentum of the ith jet) and
displayed in Fig. 1 (center), is used to discriminate the SPS and DPS 4j final states. An effective
cross section for DPS σeff is typically defined using the formula σDPS

AB = n
2
σAσB
σeff

(where n = 2 if
A = B and 1 otherwise). The σeff for the A = B = 2j case was measured for several different
generator tools and settings, which it is heavily dependent on, as shown in Fig. 1 (right).

ΔS = cos−1
(
(
pT,1 + 
pT,2) · (
pT,3 + 
pT4)

|
pT,1 + 
pT,2| |
pT,3 + 
pT4|

)
(2)
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Figure 1 – Unfolded ΔrelpT (j1, j2) distribution (left) 1. Comparison of ΔS distribution from data to various
generator tools (center) 2. Effective DPS cross section measurements from CMS and other experiments (right) 2.

Single boson measurements

In SMP-20-008 3, a search for the rare decay of the W boson to a charged pion and a photon
was performed using the fit shown in Fig. 2 (left), resulting in an upper limit on this branching
ratio of 1.5 · 10−5. In SMP-18-011 4, precise measurements of the W boson branching ratios
to electrons, muons, taus, and hadrons were performed using events containing two W bosons,
mainly tt events. The uncertainties in these new branching ratio measurements are comparable
to previous results by LEP, as shown in Fig. 2 (right). In addition, the branching ratio to hadrons
constrains the relationship between the CKM matrix Vij and the strong coupling constant αS ,
as shown in Eq. 3.

B(W → h)

1−B(W → h)
=

(
1 +

αS

(
M2

W

)
π

) ∑
i∈(u,c),j∈(d,s,b)

∣∣∣V 2
ij

∣∣∣ = 2.060± 0.021 (3)

Figure 2 – Distribution of mπγ used to set an upper limit on the W± → π±γ branching ratio (left) 3. Distribution
of the secondary vertex mass used to extract the Z+ c cross section (center) 6. W branching ratio measurements,
including the new CMS measurements based on WW events (right) 4.

The Z → νν process is an important background for new physics searches (e.g. dark matter
searches), and SMP-18-003 5 improves our understanding of this background by performing a
differential measurement of this process in 5 Z pT bins, and then combining this with previous
Z → ee and Z → μμ measurements, as shown in Table 1. Finally, SMP-19-011 6 probes the
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Table 1: Z → ll differential cross section measurement based on a combination of the new Z → νν measurement
with previous Z → ee and Z → μμ measurements.

pZT (GeV) 200− 300 300− 400 400− 500 500− 800 800− 1500

Cross section (fb) 2500+82
−100 410+14

−17 97+3.3
−4.0 441.6−1.9 3.3+0.2

−0.2

charm content of the proton by the Z + c final state. The measured cross section, 405.4 ±
5.6 (stat) ± 24.3 (exp) ± 3.7 (theo) pb, is significantly lower than the MadGraph5 aMC@NLO
prediction of 524.9 ± 11.7 (theo) pb.

Diboson and triboson Measurements

The LHC briefly collected proton-proton collision data at a center-of-mass energy of 5.02 TeV,
and in SMP-20-0127, 304 pb−1 of these data is used to measure the WW,WZ, and ZZ production
cross sections. The measurements at this new center-of-mass energy help bridge the gap between
Tevatron and LHC measurements, as shown in Fig. 3 (left).

In SMP-20-014 8, the WZ cross section was measured to be 50.6 ± 0.8 (stat) ± 1.5 (syst) ±
1.1 (lumi) ± 0.5 (theo) pb, compared to the MATRIX NNLO QCD × NLO EWK expectation
of 50.7+1.1

−1.0 (scale) pb and the POWHEG NLO QCD expectation of 42.51.61.4± 0.6 (PDF) pb. The
W and Z polarization fractions were also, as shown in Fig. 3 (center). The charge asymmetry
ratio, defined as σ(W+Z)/(W−Z), was measured to be 1.41 ± 0.04 (stat) ± 0.01 (syst) ± 0.01
(lumi), compared to a the MATRIX NNLO QCD × NLO EWK expectation 1.427+0.002

−0.002 and the
POWHEG NLO QCD expectation 1.42+0.06

−0.05 pb.
Two Wγ analyses have been performed by CMS, one focused on an inclusive cross section

measurement (SMP-19-002 9) and one focused on differential and EFT measurements (SMP-
20-005 10). The inclusive cross section measurement performs a simultaneous fit to the mlγ

distribution in the electron photon channel and the muon photon channel to extract the cross
section. The measured cross section is 15.44 ± 0.05 (stat) ± 0.84 (exp) ± 0.12 (theory) pb, con-
sistent with the expectation from MadGraph5 aMC@NLO. The second Wγ analysis, successfully
isolates a phenomenon called a radiation amplitude zero in the differential Δ(l, γ) distribution,
Figure 3 (right), and also applies a new technique called interference resurrection to enhance
sensitivity to anomalous couplings by up to a factor of 10.

Figure 3 – Diboson cross sections as a function of center-of-mass energy with the new CMS measurement at
5.02 TeV (left) 7. Confidence regions for the fraction of longitudinally-polarized W bosons and the fraction of
left-polarized W bosons minus fraction of right-polarized W bosons, measured in WZ events (center) 8. Wγ
differential cross section in Δ(l, γ) with radiation amplitude zero clearly visible (right) 10.

In SMP-19-013 11, a search for the triboson processes Wγγ and Zγγ is performed using a fit
to the diphoton mass distribution. The observed (expected) significance for Wγγ is 3.1 (4.5) σ,
and the observed (expected) significance for Zγγ is 4.8 (5.8) σ.
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Vector boson scattering (VBS) measurements

VBS measurements generally target a final state with two jets with a large rapidity separation
and a large dijet mass. This signature arises from the lack of color flow through the vector
boson interaction vertices. Recent VBS results from CMS include those from: Wγ scattering
(SMP-19-008 12), Zγ scattering (SMP-20-016 13), ZZ scattering (SMP-20-001 14), and W±W±

scattering (SMP-20-006 15). The Wγ scattering analysis is based on only 2016 data, while the
other analyses are based on the full Run 2 dataset. The observed (expected) significance for
Wγ scattering, extracted using the fit to the 2D mlγ ×mjj distribution shown in Fig. 4 (left), is
4.9 (4.6) σ. A combination with a previous 8 TeV Wγ scattering analysis was also performed,
leading to an observed (expected) significance of 5.3 (4.8) σ. The observed significance for Zγ
scattering, extracted using a fit to the 2D Δηjj ×mjj distribution shown in Fig. 4 (center), is
much larger than 5 σ. The observed (expected) significance for ZZ scattering, extracted using
the fit to the matrix element discriminator shown in Fig. 4 (right), is 4.0 (3.5) σ.

Figure 4 – The distributions used for the significance calculation in the Wγ scattering analysis (left) 12, the Zγ
scattering analysis (center) 13, and the ZZ scattering analysis (right) 14.

Finally, the analysis SMP-20-006 15 attempts to measure the distinct polarization states
of the WW scattering process. One boosted decision trees (BDTs) is used to separate the
unpolarized WW scattering process from all backgrounds, and a second BDT is used to separate
the polarization states within the WW scattering process. A 2D fit of the two BDT distributions
is then performed. The observed (expected) significance for the LL polarization state is 0.88
(1.17) σ, and the observed (expected) significance for the LL+LT polarization states is 2.3 (3.1)
σ.

Conclusion

The number of Standard Model measurements has increased substantially in the last 15 years,
when only single boson and inclusive diboson measurements were available based on the LEP
and Tevatron experiments. Thanks to the LHC experiments, we now have measurements of
triboson processes and vector boson scattering processes, and we are measuring cross sections
down to the sub-fb level. Given the continuing collection of data by the CMS and ATLAS
experiments, and the continuing development of new analysis techniques, there is every reason
to expect the next 15 years of Standard Model physics will be as exciting as the last.
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Standard Model results at ATLAS

Š. Todorova-Nová
Institute of Particle and Nuclear Physics, Charles University,

V Holešovičkách 2, 18000 Praha 8, Czech Republic

A short overview of selected recent results is presented on behalf of the ATLAS Collaboration.

1 SM Production Cross Section Measurements

Figure 1 shows a non-exhaustive compilation of measurements of production of SM processes
in data collected during Run 1 and Run 2 data-taking periods. Fig. 2 shows the evolution of
the measured cross section with the collision energy for several selected processes. Fig. 3 shows
the comparison to best theory for several measurements from Run 2, corrected for branching
fractions. More information and complete set of references can be found in 1.

2 Measurement of isolated photon pairs

A measurement of prompt photon-pair production 2 is performed for photon transverse energy
above 40(30) GeV for the leading(subleading) boson. The measurement highlights the necessity
to take higher-order perturbative QCD corrections into account as well as to perform a proper
resummation of parton shower recoils, see Fig. 4.

3 Measurement of differential cross-sections in four lepton events

Double differential measurement of inclusive four-lepton production 3 provides the most precise
measurement of the Z → 4l branching ratio to date, as well as an extensive set of differential
distributions for study of constraints on new physics (Fig. 5).

4 Measurement of W+W−+ ≥1 jet

Fiducial and differential measurements in events with at least one hadronic jet probe a previously
unexplored event topology at the LHC4 . Events are selected with exactly one oppositely charged
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Figure 2 – Summary of total production cross-section measurements by ATLAS presented as a function of centre-
of-mass energy from 2.76 to 13 TeV for a few selected processes.

Figure 3 – Summary of ratios with respect to best theory for several Standard Model total and fiducial production
cross section measurements from Run 2, corrected for branching fractions.
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Figure 4 – Left: Comparison of the unfolded measurements with Nnlojet predictions at NNLO (blue), NLO (red)
and LO (orange) accuracies differentially in ET of leading photon. The uncertainty bands represent the 7-point
scale variations, while the uncertainty bars represent the statistical uncertainty of the Nnlojet predictions and
the total uncertainty of the data. Right: Differential cross sections as function of π − |Δφγγ | compared to the
predictions from Diphox NLO, Nnlojet NNLO and Sherpa MEPS@NLO predictions. At the bottom the plot, the
ratio of the prediction to the data is shown. Uncertainty bars on the data represent the total uncertainty, while
uncertainty bands (bars) on the predictions represent perturbative scale (statistical) uncertainties.

Figure 5 – Left: Differential cross-section as a function of m4l. The measured data (black points) are compared
with the SM prediction using either SHERPA (red, with red hashed band for the uncertainty) or POWHEG
+ PYTHIA8 (blue, with blue hashed band for the uncertainty) to model the qq̄ →4l contribution. The error
bars on the data points give the total uncertainty and the grey hashed band gives the systematic uncertainty.
The breakdown of the contribution from different SM processes is also shown in successive stacked histograms.
The short vertical lines terminating horizontal lines indicate the boundaries of the different m4l regions in which
the other variables are measured. The x-axis is on a linear scale until m4l = 216 GeV, where it switches to a
logarithmic scale. Right: Differential cross-section as a function of m34. The contribution from Higgs production
is shown in addition to the total SM prediction. The error bars on the data points give the total uncertainty and
the grey hashed band gives the systematic uncertainty. The p-value is the probability for the χ2, with the number
of degrees of freedom equal to the number of bins in the distribution, to have at least the observed value, given
the SM prediction. The lower panel shows the ratio of the SM predictions to the data.
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Figure 6 – Left: Measured fiducial cross-sections of WW+jets production the exclusive jet multiplicity. The
measured cross-section values are shown as points with error bars giving the statistical uncertainty and solid
bands indicating the size of the total uncertainty. The results are compared with the NNLO prediction with
extra NLO EW corrections and NLO corrections for gg→ WW production as well as NLO+PS predictions from
Sherpa 2.2.2, MadGraph5 aMC@NLO + Pythia 8 with FxFx merging, and MiNLO + Pythia 8 for qq̄ initial
states, combined with Sherpa + OpenLoops (LO+PS) for the gg initial state. The Sherpa 2.2.2 + OpenLoops
prediction is normalized to the total cross-section calculated at NLO in QCD. Theoretical predictions are indicated
as markers with vertical lines denoting PDF and scale uncertainties. The MATRIX prediction is not defined for
more than two jet emissions. Right: Measured fiducial cross-sections of WW+jets production for meμ. The last
bin of each distribution is inclusive in the measured observable and the corresponding integrated cross-section is
indicated by the right-hand-side axis.

electron-muon pair and at least one hadronic jet with a transverse momentum of pT >30 GeV
and a pseudorapidity |η| ≤4.5. Fig. 6 shows two examples of measured distributions.

5 First observation of ZZ+jj production

Two different final states originating from the decays of the Z-boson pair, one containing four
charged leptons and the other containing two charged leptons and two neutrinos, are measured5.
The hypothesis of no electroweak production is rejected with a statistical significance of 5.5 σ,
and the measured cross-section for electroweak production is consistent with the Standard Model
prediction. In addition, cross-sections for inclusive production of a Z-boson pair and two jets
are reported for the two final states. Fig. 7 shows the distribution of the discriminating variable
for the two signal regions.

6 Observation of photon-induced W+W− production

The measurement 6 is performed selecting one electron and one muon, corresponding to the
decay of the diboson system as WW → e±νμ∓ν final state. The background-only hypothesis
is rejected with a significance of 8.4 standard deviations which is consistent within uncertainty
with the expectation from Monte Carlo simulation. A cross section for the γγ → WW process of
3.13±0.31(stat.)±0.28(syst.) fb is measured in a fiducial volume close to the acceptance of the
detector, by requiring an electron and a muon of opposite signs with large dilepton transverse
momentum and exactly zero additional charged particles.
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Figure 7 – Observed and expected multivariate discriminant distributions after the statistical fit in the lllljj (left)
and llννjj signal regions. The error bands include the experimental and theoretical uncertainties, as well as the
uncertainties in muEW and muQCD. All the minor backgrounds are summed together as ‘Others’. The statistical
uncertainties of the data are shown as error bars. The open arrows represent the out-of-range markers.

7 Measurement of electroweak Z+jj production

The differential cross-sections are measured in the Z → l+l− decay channel (l=e,μ) as a func-
tion of four observables: the dijet invariant mass, the rapidity interval spanned by the two jets,
the signed azimuthal angle between the two jets, and the transverse momentum of the dilepton
pair 8. The measurement of the signed azimuthal angle between the two jets is found to be
particularly sensitive to the interference between the Standard Model and dimension-six scat-
tering amplitudes and provides a direct test of charge-conjugation and parity invariance in the
weak-boson self-interactions 7.

8 Measurement of hadronic event shapes in multijet final states

A study of event shapes 8 is done as function of jet multiplicity, for jets with transverse mo-
mentum above 100 GeV. Event selection also requires the scalar sum of transverse momenta
of leading dijet to exceeed 1TeV. Discrepancies between data and models are observed in the
production rate of multi-jets events and in the description of various shape observables, see
Fig. 9.

9 Measurement of the Lund jet plane

Lund jet plane (LJP) measurement (Fig. 10) is done with jets with pT above 657 GeV which
are declusterized up to the particle level and each step is recorded in the plane parametrized
by the momentum fraction and the angular separation of components, which allows to roughly
separate different types of gluon emission. No single model describes the data over the entire
plane 9.
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Figure 8 – Differential cross-sections for EW Zjj production as a function of mjj (left) and Δφjj (right). The
unfolded data are shown as black points, with the statistical uncertainty represented by an error bar and the
total uncertainty represented as a grey band. The data are compared with theoretical predictions produced by
Herwig7+Vbfnlo (red points), Powheg+Py8 (blue points) and Sherpa 2.2.1 (orange points). Uncertainty bands
are shown for the three theoretical predictions. Each theory prediction is slightly offset from the bin center to
avoid overlap.

Figure 9 – Comparison between data and MC predictions as a function of transverse sphericity for different jet
multiplicities and energy scales. For illustration purposes, the corresponding differential cross section for each jet
multiplicity is multiplied by 102 (njet = 3), 101 (njet = 4), 100 (njet = 5), 10-1 (njet≥ 6). The right panels show
the ratios between the MC and the data distributions. The error bars show the total uncertainty (statistical and
systematic added in quadrature) and the grey bands in the right panels show the systematic uncertainty. The
observed discrepancies do not exceed 80%.
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Figure 10 – Left: The LJP measured using jets in 13 TeV pp collision data, corrected to particle level. The inner
set of axes indicates the coordinates of the LJP itself, while the outer set indicates corresponding values of z
and ΔR. Right: Representative horizontal and vertical slices through the LJP. Unfolded data are compared with
particle-level simulation from several MC generators. The uncertainty band includes all sources of systematic and
statistical uncertainty. The inset triangle illustrates which slice of the plane is depicted ( here 5.13<ln(1/z) <
5.41).

10 Further reading

The complete list of SM measurements published by ATLAS Collaboration can be found at 10.
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The impact of mixed QCD-EW corrections on the W-mass measurement

Raoul Röntsch
Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland

We will outline a recent calculation of the mixed QCD-EW corrections to onshell W and Z
boson production, pp → W → �ν and pp → Z → �−�+, and will estimate the impact that
these corrections could have on the measurement of the W mass at the Large Hadron Collider
using the average transverse momentum of the charged lepton arising from the W boson decay.

Drell-Yan (DY) production is a keystone process at hadron colliders, used for detector cal-
ibration, measurements of the electroweak (EW) parameters, the determination of pdfs, and
searches for indirect hints of Beyond the Standard Model physics at high energies. Here, we
are concerned with the direct measurement of the W boson mass at the Large Hadron Collider
(LHC), using information from both charged-current and neutral-current DY production. This
is not only important as a measurement of a fundamental property of an elementary particle,
but is also relevant to the exploration of electroweak symmetry breaking. Comparisons between
direct and indirect determinations of the W mass also provide a consistency check on the SM
at the quantum level and can probe potential BSM effects.

The current state-of-the-art determination of the W mass is through global electroweak fits
which typically have an error around the 0.1 permille level; for example, the Gfitter Group1 finds
mW = 80.354 ± 0.007 GeV. This sets the target precision for direct measurements, performed
by using template fits to the pp → �ν process at hadron colliders. Such measurements of the W
mass are consistent with the value from EW fits but typically have errors in the range of 10−20
MeV. For example, ATLAS2 recently measuredmW = 80.370±0.019 GeV, and the current world
average3 is mW = 80.379± 0.012 GeV. Higher precision is then clearly desirable to match that
of the global EW fits. As the uncertainties in direct measurements are dominated by physics
modelling, this will require a joint effort by the theory and experimental communities.

On the theoretical front, substantial effort has been directed to the calculation of higher-order
perturbative corrections to DY production. Perturbative corrections to the single vector boson
production cross section in quantum chromodynamics (QCD) are now known to third order4,5

in the strong coupling αs. There have also been substantial recent advances in computing the
mixed QCD-EW corrections,6–13 although the complete QCD-EW corrections to charged- and
neutral-current DY production are still not known. As these corrections are O(ααs), power-
counting suggests that their impact on DY production should be at the permille level. Although
corrections of this magnitude can usually be neglected, there are at least two scenarios in which
mixed QCD-EW effects in DY production could be important. The first is in searches for BSM
physics in the high-energy regime, where EW effects are enhanced. The second is in ultra-high
precision studies – for example, the measurement of the W mass.

In assessing the impact of radiative corrections on the determination of the W mass at
hadron colliders, it is important to appreciate that this measurement relies crucially on the
excellent experimental control of neutral-current DY production pp → �−�+ to calibrate the
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detector response, to tune generators, and to verify the results. The implicit assumption is
that the higher-order corrections to neutral- and charged-current DY production are strongly
correlated, so that corrections to the latter can be obtained by tuning generators using data
from the former. This assumption is reasonable for QCD corrections, where differences (due e.g.
to parton luminosities, helicity structures, particle masses, etc.) could be small. However, EW
corrections are qualitatively different in charged- and neutral-current DY production, as the W
boson is electrically charged and therefore can radiate photons. This means that mixed QCD-
EW corrections could be decorrelated between the two processes. Even a small decorrelation
could potentially impact the W mass measurement at the level of 0.1 per mille.

The chief obstacle in computing mixed QCD-EW corrections to DY production is the calcu-
lation of two-loop qq̄ → ��̄ amplitudes with massive virtual bosons. While these amplitudes have
recently been computed,14 they have yet to be used in predictions of cross sections or differential
distributions. To circumvent this difficulty, one can consider the production of onshell vector
bosons pp → V → ��̄, where � may be a charged lepton or a neutrino. This approximation allows
one to consider factorized corrections to production and decay, removing the need to compute
two-loop qq̄ → ��̄ amplitudes. The O(ααs) corrections with QCD corrections to the pp → V
production and EW corrections to the V → ��̄ decay were computed some years ago,15,16 and
their impact on the W mass measurement was estimated to be 14 MeV. For this reason, we will
not consider corrections of this type in this work, instead focusing on O(ααs) corrections to the
production processes pp → Z → �−�+ and pp → W+ → �+ν, and considering the decay of the
vector boson at leading order (LO).

The remaining challenge is to treat the infrared (IR) singularities which arise from radiated
and virtual particles, which may be QCD partons or photons. Here, one can use insight developed
in the context of next-to-next-to-leading order (NNLO) QCD calculations. In particular, we
modify the nested soft-collinear subtraction scheme17,18 to accommodate the IR singularities
appearing in the QCD-EW corrections to pp → V → ��̄. The relevant two-loop amplitudes are
form factors and, while non-trivial, they are certainly tractable, and have been computed for Z
and W production.8,11,19 Real-virtual amplitudes are evaluated using OpenLoops.20–22

These ingredients allow us to compute the fully differential results8,11 for the mixed QCD-
EW corrections to pp → Z → �−�+ and to pp → W+ → �+ν, where � is a massless lepton,
and thus estimate the impact that these corrections would have on the measurement of the W
mass at the LHC.23 This is the first evaluation of the impact of the O(ααs) corrections to vector
boson production on this measurement; the impact of other corrections have been extensively
studied in the past.16,24,25

As discussed above, QCD-EW corrections could be decorrelated in the W and Z production
processes, leading to a shift in the measured W mass. In order to investigate this, we focus
on the transverse momentum of the charged lepton resulting from the vector boson decay, pT,�.
This observable provides the strongest pull in the recent ATLAS measurement,2 while also being
the most sensitive to theoretical corrections.25 We use its average value 〈pT,�〉 as a proxy for the
full distribution. This observable is correlated with the mass of the vector boson, implying that
the W mass may be determined by writing

mmeas.
W = mZ

〈pWT,�〉meas.

〈pZT,�〉meas.
Cth., (1)

where 〈pZT,�〉meas. and 〈pWT,�〉meas. are the measured average transverse momenta of the charged
lepton in pp → Z → �−�+ and pp → W+ → �+ν, respectively. The theoretical correction factor
Cth. can be determined by computing 〈pWT,�〉 and 〈pZT,�〉 using some input values for the W and
Z masses and comparing the resulting W mass with the input. We find

Cth. =
min

W

min
Z

〈pZT,�〉th.
〈pWT,�〉th.

. (2)
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Including a higher order correction will change the value of Cth. and hence of the W mass. The
relative correction is

δmmeas.
W

mmeas.
W

=
δCth.

Cth.
=

δ〈pZ,th.T,� 〉
〈pZ,th.T,� 〉

− δ〈pW,th.
T,� 〉

〈pW,th.
T,� 〉

, (3)

where the change in the theoretical prediction is due to the higher order effects. We will consider
the QCD-EW corrections relative to the results including the NLO QCD and NLO EW correc-
tions. The importance of the correlations between the corrections in the W and Z processes is
immediately apparent in Eq. 3: clearly, if the relative corrections to 〈pT,�〉 are identical in W
and Z production, then the W mass measurement is unaffected.

We present results for the 13 TeV LHC. We use the Gμ scheme with mZ = 91.1876 GeV,
mW = 80.398 GeV, mt = 173.2 GeV, mH = 125 GeV and GF = 1.16639 × 10−5GeV−2.
We use the NNPDF31luxQED parton distribution function26–28 and set the factorization and
renormalization scales μ = mV /2 for V = W,Z. We begin by considering an inclusive setup,
where we find a shift of ΔmW = −7 MeV from the mixed QCD-EW corrections. Interestingly, we
find a smaller shift of ΔmW = +1 MeV from the NLO EW corrections. There are two reasons for
this somewhat unexpected result. First, the NLO EW corrections are known to be suppressed
in the Gμ scheme. Second, the NLO EW corrections appear to be more strongly correlated
between W and Z production than QCD-EW ones. Indeed, if we consider only the second term
in Eq. 3, the NLO EW corrections lead to a shift of ΔmW = −31 MeV while the QCD-EW
corrections lead to ΔmW = +54 MeV. Thus, both corrections show fairly strong correlations
between W and Z production. The correlation is slightly weaker for QCD-EW corrections, and
this results in a much larger shift in the measured W mass from these corrections compared to
the NLO EW ones.

We now examine the impact of fiducial cuts on the shift of the W mass caused by QCD-
EW corrections. We require that the leptons in pp → Z → �−�+ have transverse momentum
pT,� > 25 GeV and pseudorapidity |η�| < 2.4. For pp → W+ → �+ν we require that the
charged lepton has transverse momentum pT,� > 30 GeV and pseudorapidity |η�| < 2.4, and
the missing transverse momentum satisfies pT,miss > 30 GeV. These cuts are inspired by the
ATLAS analysis.2 We find a shift of the W mass of ΔmW = −17 MeV due to the QCD-EW
corrections. Part of the reason for this larger shift is because the transverse momentum cuts on
the leptons arising in W production are more stringent than on the leptons from Z production,
despite the W boson being lighter than the Z boson. We therefore adopt another setup, which is
the same as the one above except that the cuts on the lepton and missing transverse momenta
in W production are now pT,� > 25.44 GeV and pT,miss > 25.44 GeV. This value was obtained
by tuning the cuts so that Cth. = 1 at LO. In this setup, we find a much smaller mass shift of
ΔmW = −1 MeV. We therefore observe that the impact of the QCD-EW corrections on the
measured W mass depends very strongly on the exact kinematic cuts employed, but that these
corrections do need to be taken into account in order to achieve an uncertainty on the W mass
below 10 MeV.

Finally, it should be emphasized that these are estimates of the impact of the QCD-EW cor-
rections to vector boson production on the W mass measurement. While these estimates indicate
that QCD-EW corrections could be relevant for this measurement with 0.1 permille precision,
it is clear that more in-depth studies – ideally involving both theorists and experimentalists –
are required. These could address outstanding issues such as the impact from the full transverse
momentum distribution, rather than its average; the impact from other observables, such as the
transverse mass; the reliability of fixed-order calculations and the need for parton showers to
control the Sudakov shoulder; and how well these corrections are captured using the standard
tools used in experimental analyses.

In conclusion, we have performed the first fully differential calculation of the mixed QCD-
EW corrections to pp → Z → �−�+ and pp → W+ → �+ν , focusing on corrections in production
only and treating the leptonic decays at leading order. We have then estimated the shift in the
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W mass measured at the 13 TeV LHC due to these corrections. We find that the shift is strongly
dependent on the kinematic cuts applied, but mixed QCD-EW corrections are potentially rele-
vant if an uncertainty of about 10 MeV is targeted. We believe that our results strongly motivate
more in-depth studies of the impact of QCD-EW corrections in W mass measurements.
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Searches for supersymmetry produced through electroweak interactions are presented in this
report. The proton-proton collision data with

√
s = 13TeV collected by the ATLAS and CMS

experiments at the CERN LHC during Run 2 is used in these searches. In order to improve
the sensitivity and to explore new phase space, novel search techniques and approximately
140 fb−1 of data are used. No significant deviations from the standard model expectations are
observed, and the most stringent limits are set on the electroweak production of supersym-
metric particles.

1 Introduction

Supersymmetry (SUSY) is an extension of the standard model (SM) that proposes a new parti-
cle for every SM particle whose spin differs by a half unit. SUSY is one of the most compelling
theories of physics beyond the SM. It can address hierarchy problem and gauge coupling unifi-
cation. When R-parity is conserved, the lightest supersymmetric particle (LSP), if electrically
neutral, is a viable dark matter candidate. R-parity is defined as PR = (−1)3(B−L)+2s, where B
and L are the baryon and lepton number of a particle, respectively, and s is its spin. For SM
particles, PR is +1 and for SUSY particles PR is −1. The consequences of R-parity conservation
(RPC) are (a) SUSY particles can only be produced in pairs while colliding SM particles, (b)
the decay of a SUSY particle must result in an odd number of SUSY particles, generally one
particle, and (c) LSP is a stable particle. R-parity violating (RPV) SUSY theories are also well
motivated since there is no fundamental theoretical reason for R-parity conservation. In order to
have RPV couplings and still prevent rapid proton decay, B−L violating couplings are required
to be small and only one of B and L may be violated at tree level.

This report discusses some of the latest results from ATLAS 1 and CMS 2 experiments. The
previous searches for SUSY by ATLAS3,4 and CMS5,6 have set the limits on gluino (superpartner
of gluon) and stop (superpartner of top quark) masses beyond 2 and 1 TeV, respectively. The
mass limits on electroweakinos (superpartners of electroweak (EW) sector) are below a TeV due
to their lower cross sections. With the help of approximately 140 fb−1 of LHC collision data
collected during Run 2, distinct leptonic signatures and several improved analysis techniques, it
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is possible to further explore the electroweak production of SUSY.

Both ATLAS 7 and CMS 8 have extensive searches for EW SUSY in classical as well as more
exotic signatures. The first two results presented here are from the CMS collaboration and they
focus on classical RPC signatures of EW SUSY and the next 2 results are from the ATLAS
collaboration and they explore exotic and RPV signatures.

Unless specified, all the results are interpreted using simplified models in which all SUSY
particles except the ones under consideration (in most cases the charginos and neutralinos) are
decoupled and heavy and are not accessible at the LHC.

2 WH final state with 1 lepton and Higgs to bb̄ decays

A search targeting chargino-neutralino (χ̃±1 -χ̃
0
2) pair production in which χ̃±1 decays to a W

boson and χ̃0
1, and χ̃0

2 decays to a Higgs boson and χ̃0
1 (Fig. 1 left) is carried out by the CMS

collaboration 9. In the mass hierarchy, χ̃0
1 is the lightest; χ̃±1 and χ̃0

2 are the next heavier SUSY
particles, and they are mass degenerate, so, χ̃±1 and χ̃0

2 are considered next-to LSP or NLSP.
This search targets leptonic decays of W boson and bb̄ decays of Higgs boson with a large missing
transverse momentum, pmiss

T and it probes high mNLSP and low mLSP. When the Higgs boson
has large pT, the bb̄ are clustered into one single large radius jet, which tends to have a mass near
125GeV. For low pT Higgs boson decays, a pair of small radius b jets is used to reconstruct the
Higgs candidate. In the events which have a large radius jet, a deep neural network (DNN) is
used to discriminate jets originating from Higgs boson to bb̄ decays and other light flavor quarks
or non-bb̄ decays.
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Figure 1 – Diagram showing chargino-neutralino production with WH final state (left). The right figure shows
95% confidence level upper limit on cross section in mNLSP-mLSP plane 9.

SM top quark production and W(�ν)+ jets are the dominant backgrounds and they are
estimated using control regions from data and transfer factors derived using simulation. No
significant deviations with respect to SM background predictions are observed and limits are
placed on chargino-neutralino production cross-sections (Fig. 1 right). With respect to the
previous results using 36 fb−1 of data 10, the improvement in terms of NLSP mass exclusion
is nearly 350GeV, half of which is related to larger dataset and the other half is related to
improved analysis techniques and use of DNN. NLSP masses as large as 820GeV are excluded
by this search.

3 Generic multilepton search with two same charge leptons or at least three leptons

A generic multilepton search, using events containing two leptons with same charge, or three or
more leptons with up to two hadronically decaying τ leptons in the final state, is a “workhorse”
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of CMS EW SUSY searches 11. It consists of 13 different leptonic decay combinations and is
sensitive to a diverse set of models involving chargino-neutralino production.

One of the new features of this analysis is the introduction of a parametric neural network
(PNN) 12 in the three light leptons + an OSSF category. This category is important for several
models, but suffers from a large backgrounds due to SM WZ production. To effectively distin-
guish signal from background, the neural network (NN) is used. The kinematics of the SUSY
signal is complicated when different mNLSP and mLSP are considered. Generally, models with
similar Δm(χ̃0

2/χ̃
±
1 , χ̃

0
1) have very similar kinematic features. The NN is parametric in Δm and

it learns these peculiarities of the signal.
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Figure 2 – Diagram showing chargino-neutralino production with a slepton mediated decay (left). Cross section
and mass exclusion limits 11 (right) for the chargino-neutralino production with slepton mediated decay and
parameter x = 0.95. x is such that m�̃ = x ·mχ̃0

2
+ (1− x) ·mχ̃0

1
and δM = mNLSP −mLSP.

Fig. 2 left shows the diagram for χ̃±1 -χ̃
0
1 production with a slepton mediated decay. As shown

in the right plot of Fig. 2, mass limits using PNN-based search (shown in red) are 150GeV better
than the cut based approach (shown in blue), for low mLSP. Overall, the analysis has significant
improvement over the previous limits, shown in light green.

4 Opposite sign same flavor (OSSF) 2� search

Final states with two leptons (e/μ) with opposite charge (or opposite sign, OS) and same flavor
(SF) are studied by the CMS collaboration 13. The invariant mass of the lepton pair, m��, is
used to classify the events as on-Z and off-Z, where on-Z and off-Z correspond to m�� near and
away from the Z boson mass, respectively. The on-Z regions target chargino-neutralino pair
production which involve a Z boson in the final state which decay to two leptons. The off-Z
regions target slepton pair production which decay to a lepton and a neutralino.

This search uses improved background estimation methods and newly optimized search re-
gions resulting in improvements in chargino-neutralino and slepton mass limits by 100−150GeV
and approximately 200GeV, respectively. In both the cases, mass limits reach up to 700GeV or
more.

5 Soft opposite-sign dilepton and trilepton

The previous searches were targeted for high neutralino-chargino masses and low LSP masses.
When the the mass difference between NLSP and LSP is low, referred to as the compressed sce-
nario (Δm(χ̃0

2, χ̃
0
1) ≈ 2− 3GeV), the limits are much weaker. In order to target this compressed

scenario, a soft lepton search with 2 or 3 lepton final state is considered 14.

This search is able to probe Δm as low as 3GeV with higgsino cross sections. For the higher
Δm scenarios, the sensitivity has been improved with respect to the previous search with the
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addition of 3� channel.

6 Displaced leptons

All the models considered so far have prompt decay of SUSY particles. Long lived particles
are features of several beyond SM theories such as split-SUSY, gauge mediated SUSY breaking
(GMSB), RPV and universal extra dimensions. The ATLAS collaboration has explored displaced
leptons with no visible decay vertex to constrain GMSB-motivated simplified models 15. In the
model considered, sleptons (�̃) are pair produced which decay to a lepton (�) and gravitino (G̃).
There are no constraints on the charge and flavor of the leptons or on pmiss

T , which makes this a
generic displaced lepton search.

Three search regions are defined based on the type of leptons - ee, μμ and eμ. The back-
ground contributions consist of fake leptons and leptons from heavy flavor hadron decays, and
cosmic muons.

Region SR-ee SR-μμ SR-eμ

Fake + heavy-flavor 0.46 ± 0.10 < 10−4 0.007+0.019
−0.007

Cosmic-ray muons – 0.11+0.20
−0.11 –

Expected background 0.46 ± 0.10 0.11+0.20
−0.11 0.007+0.019

−0.007

Observed events 0 0 0

Figure 3 – Table showing background contributions
and observations in different search regions 15.
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Figure 4 – Expected and observed limits in a 2D plane
defined by the mass and lifetime of ẽ 15. The light
pink band corresponds to the limits set by LEP exper-
iments.

Since the observations are consistent with background predictions (Fig.3), limits on the mass
of slepton, and its lifetime are set. Selectrons, smuons and staus with mass below 720, 680 and
340GeV, respectively, are excluded for a 0.1 ns lifetime. These are significant improvements
with respect to LEP results (Fig.4).

7 Trilepton resonances from chargino neutralino pair production

The decay of a chargino with an RPV coupling can result in a Z boson and a lepton. When the Z
boson decays to leptons, a trilepton resonance can be reconstructed using the two leptons from
the Z boson decay and the third lepton. The ATLAS experiment 16 has studied chargino and
neutralino pair production scenarios involving these type of resonances (Fig. 5). Apart from the
presence of three leptons, search regions are also defined using the number of additional leptons,
additional Z bosons and hadronically decaying SM bosons. Fig. 6 left shows SM backgrounds
and observations in fully reconstructed search region (SRFR) in which there are ≥ 4 leptons,
at least one Z boson candidate plus a reconstructed hadronic boson or an additional Z boson
candidate. As seen from the Fig. 6, compared to the background, the signal has a distinctive
narrow peak around the chargino mass.

The search has model dependent and independent interpretations, and Fig. 6 (right) shows
simplified model interpretations with different χ̃±1 /χ̃

0
1 branching fractions to Z boson.
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8 RPV with lepton + jets

A search for chargino-neutralino and neutralino-neutralino pair production assuming RPV decay
is performed by the ATLAS experiment 17. This search targets chargino/neutralino decays
resulting in top, bottom and strange quarks, or a combination of these quarks, with one or two
leptons plus many jets in the final state.

Since the observations do not significantly differ from SM predictions, limits are set on
electroweakino cross sections assuming higgsino-like LSP and wino-like LSP. This is the first
LHC search to place limits on hadronically decaying electroweakinos with RPV and higgsino
cross sections.

9 RPV and RPC with at least four leptons

A generic multilepton search by the ATLAS collaboration is carried out using at least four
leptons with dedicated search regions for RPV and RPC SUSY using light leptons and taus 18.

The background estimation uses a combination of simulated event samples and dedicated
data control regions. No significant deviations from SM expectations are observed and the
results are interpreted using several RPC and RPV models.

10 Summary

Both the ATLAS and CMS collaborations have explored several scenarios of electroweak pro-
duction of SUSY using approximately 140 fb−1 of the LHC data. Many of the searches use novel
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Figure 7 – Summary of χ̃±1 -χ̃
0
1 production mass limits from ATLAS 7 (left) and CMS 8 collaboration.

machine learning tools to improve their sensitivity or covering new phase space which were not
explored in the past. No significant deviations from the SM predictions are observed. Assum-
ing R-parity conservation and simplified models, the chargino-neutralino production mass limits
with SM boson mediated decay are ≈ 800GeV 7 (Fig. 7 left); slepton mediated mass limits are
≈ 1300GeV8 (Fig. 7 right). By further improving our analysis techniques and adding additional
data in Run 3, we hope to be able to see the first hints of the electroweak production of SUSY
in the future. In case we do not see any such hints, at least we would be able to constrain these
models even further.
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B physics results at ATLAS

I. Ibragimova, on behalf of the ATLAS Collaborationb

Department Physik, Universität Siegen, Walter-Flex-Str. 3, 57072 Siegen, Deutschland

Recent B Physics results from the ATLAS experiment at the LHC are presented. Those
include inclusive and associated charmonium production measurements, a relative B±c meson
cross-section measurement and searches for pentaquarks with hidden charm. In addition, the
latest result on the CP violation in B0

s → J/ψ φ decays is discussed.

1 Introduction

A comprehensive B Physics program has been conducted by the ATLAS experiment1 since the
beginning of the LHC operation in 2010. Measurements of the production of heavy flavour
hadrons allow for precise tests of QCD calculations. Searches for new ’exotic’ states serve
as potential windows into inter-hadron forces. Measurements of CP violation or of very rare
processes can access physics beyond the Standard Model (SM). In this note, some of the most
recent results from ATLAS are summarised.

2 Measurement of the CP -violating phase φs in B0
s → J/ψ φ decays

In the B0
s → J/ψ φ decay, CP violation occurs due to interference between a direct decay and a

decay with B0
s–B̄

0
s mixing. The CP-violating phase φs is defined as the weak phase difference

between the B0
s–B̄

0
s mixing amplitude and the b → ccs decay amplitude. In SM the phase φs

is small and is related to the CKM quark mixing matrix elements via the relation φs � −2βs,
with βs = arg[−(VtsV

∗
tb)/(VcsV

∗
cb)]. Other physical quantities involved in the mixing are the

decay width Γs = (ΓL + ΓH)/2 and the width difference ΔΓs = ΓL − ΓH, where ΓL and ΓH

are the decay widths of the light and heavy mass eigenstates, respectively. Assuming no New
Physics (NP) contributions to B0

s mixing and decays, a value of −2βs = −0.03696+0.00072
−0.00082 rad is

predicted6. Any deviations from this value could indicate a presence of NP couplings.

The analysis presented here2 measures the B0
s → J/ψ φ decay parameters using 80.5 fb−1

of the pp data collected by the ATLAS detector during 2015–2017, at a centre-of-mass en-
ergy of

√
s=13 TeV. The resonant B0

s → J/ψ φ final states and the non-resonant S-wave
B0

s → J/ψK+K− state are distinguished statistically by using a flavour-tagged time-dependent
angular analysis and by extracting the decay parameters from an unbinned maximum-likelihood
fit. The measured values are then statistically combined with those obtained from the analysis
of 19.2 fb−1 of the data collected at 7 TeV and 8 TeV 3. The combination and its comparison
with other LHC experiments4,5 are shown in Fig. 1. The combined ATLAS result is consistent
with the SM predictions. For Γs, there is a ∼ 3σ tension with the current world average 8.

aThis work was supported in part by grants of the German Federal Ministry of Education and Research
(BMBF).

bCopyright 2021 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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Figure 1 – Contours of 68% confidence level in the φs–ΔΓs plane, showing ATLAS results for 7 TeV and 8 TeV
data3 (blue dashed-dotted curve), for 13 TeV data2 (green dashed curve) and for 13 TeV data combined with
7 TeV and 8 TeV data2 (red solid curve) (left) and including results from CMS5 (orange) and LHCb4 (green)
using the B0

s → J/ψK+K− decay only and LHCb (red) for all the channels4 to the ATLAS combination in blue
(right)2. The Standard Model prediction6,7 is shown as a very thin black rectangle. In all contours the statistical
and systematic uncertainties are combined in quadrature.

3 J/ψ and ψ(2S) production cross-section at high pT

Differential cross-section measurements of charmonia states over broad pT range can provide im-
portant insight into QCD near the perturbative/non-perturbative boundary. By using 139 fb−1

of data collected at
√
s=13 TeV with an unprescaled single muon trigger, ATLAS was able to

extend the pT range to 360 (140) GeV for J/ψ (ψ(2S))9. The measurement, performed double-
differentially in three rapidity slices up to |y| < 2.0, is conducted separately for prompt and
non-prompt components of the J/ψ and ψ(2S) states. The non-prompt results are compared
to FONLL10 calculations11, performed within a framework of perturbative QCD. As shown in
Fig. 2, the FONLL predictions are consistent with the measurements in the lower pT range but
exceed the experimental data at larger pT.
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Figure 2 – Results of the ATLAS measurement of the non-prompt differential cross-section9 overlaid with FONLL
predictions11 for J/ψ mesons (left)9, and ψ(2S) mesons (right)9. For visual clarity, a factor of 1, 10, 100 is applied
to the rapidity slices |y| < 0.75, 0.75 < |y| < 1.5, 1.5 < |y| < 2.0, respectively. The horizontal position of each
point represents the mean of the weighted pT distribution for that bin. The green shaded bands represent the
range of theoretical uncertainty associated to the variations of the scales.

4 J/ψ production in association with W±

J/ψ production mechanisms in hadronic collisions are not completely understood since the
relative contributions of color singlet (CS) and color octet (CO) productions are unknown.
By requiring an associated object, such as a W± boson, it is possible to filter the various
CS/CO diagrams contributing to the final state. Using 20.3 fb−1 of data collected at 8 TeV,
ATLAS measured the inclusive differential cross-section ratio of σ(J/ψW±)/σ(W±)12. This
measurement includes contributions from single parton scattering (SPS) and double parton
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scattering (DPS) processes. The contribution of DPS is estimated using two different effective
cross-section (σeff) measurements of ATLAS13,14, to account for possible process dependency
of σeff . For the SPS modelling a NLO CO SPS prediction15,16 is used. These predictions are
compared to the data in Fig. 3. A smaller value of σeff is preferred by the comparison; however,

neither value of σeff can describe the p
J/ψ
T dependence.
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Figure 3 – The inclusive (SPS+DPS) differential cross-section ratio measurements12 and theory predictions15,16

presented in six p
J/ψ
T regions for |yJ/ψ| < 2.1. The DPS contribution is estimated using σeff = 15+5.8

−4.2 mb13 (left)12

and σeff = 6.3± 1.9 mb14 (right)12. The data points are identical in the two plots.

5 Study of J/ψ p resonances in Λ0
b → J/ψ pK−

In 2015, the LHCb collaboration has reported two resonances in the J/ψ p mass spectrum of the
Λ0
b → J/ψ pK− decay interpreted as the cc̄uud pentaquark states Pc(4380)

+ and Pc(4450)
+ 18.

More recently, LHCb has resolved the Pc(4450)
+ signal into two narrower states, Pc(4440)

+

and Pc(4457)
+, and discovered another narrow resonance, Pc(4312)

+ 19. The ATLAS analysis,
seeking to confirm these observations, is based on a combined sample of pp collision data at
7 TeV and 8 TeV, with integrated luminosities of 4.9 fb−1 and 20.6 fb−1, respectively17. Due to
the absence of particle identification the Λ0

b decays are reconstructed together with the decays
B0

(s) → J/ψ hh′, with h(′) = π±,K±. Parameters of the Pc states are extracted from a χ2 fit

to the m(J/ψ p) distribution under assumption of the existence of the two pentaquarks with
JP = 3/2−(5/2+) for the lighter (heavier) pentaquark, respectively. The pentaquark masses
and widths obtained from the fit are consistent with those from the LHCb experiment, as shown
in Fig. 4. A fit with the hypothesis of four pentraquarks as well as a fit without pentaquarks
have been performed. Although the data prefer the model with two or more pentaquark states,
the model without pentaquarks is not excluded.
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Figure 4 – Results of the ATLAS measurement of the m(J/ψ p) distribution17 and the χ2 fit in the signal region
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6 Relative B±c /B± production cross-section

Heavy quark dynamics has been probed by measuring the ratio of the production cross-section
times branching fraction for B±c → J/ψ π± relative to that of B± → J/ψK± using 20.3 fb−1 of
data collected at

√
s=8 TeV 20. For the inclusive range of pT > 13 GeV and |y| < 2.3, the result

is (0.34 ± 0.04stat
+0.06
−0.02 sys ± 0.01lifetime)%. The results of the differential measurements,

each in the two bins of pT and rapidity, are shown in Fig. 5. They suggest a dependence on the
transverse momentum: the production cross-section of the B±c decreases faster with pT than the
production cross-section of the B±. No significant dependence on rapidity is observed.
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Figure 5 – Production cross-section for the B±c relative to the B± for two bins in pT (left)20 and in rapidity
(right)20. The vertical inner(outer) error bars on the data points indicate the statistical(total) uncertainty. The
value for the inclusive bin is also shown (horizontal band). The double hatched error band indicates statistical
uncertainty, while the single hatched band indicate the quadrature sum of uncertainties from all sources.

7 Summary

The precision of the ATLAS measurement of the CP-violating phase φs, probing the SM, has
been significantly improved. The J/ψ(ψ(2S)) production cross-section results at high pT or in
association with W± will help to refine QCD calculations. The pentaquark search and the B±c
production cross-section measurement complement the results from the other LHC experiments.
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Latest Belle II results on beauty and charm decays

S. Sandilya on behalf of the Belle II Collaboration
Department of Physics, Indian Institute of Technology Hyderabad,

Telangana, 502285, India

We present the measurements, performed by the Belle II experiment, related to the B and D
meson decays. These results are based on 63 fb−1 and 9 fb−1 of e+e− collision data recorded
by the Belle II detector at a center-of-mass energy corresponding to the mass of the Υ(4S)
resonance and 60 MeV below the Υ(4S) resonance. The results reassure that Belle II is in
the right direction in pursuit of measuring the Standard Model predictions with improved
precision.

1 Introduction

The prime objective of the Belle II experiment is to measure the parameters of Standard Model
(SM) with better precision and to search for the signs of new physics (NP) beyond the SM 1.
The SuperKEKB asymmetric-energy e+e− collider facilitates large collision rate with its de-
signed instantaneous luminosity 6.5× 1035 cm2s−1 2. The Belle II detector 3 consists of several
sub-detector components located around the interaction region of SuperKEKB in a cylindrical
geometry. The e+ and e− beams collide at a center-of-mass (CM) energy equal to the mass of
the Υ(4S) resonance (

√
s = 10.58 GeV), which leads to a clean sample of quantum-correlated

pairs of B mesons. Apart from Υ(4S), charm quark pairs are also produced in the e+e− colli-
sions with a similar cross-section, generating equivalently large samples of D mesons. Here, we
report the measurements with the B and D meson decays based on 63 fb−1 data recorded at the
Υ(4S) and an additional 9 fb−1 recorded 60 MeV below the Υ(4S) resonance peak. (Inclusion
of charge-conjugate processes is implied throughout this article.)

2 Study of B → D(∗)h (h = π,K) decays

The decays B− → D(∗)0K− arise from the b → cūs quark-level transition and contribute to the
measurement of the CKM angle φ3 (or γ) 4. And, the decays B̄ → D(∗)π− are amongst the
dominant B decay modes and serve as a good control sample for the reconstruction procedure.
The decay modes reconstructed are : (1) B− → D0h−, D0 → K−π+ or K0

Sπ
+π−; (2) B− →

D∗0h−, D∗0 → D0π0, D0 → K−π+; (3) B
0 → D+h−, D+ → K−π+π+; and (4) B

0 → D∗+h−,
D∗+ → D0π+, D0 → K−π+. The final-state particles (π+,K+,K0

S and π0) are selected and
combined to form a D(∗) meson candidate. A B meson candidate is formed by combining a D(∗)

candidate and a prompt h candidate selected with a requirement on hadron identification either
as a kaon or as a pion. In order to discriminate the signal from background, two kinematic

variables are introduced: the beam constrained mass Mbc ≡
√
E2

beam − (pB)
2 and the energy

difference ΔE ≡ EB−Ebeam, where Ebeam is the beam energy and EB and pB are the energy and
momentum, respectively, of the reconstructed B candidate. All these quantities are calculated
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in the e+e− CM frame. Signal B candidates are selected by applying criterion on Mbc, and the
final signal yield is extracted by performing a maximum-likelihood (ML) fit to ΔE. The ratio
between the decays B− → D(∗)0K−/B− → D(∗)0π− have been reported 5, which are found to
be compatible with the world-average values.

3 Study of hadronic B decays to charmless mesons

3.1 Reconstruction of B0 → π0π0

Precise measurements of each B → ππ decay is crucial to invoke the isospin sum-rule to disen-
tangle the shift in the value of CKM angle φ2 due to the presence of gluonic penguin 6. The
decay B0 → π0π0 is of particular interest at Belle II, as the final state consists of four photons.
The signal yield is extracted from a simultaneous unbinned ML fit to Mbc, ΔE and the output
of a fast boosted decision tree (FBDT) algorithm based on event topological variables. The
procedure is validated using the control sample of B0 → D0[K−π+π0]π0. The signal yield is
[14.0+6.8

−5.6], corresponding to a branching fraction B(B0 → π0π0) = (0.98+0.48
−0.39 ± 0.27) × 10−6.

This result agrees with the previous measurements.

3.2 Analysis of B0 → ρ+ρ0

The decay B0 → ρ+ρ0 has two vector mesons in the final state, and is dominated by their
longitudinal polarization components. The large width of the ρ meson and neutral pions in
the final state lead to large background contamination. The signal yield is determined from
an unbinned ML fit to ΔE, FBDT output, reconstructed invariant masses of ρ+ and ρ0, and
their helicity angles. We find 104 ± 16 signal events which correspond to B(B0 → ρ+ρ0) =
(20.6± 3.2± 4.0)× 10−6, and the fraction of longitudinal polarization is [0.936+0.049

−0.041 ± 0.021].

3.3 Analysis of B0 → K0π0

The Kπ isospin sum rule 7 offers a stringent null test of the SM, and is expressed in terms of
direct CP asymmetries and B of the four B → Kπ decay modes. The experimental uncertainty
of the sum rule is currently dominated by the measurements of the decay B0 → K0π0. We obtain
45+9
−8 signal events for this decay by fitting ΔE and Mbc distributions, which is translated to

B(B0 → K0π0) = (8.5+1.7
−1.6±1.2)×10−6.8. As this decay is a CP eigen-state, based on the output

of flavor tagger9, we find the decay-time-integrated direct CP asymmetry as [−0.40+0.46
−0.44±0.04].

4 Reconstruction of the decay B0 → J/ψK0
L

The decay B0 → J/ψK0
L provides an independent measurement of the CKM angle sin(2φ1). The

J/ψ candidates are reconstructed from both μ+μ− and e+e− final states. The K0
L candidate

is identified from hadronic shower cluster in the K0
L and muon sub-detector. The energy and

momentum of the K0
L is inferred with the help of flight direction while reconstructing B0 →

J/ψK0
L. The signal yield is extracted by performing a fit to the ΔE distribution. We find

267 ± 21(stat.) and 226 ± 20(stat.), signal events in μ+μ− and e+e− final states, respectively.
The signal yields are consistent with that from the previous Belle experiment with a similar
purity. In future, we plan to improve the signal yield by also including the hadronic clusters in
the electromagnetic calorimeter.

5 Radiative and electroweak penguin B decays

The B decays mediated by flavour-changing-neutral-current transitions b → sγ, b → s�+�−

and b → sνν̄, proceed through penguin loop and box diagrams. These decays are considered
excellent probes for the NP.
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5.1 Photon energy spectrum of the inclusive decay B → Xsγ

Moments of the photon energy spectrum in the b → sγ transition are important for the deter-
mination of b–quark mass and its motion inside the B meson. In this analysis 10, we first search
for a high-energy photon (E∗γ > 1.4 GeV in the CM frame) in the collision events, which should
not be arising from a π0 or an η meson decay. The expected spectrum of background events in
data is obtained by scaling the Monte Carlo distribution fromthe off-resonance sample and the
sidebands. A clear visible excess in data is observed around the expected region of E∗γ as shown
in figure 1.

Figure 1 – (Top) The photon energy spectrum of the selected b → sγ candidates in the CM frame. The data
events are represented by black dots and the expected background events are represented by various color-filled
histograms. (Bottom) The background subtracted distribution of data events indicates the presence of b → sγ
events.

5.2 B+ → K+�+�− in the early data sample of Belle II

The decays B+ → K+�+�− have raised a lot of interest in study of lepton-flavor-universality
ratios. These rare decays ( B ∼ 10−7) are challenging to be observed in the early data sample
of Belle II. In a recent analysis at Belle II, 8.6+4.3

−3.9 ± 0.4 signal events are observed for the decay
B+ → K+�+�− 11.

5.3 Search for the decay B+ → K+νν̄

The decay B+ → K+νν̄ is theoretically cleaner as there is no contribution from the virtual
photon in the diagrams unlike the decays mediated by the b → s�+�− transition. The decay
B+ → K+νν̄ is experimentally challenging as the final state consists of two neutrinos. At
Belle II, a new analysis method has been developed for this search that exploits the topological
features of the decay leading to a larger signal reconstruction efficiency. The method has been
validated with B+ → K+J/ψ[→ μ+μ−], by ignoring the μ+μ− from the J/ψ decay to mimic
the missing energy from two neutrinos; K+ momentum is also modified to correspond to a
three-body decay. The signal strength obtained from the fit is 4.2+2.9

−2.8 (stat.)+1.8
−1.6 (syst.), which

corresponds to B = [1.9± 1.3 (stat.)+0.8
−0.7 (syst.)]× 10−5. This measurement is competitive with

the previous results, taking into account of the size of data sample used. As no significant signal
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is observed, the expected 90% confidence-level (CL) upper limit (UL) on the branching fraction
of 2.3× 10−5 is derived and the observed UL of 4.1× 10−5 is set at 90% CL.

6 Study of charm meson decays

6.1 Measurement of the D0 lifetime

The lifetime measurement of D0 meson is performed using 9.6 fb−1 Belle II data recorded in
2019 13. Coming from the decay D∗+ → D0π+ in charm-quark pair events, the D0 meson
is reconstructed in three decay modes: D0 → K−π+, D0 → K−π+π0 and D0 → K−π+π+π−.
The D0 lifetime is obtained by performing a two-dimensional unbinned ML fit to distributions of
proper time and its uncertainty. The average lifetime ofD0 meson is measured to be 412.3±2.0 fs.
With 72 fb−1 of Belle II data, the lifetime measurement of D0 is expected to be competitive
with the world-averages.

6.2 Preliminary analysis of D∗+ → D0[→ π+π−π0]π+

CP violation in the charm sector is an important topic to study at the Belle II experiment.
The ultimate aim is to perform a time-averaged Dalitz plot analysis for the decay D∗+ → D0[→
π+π−π0]π+. Currently, the decay has been reconstructed and the signal yield is extracted using
a binned ML fit to the distribution of ΔM , difference between the reconstructed invariant masses
of D∗+ and D0. The signal yield per fb−1 is found to be 305± 15 (stat.) 14.

Summary

Belle II has been recording data steadily despite the CoViD-19 pandemic towards its ultimate
goal of accumulating at least 50 ab−1 of e+e− collision data. This upcoming large and clean
samples of B and D mesons (and τ leptons) will allow Belle II to search for NP and improve
the measurements of various SM parameters. Measurements reported in this article are based
on the early data recorded with the Belle II detector and some of them analysed using novel
methods. These results demonstrate that all the subdetectors of Belle II are performing as per
expectation and some results are already getting competitive.
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Rare decays and searches for exotic signatures at LHCb: purely leptonic decays
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A review of the experimental status of purely leptonic B0
[s] → �+�− decays is given and the

new analysis of B0
[s] → μ+μ− observables with the LHCb experiment is presented. The new

results are the most precise single experiment measurements of the quantities to date and are
consistent with the Standard Model. However, they also match the recent anomalies found in
b → s�� transitions excellently.

1 Introduction

Rare decays provide a very clean way of probing the Standard Model (SM). Because the SM
background is small, potential processes beyond the Standard Model (BSM) can have a large
impact on the rates and properties of the decays. In recent years, measurements of decays via
b → s�� transitions have shown tantalising deviations from the SM predictions. These decays
are suppressed in the SM because they can only proceed via flavour changing neutral currents.
While the deviations from the SM are only moderately significant individually, they form a
consistent pattern when considered with the tools of effective field theory (see e.g. efforts of
global fits 1). They favour a modification of vector and axial-vector couplings with respect to
the SM. In the context of effective field theory fits the purely leptonic B0

[s] → �+�− decays play
a special role, since they are sensitive to only axial-vector couplings in the SM. Compared to
the other decays of the b → s�� kind they are additionally helicity suppressed, making them
even rarer in the SM. In the presence of BSM processes, also right-handed couplings, as well
as pseudoscalar and scalar couplings can contribute to the decays, which would lift the helicity
suppression.

2 State of the art in B0
[s] → �+�− decays

Because of its purely leptonic final state and owing to strong theory efforts, very accurate SM
predictions of the B0

[s] → �+�− branching fractions of 2,3 B(B0
[s] → τ+τ−) = (2.14± 0.12)× 10−8

[(7.56± 0.35)× 10−7], B(B0
[s] → μ+μ−) = (1.03± 0.05)× 10−10 [(3.66± 0.14)× 10−9], and
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B(B0
[s] → e+e−) = (2.41± 0.13)× 10−15 [(8.60± 0.36)× 10−14] can be achieved. From the

experimental point of view the branching fractions are much less precisely known. The
B0

[s] → τ+τ− and B0
[s] → e+e− decays have not been observed yet. The most sen-

sitive upper limits have been determined with the LHCb experiment to the values
B(B0

[s] → τ+τ−) < 2.1× 10−3 [6.8× 10−3] and B(B0
[s] → e+e−) < 3.0× 10−9 [11.2× 10−9] at

95% CL 4,5. Although the experimental upper limits are far away from the SM predictions, they
are still probing the parameter space of BSMmodels. While the tauonic modes are especially sen-
sitive to models that include violation of lepton flavour universality, the electronic decay modes
can strongly probe effects from models introducing scalar and pseudoscalar currents, where the
strong helicity suppression would be lifted. The B0

[s] → μ+μ− decays, however, are experimen-

tally accessible. The mode B0
s → μ+μ− has been unambiguously observed with several experi-

ments and its branching fraction determination is becoming a precision measurement. However,
the mode B0 → μ+μ− is still unconfirmed experimentally. A recent combination of analyses by
the ATLAS, LHCb and CMS collaborations 13 yielded B(B0

s → μ+μ−) = 2.69+0.37
−0.35 × 10−9 and

B(B0 → μ+μ−) < 1.9× 10−10 at 95% CL. Although the sizeable uncertainties make the result
still inconclusive, it is interesting to note that the experimental B(B0

s → μ+μ−) value is lower
than the SM prediction in the same way as found in other branching fraction measurements of
b → sμ+μ− decays6,7,8,9 and lepton flavour universality ratios10,11,12. With the clear observation
of B0

s → μ+μ− decays also their behaviour concerning charge-parity (CP ) transformations can
be investigated, which can be strongly modified by BSM processes even if their rate is SM-like.
In the SM, only the heavy (CP -odd) B0

s mass eigenstate can decay into two muons. Because of
the sizeable lifetime difference in the B0

s system between 1.620 ps (heavy eigenstate) and 1.423 ps
(light eigenstate, CP -even) 14, a measurement of the effective lifetime of the B0

s → μ+μ− decay
exhibits sensitivity to distinguish the two B0

s eigenstates. Experimentally the value is deter-
mined to τB0

s→μ+μ− = 1.91+0.37
−0.35 ps excluding the measurement presented in these proceedings

from a combination of measurements with the CMS and LHCb experiments13 and is compatible
with both eigenstates.

3 The new analysis of B0
[s] → μ+μ− decays with the LHCb experiment

A new analysis of B0
[s] → μ+μ− observables has been performed with the full LHCb data set

collected in the LHC Runs 1 and 2 between 2011 and 201815,16. This corresponds to a total lumi-
nosity of about 9 fb−1 of proton-proton collisions at center-of-mass energies of 7, 8, and 13TeV,
effectively doubling the size of the data set investigated in a previous analysis 17. The new anal-
ysis does not only determine the branching fractions of B0

[s] → μ+μ− decays and the effective

lifetime τB0
s→μ+μ− , but also for the first time searches for initial state radiation B0

s → μ+μ−γ
decays with mμ+μ− > 4.9GeV/c2 without reconstructing the photon. This decay is expected
to have a branching fraction of O(10−10) in the SM 18. The overall selection strategy is kept
similar to the previous analysis. Following a fully inclusive trigger selection, a very efficient
preselection on kinematical and topological variables is used to reduce the data set to a man-
ageable size. Strong particle identification requirements suppress exclusive background decays
with misidentified particles and backgrounds from B+

c → J/ψ(μ+μ−)μ+νμ decays are specifi-
cally vetoed via the invariant mass of combining the signal muon with any other muon in the
event. The final separation between signal and different background components is achieved
by fitting the invariant dimuon mass distribution in bins of a high performant boosted decision
tree (BDT), where the BDT is trained on topological variables, most notably the isolation of
muons with respect to other tracks in the event. While the selection strategy remains unchanged
with respect to the previous analysis, large improvements are achieved in the calibration of the
signal simulation, as well as the determination of the misidentification probability of pions and
kaons as muons in data. The signal BDT distributions are taken from simulation, which has
been corrected for B kinematics and detector occupancy variables using data control modes.
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Additional corrections for trigger and particle identification mismodellings obtained from data
are also applied. This method is compared to the approach used in the previous analysis, the
direct calibration of the BDT distribution from B → h+h′− decays in data and found to be in
excellent agreement yet significantly improved precision. The signal mass peak is determined
from B → h+h′− decays in data as well, while the mass resolution is interploated from various
quarkonia resonances. The particle identification and misidentification probabilities are deter-
mined from high statistics calibration modes in data. Most important here is the determination
of the hadron-muon misidentification probability, as that determines the size of backgrounds
from B → h+h′− decays, which are peaking in the signal region. Therefore the hadron-muon
misidentification probability is independently checked against B → h+h′− decays in data, where
one of the hadrons is identified as a muon. The B0

[s] → μ+μ−(γ) branching fractions are deter-

mined relative to two normalisation modes, B0 → K+π− and B+ → J/ψ(μ+μ−)K+. Since the
normalisation modes are B+ and B0 decays, for the signal B0

s decays the fragmentation frac-
tion ratio of B0

s and B0 mesons, fs/fd has to be considered, which received an improvement in
precision by a factor of 2 in a recent combination of several LHCb measurements 19. The signal
components are distinguished against several background components in the fit to the invari-
ant mass, which are modelled individually: combinatorial background is described by a falling
exponential distribution; B → h+h′− decays with two misidentified hadrons, B0 → π−μ+νμ,
B0

s → K−μ+νμ and Λ0
b → pμ−ν̄μ decays with one misidentified hadron and partially recon-

structed B0(+) → π0(+)μ+μ− and B+
c → J/ψ(μ+μ−)μ+νμ decays are modelled from simulation

with Gaussian kernel distributions.

The fit result is displayed in Fig. 1, exhibiting a clear B0
s → μ+μ− signal with a signifi-

cance of about 11σ. The B0 → μ+μ− and B0
s → μ+μ−γ signals are found to be compatible

with zero at 1.7σ and 1.5σ, respectively. Therefore upper limits are calculated with the CLs

method 20. The branching fractions measured are B(B0
s → μ+μ−) =

(
3.09+0.46+0.15

− 0.43− 0.11

)
× 10−9,

B(B0 → μ+μ−) < 2.6× 10−10, and B(B0
s → μ+μ−γ;mμ+μ− > 4.9GeV/c2) < 2.0× 10−9 at 95%

CL. The B0
s → μ+μ− branching fraction is slightly lower but consistent with the SM prediction.

While the measurement is statistically dominated, its most relevant systematic uncertainties
come from the normalisation branching fractions and fs/fd, both having a contribution of about
3%. The effective lifetime of B0

s → μ+μ− decays is measured with a similar selection strategy
as for the branching fraction measurement with some modifications: in order to enhance the
signal efficiency, the particle identification requirements are softened; the BDT distribution is
binned into only two regions in order to simplify the analysis; the dimuon invariant mass region

Figure 1 – Mass distribution of the selected dimuon candidates (black dots) with BDT > 0.5. The result of the fit
is overlaid and the different components are detailed: B0

s → μ+μ− (red solid line), B0 → μ+μ− (green solid line),
B0

s → μ+μ−γ (violet solid line), combinatorial background (blue dashed line), B → h+h′− (magenta dashed line),
B0 → π−μ+νμ, B

0
s → K−μ+νμ, B

+
c → J/ψμ+νμ and Λ0

b → pμ−ν̄μ (orange dashed line), and B0(+) → π0(+)μ+μ−

(cyan dashed line). The solid bands around the signal shapes represent the variation of the branching fractions
by their total uncertainty.
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is restricted to be above 5320MeV/c2, which allows to neglect all exclusive backgrounds but the
combinatorial background. With a fit to the dimuon invariant mass backgrounds are statisti-
cally subtracted using the sPlot method 21. The background-subtracted decay time distribution
is then fitted simultaneously in two BDT regions to obtain the effective lifetime, where the
acceptance introduced by the selection is modelled from simulation. The procedure is tested
with B0

s → K+K− and B0 → K+π− decays, finding good agreement to measurements previ-
ously obtained with the LHCb experiment. From the simultaneous fit an effective lifetime of
τB0

s→μ+μ− = 2.07± 0.29± 0.03 ps is found, which is consistent with the heavy B0
s eigenstate

(SM hypothesis) at 1.5σ and the light eigenstate at 2.2σ. The precision of this measurement
improves over the previous LHC combination and is fully statistically dominated, where sys-
tematic uncertainties mainly arise due to the limited knowledge of the decay time acceptance
shape.

4 Summary

In the context of b → s�� transitions purely leptonic B0
[s] → �+�− decays play a special role,

since in the SM they are sensitive to axial-vector couplings only. Particularly the measure-
ments of B0

[s] → μ+μ− observables are becoming precision measurements. The newly presented

B0
[s] → μ+μ− analysis with the LHCb experiment provides the most precise single experiment

measurement of the branching fraction and effective lifetime of B0
s → μ+μ− decays. Further-

more tight upper limits are imposed on the branching fraction of B0 → μ+μ− decays and a first
ever search for initial state radiation B0

s → μ+μ−γ decays at high dimuon invariant mass has
been performed. The B0

[s] → μ+μ− branching fraction is slightly lower, yet compatible with the
SM. However, it is fully in agreement with the picture emerging from the anomalies in other
b → s�� decays. The LHCb detector is currently being upgraded and is expected to resume data
taking with an increased rate, which will soon allow to establish, whether the picture seen in
other b → s�� decays is confirmed in B0

[s] → μ+μ− decays.
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In the Standard Model of particle physics, charged leptons of different flavour couple to the
electroweak force carriers with the same interaction strength. This property, known as lepton
flavour universality, was found to be consistent with experimental evidence in a wide range of
particle decays. Lepton flavour universality can be tested by comparing branching fractions
in ratios such as RK = B(B+ → K+μ+μ−)/B(B+ → K+e+e−). This observable is measured
using proton-proton collision data recorded with the LHCb detector at CERN’s Large Hadron
Collider corresponding to an integrated luminosity of 9 fb−1. For a dilepton invariant mass
range of q2 ∈ [1.1, 6.0]GeV2, the measured value of RK = 0.846+0.042

− 0.039
+ 0.013
− 0.012, where the first

uncertainty is statistic and the second systematic, is in tension with the Standard Model
predicted value at the 3.1σ level raising evidence for lepton flavour universality violation in
B+ → K+�+�− decays.

1 Introduction

The Standard Model (SM) of particle physics represents our best understanding of the properties
and interactions of fundamental particles. It received thorough experimental confirmation since
it’s formulation in the 1960’s. However, it is not a complete theory of fundamental interactions as
it is unable to include a description of gravity and leaves some observed phenomena unexplained,
such as the matter-antimatter asymmetry or the apparent dark-matter content of the Universe.
It also does not incorporate neutrino oscillations and their non-zero masses. Extensions of the
SM, referred to as ”new physics” (NP), are formulated to explain these phenomena and they
predict the existence of new particles and interactions whose signatures can be observed in direct
or indirect searches at particle accelerators. Natural units where � = c = 1 as well as charge
conjugation are implied throughout this proceedings.

1.1 Rare beauty-quark decays

Signatures of NP can be searched for by comparing decay rates of hadrons, where hadrons are
bound states of quarks, with the corresponding SM predictions. Among the wide range of decay
processes the SM is able to provide a precise prediction of, transitions where a B+ hadron decays
into a kaon K+, and two charged leptons �+�− are of great interest. Since at the quark level
they involve a b → s�+�− transition, these processes are mediated by flavour-changing neutral
currents, which in the SM only occur via electroweak loops (as can be seen in the left-hand side of
Fig. 1 and are thus greatly suppressed 1. However, virtual contributions from new particles, an
example represented on the right hand side of Fig. 1, could compete with amplitudes of the same
strength as the SM, resulting in a modification of the observed branching fraction with respect
to the SM prediction. Rare B+ meson decays are thus sensitive to virtual contributions from
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Figure 1 – Feynman diagrams mediated by left (right) SM (NP) processes. While in the SM contribution to
b → s�+�− transitions only occurs at loop level, since it’s a flavour-changing neutral current, possible NP models
involving a leptoquark 2 exchange would allow this process to occur at tree level.

new particles which could have masses that are inaccessible to direct searches for resonances,
even at Large Hadron Collider beam energies.

1.2 Neutral current anomalies

Since 2012, several measurements of observables involving b → s�+�− transitions have shown
deviations from SM predictions. While there is no single result exhibiting a 5σ deviation from the
SM, the pattern of deviations, collectively denoted as ”neutral current anomalies”, is striking. In
fact, the latest measurements published by LHCb 4,5 all point to a smaller branching fractions
for muons in the intermediate q2 region, where q2 is the di-lepton invariant mass squared.
Precise SM predictions of b → s�+�− processes require good control over non-local QCD effects,
such as charmloop contributions, which are known to suffer from potentially large theoretical
uncertainties. However, as these non-perturbative effects are lepton flavour universal, they cancel
in the ratios of branching fractions RHs :

RHs =

∫ q2max

q2min

dB(Hb → Hsμ
+μ−)

dq2
dq2∫ q2max

q2min

dB(Hb → Hse
+e−)

dq2
dq2

. (1)

Where the differential branching fractions are integrated over the di-lepton invariant mass
squared range q2 ∈ [q2min, q

2
max] and the final (initial) state Hs(b) particles contain a valence

strange (beauty) quark. Due to the universality of the coupling of SM gauge bosons to different
lepton flavours, the SM prediction for RHs is unity up to O(1%) QED corrections8 and negligible
phase space effects arising from the different final state lepton masses, hence any sizable deviation
from unity would unambiguously indicate breaking of lepton flavour universality (LFU).

The LHCb collaboration 6,7 performed the most precise measurements of LFU sensitive
observables, such as RK∗

9 and RK
10, and both the results exhibit a tension above 2σ with

respect to the SM expectation. In 2021 LHCb presented an update to the previous measurement
of RK

11 with the addition of the data collected during 2017 and 2018, effectively doubling size
of the analysed data set.

2 Experimental strategy

The measurement of RK is performed using two main ingredients: yields of the decays of interest
and the efficiency to select them. However, this involves direct comparison of efficiencies to select
muons and electrons decay modes, which interact differently in the detector. While muons tra-
verse the LHCb detector interacting feebly with the material up to the muon stations where they
are absorbed, electrons lose a significant amount of energy to bremsstrahlung radiation. This
has a degrading effect not only on the mass resolution of the electron with respect to the muon
mode, but also on the electrons reconstruction and tracking efficiencies. The main challenge of
the measurement consists of controlling for the efficiency of the selection requirements placed
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Figure 2 – The ratio rJ/ψ relative to its average value 〈rJ/ψ〉 as a function of pT (left) and distributions of
the B+ transverse momentum (left). The distribution from the B+ → K+J/ψ decays is similar to that of the
corresponding B+ → K+�+�− decays such that the differential measurement of rJ/ψ tests the kinematic region
relevant for the RK measurement.

to isolate signal candidates and reduce background sources, as these could have systematically
different effects on the two lepton flavours.

In order to suppress such systematic effects, RK is measured as a double ratio with respect
to the resonant B+ → K+J/ψ(�+�−) mode, which is known to obey LFU to the sub-percent
level 12 and has a branching fraction of orders of magnitude larger than the rare B+ → K+�+�−

mode:

RK =
N(K+μμ)

N(K+ee)

ε(K+ee)

ε(K+μμ)

/ N(K+J/ψ(μμ))

N(K+J/ψ(ee))

ε(K+J/ψ(ee))

ε(K+J/ψ(μμ))︸ ︷︷ ︸
rJ/ψ

=
N(K+μμ)

N(K+J/ψ(μμ))

ε(K+J/ψ(μμ))

ε(K+μμ)

/ N(K+ee)

N(K+J/ψ(ee))

ε(K+J/ψ(ee))

ε(K+ee)

(2)

In Eq. (2), N(X) and ε(X) represent respectively the yields and efficiencies of selecting the
decay of a B+ meson into X. After rearranging the terms in the RK definition of Eq. (2) one can
see that the double ratio procedure allows to compare efficiencies to select same lepton flavours
in the final states, canceling out systematic uncertainties that are common to both rare and
resonant modes thanks to the kinematic overlap of the two decays. The selection requirements
are common to both resonant and rare modes up to the cut in q2 and of the reconstructed mass
of the K+�+�− system. Further selection is applied to reduce background sources and retain
only tracks and B+ decay vertices with good fit quality.

2.1 Efficiencies calibration

Selection efficiencies are estimated using simulated samples, and successively corrected using
clean and high statistics calibration data samples. The efficiencies calibration procedure consists
of correcting simulation mismodeling using weights that are assigned to simulated events in order
to align the selection performance to the one observed in control mode data. The calibration
procedure involves correction of the B+ kinematics, the efficiency of the particle identification
as well as trigger selections and mismatches in the resolution of the q2 and reconstructed mass
of the B+ candidate.

2.2 Procedure validation

The experimental method is validated through several cross checks that aim at both verifying the
control of the selection efficiencies and the cancellation of the systematic effects in the double
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ratio procedure. Percent-level control of the efficiencies is verified with a direct comparison
of the B+ → K+J/ψ(e+e−) and B+ → K+J/ψ(μ+μ−) branching fractions, rJ/ψ as defined in
Eq. (2). This is a stringent cross check of the understanding of the efficiencies as rJ/ψ doesn’t
exploit the systematics uncertainties suppression of the double ratio. The value obtained using
the full dataset is found to be rJ/ψ = 0.981± 0.020 where the error containing both systematic
and statistic components is dominated by the systematic uncertainty, as expected. This value
is within 1σ of the LFU expectation.

The control of the efficiencies is further validated by performing rJ/ψ single and double-
differentially in variables which are relevant to the detector response. An example is shown
in Fig. 2 on the left, where rJ/ψ is found to be uniform in bins of transverse momentum of
the B+ meson. This cross check allows to quantify the effect that the remaining deviations
from flatness would have on RK if they were due to a genuine mismodelling of the efficiencies
rather than statistical fluctuations. Thanks to the large kinematic overlap between the rare
and resonant modes, as can be seen in Fig. 2 (right), the impact on RK is within the estimated
systematic uncertainty. Similarly, double differential computations of the rJ/ψ ratio do not show
any trend and are within the systematic uncertainties assigned to RK .

The validity of the efficiencies estimation procedure and the suppression of the systematic
effects due to electron muon detection differences is further tested by performing the double
ratio:

Rψ(2S) =
N(K+ψ(2S)(μμ))

N(K+J/ψ(μμ))

ε(K+J/ψ(μμ))

ε(K+ψ(2S)(μμ))

/N(K+ψ(2S)(ee))

N(K+J/ψ(ee))

ε(K+J/ψ(ee))

ε(K+ψ(2S)(ee))
(3)

The result obtained is Rψ(2S) = 0.997±0.011 where the uncertainty includes both statistical
and systematic effects. The result is well compatible with the LFU hypothesis for ψ(2S) → �+�−

decays and confirms the cancellation of systematic effects to sub-percent level in the double ratio.

3 Results

The value of RK is extracted as a parameter of interest from an unbinned extended maximum
likelihood fit which is performed simultaneously to the B+ → K+μ+μ− and B+ → K+e+e−

data, the projections are shown in Fig. 3
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Figure 3 – Distribution of the invariant mass for candidates with (left) electron and (right) muon pairs in the
final state for the rare B+ → K+�+�− signal channels.

The mass-shape parameters are derived from the calibrated simulation. It can be noted that
the statistics of the muon data sample is higher than the electron case due to lower electron
reconstruction efficiency, as discussed in Section 2. In both muon and electron fits the signal
shape forms a peaking structure which in the electron case has a long elongated tail at lower
reconstructed B+ masses owing to the fact that the bremsstrahlung recovery algorithm is not
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perfect and not always the energy lost is correctly recovered. Moreover, due to the poorer mass
resolution of the electrons, the selected data sample is polluted by backgrounds coming from the
resonant B+ → K+J/ψ(e+e−) mode or from partially reconstructed backgrounds such as, for
example, B0 → K∗0(K+π−)e+e− decays in which the π− is not reconstructed. In both electrons
and muon fits, candidates formed from random track combinations, extend thoughout the fit
mass window and correspond to the combinatorial background.

The obtained value of RK is corrected by taking into account the bias introduced by the
choice of fit model, which is found to be small, and the result reads:

RK = 0.846+0.042
− 0.039

+0.013
− 0.012 (4)

Where the first uncertainty is statistical, and the second is systematic. As expected the
error on the result is dominated by the statistical contribution rather than the systematic one,
the dominant contributions to the systematic uncertainties being the choice of the fit model
for signal and partially reconstructed decays while the effects due to trigger and kinematics
corrections amount to the per mille level showing robustness of the double ratio method.

The obtained result, being the most precise measurement of RK to date (Fig. 4), has a p-
value under the SM hypothesis of 0.1%. This corresponts to a deviation from the SM prediction
of 3.1σ, and therefore constitutes the first evidence of LFU violation in B+ → K+�+�− decays
obtained with a single experiment.

Another result can be obtained by combining the extracted value of RK with the result for the
branching fraction measurement dB(B+ → K+μ+μ−)/dq2 from4 to obtain dB(B+ → K+e+e−)/dq2

in the same dilepton invariant mass region

dB(B+ → K+e+e−)
dq2

= (28.6+1.5
−1.4 (stat.) ± 1.3 (syst.) )× 10−9 GeV−2 (5)
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Figure 4 – Left: Comparison between RK measurements. In addition to the LHCb result (black), the Babar 13

(green) and Belle 14 (blue) collaborations are shown. Right: likelihood function from the fit to B+ → K+�+�−

candidates profiled as a function of RK . The extent of the dark, medium and light blue regions shows the values
allowed for RK at 1, 3, 5σ levels. The red line indicates the SM prediction.

4 Summary

The observable RK is measured using 9 fb−1 of proton-proton collision data recorded by the
LHCb experiment and the result is found to be in tension with the SM prediction at the level
of 3.1σ. This result constitutes evidence for the violation of LFU in B+ → K+�+�− decays.
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We perform a model-independent global fit to b → s�+�− observables to confirm existing New
Physics scenarios and to identify new ones emerging from the inclusion of the updated LHCb
measurements of RK and Bs → μμ. Our analysis updates Ref.1 and confirms this analysis: the
presence of right-handed couplings encoded in the Wilson coefficients C9′μ and C10′μ remains
a viable possibility and we still observe that a lepton-flavour universality violating (LFUV)
left-handed lepton coupling (CV

9μ = −CV
10μ), often preferred from the model building point of

view, accommodates the data better if lepton-flavour universal New Physics is allowed, in
particular in CU

9 . The LFUV observable Q5 offers a very interesting possibility to separate
both types of scenarios.

1 Introduction

The flavour anomalies in b → s�+�− processes are currently among the most promising signals
of New Physics (NP). This has been reinforced by the recent LHCb update of the ratio RK

assessing the violation of lepton-flavour universality (LFU) 2:

RK =
B(B → Kμ+μ−)
B(B → Ke+e−)

R
[1.1,6]
KLHCb

= 0.846+0.042+0.013
−0.039−0.012 (1)

with an extended statistics corresponding to 9 fb−1, reaching the level of statistical evidence
(above 3 standard deviations). Indeed, in the Standard Model (SM), this ratio is protected from
hadronic corrections and it is known to be equal to 1 up to (tiny) electromagnetic corrections.

The deviations observed in these modes can be efficiently and consistently analysed in a
model-independent effective field theory (EFT) framework (see, for instance,1,3,4,5), where short-
distance physics (including NP) is encoded in the Wilson coefficients of higher-dimension op-
erators. This tool has proven particularly helpful to identify scenarios that could explain the
data at the level of the EFT, providing guidelines for the construction of phenomenologically
accurate NP models.

In this context, we present here an update of our recent works in Refs. 1,4,5. We follow the
same theoretical and statistical approach, but consider various experimental updates. Since our
main conclusions are unchanged, we will not comment extensively on our results and we will
refer the interested reader to Ref. 1 for a detailed discussion of the interpretation of our results
as well as the differences with respect to other approaches 6,7,8,9.
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2 New observables, fit theoretical approach and fit results

We consider the same observables and theoretical inputs as in Ref. 1, taking into account the
following updated measurements (replacing the previous ones) from LHCb, Belle and CMS:
RK , B0,+ → K0,+μμ, B(Bs → μμ) = 2.85+0.34

−0.31 × 10−9 new average 10, angular distribution of
B+ → K∗+μμ (and FL and AFB from CMS), B+ → K+μμ and of B → K∗ee at low q2.

Our approach consists in computing the experimental and theoretical covariance matrices
to build a likelihood that we study to assess various NP scenarios corresponding to shifts in
the Wilson coefficients. This requires us to consider observables with symmetric Gaussian un-
certainties. In the case of asymmetric uncertainties (such as RK), in order to be conservative,
we symmetrise the uncertainties by taking the largest uncertainty. We compute the theoretical
covariance matrix at the SM point, but we checked that our results remain unchanged if we
compute this covariance matrix at various best-fit points (b.f.p.s) of NP scenarios.

We start by considering the fits for NP scenarios which affect muon modes only. Tabs. 1-3
update (in part) the corresponding tables of Ref.1 based on fits to the full set of data (“All”, 246
observables) or restricted to quantities assessing LFUV (“LFUV”, 22 observables). The results
are similar to those in Ref. 1.

Table 1: Most prominent 1D patterns of NP in b → sμ+μ−. PullSM is quoted in units of standard deviation. The
p-value of the SM hypothesis is 1.1% for the fit “All” and 1.4% for the fit LFUV.

All LFUV

1D Hyp. Best fit 1 σ/2 σ PullSM p-value Best fit 1 σ/ 2 σ PullSM p-value

CNP
9μ -1.06 [−1.20,−0.91] 7.0 39.5% -0.82 [−1.06,−0.60] 4.0 36.0%

CNP
9μ = −CNP

10μ -0.44 [−0.52,−0.37] 6.2 22.8% -0.37 [−0.46,−0.29] 4.6 68.0%

Table 2: Most prominent 2D patterns of NP. The last row correspond to Hypothesis 5: (CNP
9μ , C9′μ = −C10′μ).

All LFUV

2D Hyp. Best fit PullSM p-value Best fit PullSM p-value

(CNP
9μ , CNP

10μ) (−1.00,+0.11) 6.8 39.4% (−0.12,+0.54) 4.3 65.6%

(CNP
9μ , C10′μ) (−1.26,−0.35) 7.4 55.9% (−1.82,−0.59) 4.7 84.1%

(CNP
9μ , CNP

9e ) (−1.20,−0.41) 6.9 41.7% (−0.73,+0.08) 3.6 30.3%

Hyp. 5 (−1.26,+0.25) 7.4 55.8% (−2.08,+0.51) 4.7 86.0%

Table 3: 1 σ confidence intervals for the NP contributions to Wilson coefficients in the 6D hypothesis. The PullSM
is 6.6σ and the p-value is 49.9%.

CNP
7 CNP

9μ CNP
10μ C7′ C9′μ C10′μ

Best fit +0.01 -1.21 +0.15 +0.01 +0.37 -0.21

1 σ [−0.02,+0.04] [−1.38,−1.01] [+0.00,+0.34] [−0.02,+0.03] [−0.12,+0.80] [−0.42,+0.02]

We turn to scenarios that allow also for the presence of LFU NP 5,11 (in addition to LFUV
contributions to muons only), leading to shifts in the value of the Wilson coefficients

Cie = CU
i , Ciμ = CU

i + CV
i , (2)

(with i = 9(′), 10(′)) for b → se+e− and b → sμ+μ− transitions respectively. We update the most
relevant scenario considered in Ref. 1 in Tab. 4.

3 Favoured scenarios and connection with other observables

Several scenarios exhibit a significant improvement in the description of the data compared to
the SM. Fig. 1 shows the predictions for the observables Q5, RK and RK∗ in several of these
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Table 4: Update of the most relevant LFU scenario: scenario 8.

Scenario Best-fit point 1 σ 2 σ PullSM p-value

Scenario 8
CV
9μ = −CV

10μ −0.30 [−0.39,−0.21] [−0.47,−0.13]
7.3 53.8%CU

9 −0.92 [−1.10,−0.72] [−1.27,−0.51]

−1.0 −0.5 0.0

CV
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Figure 1 – Left: Values of 〈Q5〉[1.1,6], 〈RK〉[1.1,6], 〈RK∗〉[1.1,6] in the SM and nine different scenarios: SM
(black), CNP

9μ (orange), (CNP
9μ , C9′μ) (yellow), (CNP

9μ , C10′μ) (light green), (CNP
9μ = −C9′μ, CNP

10μ = C10′μ) (dark green),
(CNP

9μ , C9′μ = −C10′μ) (light blue), (CV
9μ = −CV

10μ, CU
9 ) (dark blue), (CV

9μ, CU
10) (purple), (CV

9μ, CU
10′) (pink),

(CV
9μ, CV

9′μ, CU
10, CU

10′) (red). The boxes correspond to the predictions of the 1 σ regions at the b.f.p. value of
the Wilson coefficients in each of the scenarios for the fit to the ”All” data set. Right: Preferred regions at the
1, 2 and 3σ level (green) in the (CV

9μ = −CV
10μ, CU

9 ) plane from b → s�+�− data. The red contour lines show the
corresponding regions once RD(∗) is included in the fit (for Λ = 2 TeV). The horizontal blue (vertical yellow) band
is consistent with RD(∗) (RK) at the 2σ level and the contour lines show the predicted values for these ratios.

scenarios. The large uncertainties for RK∗ in most NP scenarios come from the presence of
three different helicity amplitudes involving different combinations of form factors: if the SU(2)L
symmetry of the SM is respected, one amplitude dominates leading to reduced uncertainties for
the prediction of RK∗ , but in other cases, the presence of several helicity amplitudes leads to
larger uncertainties. One can also notice that Q5 is able to separate three cases of interest: the
SM, the scenario 8 (CU

9 , CV
9μ = −CV

10μ), and the scenarios with right-handed couplings and a large
negative contribution to C9μ.

As discussed in Ref. 1, Scenario 8 allows for a model-independent connection between the
anomalies in b → s�+�− decays and those in b → cτν transitions 12. Therefore, scenario 8
reproduces an additional correlation between CU

9 and RD(∗) 13,14: We show the global fit of
Scenario 8 without and with the additional input on RD(∗) taking the scale Λ = 2 TeV (see Fig.1).

The best-fit point for (CU
9 , CV

9μ = −CV
10μ) is (−0.74,−0.36), with 1-σ intervals [−0.86,−0.61] and

[−0.43,−0.28] respectively. The agreement among all data is very good, shown by the fact that
the scenario 8 supplemented with RD(∗) exhibits a pull with respect to the SM of 8.1 σ and
p-value of 51.4%. An even better agreement could be reached if RD(∗) is slightly further away
from the SM expectations, or if the scale of New Physics is increased.

4 Outlook

We see that the recent RK and Bs → μμ updates by the LHCb collaboration leads to improved
constraints on NP scenarios. The overall hierarchy in preferences for specific scenarios remains
unchanged but we observe a higher consistency among the data analysed in the framework of the
favoured scenarios. More specifically, we see that the most favoured 1D scenario remain the case
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of a vector coupling to muon encoded in C9μ. The LHCb update of the Bs → μμ branching ratio,
in better agreement with the SM expectation, reduces the room available for NP in C10μ, which is
compatible with zero at 1 σ in the 2D hypothesis (C9μ, C10μ). The two class of favoured scenarios
of Ref. 1 find their status strengthened, namely: i) The purely muonic hypotheses with right
handed currents (CNP

9μ , CNP
10′μ) and (CNP

9μ , CNP
9′μ = −CNP

10′μ). The latter scenario (called Hypothesis 5
in Table 2) features a right-handed contribution which becomes compatible with zero only when
considering the 3σ confidence region. Such right-handed currents tend to counterbalance the
impact for RK of a large negative C9μ which is preferred by many observables considered in the
global fit. ii) The scenario 8 (CU

9 , CV
9μ = −CV

10μ) with a universal component CU
9 together with a

muonic component obeying SU(2)L invariance. This scenario reaches 8.1 σ once combined with
RD and RD∗ in an EFT framework explaining b → c�ν and b → s�� through correlated singlet
and triplet dimension-6 operators combining quark and lepton bilinears.

As an outlook for the future, besides the importance of updating the angular distributions of
B → K∗�� and Bs → φ�� modes, two experimental inputs can help to guide our future analyses.
First, the observation of large b → sττ transitions would favour naturally a scenario with a LFU
contribution in CU

9 . Moreover, the measurement of a large Q5 that would favour a scenario with
a large negative vector coupling C9μ, possibly with additional right-handed currents. Indeed,
the observable Q5

15 can distinguish between the purely muonic hypotheses with right handed
currents and the scenario 8 with a universal component in CU

9 , with a higher value in the former
case and a lower (but non-vanishing) value for the latter case 11.
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We discuss the anatomy of the LV V observable designed as a ratio of the longitudinal
components of Bs → V V versus Bd → V V decays. We focus on the particular case of
Bd,s → K∗0K̄∗0 where we find for the SM prediction LK∗K̄∗ = 19.5+9.3

−6.8 implying a 2.6σ
tension with respect to data. The interpretation of this tension in a model independent way
identifies two Wilson coefficients C4 and C8g as possible sources. The example of one sim-
plified model including a Kaluza-Klein (KK) gluon is discussed. This KK gluon embedded
inside a composite/extra dimensional model combined with a Z′ can explain also the b → s��
anomalies albeit with a significant amount of fine-tuning.

1 Motivation

Besides the flavour anomalies in semileptonic B decays, where different New Physics (NP) hy-
potheses exhibit pulls above 7σ w.r.t. the SM1, it is natural to expect other possible signals of NP
in other observables governed by the b → s transition. A natural place to look at are non-leptonic
B decays. However, these decays suffer from large uncertainties compared to semileptonic B de-
cays and traditional observables like branching ratios or polarization fractions are very difficult
to predict with accuracy. In Ref. 2 looking for cleaner observables, we draw a parallel between
Lepton Flavour Universality Violating (LFUV) ratios and U-spin ratios of optimized observ-
ables in non-leptonic B decays constructed upon longitudinal amplitudes of B → V V decays.
While the former consists of ratios of decays to 2nd generation leptons (b → sμ+μ−) versus 1st
generation (b → se+e−), the latter are U-spin ratios to 2nd generation quarks (b → s) versus 1st
generation (b → d). This parallelism has two evident limitations: a) the breaking of LFUV can
be more accurately computed than the breaking of U-spin that requires hadronic contributions
to be estimated and b) the remanent long distance sensitivity to weak annihilation (WA) and
infrared divergent hard spectator scattering (HSS) in the non-leptonic case. Our goal in Ref. 2

was to build cleaner observables for non-leptonic modes exhibiting deviations with respect to
the SM, reconsider the SM estimates and discuss potential NP sources.

2 Theoretical Framework and hadronic uncertainties

The theoretical description of BQ → V V with Q = d, s follows NLO QCD-Factorization
(QCDF) 3 including the modeling of the 1/mb suppressed IR divergences coming from WA
and HSS. We start by decomposing the B̄Q decay amplitude through a b → q transition into a

a*speaker
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V1V2 state with the same definite polarisation for both vector mesons:

Āf ≡ A(B̄Q → V1V2) = λ(q)
u Tq + λ(q)

c Pq . (1)

There are three possible helicity amplitude states for the outgoing V V pair. The naive hierarchy4

among the helicity amplitudes shows that transverse amplitudes are power suppressed w.r.t the
longitudinal (the electromagnetic effects known to violate this hierarchy 3 have no impact on
the following argument). The central point here is that the dangerous IR divergences enter
at leading order in the transverse amplitudes but are power-suppressed for the longitudinal
one. This suggested the idea of constructing an observable only sensitive to the longitudinal
amplitudes. We then decided to focus on decays purely mediated through penguin diagrams
(i.e. no tree contributions). Indeed the theoretical uncertainties on the hadronic contributions
can be reduced in these cases due to the fact that the difference of hadronic Δq = Tq − Pq

5,6 is
free from 1/mb-suppressed long-distance divergences.

2.1 The L-observable: SM prediction and comparison with data

We define an observable that will be sensitive to the information on the polarization fraction
but with a cleaner theoretical prediction 2:

LV1V2 =
Bb→s

Bb→d

gb→df
b→s
L

gb→sf
b→d
L

=
|As

0|2 + |Ās
0|2

|Ad
0|2 + |Ād

0|2
, (2)

where Bb→q (f b→q
L ) refers to the branching ratio (longitudinal polarisation) of the B̄Q → V1V2

decay governed by a b → q transition. Āq
0 and Aq

0 are the amplitudes for the B̄Q and BQ decays
governed by b → q with final vector mesons longitudinally polarised and gb→q stands for the
phase space factor (see Ref. 2 for definition). In the particular case of the penguin-mediated
decays Bd,s → K∗0K̄∗0 taking experimental data from LHCb 7 and Babar 8 we find:

Exp : LK∗K̄∗ = 4.43± 0.92, (3)

where we included the effect of Bs meson mixing in the measurement of the branching ratio
(leading to a correction of at most 7%). Concerning the SM prediction, we found in Ref. 2:

LK∗K̄∗ = κ

∣∣∣∣Ps

Pd

∣∣∣∣2
⎡⎢⎣ 1 + |αs|2

∣∣∣Δs
Ps

∣∣∣2 + 2Re
(
Δs
Ps

)
Re(αs)

1 + |αd|2
∣∣∣Δd
Pd

∣∣∣2 + 2Re
(
Δd
Pd

)
Re(αd)

⎤⎥⎦ . (4)

See Ref. 2 for explicit definitions of κ and αd,s. We obtain in the NLO-QCDF case 2:

QCD fact : LK∗K̄∗ = 19.5+9.3
−6.8 2.6σ . (5)

In Table1 the 1σ and 2σ confidence intervals are provided using the whole distribution for L.
The 1/mb suppressed contributions entering LK∗K̄∗ are parametrised in the same manner as in
Ref. 3, involving two regulators XH and XA treated as universal for all channels:

XH,A = (1 + ρH,Ae
iϕH,A) ln

(
mB

Λh

)
. (6)

The comparison between theory and experiment points to a possible deficit in the b → s tran-
sition (reminiscent of the deficit for muons in b → s�� decays). Finally, a detailed analysis of
the error budget points to the amount of SU(3) breaking in the form factors as the main source
of uncertainty in the ratio LK∗K̄∗ (around 30%) and a much lower impact of IR divergences
in the ratio than in the individual penguin amplitudes. This means that improving on form
factors and their correlation can substantially help in reducing the theory uncertainty on the
SM prediction.
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Table 1: 1σ and 2σ confidence intervals for the SM prediction of LK∗K̄∗ within QCD factorisation.

Observable 1σ 2σ

LK∗K̄∗ [12.7, 28.8] [7.5, 43]

3 Model independent interpretation and simplified models

A model independent analysis in terms of NP contributions to the Wilson coefficients of the
operators of the Heff (governing the b → s transition 2) identified three possible relevant coef-
ficients: a) the coefficient Cc

1s of the operator Qp
1s = (p̄b)V−A(s̄p)V−A that however requires

too large a NP contribution (∼60%) in conflict with recent analyses on non-leptonic con-
straints 9 and dijet angular distribution bounds 10 b) the penguin coefficient C4s of the operator
Q4s = (s̄ibj)V−A

∑
q (q̄jqi)V−A that requires a NP contribution of order 25% (incidentally of

similar size as the semileptonic NP contribution to Ceff
9 ) and c) the chromomagnetic coefficient

Ceff
8gs of the operator Q8gs = −gs

8π2 mb s̄σμν(1 + γ5)G
μνb that would require a contribution of the

same order of the SM, also allowed due to the very weak constraints on this coefficient.
Concerning specific models to explain this tension, the possibility of a tree-level NP contri-

bution entering C4s via a massive SU(3)c Kaluza-Klein gluon (axi-gluon) was discussed. We
parametrise its couplings to down quarks as

L = ΔL
sbs̄γ

μPLT
abGa

μ +ΔR
sbs̄γ

μPRT
abGa

μ , (7)

with ΔL,R
sb assumed real. We also define from Eq. (7) analogous flavour diagonal couplings which

we will denote as ΔL,R
qq . We assume these universal flavour-diagonal couplings for the KK gluon

to the first two generations of quarks to avoid large effects in K and D mixing. Taking maximal
coupling for ΔL

qq (with R partner to zero) still a significant fine-tuning is required between ΔL
sb

vs ΔR
sb to account for the constraint from B-meson mixing. An alternative possibility through a

loop-generated contribution to C8gs is discussed in Ref. 2.
Finally a possible model-dependent way to establish a link with b → s�� anomalies in the

former model is to embed the KK gluon as part of the particle spectrum of a composite/extra-
dimensional model including a Z ′ boson. While the KK gluon would explain the LK∗K∗ tension
the Z ′ due to the large sb coupling could explain the b → s�+�− anomalies without violating
LHC di-lepton bounds 11.

In summary, in this article we introduced the L-observable as a ratio of longitudinal ampli-
tudes of two non-leptonic related decays governed by a b → s versus a b → d transition. This
quantity offers the possibility to analyze, in particular, the striking difference in longitudinal
polarization fractions between the two penguin-mediated U-spin partners Bd,s → K∗0K̄∗0 in a

- - - - - -

Figure 1 – The tension between the theoretical prediction (blue) and the experimental value (orange) is reduced
below 1σ for CNP

4s 
 0.25CSM
4s (upper plot) or Ceff,NP

8gs 
 −Ceff,SM
8gs (lower plot). The predictions are given for CNP

4s

and Ceff,NP
8gs for a range corresponding to 100% of their respective SM values.
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better control way than using the polarization fractions itself. We identify the (ratio of) form
factors as the main source of theoretical uncertainty for the SM prediction while WA and HSS
infrared divergences entering in a power suppressed way, play a secondary role. We find a tension
of 2.6σ between our SM prediction and data. Moreover, we identify the main coefficients that
can play a role in explaining this anomaly, namely, C4s and C8gs and we discussed a simplified
model based on an axi-gluon as a possible explanation (see 2 for another example), but requiring
a significant amount of fine-tuning to satisfy Bs mixing.

LK* K* (2 )
LK* K* (1 )
Bs-Bs (2 )
Bs-Bs (1 )

-0.1 0.0 0.1 0.2 0.3 0.4 0.5
-0.005

0.000

0.005

0.010

sb
L

mKK

5 TeV

sbR
m
K
K

5
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V

Figure 2 – Preferred regions for the KK-gluon left- and right-handed couplings to s-b quarks from Bs− B̄s mixing
(red) and LK∗K̄∗ (blue) compatible with LHC searches assuming real couplings. Note that explaining LK∗K̄∗
requires fine-tuning in ΔL

sb vs ΔR
sb.
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Beautiful mixing and CP violation at LHCb

Philippe d’Argent on behalf of the LHCb collaboration
CERN, Geneva, Switzerland

Precision measurements of beauty hadron decays are sensitive probes of the Standard Model
and a promising way to look for new physics phenomena far beyond the energy scale accessible
for direct production searches. This article reviews recent measurements of mixing and CP
violation in beauty decays performed at the LHCb experiment that have been presented at
the 55th Rencontres de Moriond QCD conference.

1 The Standard Model and beyond

In the framework of the Standard Model of particle physics, the charge-parity (CP) symmetry
between quarks and antiquarks is broken by a single complex phase in the Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix. The unitarity of this matrix leads to the condition
VudV

∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0, where Vij are the complex elements of the CKM matrix. This

equation can be visualised as a triangle in the complex plane with angles α, β and γ. A key
consistency test of the Standard Model is to verify the unitarity conditions by over-constraining
the CKM matrix with various independent measurements sensitive to distinct combinations of
matrix elements. While the magnitudes of the CKM matrix elements can be determined from
the decay rates of respective flavour-changing transitions, measurements of CP asymmetries
generally permit determining the CKM phases. Here, the angle γ ≡ arg[−(VudV

∗
ub)/(VcdV

∗
cb)]

has particularly interesting features as it is the only CKM angle that can be measured in tree-level
decays. In such decays, the interpretation of physical observables (rates and CP asymmetries)
in terms of the underlying CKM parameters is subject to negligible theoretical uncertainties.
Hence, a precision measurement of γ provides a Standard Model benchmark, to be compared
with indirect determinations from other CKM matrix observables which are more susceptible to
new physics phenomena beyond the Standard Model.

2 Direct CP violation in beauty decays

The most stringent constraints on the CKM angle γ come from measurements of direct CP
violation in B∓ → DK∓ decays, where D represents an admixture of the D0 and D̄0 flavour
states. While the B− → D0K− decay proceeds via a b → cūs quark-level transition, a b → uc̄s
transition leads to the B− → D̄0K− decay. Provided that the charm meson decays into a final
state, f , which is accessible for both flavour states, phase information can be determined from the
interference between these two decay paths. The relative phase between the corresponding decay
amplitudes has both CP-violating (γ) and CP-conserving (δDK

B ) contributions. A measurement
of the decay rate asymmetry between B+ and B− mesons thus gives sensitivity to γ. The
sensitivity is driven by the size of rDK

B , the ratio of the magnitudes of the B− → D̄0K− and
B− → D0K− amplitudes. Similar interference effects also occur in B∓ → Dπ∓ decays, albeit
with a significantly reduced sensitivity to the phases due to additional Cabibbo-suppression
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(rDK
B ≈ 20 rDπ

B ). Two recent measurements of direct CP violation in B∓ → Dh∓ (h ∈ {K,π})
decays study two-body (D → h±h∓) and self-conjugate three-body (D → K0

s h
±h∓) charm

decays, respectively. Both analyses use data accumulated with the LHCb detector over the
period from 2011 to 2018 in pp collisions at energies of

√
s = 7, 8 and 13 TeV, corresponding to

a total integrated luminosity of approximately 9 fb−1.
The first analysis 1 considers the CP-eigenstates D → π±π∓ and D → K±K∓ as well as

D → K+π−, where the D0 → K+π− and D̄0 → K+π− decays are related by the amplitude
magnitude rKπ

D and the strong-phase difference δKπ
D . For the latter case, the similar magnitude

of rDK
B and rKπ

D leads to significant interference between the two decay paths (favoured B decay
followed by suppressed D decay, and suppressed B decay followed by favoured D decay). As is
evident from the invariant-mass distributions shown in Fig. 1, this results in a huge asymmetry
between the B− and B+ decay rates. Moreover, the analysis includes partially reconstructed
B∓ → D∗h∓ decays, in which the vector D∗ meson decays to either the Dπ0 or Dγ final state.
In total 28 observables (CP asymmetries and decay rate ratios) are measured. The combined

information allows deriving tight constrains on the underlying physics parameters rXB , δXB , rfD, δ
f
D

and γ (X ∈ {DK,Dπ,D∗K,D∗π}, f ∈ {K±π∓,K+K−, π+π−}) as displayed in Fig. 2 for the
(rDK

B , γ) plane.

Similarly, the analysis of D → K0
s h
±h∓ decays 2 investigates differences in the phase-space

distributions of B+ and B− meson decays. To interpret the result in terms of the physical
observables, knowledge of the the strong-phase variation over the Dalitz plot of the D decay is
required. A model-unbiased approach is employed that uses direct measurements of the strong-
phase difference between D0 and D̄0 decays, averaged over regions of the phase space. These
strong-phase differences have been measured by the CLEO and the BESIII collaborations using
quantum correlated pairs of D mesons produced in decays of ψ(3770). The Dalitz-plot binning
scheme is optimized with the help of an amplitude model. With this procedure, the CKM angle
γ is determined to be γ = (68.7+5.2

−5.1)
◦, the most precise single measurement to date. The results

are in good agreement with the D → h±h∓ analysis and are crucial to resolve the remaining
ambiguities in the parameter space, see Fig. 2.

5000 5200 5400
m([K+π−]DK−) [MeV/c2]

0

50

100

150

200

C
a
n
d
id
a
t
e
s
/
(
4
.0

M
e
V
/
c
2
)

LHCb
9 fb−1

5000 5200 5400
m([K−π+]DK

+) [MeV/c2]

0

50

100

150

200

C
a
n
d
id
a
t
e
s
/
(
4
.0

M
e
V
/
c
2
)

LHCb
9 fb−1

Figure 1 – Invariant-mass distribution of B− → [K+π−]DK− (left)
and B+ → [K−π+]DK+ (right) candidates with the fit projections
overlaid. The signal component (red peak) and show a huge asymme-
try. Partially reconstructed decays are visible at low invariant mass.
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Figure 2 – Confidence region in the
(rDK

B , γ) plane for both B∓ → D(∗)h∓

analyses.

The family of B → Kπ decays receives significant contributions from loop-level transitions
providing a powerful probe for new physics phenomena. Measurements of direct CP violation
in these channels have revealed significant deviations from the expected isospin symmetry, an
anomaly known as the Kπ puzzle. The reconstruction of the B+ → K+π0 decay is particularly
challenging at a hadron collider as no B-meson decay vertex can be reconstructed from a single
charged track. Charged kaons that are inconsistent with originating from the primary collision
point but consistent with the reconstructed trajectory of the b-meson candidate are selected
from a data sample corresponding to a luminosity of 5.4fb−1. The CP asymmetry between B−

and B+ decay rates is found to be 3 ACP (B
+ → K+π0) = 0.025± 0.015± 0.006± 0.003, where
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the uncertainties are statistical, systematic and due to external inputs. This result is consistent
with the world average and exceeds its precision. It confirms and significantly enhances the
observed anomalous difference between the direct CP asymmetries of the B+ → K+π0 and
B+ → K+π− decays.

3 Mixing-induced CP violation in beauty decays

Neutral B0
s mesons can oscillate into their antiparticle counterparts via quantum loop processes

opening additional mechanisms for CP symmetry breaking. The frequency of this oscillation,
Δms, is an important parameter of the Standard Mode and provides powerful constraints in
global CKM fits. The mixing from B0

s to B̄0
s occurs about three million million times per second,

making it a major experimental challenge to resolve it. Due to the excellent decay vertex reso-
lution and track momentum resolution, the LHCb detector is ideally suited for this task. Two
recent measurements of Δms use flavour specific B0

s → D−s π+π−π+ (9 fb−1) 4 and B0
s → D−s π+

(6 fb−1) 5 decays, respectively. To determine if a neutral meson oscillated into its antiparticle,
knowledge of the initially created flavour eigenstate is required. This is achieved by using a com-
bination of several flavour-tagging algorithms that exploit different features of the b-hadron pro-
duction process. Figure 3 shows the oscillation pattern of signal decays having the same flavour
at the production and decay, and those, for which the flavour has changed. Both measurements
of the oscillation frequency are significantly more precise than the current world-average value.
Their combination with previous LHCb measurements yields Δms = 17.7656± 0.0057 ps−1, a
crucial legacy measurement of the original LHCb detector.

Interference between the amplitudes of a B0
s meson directly decaying through b → cc̄s

into a CP eigenstate or after oscillation to a B̄0
s meson gives rise to the CP violating phase

φs ≈ −2βs with βs ≡ arg[−(VtsV
∗
tb)/(VcsV

∗
cb)]. The precise measurement of this phase is of

high interest because of its potential sensitivity to new particles altering the mixing amplitudes.
A time-dependent angular analysis of B0

s → J/ψφ decays with J/ψ → e+e− and φ → K+K−

determines the mixing phase to be φs = 0.00 ± 0.28 ± 0.05 rad (3 fb−1) 6. This is the first
measurement of φs with an electron pair in the final state. The result shows no evidence of
CP violation and is consistent with previous measurements and the Standard Model prediction.
It also constitutes an important cross-check for the results with muons in the final state with
independent systematic uncertainties.

Complementary to the γ measurements in charged b-hadron decays, mixing-induced CP
violation in B0

s → D∓s K±π±π∓ decays provides sensitivity to the weak phase γ − 2βs. This
is studied for the first time using 9 fb−1 of pp collision data recorded by the LHCb detector 4.
Due to the multi-body final state, the hadronic parameters vary across the five dimensional
phase space of the decay. A time-dependent amplitude analysis is performed to disentangle
the various intermediate-state components contributing via b → c or b → u quark-level tran-
sitions. The prominent contributions are found to be the cascade decays B0

s → D∓s K1(1270)
±

and B0
s → D∓s K1(1400)

± with K1(1270)
± → K∗(892)0π±,K±ρ(770)0,K∗

0 (1430)
0π± as well

as K1(1400) → K∗(892)0π±. Figure 3 shows the mixing asymmetry for final state f =

D−s K+π+π−, defined as Af
mix(t) = (Nf (t)− N̄f (t))/(Nf (t) + N̄f (t)), where Nf (t) (N̄f (t)) de-

note the number of initially produced B0
s (B̄0

s ) mesons. The equivalent mixing asymmetry for

the CP-conjugate process, Af̄
mix(t), shows a phase shift related to the weak phase γ−2βs signify-

ing time-dependent CP violation. The CKM angle γ is determined to be γ = (44±12)◦ by taking
the mixing phase βs as external input. An alternative model-independent measurement, inte-
grating over the phase space of the decay, gives a consistent result, γ = (44+20

−13)
◦, with reduced

statistical precision but free of model uncertainties related to the amplitude parameterization.

The CP asymmetries of charmless B0
(s) decays to two-body charged final states provide access

to the CKM angles α and γ and the B0 and B0
s mixing phases. In contrast to the tree-level

measurements from B∓ → Dh∓ and B0
s → D∓s K±π±π∓ decays, the sensitivity to the CKM
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angles originates from the interference of the b → u tree-level with the b → d or b → s loop-
level transitions. Figure 4 shows the decay-time distribution of flavour-tagged B0

s → K+K−

signal decays using a data sample corresponding to a luminosity of 1.9fb−1. The CP observables
describing the decay-time distribution are measured with world-best precision 7. Combined with
previous LHCb results, the first observation of time-dependent CP violation in the B0

s system
is reported. This is an important milestone for flavour physics.
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4 Outlook

The LHCb collaboration continues to push the frontier of heavy flavour physics. New measure-
ments of the B0

s − B̄0
s mixing frequency have reached unprecedented precision. While time-

dependent CP violation in the B0
s system has now been observed for the first time, the breaking

of CP symmetry has still not been observed in the baryon sector. With the first amplitude
analysis of any b-baryon decay mode allowing for CP-violation effects, the LHCb collaboration
is also pioneering in this field. Within the current precision, no significant CP asymmetries have
been observed for the amplitude components contributing to Ξ−b → pK−K− decays 8.

Thanks to the combination of plenty of decay modes and advanced analysis techniques, the
LHCb collaboration achieved an impressive overall precision on the CKM angle γ as shown in
Fig. 5. Including the new results presented here, the LHCb average9 yields γ = (67±4)◦. This is
in excellent agreement with global CKM fits. With the upcoming Run 3 data-taking period, the
combination of LHCb results will enter the high precision region where discrepancies between
direct measurement and indirect CKM prediction may be observed. An ultimate precision at
the sub-degree level will be achievable in the high luminosity LHC era. It remains thrilling to
see whether new phenomena beyond the established theory can be uncovered. The anomaly
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observed in B → Kπ decays, strengthened by recent LHCb results, might already point to
internal inconsistencies of the Standard Model.
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Mixing and CP violation in charm decays at LHCb

Tom Hadavizadeh, on behalf of the LHCb collaboration
Monash University, Melbourne, Australia

Recent measurements of mixing and CP violation in charm decays at LHCb are presented.
These include searches for direct CP violation in D0→ K0

SK
0
S, D

+
(s)→ h+π0 and D+

(s)→ h+η

decays, and a search for time-dependent CP violation in D0 → h+h− decays, where h+ is
either a π+ or K+ meson.

1 Introduction

Charm hadrons provide a unique opportunity to test CP violation in the decays of up-type
quarks. However, due to the small size of the relevant CKM matrix elements, CP violation in
charm decays is very suppressed and typically of the order 10−4–10−3. For both neutral and
charged D mesons, CP violation can manifest itself directly as an asymmetry in the decay rates
of particle and antiparticle states. For neutral D mesons, the oscillation between D0 and D0

flavour eigenstates enables indirect CP violation in the mixing, and in the interference between
mixing and decay.

Large samples of D mesons have been collected by the LHCb experiment during Run 1
and Run 2 of the LHC. Direct CP violation has been observed in neutral D0 mesons in the
difference of the time-integrated CP asymmetries ΔACP = ACP (D

0 → K+K−) − ACP (D
0 →

π+π−).1 However, further measurements are required to help shed light on the nature of this
observation, which, to be explained within the Standard Model (SM), requires an enhancement
of rescattering effects by one order of magnitude beyond the naive QCD expectation. Three
recent such measurements are presented.

2 Measurement of CP asymmetry in D0→ K0
SK

0
S decays

The decay D0→ K0
SK

0
S is an ideal candidate for observing CP violation in charm decays as it

only receives contributions from similarly sized loop-suppressed and tree-level exchange diagrams
that disappear in the flavour-SU(3) limit. Theory predictions estimate that ACP (D

0→ K0
SK

0
S)

could be as large as O(%).2 The results presented here use the full Run 2 data set,3 including
a reanalysis of the data taken during 2015–2016 with 30% improved sensitivity over the pre-
vious measurement.4 The D0 mesons originate from D∗+→ D0π+ decays, allowing the flavour
of the D0 to be determined from the charge of the accompanying pion. Only a fraction of K0

S

mesons decay early enough to be within the VELO tracking detector, but they have a better
mass, momentum and vertex resolution. Each K0

S meson is reconstructed using two long (L)
or downstream (D) tracks, which include or do not include segments in the VELO tracking
detector. This leads to three categories when the K0

S mesons are combined to form D0 mesons,
which are referred to as LL, LD and DD. The time-integrated ACP is measured using a simul-
taneous maximum-likelihood fit to Δm = m(K0

SK
0
Sπ

+)−m(K0
SK

0
S) and the masses of both K0

S
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Figure 1 – Distribution of the Δm observable for D0→ K0
SK

0
S candidates in the (left) LL, (middle) LD and (right)

DD K0
S reconstruction categories. Fit projections are overlaid.

candidates.
This measurement includes improvements in the analysis strategy that increase the sensi-

tivity with respect to previous measurements. The candidates are split according to whether
they are compatible with originating at the primary proton–proton interaction vertex (PV); for
those that are, a factor of two better mass resolution is achieved by constraining the D∗+ decay
vertex to coincide with the PV. A multivariate classifier (kNN) is used to reduce the combina-
torial background, and additionally to split the remaining candidates into categories, improving
the sensitivity to ACP . The effect of the production and detection nuisance asymmetries are
removed using input from a calibration sample of D0→ K+K− decays, accounting for the dif-
ferent kinematics through a momentum-dependent weighting. Examples of the distribution of
Δm in the different K0

S reconstruction categories are shown in Fig. 1.
The CP asymmetry is measured to be

ACP (D
0→ K0

SK
0
S) = (−3.1± 1.2± 0.4± 0.2)%,

where the first uncertainty is statistical, the second systematic and the third arises from the
uncertainty on ACP (D

0 → K+K−).5 This constitutes the most precise measurement to date,
is compatible with no CP asymmetry within 2.4 standard deviations and is in agreement with
previous determinations.

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

(s)→ h+η decays

The two-body decays of charged D mesons D+
(s)→ h+π0 and D+

(s)→ h+η, where h+ stands for

π+ or K+, proceed via Cabibbo-favoured, singly Cabibbo-suppressed (SCS) or doubly Cabibbo-
suppressed amplitudes. The SCS decays D+

s → K+π0, D → π+η and D+
s → K+η are ex-

pected to have a CP asymmetry O(10−4–10−3).8,9,10,11 Due to isospin constraints, the SCS
mode D+→ π+π0 is expected to have a CP asymmetry smaller than 10−5 in the SM; a nonzero
CP asymmetry would indicate physics beyond the SM.12

Modes with only one track and a neutral particle are challenging to reconstruct at LHCb
as it is not possible to determine the displaced D-meson decay vertex to suppress background.
Reconstructing decays of the neutral mesons into the e+e−γ final state enables the D decay
vertex to be determined; however, the branching fractions for these processes are suppressed
by two orders of magnitude with respect to the two-photon final state. A contribution, larger
by a factor of four, to the same final state arises from decays of the neutral mesons to two
photons, where one photon interacts with the detector material and converts into an e+e−

pair. The CP asymmetry measurements are performed using data taken during Run 1 and (or)
Run 2 of the LHC for final states including a π0 (η) meson, using two-dimensional fits to the
invariant masses m(e+e−γ) and m(h+h0) ≡ m(h+e+e−γ)−m(e+e−γ) +m(h0), where m(h0) is
the known neutral-meson mass.6 The m(h+h0) distributions are shown in Fig 2. The production
and detection nuisance asymmetries are subtracted using large samples of D+

(s)→ K0
Sh

+ decays,

for which the CP asymmetry is know with a better precision.7 The D+
(s) → K0

Sh
+ samples are
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weighted to match the kinematics of the signal samples to ensure cancellation of the nuisance
asymmetries. The results are consistent with no CP violation in all studied modes:

ACP (D
+→ π+π0) = (−1.3± 0.9± 0.6)%,

ACP (D
+→ K+π0) = (−3.2± 4.7± 2.1)%,

ACP (D
+→ π+η) = (−0.2± 0.8± 0.4)%,

ACP (D
+→ K+η) = (−6 ± 10 ± 4 )%.

ACP (D
+
s → K+π0) = (−0.8± 3.9± 1.2)%,

ACP (D
+
s → π+η) = ( 0.8± 0.7± 0.5)%,

ACP (D
+
s → K+η) = ( 0.9± 3.7± 1.1)%,

Five of these constitute the most precise measurements to date.

4 Search for time-dependent CP violation in D0→ K+K− and D0→ π+π− decays

The CP asymmetry of neutral D mesons can vary as a function of decay time as a result of
the mixing between D0 and D0 mesons. The mixing can be quantified using the parameters
x12 ≡ 2|M12/Γ| and y12 ≡ |Γ12/Γ|,13 where M− i

2Γ is the effective Hamiltonian of the D0-meson
system and Γ is the average decay width of the mass eigenstates D1,2. The asymmetry of the
time-dependent decay rates into the final state f = K+K− or π+π− can be approximated as

ACP (D
0→ f, t) ≈ adf +ΔYf

t

τD0

, (1)

where adf is the CP violation in decay, τD0 is the D0 meson lifetime, and the slope ΔYf is

approximately equal to the negative of the parameter Af
Γ used in previous measurements.14 The

quantity ΔYf is expected to be in the range 10−4–10−5 in the SM.15,16 The current world average
ΔY = (3.1± 2.0)× 10−4, which neglects subleading final-state dependent contributions, shows
no evidence of CP violation in the mixing.17

The new measurements presented here use the full Run 2 data set.18 The analysis method is
developed and validated using the decay D0→ K−π+, for which the analogue of ΔY is known
to be smaller than the current experimental precision. The data sample comprises 58 million
D0→ K+K− and 18 million D0→ π+π− signal candidates and 0.5 billion D0→ K−π+ control
candidates, achieving a precision of 0.5 × 10−4 in the parameter ΔYK−π+ . The D0 mesons
are required to originate from the D∗+ → D0π+ decay. The selection requirements induce
correlations between the momenta and decay time, causing the momentum-dependent detection
asymmetries to result in a nonlinear raw asymmetry as a function of decay time. Equalising
the kinematic distributions of D0 and D0 candidates and of π+ and π− candidates successfully
removes the time dependence in the control-mode asymmetry. Contributions from D0 mesons
from b-hadron decays are removed by placing a requirement on the impact parameter of the
D0 meson. A small fraction remains (4%), which increases as a function of decay time. The
associated bias on ΔY , 0.3× 10−4, is measured and subtracted.
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Figure 3 – Linear fit to the time-dependent asymmetry of the (left) D0 → K+K− and (right) D0 → π+π−

candidates.

The fits to the asymmetry of the signal candidates as a function of decay time are shown in
Fig. 3. The results are

ΔYK+K− = (−2.3± 1.5± 0.3)× 10−4,

ΔYπ+π− = (−4.0± 2.8± 0.4)× 10−4,

which are combined with previous LHCb measurements to yield the LHCb legacy result with
Run 1 and Run 2 data, ΔY = (−1.0± 1.1± 0.3)× 10−4. This is consistent with no CP violation
and improves on the precision of the world average by a factor of nearly two.

5 Conclusions

Searches for direct CP asymmetry have been performed in D0 → K0
SK

0
S, D+

(s) → h+π0 and

D+
(s) → h+η decays, leading to worlds best measurements in most modes. All of the results

are consistent with no CP violation. Time-dependent CP violation parameters are measured
in D0 → h+h− decays and found to be consistent with no CP violation, greatly improving
the precision with respect to the current world average. Many more charm measurements are
underway with the Run 2 dataset and the upgraded LHCb detector in Run 3 is expected to
collect even larger samples.
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Assuming the unitarity of the Cabibbo-Cobayashi-Maskawa (CKM) matrix and comparing
the elements Vud and Vus extracted from beta and kaon decays, respectively, a discrepancy of
∼3σ emerges, called the ”Cabibbo Angle Anomaly” (CAA). This tension can be explained
via modified W couplings to leptons, but in order to consistently assess the validity, a global
fit including the electroweak (EW) precision constraints and the low energy tests of lepton
flavour universality (LFU) is necessary. Performing such a fit for gauge-invariant dimension-6
operators, we find that even when assuming LFU, including the CKM elements Vus and Vud

into the electroweak fit has a relevant impact, shifting the best fit point significantly.
Vector-like leptons (VLLs) are prime candidates for a corresponding UV completion since they
can affect the W and Z couplings to leptons already at tree-level. We find a simple scenario
consisting of a singlet, N , coupling to electrons and a triplet, Σ1, coupling to muons which
not only explains the CAA but also improves the electroweak fit in such a way that its best
fit point is preferred by more than 4σ with respect to the SM.

1 Introduction

In the recent years, even though no new particle has been discovered, after the Higgs boson, at
the LHC, intriguing hints for new physics in the flavour sector have been collected. The long
standing tension in the anomalous magnetic moment of the muon, recently confirmed by the
g−2 experiment at Fermilab, as well as global fits to b → s�+�− and b → cτν data, convincingly
point towards new physics (NP) with a significance of ≈ 4.2σ, >5σ and >3σ, respectively.

In addition, there is the deficit in first row CKM unitarity, known as the Cabibbo Angle
Anomaly (CAA) [1–3] which has been recently studied as a possible sign of LFU violation [3–7]
and lepton flavour violation (LFV) [7, 8] opening the road for interesting connections to other
anomalies in the flavour sector, such as Z → b̄b [9], τ → μνν [9], the aforementioned b → s��
[9,10] and the recent CMS observations in dilepton final state searches [11]. In particular, it has
been shown in Ref [3,5] that modified couplings of gauge bosons to neutrinos provide a solution
to the CAA satisfying the bounds from EW precision measurements and from the low-energy
observables testing LFU. Due to SU(2)L invariance, it is difficult to build a UV complete model
which modfies only the W and Z couplings to neutrinos and it seems more natural to modify
the gauge boson couplings to neutrinos and charged leptons simultaneously. In this context,
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vector-like leptons (VLL) are prime candidates since they modify the gauge boson couplings to
leptons already at tree-level.

VLLs appear in several extensions of the SM, such as Grand Unified Theories, composite
models or models with extra dimensions and, last but not least, are involved in the type I and
type III seesaw mechanisms. In addition, just adding VLLs to the SM results in a consistent
UV complete (renormalizable and anomaly free) extension of it, that can thus be studied on its
own.

2 EFT Approach

At the dimension-6 level, disregarding magnetic operators whose effect vanishes at zero momen-
tum transfer and which can only be generated at the loop level, there are three operators (not
counting flavour indices) in the SU(3)c×SU(2)L×U(1)Y -invariant SM EFT, which modify only
the gauge boson couplings to leptons [12,13]

L = LSM +
1

Λ2

(
C

(1)ij
φ� Q

(1)ij
φ� + C

(3)ij
φ� Q

(3)ij
φ� + Cij

φeQ
ij
φe

)
, (1)

with

Q
(1)ij
φ� = φ†i

↔
Dμφ �̄iLγ

μ�jL , Q
(3)ij
φ� = φ†i

↔
D

I

μφ �̄iLτ
Iγμ�jL , Qij

φe = φ†i
↔
Dμφ ēiRγ

μejR , (2)

where Dμ = ∂μ + ig2W
a
μτ

a + ig1BμY , i and j are flavour indices and the Wilson coefficients C
are dimensionless. These operators result in the following modifications of the Z and W boson
couplings to leptons after EW symmetry breaking

L�,ν
W,Z =

(
�̄fΓ

�ν
fiγ

μPLνiWμ + h.c.

)
+
[
�̄fγ

μ
(
Γ�L
fiPL + Γ�R

fi PR

)
�i + ν̄fΓ

ν
fiγ

μPLνi

]
Zμ , (3)

with

Γ�L
fi =

g2
2cW

[(
1− 2s2W

)
δfi +

v2

Λ2

(
C

(1)fi
φ� + C

(3)fi
φ�

)]
, Γ�R

fi =
g2
2cW

[
−2s2W δfi +

v2

Λ2
Cfi
φe

]
,

Γν
fi = − g2

2cW

[
δfi +

v2

Λ2

(
C

(3)fi
φ� − C

(1)fi
φ�

)]
, Γ�ν

fi = − g2√
2

(
δfi +

v2

Λ2
C

(3)fi
φ�

)
,

(4)
where we used the convention v ≈ 246GeV and the terms proportional to the Kronecker delta
correspond to the (unmodified) SM couplings.

3 Vector-like Leptons

Vector-like leptons (VLLs) are fermionic singlets under SU(3)c, whose left- and right-handed
components transform in the same way under SU(2)L × U(1)Y and interact with SM leptons
and the Higgs doublet via Yukawa type interactions. The six representations of VLLs allowed
by the SM gauge groups are shown in Table 1. Since these fermions are vectorial, they can have
bare mass terms (already before EW symmetry breaking) and interact with SM gauge bosons
via the covariant derivative. The interactions of the VLLs with the SM leptons are given by

−Lint
NP = λi

N �̄i φ̃ N+λi
E �̄i φE+λi

Δ1
Δ̄1 φ ei+λi

Δ3
Δ̄3 φ̃ ei+λi

Σ0
φ̃† Σ̄I

0 τ
I �i+λi

Σ1
φ† Σ̄I

1 τ
I �i+h.c. ,

(5)
where i is a flavour index and τ I = σI/2 are the generators of SU(2)L. Interactions of two
different VLLs with the Higgs give rise only to dim-8 effects in the Z and W couplings, and are
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therefore neglected in the following. Integrating out the VLLs at tree-level, we find the following
expressions for the Wilson coefficients defined in Eq. (1)

C
(1)ij
φ�

Λ2
=

λi
Nλj†

N

4M2
N

− λi
Eλ

j†
E

4M2
E

+
3

16

λi†
Σ0
λj
Σ0

M2
Σ0

− 3

16

λi†
Σ1
λj
Σ1

M2
Σ1

C
(3)ij
φ�

Λ2
= −λi

Nλj†
N

4M2
N

− λi
Eλ

j†
E

4M2
E

+
1

16

λi†
Σ0
λj
Σ0

M2
Σ0

+
1

16

λj†
Σ1
λi
Σ1

M2
Σ1

(6)

Cij
φe

Λ2
=

λi†
Δ1

λj
Δ1

2M2
Δ1

− λi†
Δ3

λj
Δ3

2M2
Δ3

Table 1: Representations of the VLLs under SU(2)L × U(1)Y .

SU(2)L U(1)Y
N 1 0
E 1 -1
Δ1 = (Δ0

1,Δ
−
1 ) 2 -1/2

Δ3 = (Δ−3 ,Δ
−−
3 ) 2 -3/2

Σ0 = (Σ+
0 ,Σ

0
0,Σ

−
0 ) 3 0

Σ1 = (Σ0
1,Σ

−
1 ,Σ

−−
1 ) 3 -1

4 Observables

Modified gauge boson couplings to leptons induce relevant effects in several physical observables.
Therefore, in order to properly assess the possibility of the NP explaining the CAA, we need
to take into acount all the relevant experimental constraints. Here, we have EW precision
observables and the low energy observables testing LFU, such as K, τ and π decays. In the
following we briefly review these observables and the induced modifications in terms of the
Wilson coefficients discussed in Section 2. In the following we assume that each VLL couples to
only one generation of SM leptons.

4.1 Electroweak Precision Measurements

The EW sector of the SM has been tested with very high precision at LEP, Tevatron and
LHC. It can be completely parameterised by only three Lagrangian parameters and we choose
the set with the smallest experimental error, consisting of the Fermi constant (GF =), the

mass of the Z boson (mZ) and the fine structure constant (αem). The operators Q
(3)ee
φ� and

Q
(3)μμ
φ� modify the extraction of the Fermi constant from muon decay, μ → eνν̄, leading to the

following relation between the quantity appearing in the Lagrangian, GLF , and the measured one

Gexp
F = GLF

(
1 + C

(3)μμ
φ� + C

(3)ee
φ�

)
. For the numerical analysis, we consider the full set of EW

observables (see Ref. [14] for details) implemented in HEPfit [15] taking into account the effects
in GF and in Eq. (4).

4.2 LFU tests

Strong constraints on the violation of LFU in the charged current, i.e. modifications of the W�ν
couplings, are extracted from ratios of W , kaon, pion and tau decays with different leptons in the
final state, which exhibit reduced experimental and theoretical uncertainties. Note that in all
these ratios the dependence on g2, the Fermi constant, etc. drop out and only the modifications

induced by the operators Q
(3)ii
φ� remain.
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4.3 Cabibbo Angle Anomaly

As outlined in the introduction, the CAA is the discrepancy which recently emerged in the first
row CKM unitarity. Using the compilation of Ref. [16], the tension amounts to ∼3σ

|Vus|2 + |Vud|2 + |Vub|2 = 0.9985(5) . (7)

Here, the uncertainty of Vub is immaterial, therefore if there is a NP effect, it must be related
to the extraction of Vus or/and Vud. The most precise determination of Vud is currently the one

from super-allowed β decays (V β
ud) [17], while Vus is given by the average from semi-leptonic

Kaon decays (V K�3
us ) and K → μν/π → μν (V

Kμ2
us ). The latter allows to measure very precisely

the ratio Vus/Vud and the effects of modified W couplings drop out in the ratio. Concerning V β
ud

and V K�3
us , including the modified couplings in Eq. (4) and the indirect effect of GF , we find

|V Kμ3
us | �

∣∣∣∣V Lus(1− v2

Λ2
C

(3)ee
φ�

)∣∣∣∣ , |V β
ud| �

∣∣∣∣V Lud(1− v2

Λ2
C

(3)μμ
φ�

)∣∣∣∣ , (8)

where V Lus and V Lud are the elements of the (unitary) CKM matrix appearing in the Lagrangian.

5 Analysis & Results

We start performing a model independent analysis of the effective operators in Eq. (1). As a first

step we assume LFU, supplementing the SM with three additional parameters: C
(3)
φ� , C

(1)
φ� and

Cφe. Interestingly, even under this assumption, including the CAA into the fit has a significant

impact. In fact, the 68% C.L. regions for C
(3)
φ� and C

(1)
φ� , including Eq. (8), do not overlap with

the 68% C.L. regions for which the CAA is not considered. Next, we allow for LFU violation
and consider three different scenarios: the general case with six independent parameters, and

two scenarios with three parameters: C
(1)
φ� = −C

(3)
φ� ,already considered in Ref. [3], and C

(3)ii
φ�

only (we neglect Cφe which does not have a relevant impact on the fit). We find that all these
scenarios give a better fit to data than the SM (details in Ref. [14]).
In a second step, we perform a global fit for the patterns of Wilson coefficients given by each
representation of VLL. We find that, individually, they can only describe data similarly well as
the SM. This can be seen from the obtained IC values of 93, 99, 96, 98, 95 and 92 for N, E,
Δ1, Δ3, Σ0 and Σ1, respectively. Therefore, in order to find a minimal model which is able to
improve the agreement with data, we allow for more than one VLL representation at the same
time. Interestingly, we find that this can be achieved with a singlet N coupling only to electrons
and a triplet Σ1 coupling only to muons. The results of the corresponding two-dimensional fit
are depicted in Fig. 1, which shows that NP is preferred by more than 3σ with respect to the SM
( shown by the (0, 0) point of the plane). Since this combination of VLLs describes experimental
data so well, we show the posteriors for the most relevant observables in Table 2.

6 Conclusion

The CAA has recently taken its place in a established and coherent pattern of anomalies pointing
to lepton flavour universality violation, containing b → s��, (g− 2)μ, R(D(∗)), etc. In this work,
we assessed how modified gauge boson couplings to leptons can solve the tension in the CAA,
satisfying all the constraints from EW precision data and low energy observables testing LFU.
Firstly, we perfomed a global fit to the SMEFT operators which directly modify the W and Z
couplings to leptons at the dim-6 level, finding several patterns of Wilson coefficients which are
able to solve the CAA and simultaneously improve the EW fit. Then, we considered VLLs as a
concrete UV complete extension of the SM since they induce the required coupling modifications
at tree-level. We found a very interesting simple model, consisting of a singlet N and a triplet
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Σ1 coupling only with electrons and muons, respectively, which solves the tension in the CAA
and strongly improves the global agreement with the data. This result not only supports the
idea of interpreting the CAA as a hint of LFU, but provides also an interesting starting point
to study correlations with other anomalies by finding combined explanations.

Figure 1 – Global fit with one generation of the VLL N coupling to electrons and one generation of the VLL Σ1

coupling to muons. The red regions are preffered at the 68%, 95% and 99.7% C.L.

Table 2: Posteriors for the observables with the largest pulls with respect to the SM, in our model in which N
mixes with electrons and Σ1 with muons. Here, R(Y ) = A[Y ]

A[Y ]SM
, where A is the amplitude, and it is defined in

such a way that in the limit without any mixing between the SM and the VLLs, the ratios are unity. Note that

|V Kμ3
us | and |V β

ud| are the predictions for these CKM elements as extracted from data assuming SM.

Observable Measurement SM Posterior NP Posterior Pull

MW [GeV] 80.379(12) 80.363(4) 80.369(6) 0.56

R
[
K→μν
K→eν

]
0.9978± 0.0020 1 1.00168(39) −0.80

R
[π→μν
π→eν

]
1.0010± 0.0009 1 1.00168(39) 0.42

R
[ τ→μνν̄
τ→eνν̄

]
1.0018± 0.0014 1 1.00168(39) 1.2

|V Kμ3
us | 0.22345(67) 0.22573(35) 0.22519(39) 0.77

|V β
ud| 0.97365(15) 0.97419(8) 0.97378(13) 2.52
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Production of exotic hadrons in pp collisions at 1.96 TeV at D0

Peter H. Garbincius
on behalf of the D0 Collaboration

Fermi National Accelerator Laboratory, Batavia, Illinois 60510 USA

D0 presents results on the hadronic production of X(3872), ψ(2S), Z±c (3900), and the inclusive
production of pentaquarks Pc → J/ψ p.

1 Introduction

1.1 Exotic 4- and 5-quark particles

In 1964, Gell-Mann and Zweig theorized that mesons were formed by quark-antiquark pairs and
baryons by three quarks. Both theories also allowed for mesons consisting of two quarks and two
antiquarks and baryons consisting of four quarks plus an antiquark. These exotic multi-quark
states have been the subject of extensive theoretical and experimental studies 1,2.

The first confirmed 4-quark state was the X(3872) decaying into J/ψ π+π−, with quark
content ccuu, discovered in 2001 by the Belle 3 experiment. The X(3872) mass is within < 0.25

MeV of the D0D
∗0

threshold, and since it has a large (> 30 %) branching fraction into D0D
∗0
,

there has been theoretical speculation that it is a weakly bound D0 D
∗0

molecule. However,
such a molecule, with such a small binding energy, would have a large spatial extent ≈ 10
fermi, and a large probability for dissociation by interactions with other particles produced at

primary hadronic interaction vertices. So, could the X(3872) be composed of a D0D
∗0

molecule,
or hadrocharmonium (a cc pair embedded in a cloud of uu light quarks), or a tightly bound
tetraquark or diquark-antidiquark pair?

In 2015, the LHCb 4 experiment discovered pentaquarks, with quark content uudcc, in Λ0
b →

K−P+
c with the pentaquark decay P+

c → J/ψ p.

1.2 The D0 Experiment and Analyses

D0 5,6,7 studied charmonium-like exotics decaying into J/ψ → μ+μ− plus 1, 2, or 3 hadrons.
In pp collisions, J/ψ are produced promptly, at the primary event vertex, either directly or in
strong decays of higher-mass charmonium-like states, or non-promptly in b-hadron decays with
the decay vertex displaced from the primary vertex, with proper decay length cτ ≈ 0.46 μm.
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Figure 1 – (left to right:) Mass spectra for (a) ψ(2S) and (b) X(3872), both decaying into J/ψ π+π−; and pT
distributions for the non-prompt fractions fNP for (c) ψ(2S) and (d) X(3872).

The event sample was split into: “displaced vertex” candidates from the decays of b-hadrons,
based mainly on the significance of the transverse vertex separation Lxy/σLxy , with the remaining
events classified as “primary vertex” candidates.

After correcting for the b-decay events feeding into the primary vertex candidates, we studied
the prompt and non-prompt production of X(3872) and Z±c (3900) and compared with prompt
and b-decay samples of charmonium ψ(2S) → J/ψ π+π−.

2 X(3872) and Comparison with ψ(2S) – is the X(3872) a molecule?

We sorted the X(3872) and ψ(2S) → J/ψ π+π− candidates into bins in pT and pseudo-proper
time, tpp = Lxy · pT m/(p2T c), and then fitted the for the ψ(2S) and X(3872) yields for
that bin. These yields vs. tpp were then fit for the non-prompt fractions fNP (ψ(2S)) and
fNP (X(3872)). The prompt fractions are fP = 1 − fNP . Figure 1(c) shows the non-prompt
fractions fNP (ψ(2S), pT ), for ATLAS, CMS, CDF, and D0 5. In Fig. 1(d), fNP (X(3872), pT )
is constant with pT , but fNP (LHC) ≈ 3 ∗ fNP (D0), The prompt production of X(3872) may
be suppressed at the LHC relative to the Tevatron due to the dissociation of the spatially large

D0 D
∗0

molecular component by interactions with the higher LHC hadron multiplicity at the
primary vertex. This seems to be consistent with the recent LHCb X(3872) production versus
primary vertex multiplicity 8.

If X(3872) were a molecule, it could be formed by the direct coalescence of D0 and D
∗0
.

Braaten et al. 9,10 also considered production by the scattering D∗+ D
∗0 → π+ D0 D

∗0
followed

by the coalescence of D0 D
∗0 → X(3872). They calculated that fπ ≈ 14 % of the molecular

component of the X(3872), whether produced promptly in the primary hadronic vertex or in the
decay of b-hadrons, would be accompanied by a π± with kinetic energy in the Xπ center-of-mass
reference frame, T(Xπ) < 11.8 MeV. This estimate is strongly dependent on the binding energy
of the X(3872), which is still imprecisely known. No such low-T enhancement is expected for
the charmonium ψ(2S) π, so ψ(2S) π is used to scale acceptances, efficiencies, and random
coincidences for X(3872) π.

Figure 2 displays the 5-track primary vertex ψ(2S) π (left) and X(3872) π (center) with the
T < 11.8 MeV cut. D0 found 44 ± 14 ψ(2S) π events, consistent with the random coincidence
rate. After subtracting 6 expected random coincidences, 12 ± 16 X(3872)π events are observed.
Applying the acceptances and the fπ ≈ 14% ratio, we expected between 245 and 730 events.
Thus we have no evidence for the accompanying π± in the prompt production as expected for
a molecular X(3872) state.

The T(Xπ) distribution for displaced 5-track vertex events is displayed in Fig. 2(right),
showing 27 ± 12 events, including 2 random events for T(Xπ) < 11.8 MeV. Again, scaling the
totalX(3872) yield and applying the acceptances, 30-90 events would be expected. The displaced
vertex X(3872) π events, although consistent with the expected yield, are also within 2 σ of the
null-hypothesis for this low-T(Xπ) molecular scattering process. Of course, the X(3872) could
have only a small molecular component and be consistent with these observations.
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Figure 2 – J/ψ π+π− mass distributions for J/ψ π+π−π± with T < 11.8 MeV cut for ψ(2S) (left) and X(3872)
(center) for the primary vertex event selection. (right) The T(Xπ) distribution for the displaced vertex event
selection for X(3872)π.

Figure 3 – (left) The M(J/ψ π±) distribution for 4.2 < M(J/ψ π+ π−) < 4.3 MeV for displaced vertex events,
the only mass range with a Z±c (3900) yield statistically greater than zero; the Z±c (3900) yields for the six
M(J/ψ π+ π−) mass bins, (center) displaced vertex events, and (right) primary vertex events.

3 Production of Z±
c (3900)

The Z+
c (3900) has a quark composition of ccud and decays into J/ψ π+. D0 6 searched for

Z±c (3900) in 4-track vertex events with Z±c π∓ arising from both prompt and b-hadron decay
processes. We performed a coarse scan in six 100 MeV wide mass bins for the parents of the
Zc(3900), e.g. the previously seen ψ(4260) → Zc(3900) π.

Figure 3(left) shows the M(J/ψ π±) spectrum for the 4.2 < M(J/ψ π±π∓) < 4.3 GeV bin for
displaced vertices, the only bin with a significant Zc(3900) yield. We found 376 ± 76 Zc(3900)
events with a significance of 5.2 σ. Figure 3 also shows the Zc(3900) yields for each of the 6
parent mass bins for the displaced and primary vertex events.

4 Inclusive Pentaquarks

Until now, only LHCb 4 has observed pentaquarks, quoting masses, widths, and relative yields
for three Pc states at 4312, 4440, and 4450 MeV. D0 7 searched for inclusive production of
pentaquarks in Pc → J/ψ p without reconstructing a b-baryon parent. The D0 mass resolution
is insufficient to separate the Pc(4440) and Pc(4457) states. We fixed the masses and widths at
the LHCb quoted values and convoluted with the D0 mass resolution for our fits. We assumed an
incoherent sum of Pc(4440) and Pc(4457), but allowed their relative yields to vary. Figure 4(left)
shows the J/ψ pmass spectrum for displaced vertices, finding a total of N(4440) + N(4457) = 830
± 206 events, with significance of 3.2σ (stat. + syst.). The ratio of N(4440)/(N(4440)+N(4457))
= 0.61 ± 0.23, consistent with the LHCb ratio of 0.68. D0 found only 151 ± 186 events for
displaced vertex Pc(4312).
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Figure 4 – D0 Inclusive Invariant Mass(J/ψ p) distributions: (left:) showing an unresolved peak at the average
mass of the Pc(4440) and Pc(4457) states with significance of 3.2σ (statistical + systematic) for displaced vertex
events; (right:) no significant peak was observed for primary vertex events, nor for the Pc(4312) state.

5 Summary Highlights

The non-prompt fraction fNP (X(3872)) at the Tevatron is ≈ 3 times lower than at the LHC,

indicating that prompt production of a D0 D
∗0

molecular component of the X(3872) may be
more readily dissociated by interactions with the higher primary vertex multiplicity at the LHC.

We found no significant evidence for D
∗+

+D∗0 to produce a co-moving X(3872 and π+.
We observed Z±c production consistent with the sequential decay of b-hadrons → ψ(4260) →

Zc(3900)
±π∓, but found no significant evidence for Zc(3900) via decays of prompt ψ(4260) or

via decays of other parents of Zc(3900)
±π∓ within the 4.1-4.7 GeV mass range.

We observed an inclusive unresolved peak corresponding to the Pc(4440) + Pc(4457) pen-
taquarks from the decay of b-baryons with significance = 3.2σ (stat. + syst.). This was the first
confirmation of the LHCb pentaquark discovery. We found no significant evidence for prompt
Pc(4414) + Pc(4457) or for the Pc(4312) from either prompt or b-baryon decay processes.
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First candidate of the charged hidden-charm tetra-quark with strangeness and
other spectroscopy results at BESIII

Ying Liu, Pei-Rong Li

Lanzhou university

In this talk, we present the recent study on the charmonium-like states from BESIII Col-
laboration based on large data samples above open charm threshold. The observation
of X(3872) from the Y(4260) radiative transition, the study of the Y states from the
e+e− → ηJ/ψ, η′J/ψ and ηcπ

+π−π0 process, the observation of the charged Zc states and
charged Zcs(3985)

±structures, which is the first candidate for a tetra-quark meson containing
hidden-charm with non-zero strangeness.

1 Introduction

Starting from B-factories, new states with characters different from conventional mesons are
observed in the final states with a charmonium and some light hadrons. Due to the strange
properties they carry, these states are called charmonium-like states or XYZ states. The BESIII
1 experiment at BEPCII collider started to take data since 2009. The experiment accumulated
a lot of data around the peaks of the vector charmonium resonances, these data make the study
of the charmonium-like states (or called the XYZ states) at electron-positron collider machine
possible. In this paper, we review recent results of XYZ study in BESIII.

2 XYZ states at BESIII

2.1 X state

The X(3872) was observed by Belle in B± → K±π+π−J/ψ decays 2 and was subsequently con-
firmed by several other experiment 3 4 5. From then on, subsequent studies has been performed
for X(3872). In BESIII, The processes X(3872) → D∗0D̄0 + c.c., γJ/ψ, γψ(2S) and γD+D−

are searched for in a 9.0 fb−1 data sample collected at center-of-mass energies between 4.178
and 4.278 GeV. We observe X(3872) → D∗0D̄0 and find evidence for X(3872) → γJ/ψ with
statistical significances of 7.4 σ and 3.5σ, respectively. No evident signals for X(3872) → γψ(2S)
and γD+D− are found, and upper limit on the relative branching ratio Rγψ = B(X(3872) →
γψ(2S))/B(X(3872) → γJ/ψ)<0.59 is set at 90% confidence level, as shown in Fig 1. This is
consistent with the Belle measurement 7 and the global fit 8, but challenges the LHCb measure-
ment 9. Our measurement, taking into account model predictions, suggests that the X(3872)
state is more likely a molecule or a mixture of molecule and charmonium, than a pure charmo-
nium state and provides essential input to future tests of the molecular model for the X(3872)
meson 10.
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Figure 1 – Left:(a) Fit results for X(3872) → γJψ for the μ+μ− (top) and e+e−(bottom) mode. (b) Fit results
for X(3872) → γψ(2S) for the π+π−J/ψ (top) and μ+μ−(bottom) mode. The points with error bars are from
data, the red curves are the best fit (color online). In (b), the rose-red dotted line represents the fit with the signal
constrained to the expectation using X(3872) → π+π−Jψ based on the relative ratios taken from a global fit 8;
the green dash-dotted lines are using X(3872) → γJ/ψ as the reference based on the LHCb measurement 9, and
the grey long dashed lines are using X(3872) → γJψ as the reference based on the Belle measurement 7. Right:
Left column: M(γLD

0D̄0)with M(γLD
0) in (a) or below (b) the D∗0 mass window. M(π0D0D̄0) with M(π0D0)

in the D∗0 mass window (c). Right column: Simultaneous fit results for X(3872) → D∗0D̄0 with D∗0 → γD0 (d)
and D∗0 → π0D0 mode (e). Fit results for X(3872) → γLD

+D− (f). The points with error bars are from data,
the red curves are the best fit, and the blue dashed curves are the background components color online.

2.2 Y states

The Y-states in charmonium system are mainly observed at B-factories via ISR process. The
Y(4260) was observed by BaBar collaboration in the e+e− → γISRπ+π−J/ψ process 11. This
structure was also confirmed by CLEO 12 and Belle experiments 13 using the same method.
According to a precise cross section measurement for e+e− → π+π−J/ψ reported by BESIII,
two structures were observed. Resonant parameters of the first one are measured to be (4.220±
3.1± 1.4)MeV/c2 and (44.1± 4.3± 2.0) MeV respectively, at the same location as Y(4260) but
much narrower. The second resonance have mass and width as (4320.0±10.4±7.0)MeV/c2 and
(101.4± 25.3± 10.2)MeV, agree with the Y(4360) state.

2.3 cross section of e+e− → π0π0J/ψ 14

Cross sections of the process e+e− → π0π0J/ψ at center-of-mass energies between 3.808 and
4.600 GeV are measured with high precision by using 12.4 fb−1 of data samples collected. The
measured cross sections are fitted by including two resonant structures, Y(4220) and Y(4320),
with the resonant parameters of the Y(4320) fixed to the values taken from 15. The mass and
width of the Y (4220) are determined to be (4220.4±2.4±2.3)MeV/c2 and (46.2±4.7±2.1) MeV,
respectively. These measurements agree with those reported in ref 15, and confirm the existence
of the Y(4220). The neutral charmonium-like state Zc(3900)0 is observed prominently in the
π0J/ψ invariant-mass spectrum, and, for the first time, an amplitude analysis is performed
to study its properties.In addition, cross sections of e+e− → π0Zc(3900)0 → π0π0J/ψ are
extracted, and the corresponding line shape is found to agree with that of the Y(4220).
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Figure 2 – Left: [top]:Fit to the Born cross sections of e+e− → π0π0J/ψ, where points with error bars are
data, the red solid line is the total fit result, the blue dotted line is the non-resonant component, while the
red dashed and dot-dashed lines represent the contributions from Y(4220) and Y(4320), respectively. [Bottom]:
Cross-section ratio of e+e− → π0π0J/ψ to e+e− → π+π−J/ψ, where the black dashed line corresponds to the
average. Right:Fit to the measured e+e− → π0Zc(3900)0 → π0π0J/ψ cross sections. Points with error bars are
data, the red solid curve is the total fit result, the red-dashed (blue-dotted) curve is the resonant (non-resonant)
component, and the magenta dash-dotted line represents the interference of the two components.

2.4 cross section of e+e− → ηJ/ψ 16,e+e− → η′J/ψ 17

A measurement of the cross sections of e+e− → ηJ/ψ and η′J/ψ can provide more information
to study charmonium(-like) states.The cross sections of the process e+e− → ηJ/ψ at center-
of-mass energies between 3.81 and 4.60 GeV are measured.The measured cross sections are fit-
ted by including three resonant structures and assuming the lowest lying one is the ψ(4040).
The measured resonant parameters are consistent with those of the Y(4220) and Y(4360) from
previous measurements of different final states. For the first time, we observe the decays of the
Y(4220) and Y(4360) into ηJ/ψ final states,as shown in Fig 3 left.
The process e+e− → η′J/ψ has been studied using 14 data samples collected at center-of-mass
from 4.178 to 4.600GeV.The energy-dependence of the cross section shows an enhancement
around 4.2GeV.While the shape of the cross section cannot be fully explained with a single
ψ(4160)or ψ(4260) state, a coherent sum of the two states does provide a reasonable description
of the data, as shown in Fig 3 right.

2.5 cross section of e+e− → ηcπ
+π−π0 18

The process e+e− → ηcπ
+π−π0 is observed for the first time with an energy-dependent Born

cross section measured to be in agreement with the hypothesis of the production of an interme-
diate Y(4260) resonance decaying to the ηcπ

+π−π0 final state.The largest observed cross section
of measured at 4.23 GeV has also the highest significance value of 4.1σ.Summing up all six cross
section values of center-of-mass energies from 4.18 to 4.60GeV significance of 5.2 σ,as shown in
Figure 4.This result will be valuable in helping to understand the nature of the Y(4260).

3 Z states

Zc(3900)
± state was firstly observed by BESIII 20 and then confirmed by Belle 21in π±J/ψ

spectrum through process e+e− → (γISR)π
+π−J/ψ. Since it is charged and decays to π±J/ψ,

there are at least four quarks (cc̄+ ud̄ or dū) in Zc(3900). Through a partial wave analysis of this
process, the quantum number JP of Zc(3900)

± was determined to be 1+ 22 . BESIII had also
observed a neutral state Zc(3900)

0 in the process π0π0J/ψ, suggesting Zc(3900)
±,0 as iso-spin

triplet. Considering that Zc(3900) sitting slightly above theDD̄∗− threshold, BESIII studied the
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Figure 3 – Left:Fit to the cross section data of e+e− → ηJ/ψ for XYZ data (upper) and scan data (bottom).
Dots with error bars are data. The solid curves (blue) are the fit results; the dashed curves (red) for Ψ(4040);
the short-dashed curves (pink) for Y(4220); the double short-dashed curves (purple) for Y(4360); the long-dashed
curve (green) for the P-PHSP component. Right:(a) Fit to the e+e− → η′J/ψ cross section with a single ψ(4160)
resonance (pink solid line) or a single ψ(4260) resonance (green solid line). (b) Fit to the e+e− → η′J/ψ cross
section with a coherent sum of ψ(4160) and ψ(4260) resonances (red solid line).

Figure 4 – The measured cross section for e+e− → ηcπ
+π−π0 for different values of

√
s. The ηc production at

s of 4.23GeV and 4.26GeV is observed with statistical significances well above 3σ. For the other center-of-mass
energies, the 90% C.L. upper limits are also shown (open circles). Overlaid are a Breit-Wigner fit (blue curve) to
the data points, the Y(4260) line shape with the parameters found in the PDG (dotted curve) and the lineshape
as measured in the process J/ψπ+π−cross section (dashed curve). The three curves are found to be consistent
with the data, supporting the hypothesis of ηcπ

+π−π0 production via the Y(4260).

process e+e− → π±,0(DD̄D∗)±,0and a state with similar resonant parameters was observed in
(DD̄D∗)±,0 mass spectrum. In the spectrum of π±hc through the process of e+e− → π+π−hc,
BESIII observed another Zc state named Zc(4020)

23, sitting 5 MeV above D∗D̄∗ threshold.
Later this state was found in π0hc and (D∗D̄∗)±,0 decay modes.
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3.1 Zcs(3985)
19

In the March 12th, 2021, the BESIII collaboration reports the discovery of an exotic multi-quark
structure, dubbed the Zcs(3985), that is produced in the process of e+e− → K+(D−s D∗0 +
D∗−s D0) at an e+e− center-of-mass energy of 4.68 GeV. The Zcs(3985) is observed to decay to
a charged strange-charmed meson plus a neutral charmed meson, i.e., D−s D∗0 + D∗−s D0, and
has a mass of (3985.2+2.1

−2.0 ± 1.7)MeV/c2 and a width of (13.8+8.1
−5.2 ± 4.9)MeV. This is the first

candidate for a tetra-quark meson containing hidden-charm with non-zero strangeness.

The BESIII discovery emerged from analyses of data sets taken at five center-of-mass energy
points ranging from 4.628GeV to 4.698 GeV in 2020 with a total integrated luminosity of 3.7
fb−1. Using a novel partial reconstruction method that relies on the detection of the charged
Kaon and oppositely charged Ds meson, events corresponding to e+e− → K+(D−s D∗0+D∗−s D0)
were identified by a distinct peak at the D∗0 mass in the K+D−s recoil mass spectrum. After
removing random-combination backgrounds, a clear enhancement was seen near the D−s D∗0

and D∗−s D0 mass thresholds that could not be attributed to any known conventional excited
(strange)-charmed mesons. Therefore, the hypothesis of the presence of an exotic state Zcs(3985)
in the D−s D∗0 and D∗−s D0 mass spectrum was introduced and found to fit to the observed excess
very well. A total of 127 Zcs(3985) decays to D−s D∗0 or D∗−s D0 were observed with a global
significance of 5.3 σ. The Zcs(3985) has one unit of charge, one unit of strangeness, and couples
strongly to D−s D∗0 or D∗−s D0 , a set of properties that can only be satisfied by a minimal
ccsu four-quark substructure. Hence, it is a strong candidate for the predicted open-strange
charmonium-like tetraquark.

The Zcs(3985) observation represents a significant breakthrough that opens up a new dimen-
sion of the tetraquark meson spectrum. Curiously, the Zcs(3985) production is more pronounced
at center-of-mass energies around 4.68 GeV than at nearby higher or lower energies, which in-
dicates that this energy may be of particular interest. More BESIII data spanning the 4.68
GeV energy region is needed to thoroughly explore the Zcs production mechanism, measure its
spin-parity quantum numbers, and search for its neutral Zcs counterpart as well as heavier Zcs

siblings.

Figure 5 – Simultaneous unbinned maximum likelihood fit to the K+ recoil-mass spectra in data at center-of-mass
energies=4.628, 4.641,4.661,4.681 and 4.698GeV.
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4 Conclusions

Dramatic progress has been made in the charmonium-like states from different experiments.
BESIII experiment started to make effort to the charmonium-like states. Various processes have
been studies at BESIII. The observation of charged Zc, Zcs states together with other Z states
may indicate one kind of new hadrons has been observed. Now, the maximum center of mass
energy of the accelerator is extended to 4.9GeV, this will allow BESIII to maintain its prime role
in the search and discovery of exotic states in the open charm region, more results will surely
improve the understanding of these states. Many new discoveries and precision measurements
are expected to be coming soon.
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Heavy flavour spectroscopy at LHCb
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Recent results on heavy flavour spectroscopy from the LHCb experiment are presented. These
include the observation of new exotic resonances in the J/ψφ and J/ψK+ mass spectrum
from B+ → J/ψφK+ decays, observation of the excited Ω0

c states in Ω−b decays and the
search for doubly heavy baryons Ω+

cc, Ξ
0
bc and Ω0

bc in the decay to Ξ+
c K

−π+, Λ+
c π

− and Ξ+
c π

−

respectively.

1 Introduction

Over the past 10 years 59 new hadrons were discovered at the LHC, the majority of which were
found by the LHCb collaboration. The study of heavy particles provides a unique opportunity to
probe the limits of the quark model, giving us a deeper understanding of the hadronic structure.

2 Observation of new resonances decaying to J/ψK+ and J/ψφ

The decay B+ → J/ψφK+ is used to look for resonances in the J/ψφ and J/ψK+ mass spectra.
These states will have quark content cc̄ss̄ and cc̄us̄ respectively. This mode has been studied
previously using the Run 1 data set where four X(→ J/ψφ) structures were found with a
significance of over 5σ, and kaon excitations were also studied. The quantum numbers of the
structures were determined by constructing the decay amplitude using the helicity formalism in
six dimensions 1. The result presented uses the Run 1 and Run 2 data sets corresponding to an
integrated luminosity of 9fb−1; together with an improved selection efficiency, this provides an
increase of 6 times larger statistics compared to the Run 1 analysis.

The offline selection consists of loose preliminary criteria, followed by the training of a
Gradient Boosted Decision Tree classifier, the resultant fit to the B+ mass spectrum yields
N(J/ψφK+) = 24220± 17 candidates.

The candidates in the signal region are used for the amplitude analysis to investigate the
resonant structures. The signal decay is described in the helicity formalism by three decay
chains: K∗+(→ φK+)J/ψ, X(→ J/ψφ)K+ and Z+

cs(→ J/ψK+)φ. Each chain is described
by one mass and five angular observables. Initially the Run 1 model is tested, however, clear
discrepancies are observed and so improvements to the model are needed. The Run 1 model
and improved model are shown in Fig. 1.

Multiple contributions are required, most notably is the inclusion of two new Z+
cs and three

new X components, all with a statistical significance of over 5σ. The spin parity of each state is
probed by testing different JP hypotheses. For the X(4685) state a 1+ spin parity is preferred.
The X(4630) is more likely to be 1− than 2− by a 3σ level. The preferred JP for X(4150) is 2−

with more than 4σ significance. The Zcs(4000)
+ state is found to be 1+ with a high significance.

The Zcs(4220)
+ state could be 1+ or 1−. 2
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Figure 1 – Distributions of φK+, J/ψφ and J/ψK+ invariant mass for signal candidates with the fit result shown
by the red solid lines. The improved model is the top row and the Run 1 model is the bottom row.

3 Observation of excited Ω0
c baryons in Ω−b → Ξ+

c K
−π− decays

In 2017 the LHCb collaboration observed five new resonances of the Ω0
c baryon decaying to

Ξ+
c K

−. These states are named Ωc(3000)
0, Ωc(3050)

0, Ωc(3065)
0, Ωc(3090)

0 and Ωc(3119)
0.

They were found in prompt Ω0
c production. Therefore quantum numbers could not be measured

due the unknown polarisation of the initial state3. One of the most popular interpretations of the
states is five excited P-wave Ω0

c baryons with quantum numbers JP = 1/2−, 1/2−, 3/2−, 3/2−

and 5/2−. 4

A new search using the exclusive decay utilised the Run 1 and Run 2 data sets corresponding
to an integrated luminosity of 9 fb−1. The Ω−b → Ξ+

c K
−π− candidates are reconstructed by

combining a Ξ+
c candidate with a K− and π− track. To suppress background, loose criteria

are applied, followed by the training of a Boosted Decision Tree (BDT). The resultant invariant
mass spectrum is shown in Fig. 2. The control mode Ω−b → Ω0

cπ
− is used in this analysis to

allow for the determination of the branching fraction, where the same preliminary selections and
BDT output is applied.

The number of Ξ+
c K

−π− candidates is N rec
Ξ+
c K−π− = 240 ± 17 and the number of Ω0

cπ
−

candidates is N rec
Ω0

cπ
− = 174± 14. The mass of the Ω−b baryon found from a fit to the Ξ+

c K
−π−

mass spectrum, is m(Ω−b ) = 6044.3 ± 1.2 ± 1.1 MeV. The branching fraction is calculated by
exploiting the similar topologies and identical final state of the decay modes. The obtained
result is:

B(Ω−b → Ξ+
c K

−π−)B(Ξ+
c → pK−π+)

B(Ω−b → Ω0
cπ
−)B(Ω0

c → pK−K−π+)
=

N rec
Ξ+
c K−π−

εΞ+
c K−π−

/
N rec

Ω0
cπ
−

εΩ0
cπ
−

= 1.35± 0.11 , (1)

where ε is the average reconstruction efficiency. A new precise measurement of the Ω−b mass is
found by a weighted average of this result with all previous LHCb measurements. This gives a
value of: m(Ω−b ) = 6044.8± 1.3 MeV.

The Ω−b candidates with a mass within ±2σ of the measured Ω−b mass are selected for the
study of the Ξ+

c K
− mass spectrum. The distribution of ΔM = m(Ξ+

c K
−) − mΞ+

c
− mK− is

shown in Fig. 2. Four narrow structures are clearly visible close to the kinematic threshold, no
structures are seen above 220 MeV.

Each peak is modelled by an S-wave relativistic Breit-Wigner (BW) function convolved with
a Gaussian to describe the mass resolution. The widths and masses of the relativistic BW
vary freely in the nominal fit. The resultant BW parameters are consistent to those previously
observed. The significance of each peak is tested using

√
2Δ(NLL), the local significance exceeds

five standard deviations for the four main states. There is an excess at threshold which is
modelled by an S-wave relativistic BW. The current data does not provide enough sensitivity
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Figure 2 – (Left) Invariant mass spectrum of the Ξ+
c K

−π− candidates, with the signal component in blue. (Right)
The distribution of ΔM . The four structures are consistent with being the previously observed states. Total fit
is shown in red, combinatorial background is the blue dashed line and the phase-space background is the pink
dashed line.

to measure the parameters of the structure, however, this could correspond to a new state. The
threshold structure has a significance of 4.6σ, which is found using the p-value. The fifth state
which was observed in the prompt analysis has not been seen here.

The angular distribution is sensitive to the spin of the excited Ω0
c baryons. The helicity angle,

θ, is the angle between the p̄K− and −p̄π− in the Ξ+
c K

− rest frame, where p̄ is the momenta.
There is no sensitivity to the parity due to the unknown matrix element of the Ξ+

c → pK−π+

decay. The spin of a state is determined by comparing the distribution of cos θ from data with
the expected distributions under the spin hypotheses J = 1/2, 3/2 and 5/2. The Ωc(3050)

0 and
Ωc(3065)

0 suggest a spin higher than J = 1/2. The significance of the rejection of the J = 1/2
hypothesis are 2.1σ and 3.9σ respectively. Quantum numbers in the order 1/2, 1/2, 3/2, 3/2, as
hypothesised in the beginning of this section, are rejected with a significance of 3.4σ.

4 Search for the doubly charmed baryon Ω+
cc

The quark model predicts three doubly-charmed, weakly decaying states: a Ξcc doublet and an
Ω+
cc singlet. In 2017 the LHCb collaboration reported the first observation of a baryon containing

two charm quarks by the decay channel Ξ++
cc → Λ+

c K
−π+π+ 5, and it was later confirmed in the

Ξ+
c π

+ final state 6. This analysis presents the results of a search for the Ω+
cc baryon through the

decay Ω+
cc → Ξ+

c K
−π+, in the predicted mass range 3.6 − 3.9 GeV. This decay is predicted to

have a relatively large branching fraction. The analysis presented here measures the production
ratio, relative to the Ξ++

cc → Λ+
c K

−π+π+ decay, which is defined as

R =
ε(Ξ++

cc )

ε(Ω+
cc)

N(Ω+
cc → Ξ+

c K
−π+)

N(Ξ++
cc → Λ+

c K−π+π+)
(2)

where ε corresponds to the efficiency found from simulation.
The signal mode is reconstructed by combining a Ξ+

c candidate with a kaon and a pion, all
originating from the same vertex. After preliminary selections a BDT classifier is implemented
to suppress combinatorial background. The resultant invariant mass spectrum is seen in Fig. 3,
where the m(Ξ+

c K
−π+) distribution is modelled by signal and background components. The

signal component is modelled by a sum of two Crystal ball functions, where the parameters are
fixed according to simulation.

A fit is performed with the peak position varied in steps of 2 MeV, the largest signal
contribution is found at a mass of 3876 MeV. The local significance of this peak is quantified
using a local p-value. The largest local significance at 3876 MeV corresponds to 3.2σ. The global
significance is estimated to be 1.8σ. Upper limits at 95% confidence level on the production
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Figure 3 – (Left) Distribution of m(Ξ+
c K

−π+) invariant mass of selected Ω+
cc candidates. The total fit is shown

in blue. The peak corresponds to the highest observed excess in this search, but corresponds to a global excess of
1.8σ. (Right) Upper limits on R at 95% confidence level for five lifetime hypotheses.

ratio are set with a simultaneous fit to m(Ξ+
c K

−π+) in the range 3.6 - 4.0 GeV, for five lifetime
hypotheses. The upper limits depend on the mass and lifetime hypotheses of the Ω+

cc baryon,
and vary from 1.1× 10−1 to 0.5× 10−2 for 40 fs to 200 fs.

5 Search for the doubly heavy baryons Ξ0
bc and Ω0

bc decaying to Λ+
c π

− and Ξ+
c π

−

Currently there have been no observations of baryons containing one b and one c quark. However,
the Ξ0

bc, Ξ
+
bc and Ω0

bc states are predicted by the quark model. With a mass in the range 6.7 to
7.2 GeV. This analysis presents the first search for the Ω0

bc and a new search for the Ξ0
bc baryon,

using the decay channels Λ+
c π

− and Ξ+
c π

−. The production ratio is calculated relative to the
Λ0
b → Λ+

c π
− (Ξ0

b → Ξ+
c π

−) decay mode 8.
For both decay modes a pion is combined with a Λ+

c (Ξ+
c ) candidate to form a Ξ0

bc (Ω
0
bc) can-

didate. After preliminary selections a BDT classifier is implemented to suppress combinatorial
background. The mass distributions of the candidates are modelled by a double-sided Crystal
Ball function, with tail parameters fixed from simulation.

No significant excess is observed. Upper limits at 95% confidence level are set on the pro-
duction ratios under different mass and lifetime hypotheses. The mass of Ξ0

bc(Ω
0
bc) candidate is

varied from 6.7 to 7.3 GeV, and lifetime values of 0.2 ps, 0.3 ps and 0.4 ps are considered. The
upper limits range from 0.5× 10−4 to 2.5× 10−4 for the Ξ0

bc → Λ+
c π

− (Ω0
bc → Λ+

c π
−) decay, and

from 1.4× 10−3 to 6.9× 10−3 for the Ξ0
bc → Ξ+

c π
− (Ω0

bc → Ξ+
c π

−) decay.
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Relativistic quark model in the Bethe-Salpeter framework has unique advantages when virtual
state/off-shell effect contributions are important, as well as the relativistic spin effects are
significant. Such situation generally appears in various kinds of production processes at various
energies. This fact is discussed and the exclusive production ratio of the neutral to charged
Kaon pair in e+e− annihilation continuum region below the J/Ψ mass is taken as an example.
For this process, the valence quark charge plays the key rôle. The cancellation of the diagrams
for the same charge case (KS +KL) and the non-cancellation of the diagrams for the different
charge case (K− +K+) lead to the ratio as (ms −md)

2/M2
Kaon ∼ 1/10.

In high energy scattering, production of particles is the most typical process since only at
large energy the threshold is open. This is the prediction of quantum relativistic field theory,
which is inherently a multi-particle dynamics. In general, in high energies, there are more than
one energy scales, e.g., center of mass energy of the scattering, the particle masses, typical
momentum transfers, etc. In some processes, a factorization scheme can be applied, each factor
corresponds to each scale. However, the production processes are not so simple. In many
other cases, some issue may contain several scales. The production of bound states is an very
interesting example. At first sight, its mass and structure set the typical scales, or set several
factorization ‘boundary’: the mass, the binding energy, etc. However, the production process
will combine these scales in a more compound way than simple product of factors. In this case,
to set a general framework is necessary and the Bethe-Salpeter (BS) framework is unique to
‘include all’.

On the other hand, in the somehow ‘low’ energy region below the J/Ψ mass, it is generally
difficult to employ quark degree of freedom to calculate for the hadron production, since the
perturbative QCD calculation is not valid any more. However, in some simple exclusive pro-
cesses, we can employ the quarks in the BS framework to investigate. The information of strong
interaction between quarks can be absorbed into the BS wave function (or BS vertex) to some
approximation level. As a matter of fact, this idea emerged just at the time of the birth of
quark model before the birth of QCD. One of the most famous examples is the Chinese ‘Straton
Model’ in middle 1960’s, namely, ‘Relativistic Structure Theory Of Mesons And Baryons’ 1,?.
Almost all these kind of works deal with decay processes rather than production ones, while
the latter are more complex as mentioned above. The key point is again that the bound state
contains more than one scales, as the following example.

Here we investigate the exclusive production ratio of the neutral to charged Kaon pair in
e+e− annihilation continuum below the J/Ψ mass under the spirit of the Straton Model. More
concretely, we employ a completely relativistic BS framework to describe the coupling of the
virtual photon to the Kaons via the triangle quark loop as shown in Fig. 1. The photon-quark-
quark vertex is exactly that in the standard model. The vertices between the quarks and the
corresponding Kaon can be given by the BS wave function of the Kaon in term of ‘valence’ quark
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field. When a resonance is produced in e+e− annihilation process, the production ratios of its
decay channels at the relevant

√
s are mainly determined by the properties of the resonance.

On the other hand, in the continuum region, the mechanism is different. For this case, the
electromagnetic interaction and non-perturbative QCD interaction are separately assigned in
the diagrams of Fig. 1. For the QCD interaction in this production process, there are still subtle
problems of scales. The production via this triangle loop can manifest virtual state effects from
the energy scale of the bound state mass until the center of mass energy. A former work 14

showes that these effects are all packed up to the loop integral and the wave function. Here we
restrict the discussion below J/ψ mass, the calculation is simplified. A more complex energy
dependent study to center of mass energy of B factory will be published later.

Because of the scalar function of the momentum in the quark-quark-hadron BS vertex, the
loop integral is finite. The ratio can be calculated straightforwardly. The calculation demon-
strates how the näıve suppression on the production rate of the neutral Kaon pair w.r.t. that
of the charged pair is obtained. This is consistent with the fact that the coupling of neutral
particles with the photon is suppressed w.r.t. the case of the charged ones 3. The experiment
3 shows that the suppression can be of one order of magnitude. Our calculation obtains the
suppression factor as (Δm/M)2, where Δm is the difference between the down quark mass and
the strange quark mass, while M is the Kaon mass.

The details of the amplitude can be found from 4. Here we only discuss the BS vertex. In
quantum field theory, the BS wave function χ is written as

χ(P, q) =
∫ d4x

(2π)4
e−iqx 1√

3
δij〈0|Tψi(x2 )ψ̄

j(−x
2 )|B(P )〉 =: SF (p1)Γ(P, q)SF (−p2), (1)

and hence the BS vertex Γ(P, q) is defined. Here P is the four-momentum of the bound state |B〉,
while q is the four-momentum to describe the inner movement of the constituent particles. They
can be expressed as the linear combination by two four-momenta p1 and p2 of the propagators,
SF (p1) and SF (p2), et vice verse. The only restriction of these momenta is P 2 = M2

B, with MB

the mass of the bound state. We emphasize that the constituent particles can be off mass shell
in the BS framework, and are treated completely as propagators.

The BS framework has been applied to describe light and heavy hadrons in term of con-
stituent quarks, as well as hadron molecule (e.g.,5,6,7). The BS wave function can be obtained by
fitting corresponding data for each kind of meson, in term of the valence quark-antiquark field.
To go further, one can set up some certain model for the structure of each kind of multi-states
of hadrons, and get the BS wave function by solving the BS equation. For this purpose some
of the model parameters may need to be fixed by data. Here since we only calculate the ratio,
we will not go into the details of the functional of the scalar function φP (q

2) (Hereafter we will
write as φ(q2) for simplicity) in the BS vertex,

Γ(P, q) = ΩP · φ(q2). (2)

Here, the Dirac structure ΩP 8,9 is arranged as

ΩP = γ5 − iγ5 /P
B1

M
− iγ5/q

B2

M
− γ5(/P/q − /q /P )

B3

M2
. (3)

In the above equation, Bi (i = 1, 2, 3) are the dimensionless coefficients. From this explicit form,
a power counting rule according to powers of q/M 10,11,12,13 can be directly read out and the
first two terms are of the leading order, because they both belong to the (q/M)0 order. Since
we have separated out the factor /q from the vertex, the scalar wave function φ can be taken as
a function of q2. The normalization of the BS wave function is absorbed into φ(q2).

If one only takes the γ5 term in the BS vertex, i.e., B1 = 0, one can find the exact relation
M1 = −M2 with a straightforward calculation. Therefore, these two diagrams for the K0K̄0

case (Fig. 1(a) and (b)) completely cancel. On the contrary, we get M′
1 +M′

2 = 3M′
1 for the
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Figure 1 – Triangle diagrams for the exclusive productions of e+e− → K0K̄0 and e+e− → K+K−. The four-
momenta of the corresponding Kaons and quark propagator are shown in the bracket.

K+K− case (Fig. 1(c) and (d)). Conventionally, before the power counting rule 10,11,12,13 was
suggested, it is considered that the leading Dirac structure is only γ5. If one adopts this, the
process e+e− → KL +KS is vanishing w.r.t. the process e+e− → K− +K+ (KS and KL are
just the perpendicular states constructed as the linear combination from the other two states
K0 and K̄0).

Here we address this simplified result, just to call the attention on the fact that, when the
coupling to the photon via the valence quark is the same for the corresponding two diagrams,
they completely cancel for the vertex taken as γ5. This is the case for the down quark and
strange quark having the same charge (Fig. 1 (a) and (b)). Because the charge of the up quark
and strange quark are different, especially with opposite sign, the corresponding two diagrams do
not cancel, rather are enhanced (Fig. 1 (c) and (d)). However, as pointed out above, the power
counting rule 10,11,12,13 suggests that the leading Dirac structure includes two terms rather than
one. This has significantly improved the description on the decay constant 10,11,12,13. Especially,
the pion decay constant data can be naturally included and well described without any special
prioritization on the wave function in our previous papers 10,11,12,13.

Adopting the vertex as γ5(1 + B1 /P/M)φ(q2) (the normalization factor in φ(q2) will be
changed), and by straightforward calculations, one can conclude that the neutral to charged
production ratio is

σ(e+e− → KSKL)

σ(e+e− → K+K−)
∼= (

Δm

M
)2, (4)

with Δm = ms − md. The significant contribution by the loop integral on q is tamed by the
scalar wave function for

√
s smaller than the J/Ψ mass, leading to its contribution of the order

of Kaon mass. In this improved result with the full leading Dirac structure of the vertex, one
finds that the cancellation between (a) and (b) in Fig. 1 still works, but not completely, rather,
leading to the Δm factor.

In the BS framework, the light quark masses are parameters. Generally the constituent
quark mass values are adopted and can work well10,11,12,13, hence the value of Δm is around 160
MeV. With the Kaon mass M ∼ 500 MeV, we get a rough estimation (Δm/M)2 ∼ 1/10, i.e.,
one order of magnitude as the experiment 3 indicated. The above calculations also show that,
to get the quantitative result for the ratio between these two exclusive processes, especially the
dependence on the difference of the value of the quark masses, the full leading Dirac structures
that the power counting rule 10 dictates, i.e., the first two terms of Eq. (3), are necessary.

Besides the ground state Kaons, the excited states such as K∗, etc., can also be studied.
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Without referring to the full calculation, but just investigating the relative sign between two
contributing diagrams based on different Dirac structures in the quark-hadron coupling vertex,
one can predict the interesting behaviors: For the case of double vectors (K∗ +K∗), the ratio
of neutral to charged is smaller than one, similar as this ground state case. For the case of one
pseudo-scalar with one vector (K+K∗), the ratio will turn over to be larger than one. This can
be checked by future experiments.

From the investigation we see that the most important information from this work is the
off shell states and the spin-Dirac structure. This is the unique framework that others can
not provide. In factorization scheme, virtual states are generally truncated; nonrelativistic
approximation can not contain enough information from the (Dirac) spinor space only by spin,
leaving out its completely ignorance for virtual stats.
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Comparison of pp and pp differential elastic cross sections and observation of
colourless C-odd gluonic exchanges

K. Österberg on behalf of the D0 and TOTEM collaborations
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FI-00014 University of Helsinki, Finland

The TOTEM 2.76, 7, 8, and 13 TeV pp elastic differential cross sections are extrapolated
using a data-driven approach to obtain the 1.96 TeV pp elastic cross section. A difference
with a 3.4σ significance is observed between the extrapolated pp elastic cross section and the
D0 pp̄ elastic cross section at 1.96 TeV in the region of the diffractive minimum and the second
maximum of the pp cross section, providing evidence for colourless C-odd gluonic exchanges,
also denoted as odderon. These results are combined with a TOTEM analysis of the same
t-channel C-odd exchanges based on forward pp elastic scattering at TeV scale. The combined
significance is larger than 5σ and is interpreted as the first observation of odderon exchange.

1 Introduction

High energy hadronic elastic scattering is traditionally described only by t-channel colourless
multi-gluon (two or more) exchanges with an even charge parity (C), also denoted as the
pomeron. However colourless C-odd multi-gluon (three or more) exchanges, odderon, are al-
lowed 1 and even predicted by Quantum Chromodynamics 2, but suppressed with respect to
the dominating C-even exchanges. The amplitudes of C-even exchanges are predominantly
imaginary, whereas C-odd exchanges are expected to mainly contribute to the real part of the
amplitude. Contrary to the C-even amplitude, the C-odd amplitude has a different sign for
proton-proton (pp) and proton-antiproton (pp̄). Hence at TeV scale where gluonic exchanges
are dominant and meson exchanges negligible, any significant difference in the elastic differential
cross section between pp and pp̄ at the same energy would be evidence for C-odd exchanges.
C-odd exchanges are expected to be visible in the ρ parameter, the ratio of real to imaginary
part of the hadronic elastic amplitude at |t| = 0, or where the imaginary part of the hadronic
amplitude is suppressed e.g. at the diffractive minimum. Colourless multi-gluon exchanges at
low |t| values correspond to the exchange of (non-perturbative) colourless gluonic compounds
rather than exchanges of colourless combinations of independent gluons coupling to different
partons in the proton. The odderon has been searched for during the last 50 years, however
convincing experimental evidence has up to now been missing.
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Figure 1 – Left: The TOTEM pp elastic cross sections at 2.76, 7, 8, and 13 TeV (full circles), and the extrapolation
to 1.96 TeV (empty circles). Right: The ratio, R, of the cross sections at the bump and dip for pp and pp̄ data.

TOTEM has measured the elastic pp cross section at 2.763, 74, 85 and 13 TeV6 by measuring
both intact protons at CERNs Large Hadron Collider (LHC) using Roman Pots (RPs) equipped
with silicon detectors placed 210-220 m from the interaction point. D0 has measured the elastic
pp̄ cross section at 1.96 TeV 7 at Fermilab’s Tevatron collider using similar techniques with RPs
equipped with scintillating fibre detectors situated 23-31 m from the interaction point.

The pp elastic differential cross sections at TeV scale show characteristic diffractive minima
(“dips”), followed by secondary maxima (“bumps”), as shown by Fig. 1 (left), whereas the pp̄
elastic differential cross sections only exhibits “kinks” at the expected position of the dips. Fig. 1
(right) shows the ratio R between the cross section at the bump and the dip for pp and pp̄ elastic
data. A descreasing R of pp as a function of

√
s can be observed below 100 GeV that flattens

out at LHC energies. Since the pp̄ elastic data contain no visible dip and bump, the R-values
are estimated from the maximal ratio over neighbouring bins centered on the expected bump
and dip locations predicted by the pp data. Assuming that the flat behaviour of R for the pp
cross sections continues down below 2 TeV, the R-values of pp and pp̄ differ by more than 3σ.

2 Extrapolation of pp data to 1.96 TeV and comparison of pp and pp̄ data

To obtain a more quantitative estimate of the pp and pp̄ difference, eight characteristic points
of the pp elastic cross section as shown by Fig. 2 (left) are selected and both their |t| and
dσ/dt values are extrapolated to 1.96 TeV using their values of the characteristic points of the
TOTEM measurements at 2.76, 7, 8 and 13 TeV. The values of |t| and dσ/dt as functions of

√
s

for each characteristic point are fitted using |t| = a log(
√
s[TeV])+b and (dσ/dt) = c

√
s[TeV]+d

respectively. The parameter values are determined for each characteristic point separately and
the same functional form describes the dependence for all characteristic points. The reduced
χ2 values of most fits are close to one. The above forms are chosen for simplicity after it has
been checked that alternative forms providing adequate fits yielded similar extrapolated values
within uncertainties. The |t| and dσ/dt values of the characteristic points extrapolated to 1.96
TeV are shown as open black circles in Fig. 1 (left).

To estimate the 1.96 TeV pp elastic dσ/dt at the same |t| values as the D0 pp̄ data, the
extrapolated pp data are fitted with a double exponential, where the first exponential describes
the cross section up to the dip and the second exponential the cross section at the bump and
the subsequent decrease. The double exponential also provides a good fit for all measured
TOTEM pp cross sections as shown by the fitted functions in Fig. 1 (left). The uncertainty of
the extrapolated pp cross section at the |t| values of the D0 pp̄ data are estimated using Monte
Carlo (MC) simulations in which the cross section values of the eight characteristic points are
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Figure 2 – Left: Definition of the characteristic points in the TOTEM differential cross section data. Right:
Comparison between the D0 pp̄ measurement at 1.96 TeV and the extrapolated TOTEM pp cross section, rescaled
to match the D0 OP. The dashed lines show the 1σ uncertainty band on the extrapolated pp cross section.

varied within their Gaussian uncertainties and new double exponential fits are performed.

Finally, the extrapolated pp cross section is scaled so that at the optical point (OP), the
elastic dσ/dt at |t| = 0, is the same as that for pp̄. The OP cross sections at high energies are
expected to be equal if there are only C-even exchanges 8. In addition, the logarithmic slopes of
the elastic diffractive cone are expected to be the same 9. As this is the case within uncertainty
for the pp and pp̄, the scaling is constrained to preserve the measured logarithmic slopes. To
obtain the pp OP at 1.96 TeV, the TOTEM pp total cross section measurements (σtot) at 2.76, 7,
8, and 13 TeV are extrapolated to 1.96 TeV using σtot = b1 log

2(
√
s[TeV])+ b2 that is only valid

above 1 TeV. This gives a σtot = 82.7±3.1 mb at 1.96 TeV. It has been checked that a polynomial
formula or adding an additional log

√
s term in the functional form leads to similar results well

within uncertainties. The extrapolated total cross section is converted using the optical theorem
to an OP cross section for pp of 357 ± 26 mb/GeV2 using ρ = 0.145 based on the COMPETE
extrapolation 10. The systematic uncertainty due to possible C-odd exchange effects on the
OP of 2.9 % is estimated from maximal odderon scenarios 11 and added in quadrature to the
experimental uncertainty. A single exponential fit of the D0 measured pp̄ dσ/dt gives an OP
cross section of 341 ± 49 mb/GeV2 that is in good agreement with the obtained pp OP cross
section. The comparison between the final extrapolated and rescaled TOTEM pp cross section
at 1.96 TeV and the D0 pp̄ measurement is shown in Fig. 2 (right).

A χ2 test is made comparing the measured pp̄ data to the rescaled pp data shown in Fig. 2
(right), normalized to the integral cross section of the pp̄ measurement in the examined |t|-
range of 0.50 to 0.96 GeV2. The fully correlated OP normalization and logarithmic slope of the
elastic cross section are added as separate terms to the χ2 sum. The correlations for the D0
measurements at different |t|-values are small, but the correlations between the eight TOTEM
dσ/dt at the |t| values of the D0 data are large due to the double exponential fit used to obtain
them. Taking into account the constraints on the normalization and logarithmic slopes, the χ2

test with six degrees of freedom gives a significance of 3.4σ. A cross check of the result giving a
compatible significance is made using a modified Kolmogorov-Smirnov test, where the covariance
matrices are included by MC methods and the difference of the integrated cross section in the
examined |t|-range is added via the Stouffer method 12.

The observed difference in the pp and pp̄ elastic cross section is interpreted as colourless C-
odd gluonic exchanges. In agreement with predictions 11,13, the pp cross section shows a deeper
dip and stays below the pp̄ cross section until the bump region as seen from Fig. 2 (right).
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3 Combination with evidence from forward pp elastic scattering at multi-TeV scale

The present result is combined with independent TOTEM evidence of C-odd exchanges based
on the measurements of ρ and σtot for multi-TeV pp interactions. These variables are sensitive
to differences in pp and pp̄ scattering that in turn in the multi-TeV range are related to the
existence of C-odd gluonic exchanges. The TOTEM ρ and σtot results are incompatible with
models having only C-even exchanges and provide independent evidence of C-odd exchange
effects 14 based on observations in completely different |t| domains and TOTEM data sets.

The significances of the different measurements are combined using the Stouffer method 12.
The χ2 for the σtot measurements at 2.76, 7, 8 and 13 TeV is computed with respect to the
predictions given from models without C-odd exchanges 10,13 including also model uncertainties
when specified. Same was done separately for the TOTEM ρ measurement at 13 TeV. Unlike
the COMPETE models 10, the Durham model 13 provides the predicted differential cross section
without C-odd exchange contributions. Therefore a direct comparison of the predicted Durham
model cross section at 1.96 TeV with D0 pp̄ data is used for the combined significance instead
of the D0-TOTEM comparison. The 1.96 TeV cross section of the model is chosen since it is
most sensitive to C-odd exchanges after the model has been tuned to the LHC elastic pp data.

The comparison of ρ and σtot with the set of models gave significances ranging between
3.4 and 4.6σ. When these are combined with the above comparison of pp and pp̄ elastic cross
sections, the significances range from 5.2 to 5.7σ for t-channel C-odd gluonic exchanges for all
examined models 10,13. In particular, for the model favored by COMPETE (RRPnfL2u)

10, the
TOTEM ρ measurement at 13 TeV provided a 4.6σ significance, leading to a total significance
of 5.7σ for t-channel C-odd exchanges when combined with the above pp and pp̄ comparison.

4 Summary

In the present analysis 15, the D0 pp̄ elastic differential cross section at 1.96 TeV is compared to
the TOTEM pp cross sections extrapolated to 1.96 TeV from measurements at 2.76, 7, 8, and 13
TeV using a data-driven approach. The two cross sections at 1.96 TeV differ with a significance of
3.4σ providing already evidence that t-channel colourless C-odd gluonic exchanges, i.e. odderon,
is needed to describe elastic scattering at high energies. When combined with an independent
TOTEM C-odd exchange evidence based on ρ and total cross section measurements in pp using
completely different TOTEM data sets and |t| domains, the significance is in the range 5.2 to
5.7σ thus constituting the first experimental observation of C-odd gluonic exchanges or odderon.
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Top Quark Mass and Cross Sections in ATLAS and CMS
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With the large data set delivered during the second run of the CERN LHC, inclusive and
differential measurements of the top quark-antiquark production cross section at the ATLAS
and CMS experiments often reach a precision that is comparable or superior to that of the
corresponding theoretical calculations. The results of these measurements can be used to test
the validity of perturbative quantum chromodynamics (QCD), and to precisely extract the
values of parameters of the QCD Lagrangian such as the top quark mass (mt). The value
of mt can also be measured, with higher precision, by fully or partially reconstructing the
invariant mass of the top quark decay products. However, the results of these measurements
lack a clear theoretical interpretation. In these proceedings, the most recent measurements of
the top quark mass and cross sections by ATLAS and CMS are presented.

1 Introduction

At the CERN LHC, top quarks are mainly produced in quark-antiquark (tt̄) pairs via the
mechanism of gluon fusion. The tt̄ production cross section (σtt̄) can be calculated in quantum
chromodynamics (QCD), either inclusively or differentially, using a perturbative approach. The
inclusive σtt̄ is currently known at the next-to-next-to-leading order (NNLO) in perturbation
theory, including next-to-next-to-leading logarithmic (NNLL) corrections, with a precision of
about 5%3. The ATLAS1 and CMS2 experiments have performed measurements of the inclusive
σtt̄ at different centre-of-mass energies, often outperforming the precision of the theoretical
calculations. In this contribution, two new measurements 4,5 of σtt̄ at

√
s = 5.02 TeV by the

ATLAS and CMS Collaborations, respectively, are presented for the first time.

With the large data set delivered by the LHC during Run 2, differential and multi-differential
measurements have become increasingly more precise in the less populated phase space, including
the one with highly boosted top quarks. Differential measurements are particularly sensitive to
the details of the parton distribution functions (PDFs) of the proton, and can be used to test the
validity of theoretical calculations and Monte Carlo (MC) predictions, or to extract the values
of QCD parameters such as mt or the strong coupling constant 6. In this contribution, a new
measurement 7 of single and double-differential tt̄ cross sections in the �+jets final state by the
CMS Collaboration is presented for the first time. This is also the first analysis in which the
resolved and boosted distributions are unfolded simultaneously. Significant progress has also
been made on the theoretical side, as single- and double-differential calculations are becoming
available at NNLO for an increasing number of variables 8.

The value of mt can also be measured directly by comparing MC predictions to variables
related to the invariant mass of the top quark decay products. Unlike indirect measurements,
the direct ones lack a clear theoretical interpretation due to the modelling of non-perturbative
effects in the MC simulation. In this contribution, a direct measurement of mt obtained by
the CMS Collaboration using single top events 9 is presented for the first time. The relation
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between the results of direct and indirect approaches can be investigated using measurements
of the invariant mass distribution of large-area jets containing the decay products of a boosted
top quark, such as the one in Ref. 10. In fact, the value of mt can be extracted from such
measurements both with a direct approach, i.e. by comparing to distributions obtained with
MC generator, and by comparing to calculations obtained in the framework of soft collinear
effective field theories 11.

2 Cross section measurements and extractions of the top quark mass

In this contribution, two new measurements of the inclusive σtt̄ at
√
s = 5.02 TeV by the

ATLAS and CMS Collaborations, respectively, are presented 4,5. Both measurements are based
on a small data set delivered by the LHC in 2017, corresponding to 257 and 304 pb−1 of proton-
proton (pp) collisions for ATLAS and CMS, respectively. The ATLAS analysis consists of a
maximum-likelihood fit in the dileptonic final states, while the CMS result is obtained using an
event count method in the eμ final state. The CMS result is then combined with a previous
measurement obtained in the �+jets final state using a smaller data set collected in 2015 12. The
total uncertainty in the measured σtt̄ is 7.5 (7.9)% for ATLAS (CMS). The precision of both
measurements is limited by the statistical uncertainty, and the results are in good agreement
with the state-of-the-art theoretical predictions, as shown in Figure 1.
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Figure 1 – ATLAS 4 (left) and CMS 5 (right) measurement of σtt̄ at
√
s = 5.02 TeV compared to NNLO+NNLL

theoretical predictions 3 with different sets of parton distribution functions.

To date, the most precise result of σtt̄ at
√
s = 13 TeV was obtained by the ATLAS Collabo-

ration in the eμ final state using 36.1 fb−1 of pp collision data 13 and has been used to determine
the value of the top quark pole mass with a precision of about 2 GeV, limited by the QCD scale
uncertainties. The total uncertainty in the measured σtt̄ is 2.4%, significantly smaller than the
one of the NNLO+NNLL calculation 3. Several other measurements at

√
s = 13 TeV have been

performed by the ATLAS and CMS Collaborations in different decay channels 14,15, including
the one with with hadronically decaying τ leptons which is used by the CMS Collaboration to
perform a test of the lepton universality in W boson decays 16.

Single- and double-differential measurements of σtt̄ at
√
s = 13 TeV are also performed by

the two Collaborations in the various decay channels, both in the resolved and boosted regimes.
The measured cross sections are presented both absolute and normalized to the total cross
section, and are unfolded to the particle and the parton level. Particle-level results are obtained
in the fiducial phase space and can be used to test the predictions of different MC generators,
while parton-level results are usually extrapolated to the full phase space and can be compared
to fixed-order theoretical predictions. Furthermore, measurements of multi-differential cross
sections can provide information about the correlation between different variables. A significant
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Figure 2 – Measured normalised double-differential tt̄ cross section as a function of the pt of the hadronically-
decaying top quark and of the pt of the tt̄ system, unfolded to the parton level in the full phase space 7. The
measurement is compared to state-of-the-art MC generators and NNLO theoretical predictions (MATRIX 8).
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over-prediction of the spectrum of the transverse momentum (pt) of the top quark in the boosted
regime has been observed by both experiments in several measurements 10,17,18,19, while double-
differential measurements by the ATLAS Collaboration also highlight significant mismodelling
of the pt spectrum of the tt̄ system 18,20.

In this contribution, a new measurement of single- and double-differential tt̄ cross sections
at

√
s = 13 TeV by the CMS Collaboration 7 is presented for the first time. The analysis is

performed in the �+jets final state using the full CMS Run 2 data set, corresponding to a to-
tal integrated luminosity of 137 fb−1. This is the first analysis in which the distributions in
the resolved and boosted topologies are unfolded simultaneously. This is achieved by means
of a minimum χ2 method with profiled systematic uncertainties, which also allows the total
uncertainty in the measured cross sections to be significantly reduced. The inclusive σtt̄ is also
measured with a precision of 3.1%, to date the most precise result in the �+jets channel. The
measured σtt̄ is found to be in good agreement with the state-of-the-art theoretical prediction,
and the compatibility between the measured distributions and MC or fixed-order theoretical pre-
dictions is also quantitatively assessed. Similarly to previous ATLAS and CMS measurements,
a softer-than-predicted spectrum of the top quark pt is observed, as shown, e.g. in Figure 2.

Finally, a differential measurement of the tt̄ production cross section as a function of the
invariant mass of the tt̄ system (mtt̄) is used by the CMS Collaboration to perform the first
investigation of the running of the top quark mass 21, an effect analogous to the better-known
running of the strong coupling constant. The cross section is measured using 35.9 fb−1 of pp
collision data at

√
s = 13 TeV and is unfolded to the parton level by means of a maximum-

likelihood method. The running is then extracted by comparing the measured cross section to
NLO theoretical predictions in the modified minimal subtraction (MS) renormalisation scheme.
The result is found to be in good agreement with the one-loop solution of the corresponding
renormalisation group equation, as shown in Figure 3. Furthermore, a hypothetical no-running
scenario is excluded at above 95% confidence level.
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Figure 3 – Measured scale dependence (running) of the value of top quark mass in the MS scheme as a function
of μm = mtt̄/2, obtained using NLO theoretical predictions with dynamic (full dots) or fixed (hollow squares)
QCD scales 21. The result is in good agreement with the one-loop solution of the corresponding renormalisation
group equation (line).

3 Direct measurements of the top quark mass

Direct measurements of mt are performed by fully or partially reconstructing the invariant mass
of the top quark decay products. In this contribution, the two most recent results by ATLAS and
CMS are presented. Both analyses are performed in a different phase space compared to most
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direct measurements of mt, and therefore provide additional information for future combinations
of ATLAS and CMS results.

The CMS measurement, which is presented here for the first time, consists of a functional fit
to the reconstructed invariant mass of the top quark decay products in single top events in the
t-channel (left-hand side of Figure 4), and is performed using 35.9 fb−1 of pp collision data9. The
top quark is required to decay leptonically, and the charge of the reconstructed lepton is used to
distinguish between event containing top quarks and those containing top antiquarks. The value
of mt is measured both inclusively, resulting in mt = 172.13± 0.77 GeV, and separately for top
quarks and antiquarks. The inclusive result is in good agreement with previous ATLAS and CMS
measurements, as shown in Figure 4 (right), and is limited by the uncertainty in the jet energy
scale calibration. The ratio and difference between the values of the top quark and antiquark
masses are measured to be Rmt = mt̄/mt = 0.995±0.006 and Δmt = mt−mt̄ = 0.83+0.77

−1.01 GeV,
respectively, in good agreement with the hypothesis of conservation of the CPT symmetry.
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Figure 4 – Reconstructed invariant mass of the top quark decay products in single top t-channel events (left), and
measured value of mt compared to previous ATLAS and CMS results (right) 9.

The ATLAS measurement, performed with tt̄ candidate events in the �+jets final state,
is based on the reconstruction of the m�μ variable, defined as the invariant mass between the
lepton from the top quark decay and a soft, non-isolated muon originating from the leptonic
decay of a B hadron inside reconstructed a jet 22. When the tt̄ system is correctly reconstructed,
the jet containing the B hadron originates from the b quark from the leptonically-decaying
top quark. This measurement, performed with 36.1 fb−1 of pp collision data, is less sensitive
to the calibration of the jet energy scale compared to conventional direct measurements, and
therefore carries additional information when performing a combination of measurements. A
dedicated algorithm was developed in the scope of this measurement to identify the soft lepton
originated from the B hadron decay. Since this measurement is very sensitive to the details of the
b quark fragmentation, the parameters of the Bowler–Lund fragmentation function have been
re-optimized by means of a fit to LEP and SLC data. In a dedicated study 23, the parameters
derived in the context of this analysis are found to well describe other distributions sensitive to
the b quark fragmentation. The top quark mass is measured to be mt = 178.48± 0.40 (stat)±
0.67 (syst) GeV, in agreement with the combination of previous ATLAS measurements 24 within
2.2 standard deviations. The precision of the measurement is limited by the uncertainty in the
branching ratio of B hadrons.

4 Summary

In this contribution, the most recent measurements of top quark mass and cross section at the
ATLAS and CMS experiments at the CERN LHC are reviewed, including several new results.
These include two measurements of the tt̄ production cross section in proton-proton collisions
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at
√
s = 5.02 TeV by the ATLAS and CMS Collaborations based on a small dataset delivered

by the CERN LHC in 2017. The results are in good agreement with state-of-the-art theoretical
calculations, and are limited by the statistical uncertainty of the data. The CMS Collaboration
has also published a measurement of single- and double-differential tt̄ cross sections in the �+jets
final state based on the full LHC Run 2 dataset, where the distributions in the resolved and
boosted topologies are unfolded simultaneously for the first time. This is achieved by means
of a profiled χ2 fit, which also allows the impact of systematic uncertainties to be significantly
reduced. The tt̄ cross section is also measured inclusively with a total uncertainty of 3.1%,
the most precise result in this channel, to date. In this analysis, a significantly softer-than-
predicted spectrum of the top quark transverse momentum is observed, consistent with several
previous measurements. Finally, a direct measurement of the top quark mass using single top
quark events in the t-channel is presented for the first time. The value of the top quark mass is
measured both inclusively and separately for top quarks and antiquarks, which allows for a test
of the conservation of the CPT symmetry.
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tt̄ + X production at ATLAS and CMS

Nicolas Tonon on behalf of the ATLAS and CMS Collaborations
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Recent inclusive and differential cross section measurements of the associated production of
top quark pairs with gauge bosons or heavy-flavor jets are reported. A search for physics
beyond the standard model in the top quark sector is also presented. All measurements are
based on data samples of proton-proton collisions at

√
s = 13 TeV collected by the ATLAS

and CMS experiments at the CERN LHC. No significant deviation from the standard model
predictions is observed.

1 Introduction

The standard model (SM) of particle physics is supported by a large amount of experimental
results covering a wide energy range up to the TeV scale accessible at the CERN LHC. However,
it does not provide explanations for several key observations such as the existence of dark matter
and dark energy, or the masses of neutrinos. More generally, there exist a number of indications
that the SM only corresponds to a low-energy approximation to a more fundamental theory.

The large top quark mass of about 173 GeV corresponds to a Yukawa coupling to the Higgs
boson close to unity. This suggests that the top quark may play a special role within the SM, and
that its closer study may shed light on the electroweak symmetry breaking mechanism. Most
canonical top quark processes have now entered a regime of precision differential measurements
at the LHC, and their uncertainties are systematics-dominated.

Many theories beyond the SM predict sizable deviations in the electroweak couplings of the
top quark with respect to SM predictions. These couplings can be probed at tree level using
the associated production of top quark pairs with vector bosons. In addition, the study of the
associated production of top quark pairs with heavy-flavor jets probes several QCD predictions
and provides crucial insights on the modeling of the tt̄ system, and can be used to compare
different MC generators. It also constitutes a major background to analyses such as tt̄H → bb̄,
which motivates further the precise characterization of these processes.

2 tt̄Z cross section measurements at ATLAS and CMS

Inclusive and differential measurements of the tt̄Z cross section were performed by ATLAS 1

and CMS 2 in 3� (� = e,μ) and 4� final states using data samples with integrated luminosities of
139 fb−1 and 77.5 fb−1, respectively.

Both analyses fit the data simultaneously in multiple event categories that are defined based
on the multiplicities and properties of leptons and jets in the events. Control regions enriched in
WZ and ZZ events are included, and the ATLAS analysis treats the normalizations of these pro-
cesses as free parameters. The inclusive CMS result σ(tt̄Z) = 0.95±0.05 (stat.)± 0.06 (syst.) pb
and ATLAS result σ(tt̄Z) = 1.05±0.05 (stat.)±0.09 (syst.) pb agree with each other, and reach
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a better precision (8 − 10%) than that of the best available SM prediction at NLO+NNLL
accuracy 3.

The ATLAS analysis performs differential cross section measurements at the parton- and
particle-level as a function of nine observables related to the Z boson, the tt̄ system, and the
jet multiplicity. The CMS analysis provides parton-level differential measurements as a function
of pT(Z), and of the cosine of the angle between the direction of the Z boson in the detector
reference frame and that of the negatively-charged lepton from the Z boson decay in the Z
boson rest frame. These two observables are also used to constrain anomalous tZ couplings
and Wilson coefficients (WCs) describing the interaction strengths of four relevant effective field
theory (EFT) operators. The normalized differential cross section measurements of pT(Z) from
both analyses are shown in Fig. 1. Good overall data-to-MC agreement is observed in differential
distributions.

Figure 1 – Normalized tt̄Z cross section measurements as a function of pT(Z) by CMS2 (left) and ATLAS1 (right).

3 tt̄γ cross section measurements at ATLAS and CMS

Inclusive and differential measurements of the tt̄γ cross section were performed by ATLAS 4 and
CMS5 using the full Run 2 dataset. The ATLAS analysis targets the high-purity eμ channel and
considers both the tt̄γ and tWγ signals. The simulation of the signal samples includes resonant,
non-resonant, interference, and off-shell effects, which allows for a direct comparison with NLO
predictions for the pp → bWbWγ process6,7. A fit to the data is performed using the distribution
of the scalar pT sum of all leptons, photons, jets, and missing transverse momentum in the events.
The CMS analysis targets the �+jets channel, constrains the major backgrounds in-situ using
dedicated sidebands, and performs a simultaneous fit in 46 event categories. Both inclusive
results are consistent with SM predictions, and reach a comparable precision of about 6%. Both
analyses provide differential measurements as a function of several observables, including pT(γ)
as shown in Fig. 2, and good overall data-to-MC agreement is observed. In addition, the CMS
analysis sets constraints on two EFT operators impacting the t− γ coupling.
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Figure 2 – Absolute tt̄γ cross section measurements as a function of pT(γ) by CMS 5 (left) and ATLAS 4 (right).

4 Search for physics beyond the standard model using the associated top quark
production at CMS

A CMS analysis 8 using a novel approach to parameterize EFT effects at the detector-level
constrained simultaneously 16 WCs using 41.5 fb−1 of data. It considered EFT effects in five
associated production modes of the top quark with gauge and Higgs bosons (tt̄Z, tt̄W, tZq,
tt̄H, tHq) in multilepton final states, and performed counting experiments in event categories
enriched in different processes. Two standard deviation confidence intervals were computed for
each WC while either fixing other WCs to zero or profiling them. This represents an important
step towards direct measurements including EFT effects simultaneously in all relevant processes.

5 Associated tt̄ production with heavy-flavor jets at ATLAS and CMS

The tt̄bb̄ cross section was measured using 36 fb−1 of data by ATLAS in the eμ and �+jets
channels, and by CMS in the 2�, �+jets, and all-hadronic channels. All these analyses extract
results by performing a fit to the b-tagging discriminants of the jets identified as originating
from the additional bb̄ pair.

In the ATLAS analysis 9, the contributions from the non-tt̄ and tt̄H/Z → tt̄bb̄ backgrounds
are substracted based on MC simulations. Cross sections are computed in different fiducial
phase spaces as illustrated in Fig. 3 (left). Relative precisions of 17% and 13% are achieved in
the �+jets and eμ channel, respectively, and several differential measurements are unfolded at
particle-level. The CMS leptonic analysis 10 measures σ(tt̄bb̄), σ(tt̄j̄j), and their ratio. Fidu-
cial cross sections extracted in the �+jets and 2� channels reach precisions of 12% and 13%,
respectively. The CMS all-hadronic analysis 11 benefits from a large branching ratio and a fully-
reconstructible final state, but suffers from huge QCD backgrounds. The contribution from the
latter is strongly reduced by using multivariate analysis techniques (quark-gluon likelihood dis-
criminant, jet-assignment BDT, and weakly-supervised BDT to separate tt̄ and QCD processes).
Although no significant deviation is observed with respect to SM predictions, all three analyses
consistently report a trend of under-prediction of σ(tt̄bb̄) by all MC generators, which motivates
further differential studies based on the full Run 2 data sample.
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Finally, CMS reported the first-ever measurement of the tt̄cc̄ cross section12, which is partic-
ularly challenging due to the difficulty to identify c-jets. This analysis exploits a novel c-tagger
algorithm calibrated in a dedicated control region 13. Along with the response of a neural net-
work (NN) trained to correctly assign jets in the events, c-tagging jet discriminants are provided
as input to a multiclass NN classifier tasked with separating the tt̄cc̄ and tt̄bb̄ processes. A fit
to the response of this NN is performed to measure σ(tt̄cc̄), σ(tt̄bb̄), σ(tt̄ + light jets), as well as
their ratios to the inclusive σ(tt̄jj) value. All results are consistent with POWHEG predictions
within two standard deviations. The measured value for σ(tt̄cc̄) reaches a precision of 20% and
is slightly over-predicted, while that for σ(tt̄bb̄) slightly exceeds the prediction as shown in Fig. 3
(right).

Figure 3 – Left: comparison of fiducial σ(tt̄bb̄) measurements by ATLAS with predictions from several generators9.
Right: result of a two-dimensional scan of σ(tt̄cc̄) and σ(tt̄bb̄) by CMS 12.

6 Summary

Recent inclusive and differential cross section measurements of the associated production of top
quark pairs with gauge bosons or heavy-flavor jets were reported. While no significant deviation
from the standard model predictions is observed, three analyses based on data collected in
2016 by ATLAS and CMS consistently report a trend of under-prediction of σ(tt̄bb̄) by all MC
generators. A search for physics beyond the standard model targeting five associated production
modes of the top quark was also presented.
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Constraining models with extra heavy gauge bosons using LHC measurements
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We discuss significant improvements to our calculation of electroweak (EW) tt̄ hadroproduc-
tion in extensions of the Standard Model (SM) with extra heavy neutral and charged spin-1
resonances using the Recola2 package. We allow for flavour-non-diagonal Z′ couplings and
take into account non-resonant production in the SM and beyond including the contributions
with t-channel W - and W ′-bosons. We include next-to-leading order (NLO) QCD corrections
and consistently match to parton showers with the POWHEG method fully taking into ac-
count the interference effects between SM and new physics amplitudes. We briefly describe
the Contour method and give some information about the Rivet repository which catalogues
particle-level measurements subsequently used by Contur to set limits on beyond the SM
(BSM) theories. We explain how we use our calculation within Contour in order to set limits
on models with additional heavy gauge bosons using LHC measurements, and illustrate this
with an example using the leptophobic Topcolour (TC) model.

1 NLO QCD corrections to EW tt̄ hadroproduction beyond the Standard Model

The SM of particle physics is based on the ad hoc SU(3)C ×SU(2)L×U(1)Y gauge group. The
unification of this group in a larger, simple one, is theoretically very attractive. In this view,
the SM is seen as an effective model valid at low energies. Thus, given the fact that the possible
unification groups have a rank greater or equal than the SM, additional subgroups like a U(1) or
a second SU(2) may appear at an intermediate stage when the unification group is broken down
to the SM group. Interestingly, a new U(1) group factor predicts one additional gauge boson
generally denoted Z ′ in the literature. On the other hand, since SU(2) is a non-Abelian group
with three generators, an additional one leads to three gauge bosons of which one is neutral and
two are charged and denoted W ′±.

In many cases, the Z ′ and W ′ resonances decay leptonically and the strongest constraints
come from searches with dilepton final states. However, top-quark observables are still very
interesting. Indeed, the heavy top-quark may play a special with respect to EW symmetry
breaking and to new physics that couples preferentially to the third generation, or does not
couple to leptons at all. In fact, even if the resonances can couple to leptons, adding top-quark
observables can be important to distinguish between different BSM scenarios.

In 2015, a calculation of NLO QCD corrections to the electroweak tt̄ production in the
presence of a diagonal Z ′ resonance 1 was performed. Recently, we have redone the calculation
including a number of major improvements 2. We allowed for flavour non-diagonal/generation
non-universal couplings between the Z ′-boson and the SM quarks. Thus, Z ′-models explaining
the B-flavour anomalies can now be studied. Furthermore, we added the t-channel W and W ′

non-resonant contributions. As before, the photon induced channels for the SM were included
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in order to treat the initial state QED singularities, and all interference terms between the SM
and the new physics were taken into account. The amplitudes have been calculated using the
Recola2 package which computes tree and one-loop amplitudes at NLO (EW, QCD) in the
Standard Model and beyond. As in the previous calculation, the amplitudes were matched to
parton shower (PS) at NLO+PS accuracy within the POWHEG BOX framework. This was the first
use case of Recola2 BSM amplitudes in a NLO+PS matched calculation.

2 Testing new-physics models with global comparisons to collider measurements:
the toolkit

Working at the interface of theory and experiment in particle physics demands a balance between
what we wish to understand regarding the theory under consideration, and what we can achieve
using the experimental data. Even though an important number of measurements at the LHC
were designed to deal with SM processes, they can still implicitly involve information about
possible contributions from BSM physics. The method, “Constraints On New Theories Using
Rivet”, Contur 3, uses the fact that unfolded particle level measurements created in fiducial
regions of the phase space are highly model-independent. These measurements can thus be
exploited to get information about BSM processes implemented in Monte Carlo generators in a
very generic way.
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Figure 1 – A comparison of a leptophobic TC model 4 producing a Z′ signal. The black data points represent the
observed data from the original measurement. An NLO QCD+EW tt̄ background prediction is shown in green
for comparison. The figure on the left shows the background model generated from data, with the one on the
right showing the effect of using the theoretically calculated background model.

Before proceeding with Contur, let us briefly introduce the tool that it uses. The Rivet 5, or
Robust Independent Validation of Experiment and Theory, repository is a system where particle-
level measurements from the LHC and other colliders are preserved. Each analysis paper has its
own Rivet analysis routine which produces histograms that can be compared to the published
plots in the corresponding paper. In other words, a Rivet routine chooses the generated events
that would go into the fiducial region, and project their properties into histograms that have
the same observables and binnings as in the measurement.
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Contur exploits the set of Rivet analysis plugins to set the fiducial cuts on the BSM events
instead of the SM ones. Two approaches can be used in order to calculate the exclusion limits
with Contur: (i) The most complete one is when the background is defined by the simulated SM
predictions and their associated uncertainties. In this case, the BSM signal is added on top of the
background. The exclusion is obtained by comparing the signal + background to the data within
uncertainties. (ii) The less complete approach is when the background is assumed to be the data.
In this case, the BSM signal is superimposed on top of the data and the uncertainties on the data
are considered to define the room that is left for the signal. Both approaches are exemplified in
figure 1 for one point in the parameter space where on the left hand side (background = data)
the signal (red) is 51% excluded whereas on the right hand side (background = SM prediction
(green)) the BSM signal (red) is excluded at 62% CL. Contur provides the book-keeping and
steering machinery to repeat this process over a grid of parameter values.

3 Constraints on theories with extra Z-boson in the tt̄ final state using ������

In order to set limits on models with an additional Z ′-boson in the top-quark pair final state we
use our calculation (see section 1) within Contur as follows: the range for each input parameter
of a chosen model can be specified using Contur. Accordingly a POWHEG input file for every
parameter point will be produced. Then, for each input file, POWHEG generates events in the
Les Houches format. The events are then showered and transformed to the HepMC (needed
by Rivet) format using Pythia. Rivet filters the HepMC events that would enter the fiducial
region. Finally, following one of the two approaches described in section 2, Contur compares
the size of any deviation to the background for each set of parameters and gives an exclusion
limit. If desired Contur can as well combine the resulting limits of all the sets into one map.

To exemplify this chain we will use the leptophobic Topcolour model 4. This model has two
SU(3) symmetries of which one couples to the first and second fermion generations whereas the
other one only couples to the third generation. The two groups are then broken down to the
SU(3)C of the SM. In order to prevent the bottom-quark from being as massive as the top-quark,
the TC model involve an additional U(1)2 symmetry, and as we mentioned in section 1, this
will lead to an additional Z ′-boson. The U(1)1×U(1)2 is broken down to the U(1)Y of the SM.
The resulting Z ′ is chosen to only couple to the first and third quark generations and, as can
be understood from the name of the model, to not couple to leptons at all. Beside the mass of
the new gauge boson, this model has three free parameters: the ratio of the two U(1) coupling
constants, cot θH , as well as the relative strengths f1 and f2 of the couplings of the right-handed
up- and down-type quarks with respect to those of the left-handed quarks. We set f1 and f2 to
1 and 0, respectively, and calculate cot θH with respect to the total decay width of the Z ′-boson,
which is given in Eq. 6 of Ref. 4.

Using the tool-chain that we described at the beginning of this section, we now show
the resulting map for a specific range of parameters of the leptophobic TC model. This
was done following the second approach of the Contur method (background = data). We
consider a range of Z ′ masses mZ′ ∈ [1000, 5000] GeV and we calculate cot θH such that
ΓZ′/mZ′ = {0.01, 0.039, 0.068, 0.097, 0.126, 0.155, 0.184, 0.213, 0.242, 0.271, 0.30}. For the pro-
ton PDFs, we use the NLO luxQED set of NNPDF3.1 as implemented in the LHAPDF library
(ID = 324900), and we choose equal values for the factorisation and renormalisation scales, μF

and μR respectively, which we identify with the partonic centre-of-mass energy: μF = μR =
√
ŝ.

The resulting map for the combined exclusion limits can be seen in figure 2 where the solid
white line represents the exclusions at 95% CL and the dashed white line represents the 68%
CL exclusions. In order to prevent the risk of over-stating the sensitivity to a given signal,
Contur divide the measurements of Rivet into orthogonal pools based on the experiment which
performed the measurement, the centre-of-mass energy of the LHC beam, and the final state
which was probed. The results from each pool can then be combined without the risk of double
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Figure 2 – A comparison of a leptophobic TC model 4 producing a Z′ signal. The black data points represent the
observed data from the original measurement. An NLO QCD+EW tt̄ background prediction is shown in green
for comparison. The figure on the left shows the background model generated from data, with the one on the
right showing the effect of using the theoretically calculated background model.

counting. The colours in figure 2 indicate the dominant pool for each scan point. We see that
the most sensitive analysis pools in the area between the solid and dashed lines are the 13 TeV
ATLAS all-hadronic boosted tt̄ and inclusive jet and dijet cross section measurements.

Summary

We discussed some aspects of our new calculation of NLO QCD corrections to EW top pair
production using the Recola2 package in the presence of Z and W bosons. We then briefly
described the Contur method and the Rivet repository. Finally, we showed a complete chain
of tools that allows us to obtain exclusion limits for BSM models with an extra Z-boson in
the top-quark pair channel, and exemplified it using the leptophobic TC model. We saw that
the limits at 95% and 68% CL on the mass of the Z ′-boson come mostly from the all-hadronic
boosted tt̄ and the inclusive jet and dijet cross section ATLAS measurements at 13 TeV.
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I am grateful to J.M. Butterworth, T. Ježo, M. Klasen, and I. Schienbein for their ongoing
collaboration on the work presented here. This work was supported by the BMBF under contract
05H18PMCC1, the DAAD, the IN2P3 project Thorie BSMG, and the European Unions Horizon
2020 research and innovation programme as part of the Marie Sk lodowska-Curie Innovative
Training Network MCnetITN3 (grant agreement no. 722104).

References

1. R. Bonciani et al, JHEP 02, 141 (2016).
2. M. M. Altakach et al, arXiv:2012.14855.
3. A. Buckley et al, arXiv:2102.04377.
4. R. M. Harris et al, arXiv:1112.4928.
5. C. Bierlich et al, arXiv:1912.05451.

156



Top quark properties measurements at ATLAS and CMS

M. Vanadia, on behalf of the ATLAS and CMS Collaborations
INFN Roma Tor Vergata

A review on recent top quark properties measurements by the ATLAS and CMS collaborations
in pp collisions at the LHC is presented.

The top quark is the heaviest elementary particle, with mt ≈ 172.5 GeV; thanks to its high
mass, it has a special place in the Standard Model (SM), and possibly in physics sectors predicted
by many beyond-SM (BSM) theories. Also, it decays before hadronization, allowing for directly
probing its spin information by studying its decay products. The LHC Run-2 dataset, consisting
of ≈135 fb−1 (per experiment) of pp collisions at

√
s =13 TeV, provides an incredible chance

for precision studies on top quark properties. In the following, recent results from ATLAS and
CMS are reviewed.

The measurements discussed here are relative either to top pair production (tt̄), or to single-
top production via a t-channel W boson exchange. Top quarks usually decay via t → Wb, while
t → Ws and t → Wd channels give very small contributions. The tt̄ measurements discussed
here use events where one W boson decays hadronically and the other via W → �ν with � = e
or μ (single-lepton), or events with both W bosons decaying via W → �ν with � = e or μ
(dilepton). Single-top measurements exploit leptonic decays. The datasets are collected using
triggers identifying leptons with high transverse momentum (pT ). Electrons are reconstructed
using a combination of tracking detectors and calorimeters, while for muons mostly tracking
detectors are used. Hadrons produce jets of particles in the detectors, reconstructed using
tracking detectors and calorimeters employing the anti-kT clustering algorithm1, with a distance
parameter R = 0.4. Dedicated algorithms are used to identify jets associated with b−quarks
(b−tagging). In some cases larger jets (R = 0.8 or R = 1.0) are used to reconstruct boosted
hadronically decaying top quarks; dedicated top tagging strategies are used in this case. The
presence of neutrinos in the final state is inferred from the missing transverse momentum of the
event (pmiss

T ). Many of the tt̄ analyses discussed here perform a kinematic reconstruction, with
an event-by-event measurement of the t and the t̄ momenta, utilising available measurements of
their decay products and mass constraints (mt, mW ) with a variety of techniques.

Copyright 2021 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license.
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Ref.2 presents a measurement of the polarisation of top quarks in 36 fb−1 of Run-2 collisions
using tt̄ dilepton events. A coordinate system is introduced and used to express the top spin
density matrix in terms of coefficients, which are then measured exploiting dedicated angular
observables for the two charged leptons in the final state. Resulting normalised differential
cross-sections, unfolded to parton-level, are compared with predictions: good agreement with
data is found for Monte Carlo (MC) simulation with next-to-leading order (NLO) accuracy for
the matrix element (ME) calculation combined with a parton shower (PS) algorithm, and for
NLO SM predictions which include spin correlation effects for tt̄ production, while significant
disagreement is found when the correlation is not taken into account. Polarisation and spin-
correlation coefficients are measured and found in good agreement with SM predictions. Limits
are set on anomalous couplings for the top quark, evaluated with an effective field theory (EFT)
approach. Statistical and systematic uncertainties are at the same level for several observables,
while for others statistical effects are sub-dominant.

Ref. 3 reports a direct search for an anomalous chromoelectric dipole moment (CEDM) in
the top-gluon interaction vertex, i.e. a BSM source of CP violation. In this case two dedicated
CP-odd observables, O1 and O3, are defined from the momenta of the top quarks, b−quarks
and charged leptons, providing a maximal sensitivity to the effects of the anomalous coupling.
The asymmetry between positive and negative values of those observables is measured in data
and used to constrain the CEDM, resulting in (0.58± 0.69(stat)± 0.70(syst)) · 1018 gscm (from
O1) and (−0.01 ± 0.72(stat) ± 0.58(syst)) · 1018 gscm (from O3), gs being the strong coupling,
in agreement with SM predictions (i.e. with 0).

A powerful way of testing SM predictions is to measure asymmetries in tt̄ production. It is
symmetric at LO in QCD, but higher order and electroweak effects introduce a small asymmetry
in qq̄ → tt̄, with the t (t̄) following more often the direction of the incoming q (q̄). At the Tevatron
qq̄ production is dominating, and the pp̄ collisions define a preferred direction for the q (q̄), so a

forward-backward asymmetry AFB = N(Δy>0)−N(Δy<0)
(Δy>0)+N(Δy<0) , y being the rapidity and Δy = yt − yt̄,

can be directly measured. At the LHC qq̄ production provides just a 10% contribution, with gg
diagrams being dominant, so the effect is much smaller. Furthermore, pp collisions provide no
preferred direction for q (q̄). One solution is to exploit the different proton PDFs for quarks and
anti-quarks, which result in different absolute rapidity (|y|) distributions for the t (t̄). In Ref. 4

Δ|y| = |yt| − |yt̄| is used to define AC = N(Δ|y|>0)−N(Δ|y|<0)
(Δ|y|>0)+N(Δ|y|<0) , which is measured in 139 fb−1 of

pp collisions in single-lepton events, using R = 0.4 jets for mtt̄ < 500 GeV (resolved events) and
R = 1.0 jets with top-tagging in the mtt̄ > 500 GeV regime (boosted events). Measurements
are unfolded to parton level. The inclusive result is AC = 0.0060± 0.0011(stat)± 0.0010(syst),
with a 4σ significance with respect to zero. Differential measurements are also presented as a
function of the longitudinal boost and of the invariant mass of the tt̄ system. All results are in
good agreement with SM predictions. Limits are set on BSM effects utilising an EFT approach.
Ref. 5 presents an asymmetry measurement using 36 fb−1 of Run-2 collisions, in single-lepton

events, with a very different approach. In this case an effective parameter A
(1)
FB controlling

the asymmetric part of the qq̄ → tt̄ cross-section is introduced, and it is shown that with good

approximation A
(1)
FB ≈ AFB, effectively resulting in a Tevatron-style measurement. The challenge

is to distinguish the sub-dominant qq̄ production from qg and gg productions: this is obtained
employing three kinematic quantities, i.e. the longitudinal boost, the invariant mass and the
scattering angle of the reconstructed system. A multidimensional fit is performed for resolved
and boosted events, and for a third intermediate category covering the phase space between the

other two. The result is A
(1)
FB = 0.0048+0.095

−0.087(stat)
+0.020
−0.029(syst); limits are also set on anomalous

chromoelectric and chromomagnetic moments for the top quark.

The top quark has a special relationship with the Higgs boson in the SM. The high top mass
mt results in a very high Yukawa coupling, predicted to be gSMt = 0.99; BSM effects may affect
this value, resulting in Υt =

gt
gSMt

�= 1. This would alter the tt̄ kinematics in pair production, due
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to contributions from virtual exchanges of Higgs bosons between the t and the t̄. Ref. 6 and 7

present measurements of the top Yukawa coupling respectively in the single-lepton (on a 36 fb−1

dataset) and dilepton (on a 137 fb−1 dataset) channels. The sensitive observables are mtt̄ and
|Δytt̄| = |yt−yt̄|; the dilepton analyses utilises mbb̄��̄ and |Δybb̄��̄|, which are proxies for the same
effects but less affected by detector uncertainties. Υt is measured in data with likelihood fits
on those observables, resulting in Υt = 1.07+0.34

−0.43 (single-lepton) and Υt = 1.16+0.24
−0.35 (dilepton),

with uncertainties dominated by systematic effects. These results are less precise than those
obtained from Higgs boson measurements 8,9, but they are more general, since they do not rely
on assumptions on Yukawa couplings of other particles.

Measuring the width of the top quark Γt is a further test for SM predictions, since BSM
contributions may affect its value. Ref. 10 presents a direct measurement of Γt, performed on
139 fb−1 of pp collisions in tt̄ dilepton events. The main observable of the analysis is the invariant
mass of the b−quark coming from a top quark and of the charged � coming from aW produced by
the same top, m�b. Its shape depends on the Γt and is used to measure its value with a template
fit to data in the eμ channel. The fit is also simultaneously constraining the mbb distribution
in the ee and μμ channels in order to reduce the impact from b−jet related uncertainties. The
result is Γt = 1.94+0.52

−0.49 GeV for mt = 172.5 GeV, in agreement with SM predictions, within
uncertainties that are dominated by systematic effects. Results are provided also for alternative
mt hypotheses. These results are less precise but more general than those obtained from indirect
constraints, which require assumptions e.g. on the value of the single-top cross section.

Ref. 11 presents a measurement of the CKM matrix elements |Vtx| in a 36 fb−1 dataset using
single-top t-channel events. The relative values |Vtb| >> |Vtq| with q = d, s, thus diagrams with
tWb vertices both at production and decay of the t (STtWb) are by far dominating. Contributions
from events with at least one tWq vertex (STtWq) are at sub-percent level in the SM. Events
are split in three categories, depending on the number of jets and how many of them are
b−tagged, providing different sensitivities to STtWb and STtWq. A number of quantities are
used to build multivariate discriminants, designed to discriminate single-top from background
events and to distinguish STtWb and STtWq. The CKM elements are then measured with a
maximum-likelihood fit. Results are provided for different scenarios. Assuming CKM matrix
unitarity, and using |Vtb| as the only free parameter, the measurement results in |Vtb| > 0.970
and (|Vtd|2 + |Vts|2) < 0.057 95% CL. Assuming a heavier 4th quark generation of quarks but
SM Γt results in |Vtb| = 0.988 ± 0.051 and (|Vtd|2 + |Vts|2) = 0.06 ± 0.06, while releasing the
top width constraint results in |Vtb| = 0.988 ± 0.024 and (|Vtd|2 + |Vts|2) = 0.06 ± 0.06. The
measurements, limited by systematics effects, represent a first direct and model-independent
determination of the |Vtx| terms, with respect to other existing measurements, which rely on
important assumptions (e.g. on theoretical cross section calculations).

Top decay products can also be studied with high precision in top events. Ref. 12 presents
a measurement of R(τ/μ) = BR(W→τν)

BR(W→μν) , BR being the branching ratio. This is of great interest

because the LEP measurement for R(τ/μ) shows a 2.7σ tension with SM predictions 13. Here a
139 fb−1 dataset is utilised and tt̄ dilepton events are selected, with tight cuts applied on one
of the leptons, and then the measurement is performed on the other one, which is requested to
be a muon. The impact parameter of the muon |d0| is used as a discriminant variable: a small
|d0| value corresponds to a prompt W → μν decay, while W → τν decays have on average a
larger |d0|. The |d0| measurement is calibrated employing Z → μμ decays. Events with two
leptons with the same charge are used to control the backgrounds. The result, R(τ/μ) = 0.992±
0.007(stat)± 0.011(syst), is in good agreement with the SM and the most precise measurement
available to date.
Ref. 14 is a new measurement of W decay BRs in tt̄ events, performed on a 36 fb−1 dataset
by categorising events depending on the number of jets, number of b−tagged jets, number
and type of charged leptons (including hadronically decaying τ leptons). Kinematic variables
(e.g. the sub-leading lepton pT in ee, eμ, μμ channels) are used to discriminate W → �ν (� =
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e, μ) from W → τν → �νν (� = e, μ) decays. BRs are extracted with a maximum likelihood
estimation approach. Results for the hadronic and leptonic BRs, assuming lepton universality,
are respectively BR(W → had) = (67.32 ± 0.02(stat) ± 0.23(syst))% and BR(W → �ν) =
(10.89 ± 0.01(stat) ± 0.08(syst))%; BRs for the individual leptonic channels are also presented
in the paper. The results are in good agreement with those from LEP 13, and have significantly
better statistical precision, whereas (dominant) systematic uncertainties are at the same level.
The paper presents results also for the ratios between leptonic BRs, and uses those results to
perform measurements for other SM quantities, i.e. CKM matrix elements and αs.

Finally, Ref. 15 presents a combination of ATLAS and CMS measurements for the polarisa-
tion fractions of the W boson in tt̄ and single-top events. The measurements are performed on
≈ 20 fb−1 (per experiment) of LHC Run-1 pp collisions at

√
s = 8 TeV. The paper presents a

careful assessment of the level of correlation of the systematic uncertainties for the different mea-
surements, which is particularly challenging when considering results from different experiments.
The combination results in a longitudinal polarisation fraction F0 = 0.693±0.009(stat + bkg)±
0.011(syst) and a left-handed one FL = 0.315± 0.006(stat + bkg)± 0.009(syst), with stat+bkg
representing the combination of uncertainties relative to the size of the data sample and to the
background estimation. The right-handed polarisation fraction can also be measured imposing
the unitarity constraint, and is found to be FR = −0.008± 0.005(stat + bkg)± 0.006(syst). All
the results are in good agreement with SM predictions; limits on anomalous couplings in the
tWb vertex are also presented in the paper.

In conclusion, a review of recent measurements of several properties of the top quark and
of W bosons produced in top quark decays was presented. With the very high number of
top quarks produced by the LHC, these measurements represent a high precision test of SM
predictions, and allow for investigating potential BSM physics effects. Many measurements
discussed in this overview still suffer from a sizeable statistical uncertainty, and will significantly
improve when using the full Run-2 dataset or by adding data from the Run-3, which is starting
in 2022. Systematic uncertainties are important for all measurements and dominant in most
cases: the most relevant effects are usually those associated with hadronic jets measurements
in the detector, and with modelling of the signal in simulation. The great effort the whole
top physics community is devoting to improve our current knowledge on these effects will be
absolutely crucial in order to maximise the information we can extract from the LHC data.
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MiNNLOPS: a new method to match NNLO QCD with parton showers

Emanuele RE

LAPTh, Université Grenoble Alpes, Université Savoie Mont Blanc, CNRS, F-74940 Annecy, France

I describe MiNNLOPS, a novel method to match NNLO QCD computations with Parton
Showers, and present a selection of results for color-singlet production at the LHC.

1 Introduction

The current experimental precision reached by the LHC experimental collaborations (and even
more the future prospects) requires theoretical predictions whose formal accuracy go beyond the
computation of NLO QCD corrections and their matching to parton showers (NLO+PS). Adding
(N)NNLO QCD corrections, and NLO EW ones (or combination thereof), is crucial, as often it
is only through such predictions that a comparison between data and theory is made possible
without being limited by large theoretical uncertainties, or by missing shapes and normalization
effects due to NNLO QCD and NLO EW corrections. Nowadays the NNLO QCD corrections
to essentially all the 2 → 2 processes a at the LHC are known, and NLO EW corrections can be
computed also for process with spectacularly high multiplicity (2 → 8).

It is known that, in the corners of phase space where an hierarchy between two or more scales
develop, fixed-order QCD predictions fail, due to the presence of large logarithms, that need to
be resummed to all orders. The recent progress in this field has been remarkable as well, not only
due to the extremely precise predictions obtained for specific observables (in some cases, N3LL′),
but also because of the development of parton-shower algorithms whose logarithmic accuracy
can be formally established for a wide class of observables, and systematically improved.

A fully-differential Monte Carlo event generator that incorporates, consistently, several of
the above developments does not exist yet. Nevertheless, the issue of matching NNLO QCD cor-
rections to PS has been already addressed by different groups, and NNLO+PS results have been
obtained with four methods: “reweightedMiNLO′”,1,2 Geneva,3,4 Unnlops,5 MiNNLOPS.

6,7

All the processes with 2 massless colored legs at LO can be described with this accuracy, and
many results have been already obtained.2,5–7,10–26

aAs far as this talk is concerned, NNLO QCD corrections to off-shell diboson production with exact decays
belong to this category
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In this contribution, I present MiNNLOPS,
6,7 a new method to match NNLO QCD compu-

tations with parton showers. I focus on color-singlet production processes, although the method
I describe has been already successfully extended to deal with a colored and massive final state,
and used to simulate top-pair production at NNLO+PS accuracy, obtaining, for the first time,
a NNLO+PS result for a process with more than two colored legs at LO8 b.

Denoting with F the color-singlet final state, and with pt its transverse momentum, the
requirements of NNLO+PS prediction are:

• NNLO accuracy for observables that are inclusive on radiation (e.g. dσ/dyF ).

• NLO(LO) accuracy for F +1(2) jet observables in the hard region (e.g. dσ/dpt,j), possibly
with a scale choice that is appropriate for each kinematic regime.

• Resummation of soft/collinear logarithms where relevant (e.g. σ(pt,j < pt,veto) or dσ/dpt).

The formal logarithmic accuracy that can be obtained by NNLO+PS methods for specific ob-
servables is currently an open question. As far as this manuscript is concerned, I will just assume
that a NNLO+PS prediction must preserve the logarithmic accuracy of the PS, that I will as-
sume to be leading-logarithmic (LL). Theoretical ideas that already go beyond the NNLO+PS
requirements outlined above exist as well.27,28

2 The MiNNLOPS method

2.1 MiNNLOPS in a nutshell

From pt-resummation techniques c one can show that the differential cross-section for F + X
production can be written as

dσ

dptdΦF

=
d

dpt

{
L(ΦF, pt) exp[−S̃(pt)]

}
+Rfinite(pt) , (1)

where the luminosity L(ΦF, pt) contains the hard virtual corrections and the coefficient functions
for F production (expanded in powers of αS(pt)), exp[−S̃(pt)] is the Sudakov form factor for the
(direct-space) resummation of logarithms log(Q/pt), and Rfinite(pt) is the finite part of the F +1
jet differential cross section dσFJ/dΦFJ. If L contains the hard-virtual and the collinear coefficient
functions up to second order in αS(pt), and Rfinite(pt) is NLO accurate in the pt spectrum, the
integral over pt of Eq. 1 yields NNLO accurate results for F production. The MiNNLOPS

method relies on the observation that, after neglecting terms that, upon integration in pt, give
contributions beyond the required accuracy, Eq. 1 can be recast to a form that matches the
POWHEG B̄ function for the process F + 1 jet:

dB̄(ΦFJ)

dΦFJ

= exp[−S̃(pt)]

{
αS(pt)

2π

[
dσFJ

dΦFJ

](1)(
1 +

αS(pt)

2π
[S̃(pt)]

(1)

)
+

(
αS(pt)

2π

)2 [ dσFJ

dΦFJ

](2)
+

(
αS(pt)

2π

)3

[D(ΦF, pt)]
(3)F corr(ΦFJ)

}
, (2)

where

D(ΦF, pt) = −dS̃(pt)

dpt
L(ΦF, pt) +

dL(ΦF, pt)

dpt
, (3)

and [X](k) is defined by X =
∑

k(
αS
2π )

k[X](k).

bResults for top-pair production at NNLO+PS accuracy have been presented in a talk at this conference as
well.9

cFor the case at hand, we use the direct-space resummation formalism of Ref.29,30 (Radish).
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In Eq. 2 one recognizes the MiNLO′ formula, and the extra term [D(pt)]
(3) needed to get

NNLO accuracy. As D is extracted from equations valid in the pt → 0 limit, it formally depends
on (ΦF, pt): in order to obtain the final expression of Eq. 2 for an improved B̄ function that
depends, instead, on ΦFJ, one needs to introduce a smooth mapping and a projection F corr(ΦFJ),
so that, when integrating the DF term in Eq. 2 over ΦFJ at fixed (ΦF, pt), one recovers exactly
D(ΦF, pt).

Truncating D at the third order is formally correct, and it is the approach used in ref.,6

although by keeping its full expression, i.e.(
αS(pt)

2π

)3

[D(pt)]
(3) → D − αS(pt)

2π
[D(pt)]

(1) −
(
αS(pt)

2π

)2

[D(pt)]
(2) , (4)

the dependence of the final results from higher-order subleading terms (whose size can be nu-
merically non-negligible) is minimized. In fact, by keeping all the terms in D, the initial total
derivative present in Eq. 1 is preserved. The latter choice was introduced in,7 and it was shown
to yield better agreement between NNLO+PS and NNLO results, as well as, together with other
choices discussed in the same paper, a more reliable scale variation band.

As a final comment, we notice that, starting from a point in the ΦFJ phase space, the second
radiation is generated using the usual POWHEG mechanism:

dσ = B̄(ΦFJ) dΦFJ

{
Δpwg(Λpwg) + dΦradΔpwg(pt,rad)

R(ΦFJ,Φrad)

B(ΦFJ)

}
, (5)

where Δpwg is the POWHEG Sudakov form factor governing the second emission probability. If
the first and the second emission are strongly ordered, the above equation reproduces the emis-
sion pattern of the first two emissions of a kt-ordered parton shower, thereby proving that the
MiNNLOPS method preserves the LL accuracy of a kt-ordered shower.

2.2 Results

In this section we show results for Drell-Yan and Higgs production via gluon fusion. The NNLO
results have been obtained with Matrix,31 whereas the MiNNLOPS ones are obtained using
the optimized approach described in Ref.,7 after applying the Pythia 8 parton shower, but
without including hadronization and MPI effects.

In Fig. 1 we show predictions for the Higgs boson rapidity (left) and its transverse momentum
(right).
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Figure 1 – Comparison of NNLO (red) and MiNNLOPS (blue) result for Higgs production via gluon fusion. The
panel on the left (right) displays the Higgs boson rapidity (transverse momentum).
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The agreement between the NNLO and the NNLO+PS prediction for the Higgs rapidity
is very good, differences are of the order of few percent, the shape is predicted correctly and
the size of the theoretical uncertainty also agrees rather well between the two predictions. For
the Higgs transverse momentum, we observe good agreement at large pT,H values, as expected
by the fact that the MiNNLOPS scale choice adopted in Ref.7 is such that, at large pT,H, it
approaches MH , that is the scale used in the NNLO result. At low values of pT,H, the typical
Sudakov shape is observed.

In Fig. 2 we show instead the rapidity of the dilepton system in Drell-Yan production (left)
and the transverse momentum of the positron (right).
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Figure 2 – Comparison of NNLO (red) and MiNNLOPS (blue) result for Drell-Yan production. The panel on the
left (right) displays the dilepton rapidity (positron transverse momentum).

The agreement of the results for the Z-boson rapidity is very remarkable, and it also depends
on the choice of the recoil scheme adopted in Pythia 8. The plot of the lepton transverse
momentum shows the expected features: an extremely precise prediction below the Jacobian
peak (with both results being NNLO accurate), a perturbative instability of the NNLO result
close to the Jacobian peak that gets smooth by the PS, and a NLO-like uncertainty band of
the two results above the peak, with a different normalization due to the different scale choices:
for the NNLO result we have μ = M��, whereas in MiNNLOPS one has μ � pT,��, and the
region pT,�+ � MZ/2 is dominated by kinematic configurations where the Z boson has a small
transverse momentum.

As mentioned in the introduction, results for Zγ15 and W+W−16 production have been
obtained recently with the MiNNLOPS approach too, as well as NNLO+PS predictions for tt̄
production8
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R-symmetry leads to a distinct low-energy realisation of SUSY with a significantly modified
colour-charged sector featuring a Dirac gluino and scalar colour octets. Recasting the LHC
searches for squarks and gluinos in the Minimal R-symmetric Supersymmetric Standard Model
(MRSSM) we find that limits on squarks might be substantially lower, while for gluinos higher
than in the MSSM. For example, in a scenario with degenerate squarks and heavy gluino, the
squark mass limit is approximately 600 GeV lower than in the MSSM.

1 Motivation

The analyses of the full data set collected during Run 2 of the Large Hadron Collider (LHC),
seemingly push the available parameter space of supersymmetric (SUSY) models for strongly
interacting particles into a few TeV range. However, one should remember that all of the models
analysed officially by the experimental collaborations are, after all, simplified models inspired
by the Minimal Supersymmetric Standard Model (MSSM). The reason for the non-discovery of
SUSY might be that SUSY is realized in a non-minimal form, which leads to weaker signals at
the LHC and elsewhere. Therefore experimental analyses should be reinterpreted (or recast) in
terms of theories not considered in the original analysis publication 1.

The Minimal R-symmetric Supersymmetric Standard Model (MRSSM) 2 is an example of
such a model. R-symmetry, a global symmetry under rephasing the Grassmannian parameter
θ → eiαθ, is almost as old as supersymmetry itself. Kinetic terms are automatically R-symmetric,
while mass terms for gauge Majorana fermions are not and therefore gauginos would be massless.
Since there are not observed, they have to be massive. This is why R-symmetry is broken
explicitly by soft gaugino mass terms in the MSSM and variants thereof. However, one can
make gauginos massive by promoting them to Dirac-type fermions. This is achieved in the
MRSSM by adding adjoint chiral superfields, as well as additional R-Higgs superfields to replace
the μ term. Originally considered for its natural suppression of flavour-violating contributions, it
turned out to have non-trivial and interesting phenomenology very different from the MSSM 3,4.
In this talk we present differences of exclusion limits for squark and gluino production in the
MRSSM and MSSM, see details in 5.

2 The MRSSM

To form Dirac mass terms for gauginos, one adds chiral multiplets Ô, T̂ and Ŝ in the adjoint
representations of SM gauge groups. Since in the MRSSM the Higgs supermultiplets are assigned

aSpeaker
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Table 1: Superfields, the corresponding bosonic and fermionic components and their R-charges.

Field Superfield Boson Fermion

Gauge Vector ĝ, Ŵ , B̂ 0 g,W,B 0 g̃, W̃ B̃ +1

Matter l̂, ê +1 l̃, ẽ∗R +1 l, e∗R 0

q̂, d̂, û +1 q̃, d̃∗R, ũ
∗
R +1 q, d∗R, u

∗
R 0

H-Higgs Ĥd,u 0 Hd,u 0 H̃d,u −1

R-Higgs R̂d,u +2 Rd,u +2 R̃d,u +1

Adjoint Chiral Ô, T̂ , Ŝ 0 O, T, S 0 Õ, T̃ , S̃ −1

R = 0 charge, the conventional μ-term is forbidden and its replacement requires introduction of
additional two SU(2)L doublets of R = 2 chiral multiplets, the so-called R-Higgses. The content
of the model is summarized in Table 1.

Here we focus on the coloured sector of the MRSSM in the context of LHC searches for new
physics signals. Question is what are the LHC mass limits for squarks, assuming that squarks
are the lightest coloured sparticles. For this purpose we recast the LHC search results to the
MRSSM. The relevant properties of the coloured sector of the MRSSM are as follows:

a) for each quark flavour qi , there is a ”left-handed” squark q̃iL with R-charge R = +1 and a
”right-handed” squark q̃iR with R-charge R = −1. Squarks of different type cannot mix,
in contrast to the MSSM, but flavour mixing is possible.

b) The gluino is a Dirac fermion with R-charge R = +1. Its left-handed component is a
member of a vector superfield and behaves like the MSSM gluino and is the superpartner
of the gluon. The right-handed gluino component is a member of an additional adjoint
antichiral supermultiplet, has no direct couplings to quarks or squarks. The antigluino has
R = −1.

c) The scalar component of the adjoint chiral multiplet (a scalar gluon, or sgluon) with R-
charge R = 0 is a complex scalar in the octet colour representation. The gluon, gluino and
the sgluon together form an N = 2 SUSY multiplet.

The main differences between the MRSSM and MSSM are as follows. In the MRSSM all
left/right-sfermions carry an R-charge of ±1, and in pp collisions only final states with total R =
0 are allowed. Therefore, in qq̄ and and gg collisions produced squark and antisquark must have
the same chirality while, in processes initiated by qq pairs, produced squarks must have opposite
chiralities as illustrated in Fig.1. Since the number of possible squark-(anti)squark combinations
is reduced, the squark production cross section in the MRSSM is expected to be smaller than
in the MSSM for squarks of the same mass. On the other hand, gluino production cross section
is expected to be larger due to additional polarization states of Dirac gluinos.

u

u

ũL/ũR

ũ†L/ũ
†
R

g

g

ũL/ũR

ũ†L/ũ
†
R

u

u

ũL/ũR

ũR/ũL

Figure 1 – Some tree-level diagrams for squark pair production in the MRSSM. Unlike in the MSSM, R-symmetry
forbids ũLũL or ũLũ

†
R pairs to be produced.
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3 Squark and gluino mass limits in the MRSSM

To extract limits on squark masses in the MRSSM, we recast available experimental analy-
ses. The MRSSM and MSSM mass spectra have been generated using SARAH-4.13.0 and
SPheno-4.0.3. For LO generation of Supersymmetric-QCD (SQCD) events (including subse-
quent decays) at the 13 TeV LHC Herwig-7.1.2 has been used. For the MSSM NLO+NLL
corrections have been included with the use of the public software NLLfast and of NNLL type
using NNLLfast. Global NLO K-factors provided by NLLfast for both squark as well as gluino
final states were used to scale the prediction for the total production cross section appropriately
as calculated by Herwig from LO to NLO. The squark/antisquark production processes in the
MRSSM have been computed at NLO in6. They are included via global K-factors, evaluated nu-
merically using MadGraph5−aMC@NLO-2.5.5 and GoSam-2. Of minor importance for the analysis
of the MRSSM mass limits is the gluino production since gluinos are likely to be significantly
heavier than squarks 2 and no higher order corrections are available. Hence, the MRSSM gluino
production cross section K-factors are approximated by the MSSM ones using NLLfast for the
analogues mass spectra.

Events for MRSSM and MSSM are generated using UFO models generated by SARAH. These
events are then passed to CheckMATE-2.0.26 to extract the limits for the considered parameter
points. All the details on the calculations, estimation of theoretical uncertainties and numerical
tools used can be found in 5.

Here we present the limits on squark masses in the MRSSM and compare the exclusions
to the case of the MSSM for two interesting scenarios (for the third one with flavour mixing
between first and third generation see 5):

A) no flavour mixing, L/R states mass degenerate,

B) no flavour mixing, independent masses of L/R states.

For scenario A all masses of the first and second generation squarks are set to a common value of
mq̃, flavour mixing is zero and LSP is massless. Left panel of Fig.2 shows the exclusion contours
in the squark-gluino mass plane for the MSSM and MRSSM. If gluinos are heavy, mg̃ > 3.5 TeV
as motivated in the MRSSM, the dominant production processes are squark pairs q̃q̃, while q̃q̃†

or q̃†q̃† are less important due to suppressed antiquark PDFs. In the MRSSM only q̃Lq̃R are
allowed due to R-charge conservation, while in the MSSM also q̃Lq̃L and q̃Rq̃R are allowed. Due
to reduced squark production cross section in the MRSSM the resulting squark mass limit is
substantially weaker: for mg̃ = 5 TeV the limits are mq̃ > 1.7 TeV for the MRSSM, while
mq̃ > 2.3 TeV for the MSSM. On the other hand, for lighter gluinos production processes of
g̃¯̃g and ¯̃g¯̃g become relevant. Since Dirac gluinos have more degrees of freedom than Majorana,
the production cross section is enhanced in MRSSM and hence the exclusion limit for gluinos is
stronger than in the MSSM.

In scenario B one common left-handed squark mass mq̃L and one common right-handed
squark mass mq̃R for the first and second generation squarks is assumed. The gluino is taken as
heavy (mg̃=5 TeV) and the LSP massless. Center panel of Fig.2 shows the resulting exclusion
contour in the q̃L − q̃R mass plane (symmetric under q̃L ↔ q̃R). If mq̃L � mq̃R then q̃Lq̃L and

q̃†Lq̃
†
L are kinematically dominant. In the MSSM both final are allowed, while in the MRSSM

only the second is allowed but it is PDF-suppressed; hence the limit on the lighter squark mass is
rather weak. For example, for gluino and right-squark masses of 5 TeV, we obtainmq̃L > 1.3 TeV
in the MRSSM and mq̃L > 1.8 TeV in the MSSM.

4 Summary

Our results are best summarized in the right panel of Fig.2, which shows squark masses in both
models for which the squark production cross sections in both models are the same. These large
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Figure 2 – Left: mass limits on squarks and gluinos in scenario A; Center: mass limits on L/R squarks for
mg̃ = 5 TeV in scenario B; the marked bands correspond to the theory uncertainty of the cross sections, see 5

for details. Right: contours in the squarks mass plane for which squark production cross sections in MSSM and
MRSSM are equal.

differences between the mass limits found in the MRSSM and the MSSM are mostly due to the
basic fact that the squark production cross section is significantly lower in the MRSSM. For
heavy gluino this demonstrates the 500 – 600GeV difference in squark mass limit. Therefore
our results are rather robust. With future LHC data, in case of no discovery, the mass limits
will go up in both models, but the gap between the limits will remain. On the other hand the
pure gluino mass limits are stronger in the MRSSM as there are twice as many gluino degrees
of freedom as in the MSSM.
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5. P. Diessner, J. Kalinowski, W. Kotlarski and D. Stöckinger, JHEP 09 (2019), 120.
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The level of experimental precision that will be achieved with LHC Run-III data and in the
forthcoming High Luminosity stage calls for equally accurate theoretical predictions to com-
pare with. Here we present updated cross section calculations for the electroweak production
of SUSY particles at the LHC with aNNLO+NNLL (approximate next-to-next-to-leading-
order plus next-to-next-to-leading-logarithmic) accuracy. Results are shown for slepton pair
production and for electroweakinos pair production in their mostly higgsino or gaugino config-
uration, finding a further significant reduction of the factorisation and renormalisation scale
dependence that stabilises the predictions to the permil level.

1 Introduction

The search for suspersymmetry (SUSY) is one of the most fascinating ongoing investigations at
the LHC. The Minimal Supersymmetric Standard Model (MSSM) provides an elegant framework
for a possible realization of a supersymmetric extension of the Standard Model (SM), solving
few of the drawbacks of the latter, as it provides a natural explanation for the protection of the
Higgs boson mass from radiative corrections, it predicts the unification of strong and electroweak
forces at high scales, and it also contains Dark Matter candidates which can naturally explain
modern cosmological observations.

The large amount of data that is being collected at the LHC is converted into precise
measurements of a wide range of possible SUSY signatures by the analysis of the CMS and
ATLAS experimental groups. These measurements are in turn translated into increasingly
stringent limits on the masses of the SUSY particles, under the condition that the accuracy of
the theoretical predictions match the experimental precision.

Radiative corrections at next-to-leading order (NLO) and beyond have been calculated for
many SUSY processes, and ad hoc techniques have been developed for the treatment of the
logarithmic terms that appear in the cross section perturbative expansion and that can be large
in specific kinematical regions. The effects of the resummation of these terms at next-to-leading
logarithmic (NLL) accuracy and beyond have been investigated thoroughly in the past for several
SUSY processes.

In this work, we present updated predictions for the cross sections of sleptons pair 1 and
electroweakinos production 2 including threshold NNLL corrections matched at aNNLO, which
contains SUSY corrections only at NLO, since they are not known beyond this order.

aMS-TP-21-17 - LTH 1261
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Figure 1 – (Left) Total cross section for the pair production of left-handed selectron as function of the slepton
mass and K factors, and (Right) its scale uncertainty at NLO+NLL and aNNLO+NNLL.

2 Slepton pair production at aNNLO+NNLL

We present here the results for the cross section of pair produced left-handed first or second gen-
eration sleptons. Predictions for the case of third generation sleptons or for different chiralities
of the final state particles can be obtained by a simple consistent rescaling of the results.

The most recent exclusion limits by ATLAS and CMS derived from the 139 fb−1 integrated
luminosity data set, force the mass of these particles above 700 GeV 8,4.

The left plot in Fig. 1 shows the slepton pair cross section at different fixed orders and with
resummation, as function of the slepton mass, while the panel in the bottom shows the relative
K-factors. The size of the aNNLO+NNLL corrections with respect to the previous NLO+NLL
calculation is of the order of 1-2% in the considered slepton mass range. In the plot on the right
we can appreciate the reduction of the scale uncertainty of the total cross section which shrinks
from 1-2% at NLO+NLL to 0.1-0.2% at aNNLO+NNLL, uniformly in the whole considered
slepton mass range.

3 Electroweakino pair production at aNNLO+NNLL

In this section we show the results for the production of neutralinos and charginos in two
different realizations of the MSSM. With the appropriate choice of the model parameters 5, we
generated consistent spectra where the electroweakinos are mostly composed of either Higgsinos
or gauginos.

3.1 Mostly Higgsino electroweakinos

We consider first the production of electroweakinos in their mostly Higgsino configuration. In
this realization of the MSSM, the lightest supersymmetric particle (LSP), the neutralino χ̃0

1,
the next-to-lightest neutralino χ̃0

2 and the the lightest charginos χ̃±1 are almost degenerate in
mass, with a mass splitting of the order of 5 - 10 GeV. The most sensitive exclusion limits for
this scenario from ATLAS and CMS are obtained analysing the data set corresponding to an
integrated luminosity of 139 fb−1, and they set the masses of the considered SUSY particles
above roughly 200 GeV 6,7.

Fig. 2 on the left shows the cross section for the production of a neutralino χ̃0
2 and a nega-

tively charged chargino χ̃−1 , as function of the neutralino mass, at various fixed orders and with
resummation. The panel in the bottom contains the corresponding K-factors and highlights the
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Figure 2 – (Left) Total cross section for the production of higgsino-like negatively charged chargino and next-to-
lightest neutralino as function of the chargino mass and K factors, and (Right) its scale uncertainty at NLO+NLL
and aNNLO+NNLL.

sizeable corrections obtained going from NLO+NLL to aNNLO+NNLL calculations, which vary
between 1% and 5%. In the plot on the right we observe a significant reduction of the scale
uncertainty of the results, which is reduced from about 4% (2%) at NLO+NLL down to 1.5%
(0.5%) for light (heavy) χ̃0

2 neutralinos.

3.2 Mostly gaugino electroweakinos

Here we consider the scenario of mostly gaugino electroweakinos. In this configuration the masses
of the neutralino χ̃0

2 and the charginos χ̃±1 are at the TeV scale and almost degenerate, while
the LSP χ̃0

1 is lighter (O(100) GeV mass). This choice satisfy the constrains from experimental
exclusions by ATLAS and CMS analysis which exclude charginos lighter than 1.0 and 1.4 TeV
respectively 8,9.

Fig. 3 contains the results for the cross section in this scenario in a similar form as above.
Since the particle involved are heavier than the previous case, the size of the radiative corrections
is somewhat smaller. This is visible in the panel containing the K-factors, which shows that the
effect of the updated aNNLO+NNLL results on the previous NLO+NLL results is a negative
correction of the order of 0.1-0.4%. The plot on the right shows a good reduction of the cross
section scale uncertainty for light electroweakinos, which goes from 1-2% at NLO+NLL to 0.5%
at aNNLO+NNLL, while for heavier electroweakinos it remains substantially unchanged.

4 Conclusions

The presented results for the electroweak production of sleptons and electroweakinos in their
mostly Higgsino and mostly gaugino configurations have been obtained with improved precision
at the level of aNNLO+NNLL, for a c.o.m. energy of 13 TeV and with mass scan ranges relevant
for current and future LHC analysis. The impact of the new calculations on the cross section
is generally moderate, leading to modification of the order of 1% or less, however the results
feature a sensible reduction of the scale uncertainty which is now around the permil level or
below. The improved calculations have been included in a new release of the RESUMMINO
package, now available for public download at https://resummino.hepforge.org/, which can
be employed in future experimental analyses for SUSY searches at the LHC.
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Figure 3 – (Left) Total cross section for the production of gaugino-like negatively charged chargino and next-
to-lightest neutralino as a function of the chargino mass and K factors, and (Right) its scale uncertainty at
NLO+NLL and aNNLO+NNLL.
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Searches for exotic Dark Matter at ATLAS and CMS
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The nature of dark matter (DM) is still a mystery. Many direct and indirect search experiments
are trying to solve this puzzle. The LHC offers a unique opportunity at the high energy
frontier, where DM particles or related new particles may be produced. Both the CMS and
ATLAS collaborations have carried out comprehensive DM search programs, providing critical
missing pieces to the puzzle. In this article, recent exotic DM searches in CMS and ATLAS
are summarized and a brief outlook is given.

1 Introduction

The nature of dark matter (DM) remains a mystery and there are many Beyond Standard Model
(BSM) theories proposed to provide an explanation. The Large Hadron Collider (LHC) 1 offers
a unique opportunity to search for DM and related new particles at the high energy frontier.
ATLAS 3 and CMS 2 are the two general-purpose detectors at the LHC that are capable of
searching for new particles using a large set of experimental signatures. Both experiments have
carried out comprehensive dedicated DM search programs.

The full LHC Run 2 data brings higher sensitivities to inclusive DM searches such as the
mono-jet, mono-Z and mono-Higgs searches. More final states are being explored with the help
of innovative analysis techniques, motivated by theories such as dark Higgs 4 and dark photon 5.
The theoretical framework has also advanced in the past decade, taking previous experimental
results into account. As a consequence, more BSM models have been proposed that are now
considered in both CMS and ATLAS. In particular, the 2HDM+a model 6 is widely considered
in recent searches. Figure 1 shows diagrams of specific processes predicted by the above models.

Figure 1 – Diagrams of various models considered in recent DM searches. Left: A Higgs boson is produced in
association with a pseudo-scalar (a) decaying to DM candidates; middle: a Higgs boson is produced in the VHF
channel, decaying to a photon and a dark photon; right: a dark Higgs s is produced in association with a Z′,
where the Z′ decays to DM candidates and the dark Higgs decays to two vector bosons.

Recent results from both CMS and ATLAS will be summarized in the next section, followed
by an outlook on the future DM search programs at the LHC. All searches discussed in this
article use the full Run 2 dataset.
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2 Dedicated search results

2.1 Mono-X searches

The mono-jet search is the flagship analysis in the DM search program as its final state covers
a large range of the parameter space and is sensitive to many different models. The recent
ATLAS mono-jet search 7 uses data collected by a missing transverse energy, Emiss

T , trigger. The
events are required to have at least one energetic jet and not have leptons or photons present.
Signal regions are divided by Emiss

T and various control regions are constructed by allowing
leptons. A simultaneous fit is performed in both the signal regions and control regions, and
the resulting discriminant spectrum expected from the background is compared with data to
determine whether there are significant deviations in the latter. This simultaneous fit strategy
is a common procedure adopted by all the searches discussed in this article.

The mono-Z search is also a very important inclusive analysis. The recent CMS mono-Z
search 8 considers the leptonic final state where the Z boson decays to either a pair of muons
or electrons. Events are collected by di-muon (di-electron) triggers and must contain two well-
identified, isolated muons (electrons) with the same flavor and opposite charge, forming an
invariant mass compatible with the Z boson mass. Events with additional leptons, more than one
jet or any b-tagged jets are vetoed to suppress the backgrounds. Signal regions are constructed
based on either the missing transverse momentum, pmiss

T , or the transverse mass between the
di-lepton system and pmiss

T , mT. The latter region is optimized for the 2HDM+a model as there
is a peak in the mT spectrum near the neutral scalar (H) mass.

Both the mono-jet and mono-Z searches have results compatible with the background esti-
mations, and upper limits are set on specific models as the examples show in Figure 2.

Figure 2 – Left: observed (solid) and expected (dashed) limits on the axial-vector mediator masses obtained
in the mono-jet search 7. The y-axis corresponds to the dark matter mass (mχ) while the x-axis refers to the
axial-vector mass (mZA). Right: observed (solid) and expected (dashed) limits on the 2HDM+a model obtained
in the mono-Z search 8. The y-axis corresponds to the neutral scalar mass (mH) while the x-axis refers to the
pseudo-scalar mass (ma).

Both the mono-jet and mono-Z search consider well known detectable standard model (SM)
physic objects. Searches considering less well known SM particles, such as the Higgs boson
or new BSM particles such as new scalar particles target particular phase space, face different
experimental challenges. The recent ATLAS mono-Higgs(→ bb) search 9 analyzes events col-
lected by the primary Emiss

T triggers. Events are required to have a significant Emiss
T above the

trigger threshold and not contain isolated leptons. The signal regions are categorized by the
b-tagged jet multiplicity (two or three) and the collinearity of the two b-tagged jets forming the
Higgs candidate. The “resolved” category considers two well separated calorimeter jets and the
“merged” category considers two nearby variable radius track jets. The ATLAS mono-s(→ V V )
search 10 probes a similar final state but looks for hadronic boson decays instead of b-hadron

178



decays. Events must contain two boson-tagged jets, and the signal regions are categorized by
their collinearity as well.

Results agree well with the background expectation in both the mono-Higgs(→ bb) and
mono-s(→ V V ) searches. Upper limits are set on specific models as the examples shown in
Figure 3.

Figure 3 – Left: observed (solid) and expected (dashed) limits on the 2HDM+a model obtained in the mono-
H(→ bb) search 9. The y-axis corresponds to the heavy Higgs boson mass (mA) and the x-axis refers to the
pseudo-scalar mass ma. Right: observed (solid) and expected (dashed) limits on the dark Higgs model obtained
in the mono-s(→ V V ) search 10. The y-axis corresponds to the dark Higgs boson mass (ms) and the x-axis refers
to the Z′ mass mZ′ .

2.2 Dark photon search in the vector boson fusion (VBF) channel

As the most recently discovered SM particle, the Higgs boson opens up an interesting avenue for
DM search, not only because it can be produced in association with DM particles, but also it may
decay to DM particles. The invisible Higgs decay branching ratio is a critical channel to study the
phase space where mDM < 1

2mH. The invisible Higgs decay branching ratio measurement 11 sets
a stringent upper limit of 0.11 at 95% CL. Recent ATLAS13 and CMS12 searches explore another
unique scenario where the Higgs boson decays to a dark photon and a photon, which gives a
significant Emiss

T and a photon in the final state. Both searches consider the VBF production
channel given its larger cross section, applying similar event selections such as containing VBF
jets and lepton veto. The mT between the photon and the pmiss

T is used as the discriminant
variable to define the signal regions.

No significant deviations are observed in both searches and upper limits are set on σVBF ×
B(H → γ + inv) as shown in Figure 4. It is worth mentioning that ATLAS applies a lower
photon pT threshold and additional jet centrality requirements, resulting in stronger exclusion
limits.

Figure 4 – Observed (solid) and expected (dashed) limits on σVBF × B(H → γ + inv) obtained in the CMS 12

(left) and ATLAS 13 (right) search. The x-axis refers to the Higgs boson mass (mH).
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2.3 DM interpretations in SUSY searches

R-parity conserving (RPC) SUSY predicts a stable lightest supersymmetric particle (LSP),
which is a good DM candidate. SUSY searches targeting this scenario usually requires large
Emiss

T and high jet (b-tagged jet) multiplicity. Certain DM models share similar final states. In a
recent ATLAS SUSY search 14, dedicated signal regions are constructed and optimized for DM
particles produced in association with a pair of b-quarks. Event selections include Emiss

T , b-jet
multiplicity and lepton veto. In addition, specialized variables exploring the angular correlations
are applied to optimize individual signal regions. The background prediction agrees well with
the data, therefore upper limits are set on the DM production cross section as shown in Figure 5.

Figure 5 – Observed (solid) and expected (dashed) limits on the DM cross section obtained in the ATLAS SUSY
search14. The x-axis refers to the mediator mass (ma) and the y-axis is the cross-section divided by the theoretical
prediction.

3 Conclusions

The LHC experiments have explored a very large phase space where DM could have existed.
Recent theoretical developments encourage searches to look at more specific final states in ad-
dition to the inclusive ones, and several new results from both CMS and ATLAS have already
expanded the horizons of DM searches. There are many ongoing full Run 2 DM searches that
will further broaden the coverage. More dedicated triggers and reconstruction technologies are
being developed to improve the search sensitivities.
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CP-violation in the dark sector
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Extended scalar sectors are a common feature of almost all beyond Standard Model (SM)
scenarios which, in fact, can address many of the SM shortcomings solely on their own.
While many beyond SM scenarios have lost their appeal due to the non-observation of their
predicted particles or are experimentally inaccessible, scalar extensions are well within the
reach of many current and upcoming experiments. Here, we discuss the novel phenomenon
of dark CP-violation which was introduced for the first time in the context of non-minimal
Higgs frameworks with an extended dark sector and point out its experimental probes.

1 Introduction

The Standard Model (SM) of particle physics has been extensively tested and is in great agree-
ment with experiment with its last missing particle, the Higgs boson, discovered at the Large
Hadron Collider (LHC) in 2012 1,2. However, the SM falls short of explaining several aspects of
nature such as providing a viable candidate for Dark Matter (DM) to match the observational
data 3. In the SM the fermion mass structures are given by Yukawa couplings which are param-
eters to be measured with no explanation from underlying physics. Moreover, the SM offers no
explanation for the observed baryon excess in the universe.

Therefore, it is widely accepted that one needs to consider beyond SM (BSM) scenarios in
pursuit of the ultimate theory of nature. The simplest BSM scenarios aiming to conquer the
SM shortcomings are non-minimal Higgs frameworks. Extensive studies have been done to an
advanced level in simple one singlet and one doublet scalar extensions of the SM 4,5. These
models, however, by construction can only partly provide a solution to the SM deficiencies.
Frameworks with a further extended scalar sector on the other hand, contain viable DM candi-
dates, provide new sources of CP-violation and a strong first-order phase transition as essential
ingredients of electroweak baryogenesis, contain inflaton candidates driving the inflation process
in the early universe and provide a solution to the fermion mass hierarchy problem, all in one
framework owing to different symmetries and symmetry breaking patterns realisable in their
scalar potential 6,7.
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2 Motivations from electroweak baryogenesis and Dark Matter

One of the most promising scenarios explaining the origin of matter-antimatter asymmetry in
the universe is electroweak baryogenesis 8 which produces the baryon excess during the elec-
troweak phase transition. Although the SM contains all required ingredients for electroweak
baryogenesis, it is unable to explain the observed baryon excess due to its insufficient amount
of CP-violation 9 and the lack of a strong first-order phase transition 10. Therefore, any viable
electroweak baryogenesis framework requires an extended Higgs sector, predicting new scalars
around the electroweak scale which directly couple to the SM Higgs boson. Not only such new
physics is accessible at the LHC, but also gravitational waves from first-order electroweak phase
transition are at the peak sensitivity of the LISA satellites 11. These experimental prospects
make electroweak baryogenesis very attractive compared to other baryogenesis scenarios.

On the other hand, non-minimal Higgs frameworks can naturally accommodate viable DM
candidates whose stability is ensured by the symmetry of the potential or the remnants thereof
after electroweak symmetry breaking.

Simple one singlet/doublet scalar extensions of the SM, i.e. the Higgs portal model and
the 2-Higgs doublet model (2HDM), have been studied to an advanced level, even though by
construction they can only partly provide a solution to these SM shortcomings and are severely
constrained by experiment; They require a large Higgs-DM coupling for efficient annihilation
of DM in agreement with the relic density observations, while direct and indirect DM searches
demand a small Higgs-DM coupling. Moreover, in these models the scalar potential is inevitably
CP-conserving, either by construction, or due to an exact discrete symmetry to stabilise the
DM candidate. Introducing CP-violation is possible only at the expense of breaking the discrete
symmetry and loosing the DM candidate as a result. What’s-more, such new sources of CP-
violation modify the SM-Higgs couplings and are severely constrained since they contribute to
the neutron, electron and atomic nuclei Electric Dipole Moments (EDMs)12 whose measurements
by the ACME collaboration are more precise than ever 13.

One has to go beyond simple scalar extensions to incorporate both CP-violation and DM into
the model 14,15. Specifically, if CP-violation is introduced in the extended dark sector, a novel
phenomenon introduced for the first time 16 in the context of a 3-Higgs doublet model (3HDM),
there will be no contributions to the EDMs and no limit on the amount of CP-violation. It
has been shown that one can construct a CP-violating DM model with unbounded dark CP-
violation. In fact, dark CP-violating particles need not to have a Higgs-DM coupling and can
interact with the SM merely through the gauge bosons, ridding the model of all current direct
and indirect DM detection and LHC bounds, while yielding relic abundance in agreement with
observation through the freeze-out or freeze-in mechanisms 15.

Moreover, owing to different symmetries that can be imposed on the scalar potential, 3HDMs
with an extended dark sector allow for the exciting possibility of multi-component DM candidates
and CP-violating inflation with exotic phenomenology 17,18. Such simple yet elegant frameworks
can be probed by the current and upcoming DM detection experiments, for example in the
nuclear recoil energy event rate measured by the XENONnT or DARWIN experiments 19,20, in
the photon flux excess measured by the Fermi-LAT experiment 21, and in the polarisations ofthe
Cosmic Microwave Background accesible by the BICEP/Keck 22 experiments.

3 The extended scalar potential

We discuss the dark CP-violation phenomenon in the context of a Z2-symmetric 3HDM. A scalar
potential extended by Higgs doublets, which is symmetric under a group Z2 of phase rotations,
can be written as the sum of two parts: V0 with terms symmetric under any phase rotation, and
VZ2 with terms symmetric under Z2

6,7, such that V = V0 + VZ2 where

V0 = −μ2
i (φ

†
iφi) + λii(φ

†
iφi)

2 ++λij(φ
†
iφi)(φ

†
jφj) + λ′ij(φ

†
iφj)(φ

†
jφi) , (i �= j = 1, 2, 3), (1)
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VZ2 = −μ2
12(φ

†
1φ2) + λ1(φ

†
1φ2)

2 + λ2(φ
†
2φ3)

2 + λ3(φ
†
3φ1)

2 + h.c., (2)

where the three Higgs doublets, φ1, φ2, φ3, transform under the Z2 group with the generator
gZ2 = diag (−1,−1,+1). The parameters of the phase invariant part, V0, are real by construc-
tion. We introduce explicit CP-violation through complex parameters, μ2

12, λ1, λ2, λ3 in the VZ2

part of the potential in Eq. (2). The composition of the doublets is as follows:

φ1 =

(
H+

1
H1+iA1√

2

)
, φ2 =

(
H+

2
H2+iA2√

2

)
, φ3 =

(
G+

v+h+iG0√
2

)
, (3)

where φ1,2 are the Z2-odd inert doublets, 〈φ1,2〉 = 0, and φ3 is the one Z2-even active doublet,
〈φ3〉 = v/

√
2 �= 0, which plays the role of the SM Higgs doublet, with h being the SM Higgs boson

and G±, G0 the would-be Goldstone bosons. Note that the Z2 charges assigned to each doublet
are according to the Z2 generator: odd-Z2 charge to the inert doublets, φ1 and φ2, and even-Z2

charge to the active doublet, φ3. Therefore, the symmetry of the potential is respected by the
vacuum (0, 0, v/

√
2). The symmetry allows for introduction of CP-violation in the dark/inert

sector leading to two inert charged states S±1,2 (a combination of H±
1,2 states) and four neutral

CP-mixed states, S1,2,3,4 (and admixture of H1,2, A1,2 states). The DM candidate, which is the
lightest particle amongst the CP-mixed neutral fields from the inert doublets, is indeed stable
due to the unbroken Z2 symmetry.

4 Experimental signatures

Scalars arising from non-minimal Higgs frameworks provide novel Higgs production/decay chan-
nels. At loop-level, extra charged scalars substantially contribute constructively or destructively
to the h → γγ/Zγ channels. Scalars from the inert doublets as viable DM candidates, can
influence detectable properties of SM particles, such as the Higgs invisible decays, h → S1S1,
where S1 is a scalar DM candidate with mass below mh/2

16,23,24,25,15,17.

S2,3,4

S+

S1W+

S+

γ∗

S2,3,4

S1

γ∗
S+

W+

Figure 1 – Loop induced decays of the next-to-lightest scalar S2,3,4 → S1γ
∗ (left and center) and contributions

to the ZZZ vertex with non-identical dark scalars Si,j,k in the loop (right).

Models with an extended inert sector have novel signatures such as loop induced decays of
the next-to-lightest scalar, S2,3,4 → S1ff̄ mediated by both dark CP-odd and charged scalars,
as shown in the left and center diagrams in Figure 1. This is a smoking gun signal of the 3HDM
since it is not allowed in the 2HDM with one inert doublet and is expected to be important when
S2,3,4 and S1 are close in mass. In practice, this signature can be observed in the cascade decay
of the SM-like Higgs boson, h → S1S2,3,4 → S1S1ff̄ into two DM particles and di-leptons/di-jets
where h is produced from gluon-gluon fusion or vector boson fusion. Even though this signal
competes with the tree-level channel qq̄ → S1S1Z

∗ → S1S1ff̄ , the resulting detector signature,

��ET ff̄ , with invariant mass of ff̄ much smaller than mZ , can potentially be extracted at the
LHC already during Run 2 and 3. For example, the S2,3,4 → S1γ

∗ and γ∗ → e+e− case will give
a spectacular QED mono-shower signal 26.

An extended inert sector accommodating dark CP-violation, with no contribution to the
EDMs, can manifest itself in the active sector through contributions to the ZZZ vertex, as
shown in the right digram in Figure 1, i.e. one-loop effects entering the cross section for ff̄ →
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Z∗ → ZZ at the LHC and future lepton colliders. Moreover, in an ff̄ → ZZ process, the
polarisations of the ZZ pair can be measured statistically from the angular distributions of
their decay products. If the polarisations of the Z bosons are known, one could define CP-
violating observables (asymmetries) for the ZZ state to test CP-violation at, potentially, the
LHC by the end of its lifetime (after the HL-LHC runs) and at future lepton colliders such as
the FCC-ee, ILC, CLiC or CEPC running at current design luminosities 25.
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d Institut de Physique Nucléaire de Lyon, CNRS/IN2P3, UMR5822, F-69622 Villeurbanne Cedex,

France

Dark Matter search in collider and non-collider experiment requires systematic and consistent
approach. We suggest and perform classification of Minimal Consistent Dark Matter models
which aimed to create a solid framework for Dark Matter exploration.

1 Introduction

Dark Matter (DM) exploration is becoming an increasingly appealing subject at present. Indeed,
while DM evidence from cosmology is one of the strongest experimental indication of Beyond the
Standard Model (BSM) physics, earth-based experiments, including LHC do not observe any
DM signals. At the same time our knowledge of the nature of DM remains to be unveiled: there
are many particle candidates, however no experiment so far was able to probe their properties.

Potentially, DM particles can be probed at the LHC by measuring their production in
particle collisions, at direct detection (DD) underground experiments which are sensitive to
elastic scattering of DM particles from the local galactic Halo, and in the indirect detection (ID)
experiments which measure the product from DM annihilation (and/or decay) in the Universe
in the form of positrons, gamma-rays and anti-proton flux.

One of the most important issues behind DM searches is the lack of a generic framework
which would allow us to combine the results of experimental searches, so different in nature, in
a consistent and yet model-independent and general way.

In the last decade the exploration of collider DM phenomenology went beyond the Effective
Field Theory (EFT) approach towards the approach of simplified models, where the dark matter
sector is characterised by the dark matter candidate and a mediator which makes the connection
with the SM particles1–15 some of which have been used in recent ATLAS and CMS experimental
interpretations. In case of simplified models the mass of the mediator, and potentially its width,
are non-trivial parameters of the model. In these scenarios, one remains agnostic about the
theory behind the dark matter sector and tries to parametrise the interactions in the simplest
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terms: this often leads to writing interactions which are not invariant under the full SM gauge
symmetry but only under the unbroken colour SU(3) and electromagnetic U(1). However, the
LHC is probing energy scales well above the electroweak symmetry breaking scale, so that for
many events the full weak SU(2)×U(1) is a good symmetry. For instance, if a mediator or DM
candidate belongs to a multiplet of the weak SU(2), its charged partners may play an important
role in the LHC phenomenology often being more important that the neutral state itself. In
addition, simplified models often violate gauge invariance which is crucial principle for building
the consistent BSM model which incorporates the SM together with new physics. For example,
considering simplified model with a new heavy gauge vector boson mediating DM interactions,
one should also introduce a mechanism which is responsible for the mass generation of this
mediator to provide gauge invariance for the model which may affect the DM phenomenology.

The problems and drawbacks of the previous studies strongly motivate a qualitatively new
approach based on building Minimal Consistent Dark Matter (MCDM) models. MCDM models
can be still understood as toy models, that however take in full account the consistency with the
symmetries of the SM. Furthermore, a particular MCDM model can be easily incorporated into a
bigger, more complete, BSM model and be explored via complementary constraints from collider
and direct/indirect DM search experiments as well as relic density constraints as independent
and consistent model. Another attractive feature of the MCDM approach is their minimal but
self-consistent parameter space.

Many implementations of MCDM models are known in the literature,5–7,13,16–18 however
there were no attempt, yet, on their systematic classification. This is precisely the aim of this
study, where we perform a complete classification of MCDM models and briefly discuss features
of some classes of MCDMs. Detailed study and discussion will be presented in the follow-up
paper.19

2 Classification of MCDM models

The building blocks we suggest to construct models are multiplets defined in terms of their
spin and electroweak quantum numbers. We only consider spin-0 (S), spin-1/2 (F for a Dirac
fermion or M for a Majorana one a), and spin-1 (V ). The electroweak quantum numbers will be
encoded in the weak Isospin, I, and the hypercharge, Y , of the multiplet. Furthermore, we will
denote with a tilde the multiplets that belong to the dark sector, i.e. they cannot decay into
purely SM final states. The multiplets we consider, therefore, read:

S̃I
Y , F̃ I

Y , M̃ I
0 , Ṽ I

Y ,

and similarly with un-tilded ones. As some mediator multiplets may carry QCD quantum
numbers, we will use a superscript c to label this feature.

To construct consistent minimal models, we follow the main building principles:

I) we add one Dark multiplet (including the singlet case) and all its renormalisable interac-
tions with the SM fields, excluding those that trigger the decays of the multiplet, which
is therefore stable. The models will automatically include a Dark symmetry, being Z2 or
U(1) depending on the multiplet. The weak Isospin and hypercharge are constrained by
the need of having a neutral component, therefore we will have the following two cases:

1) with integer isospin I = n, n ∈ N , so Y = 0, 1 . . . n;

2) with semi-integer isospin I = (2n+ 1)/2, n ∈ N , so Y = 1/2, 3/2 . . . (2n+ 1)/2 .

Note that the case of negative hypercharge can be obtained by considering the charge
conjugate field, thus the sign of Y is effectively redundant, and we will consider Y ≥ 0.

aHere, we consider a Majorana fermion a multiplet with zero U(1) charge and in a real representation of the
non-abelian gauge symmetries, such that a mass term Mψ̄cψ is allowed.
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II) we consider models

1) with just one DM multiplet and mediators being SM fields. b While our principle is
to be limited to renormalisable interactions, under the assumption that higher order
ones are suppressed by a large enough scale to make them irrelevant for the DM
properties, in some cases we will consider dimension-5 operators.

2) we also consider models with just one mediator multiplet, characterised by the re-
spective weak Isospin, I ′, and hypercharge, Y ′. The mediator multiplet can be odd or
even with respect to Dark symmetry, and its quantum numbers are limited to cases
where renormalisable couplings to the Dark multiplet and to the SM are allowed.
This opens the possibility of multiplets carrying QCD charges, which we label with
a superscript c. The mediators are labelled as following:

a) S
I′(c)
Y ′ , F

I′(c)
Y ′ , M

I′(c)
0 and V

I′(c)
Y ′ for even mediator multiplets;

b) S̃
I′(c)
Y ′ , F̃

I′(c)
Y ′ , M̃

I′(c)
0 and Ṽ

I′(c)
Y ′ for odd mediator multiplets.

III) we consider all renormalisable interactions allowed by the QFT. Our basic assumption for
MCDM models is that higher-order operators are suppressed by a scale high enough that
the LHC is unable to resolve the physics generating the operators. The effect on the DM
properties is also considered negligible (except for dim-5 operators generating mass splits).

IV) we ensure cancellation of triangle anomalies, so that the MCDM models entails consistent
gauge symmetries, and consider minimal flavour violation (MFV) couplings to SM fermion
generations.

With the notations above, following the precepts I) to IV), we can classify all MCDM models
with up to one mediator multiplet using a 2-dimensional Table in Spin(DM)-Spin(mediator)
space, as presented in Table 1. Each specific DM model is denoted by a one- or two-symbol
notation, indicating the DM multiplet first, followed by the mediator multiplet. One should note
that in this case SM particles as well as members of DM multiplet other than DM, could also
mediate DM interactions and their interference with the mediator multiplet can be non-trivial.
Eventually, the case with no mediator multiplet is denoted by just one symbol labelling the DM
multiplet. In this case the role of mediators can only be played by SM particles and members
of DM multiplet.

In the remainder of this paper, we discuss spin-1/2 DM multiplets only, leaving the other
two cases for a future publication.

3 Case of only DM multiplet: F̃ I
Y and M̃ I

0 models

Models where the DM belongs to a single EW multiplet, while no other light states are present,
have been studied in great detail, starting from the seminal paper in Ref.17 Here we add a
detailed discussion of the following novel aspects, including: a) an improved formula for the mass
splitting induced by EW loops, which is numerically more stable than the one given in Ref.;17

b) the effect of couplings to the Higgs boson arising from dimension-5 operators. While going
beyond the minimality principle, they can be generated by integrating out a single mediator.
Furthermore, a class of these operators have special phenomenological relevance as they can
help salvage some of the minimal models with non-zero hypercharge; c) up-to date discussion of
Direct Detection bounds, including loop-induced interactions.

bNote that this model building approach has been used in17 to construct models of so-called Minimal Dark
Matter, so some of the results we present here can be found in this reference. However, our approach has some
differences: in Ref.,17 the symmetry making the DM candidate stable or long lived emerged as at low energy,
at the level of renormalisable interactions, while decays could be induced by higher dimensional couplings to
the Higgs multiplets. In our case, we assume that a parity or global U(1) symmetry is also respected by higher
dimensional operators.
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Table 1: Classification of the Minimal Consistent Dark Matter (MCDM) Models in Spin(DM)-Spin(mediator)
space. When possible, the Dirac fermion can be replaced by a Majorana one, F → M .

Spin of
Mediator

Spin of
Dark Matter

0 1/2 1

no mediator S̃I
Y F̃ I

Y Ṽ I
Y

spin 0 even mediator S̃I
Y S

I′
Y ′ F̃ I

Y S
I′
0 Ṽ I

Y S
I′
Y ′

spin 0 odd mediator S̃I
Y S̃

I′
Y ′ F̃ I

Y S̃
I′
Y ′ F̃ I

Y S̃
I′c
Y ′ Ṽ I

Y S̃
I′
Y ′

spin 1/2 even mediator

spin 1/2 odd mediator S̃I
Y F̃

I′
Y ′ S̃I

Y F̃
I′c
Y ′ F̃ I

Y F̃
I±1/2
Y±1/2 Ṽ I

Y F̃
I′
Y ′ Ṽ I

Y F̃
I′c
Y ′

spin 1 even mediator S̃I
Y V

I′
0 F̃ I

Y V
I′
0 Ṽ I

Y V
I′
Y ′

spin 1 odd mediator S̃I
Y Ṽ

I′
Y ′ F̃ I

Y Ṽ
I′
Y ′ F̃ I

Y Ṽ
I′c
Y ′ Ṽ I

Y Ṽ
I′
Y ′

In the “stand alone” case, the most general renormalisable Lagrangian for the DM multiplet
Ψ, with isospin and hypercharge {I, Y }, is

L = iΨ̄γμDμΨ−mDΨ̄Ψ− 1

2

(
mM Ψ̄CΨ + h.c.

)
, (1)

where the superscript C indicates the charge-conjugate field. We have explicitly added both a
Majorana mass mM , which is only allowed for Y = 0 (thus, integer isospin), and a Dirac one
mD, which vanishes for a Majorana multiplet. This simple class of models has well established
properties.17

We should note that for DM multiplets with {I, Y } = {0, 0}, {1/2, 1/2}, {1, 0} and {1, 1}, a
linear Yukawa coupling with the SM leptons is allowed by gauge symmetries, while larger isospin
multiplets are automatically protected at renormalisable level. However, higher order couplings
involving the Higgs can always generate decays of the DM multiplets, and it has been the main
motivation of Ref.17 to find multiplets that are long-lived enough to be Cosmologically stable.
In this work we will be more pragmatic and allow for any multiplet by forbidding implicitly all
operators that could mediate the decays of the DM candidate. The origin of such a symmetry
is to be searched in the more complete model containing the DM multiplet.

In the case of Dirac multiplets (F̃ I
Y ), i.e. when both chiralities are present, the lowest order

Lagrangian in Eq. (1) is invariant under a global U(1)DM symmetry, thus an asymmetric con-
tribution to the relic abundance may be present if the complete model preserves this symmetry.
In the case Y = 0, the presence of a Majorana mass breaks U(1)DM → Z2.

c

Except for the singlet case F̃ 0
0 , the multiplet contains extra charged states:

Ψ =
(
ψn+, ..., ψ+, ψ0, ψ−, ... ψm−) , with n = I + Y , and m = I − Y . (2)

The Dirac mass term in Eq. (1) gives equal mass to all components of the multiplet. This
degeneracy is resolved by radiative corrections due to the EW gauge bosons. This contribution
has first been computed in Ref.17 In particular, states with Q < 0 are always lighter than the
Q = 0 one in this limit. Thus, there exists an upper limit on mD, above which the lightest state
in the multiplet is charged, and this value is determined by the Q = −1 state. The values of
the mass upper bounds for various Y are shown in the left panel of Fig. 1: the highest value
is achieved for Y = 1/2 which gives mmax

D = 570 GeV (we recall that for Y = 0 there is no

cNote that the Majorana mass is not generated radiatively as long as the U(1)DM symmetry is preserved by
the complete model.
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Figure 1 – Left: maximum value of mD above which the lightest component has charge Q = −1 for various values
of Y . The horizontal line indicates mZ/2, below which decays of the Z exclude the model. Right: spectrum for
a generic multiplet with Y = 1/2, with mD < 570 GeV. The vertical line shows mD ≈ mZ/2, below which the
model is excluded by the Z decays.

limit), while for Y = 1 we find mmax
D = 42 GeV, which is already below mZ/2. Thus, multiplets

with Y ≥ 1 are excluded by the Z-width measurement in the region where the lightest state is
neutral.

3.1 Direct Detection

One loop level direct detection in single multiplet DM models has been considered by several
papers.17,20,21 However, here we will extend these results to include the case of pure Dirac DM,
and also consider the effect of the mass gap between DM and its partners that propagate inside
the loops, diagrams for which are presented in Fig. 2 (left).

D DD±/D

W∓/Z W±/Z

q q
Q

D DD±/D

W∓/Z

q q
Q

W∓/Z

Figure 2 – Left: Loop diagrams for DM direct detection. Right: The spin-independent DM-proton cross section
for a single fermion multiplet, for surviving cases n ≤ 5 for which the neutral component is the lightest

One-loop induced direct detection rates and DM DD exclusion potential of the current
XENON 1T experiment as well as future LZ experiments are presented in Fig. 2 (right). We
have reproduced and extended results of paper20 which noted cancellation between so-called
twist-2 operator contribution and the rest of the 1-loop induced contributions which has been
missed in.17 Due to this cancellation XENON 1T experiment is currently probing only (part
of) (I = 2, Y = 5) Dirac DM model. The future LZ experiment, which will have two orders of
magnitude higher sensitivity will be able to probe most of the models, except (I = 1, Y = 0)
Majorana DM model.
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4 Fermionic Dark Matter with one additional multiplet

In the scenario of Dark Matter with one additional multiplet the mediator multiplet can be ei-
ther odd or even under the symmetry protecting the stability of DM candidate, and its quantum
numbers are limited (and defined) by the requirement of the renormalisability and gauge invari-
ance of its interaction with DM multiplet. We use different labels F/F̃ and M/M̃ for Dirac and
Majorana fermion multiplets respectively since they could define quite different models. Here
we just list those models which will be discussed in details in the follow up paper:19

• Even scalar mediator: F̃ I
Y S

I′
Y ′ and M̃ I

0S
I′
0 . The case of a scalar mediator that couples to

the SM has been one of the first models considered in simplified scenarios (see e.g.22–24),
however it has been by now established that it is not simple nor minimal to achieve
phenomenologically relevant models once the simplified case is included in a fully gauge-
invariant model.25 In particular, couplings to SM fermions are hard to obtain without
breaking the EW symmetry, while couplings to gauge bosons only arise at dim–5 operators
level unless the scalar is allowed to develop a non-zero vacuum expectation value.

• Odd scalar mediator: F̃ I
Y S̃

I′
Y ′ and M̃ I

0 S̃
I′
Y ′ . In this class of models, the DM fermion multiplet

Ψ couples to the odd scalar ϕ and to a SM fermion via a Yukawa coupling: the quantum
numbers of the scalar multiplet are, therefore, fixed by the properties of the chosen SM
fermion. As the SM fermions are chiral, one can classify two cases, distinguished by their
chirality, a SU(2)L doublet, fL, or a singlet, fR.

• Even fermion mediator: F̃ I
Y F

I′
Y ′ . This case does not allow renormalisable couplings between

the mediator and the DM multiplet, however one could study the list of the respective
operators for completeness and because it leads to interesting new models of leptophilic
DM.

• Odd fermion mediator: F̃ I
Y F̃

I′
Y ′ , M̃

I
0 F̃

I′
1/2 and F̃ I

1/2M̃
I′
0 . In the case of the odd fermionc

mediators, the only renormalisable coupling is a Yukawa with the Higgs boson. In general,
therefore, the DM state will be the lightest mass eigenstate from the neutral components
of the two multiplets. Notable examples of this class of models come from SUSY, where

the lightest neutralino can be a mixture of bino-Higgsino (M̃0
0 F̃

1/2
1/2 ) or wino-Higgsino

(M̃1
0 F̃

1/2
1/2 ). Note that in our notation the first multiplet is the one that has the largest

component in the DM physical state.

• Even vector mediators: F̃ I
Y V

I′
0 and M̃ I

0V
I′
0 . Vector mediators are very popular in the

simplified model approach to DM phenomenology, mainly because they allow for “gauge
invariant” couplings to vector current of SM fermions. Nevertheless, it is not a simple
task to find a consistent, truly gauge invariant, renormalisable model containing vector
mediator multiplets. The easiest case is the singlet, V 0

0 , as it could arise from a broken
gauged U(1) symmetry under which the SM fermions are charged. Though, the consistent
theory would require an anomaly-free U(1), thus either additional charged heavy states
are added.

• Odd vector mediators: F̃ I
Y Ṽ

I′
Y ′ . In the case of odd vector mediators, the only allowed

couplings must involve the DM multiplet and a SM fermion. Similarly to the case of even
mediators, the above Lagrangian cannot be complete because of perturbative unitarity
violation or the need to extend the gauge symmetries of the SM to generate Ṽ as a gauge
boson.
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5 Phenomenology of a new representative model: F̃ 0
0 S

0
0(CP-odd)

let us take a closer look at the F̃ 0
0 S

0
0(CP-odd) model with a Dirac fermion singlet (Ψ ≡ ψ) and

a pseudo-scalar (CP-odd) singlet (Φ ≡ a) – probably the simplest two component DM model
discussed in section 4. The Lagrangian of the dark sector, to be added to the SM one, reads:

ΔL = iψ̄∂μγ
μψ −mψψ̄ψ +

1

2
(∂μa)

2 − m2
Φ

2
a2 + iYψaψ̄γ

5ψ − λaH

4
a2φ†HφH − λa

4
a4 , (3)

where φH is the SM Higgs doublet field, φ is DM fermion and a is the pseudo-scalar field. The
model is described by two masses: mψ and ma and three new couplings: the Yukawa coupling
Yψ connecting the scalar mediator a to the fermion DM ψ, the a self-interaction λa and the
quartic coupling to the Higgs λaH . The latter is the only coupling connecting the new sector to
the SM via a Higgs portal. We recall that a linear coupling of a to the Higgs field is forbidden
by CP.

Invariance under CP is preserved as long as a does not develop a vacuum expectation value.
We will be working in this region of the parameter space. As ψ couples exclusively and bi-
linearly to a, it is a stable fermionic DM candidate protected by a dark U(1) global symmetry.
The pseudo-scalar mediator a can only decay into a pair of DM fermions. Hence, if ma < 2mψ,
a is said to be “accidentally” stable and can contribute to the relic density as a second DM
component: a only couples bilinearly to the SM via the Higgs portal and only CP violation can
allow for a linear coupling of a to a SM operator. In this sense, it is the CP symmetry itself
that prevents a from decaying into SM states.

The interesting dynamics of this model, where a is in touch with the SM via the Higgs portal
coupling λaH , while ψ only interacts with a, leads to four distinct regimes of relevance for DM
phenomenology, summarised in table 2:

Table 2: Table of distinct phenomenological DM scenarios possible in this model.

Scenario Yψ λaH DM thermal properties

A O(10−3 − 1) O(10−3 − 1) ψ and a thermal with SM
B < O(10−8) O(10−3 − 1) ψ non-thermal, a thermal with SM
C O(10−3 − 1) < O(10−8) ψ and a thermal with each other, non-thermal to SM
D < O(10−8) < O(10−8) ψ and a non-thermal with each other and SM

• In scenario A, both fermion and pseudo-scalar can thermalise with the SM states. If ma ≤
mψ, then a is stable and contributes to the relic abundance. Conversely, if ma > 2mψ,
then it is unstable and merely acts as a mediator for the interactions of the fermionic DM
to the SM.

• In scenario B, the relic abundance of ψ is driven by the freeze-in mechanism, while a
contributes as a thermal DM component for ma < 2mψ. However, for ma > 2mψ, the
smallness of Yψ can lead to a being metastable and decaying to (possibly warm) ψ.

• In scenario C, both new particles can freeze-in via their couplings to the SM (the coupling
of ψ generated at loop level), before thermalisation between the two species. Depending
on its mass, the pseudo-scalar a can either remain as a DM component, or decay promptly
into the fermion DM ψ.

• In scenario D, both particles have very small couplings. While a can freeze-in via its
coupling to the Higgs portal, the coupling of the fermion is too small and would lead to
a negligible direct production. Depending on its mass, a can be the only significant DM
candidate, or decay promptly to the fermion ψ after being produced in the early universe.

191



Any other range of the couplings is excluded by DM over-production (or loss of perturbativity,).
Furthermore, in scenarios C and D, direct and indirect detection experiments, as well as colliders,
would be unable to observe either of these new particles due to the feeble couplings. In contrast,
in scenarios A and B, a may be observable due to the sizeable Higgs portal coupling. In scenario
A, the fermion may also be directly observables due to a loop-induced coupling to the Higgs.

The allowed regions of the parameter space should satisfy the relic density constraint from
PLANCK26 (ΩPlanckh

2 = 0.1186 ± 0.0020, though we also allow under-abundant model points
with Ω2

h < 0.12, below PLANCK constraints), DM direct detection constraints from Xenon1T27,28

(which are dominant over the DM indirect detection constraints, as we have explicitly checked)
and invisible Higgs decay constraints from the LHC from ATLAS29 (we use Br[H → invis] < 0.11).

As an example of our results for the scenario “A”, in Figure 3, where we show the 2D
projection of the allowed parameter space in (ma, λaH) plane after imposing the constraints
listed in the top of the frame. The colour map indicates the relic density normalised to the
PLANCK value.

Figure 3 – 2D projections of the allowed parameter space in (ma, λaH) plane for F̃ 0
0 S

0
0 (CP-odd) model (after

constraints given at the top of each frame) with the colour map indicating the individual relative DM relic density.

In Figure 3 we show the projection of the allowed parameter space into the (ma, λaH) plane,
where the colour map corresponds to values of Ωa/ΩP lanck with dark green marking model
points that saturate the relic density with a alone. The right panel 3(a) present parameter
space surviving relic density constraint alone. It clearly demonstrates the region of the resonant
annihilation through the Higgs boson, aa → H, which takes place for ma � mH/2. Due to its
efficiency, it allows the value of λaH to go as low as � 4 × 10−4 while being consistent with
the ΩPlanck constraint. Outside the resonant region, values of λaH � 10−1 ÷ 1 are excluded
by overclosure of the universe. Furthermore, in the right panel 3(b) we present the same 2D
projection with points satisfying DM direct detection constraints from Xenon1T experiment
(both on a and on ψ). The plot illustrates how Xenon1T excludes all points forma � mH , except
for a sliver close to the Higgs resonance, where Haa coupling is small and/or relic density of a is
low. We also show the LHC bound on the Higgs invisible decays (Br[H → invis] < 0.11), which
excludes the Higgs resonant sliver for λaH � 3 × 10−2, as shown by the shaded region above
the blue line. Future collider projections are considered as well, showing that the exclusion on
λaH will improve by a factor of about 3 at the High Luminosity LHC run (HL-LHC) (projected
bound of Br[H → invis] < 3.8%30), as shown by the orange line. The International Linear
Collider (ILC) running at

√
s = 250 GeV and with an integrated luminosity of 1.15 ab−1 will

be able to exclude λaH � 4× 10−3, as indicated by the green line, corresponding to a projected
exclusion of Br[H → invis] > 0.4%.31 One should also note that even the ILC will not be able to
fully exclude the Higgs resonant region, where λaH goes below the ILC sensitivity by one order
of magnitude.
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6 Conclusions

We have performed a complete classification of MCDM models and briefly discussed features
of some model classes. We found and studied new representative model which had two DM
candidates and provides viable DM candidate for both – WIMP and FIMP scenarios. We
believe that this classification, and the MCDM approach, will create a solid framework for the
consistent complementary exploration of DM at collider and non-collider experiments.
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Searches for exotic physics with boosted objects at CMS and ATLAS

C. Lange (on behalf of the ATLAS and CMS Collaborations)
CERN, Experimental Physics Department,

1211 Geneva 23, Switzerland

Exotic physics can manifest itself in heavy resonances that could be accessible at the CERN
LHC. The decay products of such a resonance are usually much lighter than the resonance
itself so that they will be Lorentz-boosted. The reconstruction of such final states requires
dedicated techniques that are continuously evolving. Recent results of exotic physics searches
by the ATLAS and CMS Collaborations are presented.

1 Introduction

As the world’s most powerful particle collider, the Large Hadron Collider (LHC) at CERN
produces particle collisions at unprecedented energies. In this way, the LHC provides access to
hypothesized heavy resonances of several TeV in mass. These resonances are likely to decay to
W, Z, or Higgs bosons and also top quarks. Their respective much lighter decay products will be
Lorentz-boosted and thus closely collimated. Dedicated techniques are used to reconstruct the
resulting final states. Hadronic boson or top quark decays are clustered into large-radius jets
whose substructure is analysed making use of the jet’s mass and energy flow. For (semi)leptonic
boson or top quark decays, special isolation and reconstruction techniques are needed. In the
following, the most recent new physics searches by the ATLAS 1 and CMS 2 Collaborations
reconstructing Lorentz-boosted objects are discussed. They all make use of the large data set
produced by the LHC Run-2 from 2015–2018.

2 Multi-boson resonance searches

Diboson resonances are typical benchmarks for new physics models and result in a multitude of
final states. Very recently, also resonant triboson final have been analysed.

2.1 X → ZV → νν qq

The search for X → ZV → νν qq by the CMS Collaboration 3 hunts for a bump in the trans-
verse mass calculated using the hadronically decaying vector boson and the missing transverse
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Figure 1 – Upper cross section times branching fraction limits at 95% CL on the DY production of a Z’ boson
decaying to a pair of W bosons as a function of the Z’ boson mass as performed by the (left) ATLAS 5 and (right)
CMS 4 Collaborations.

momentum of the event. Drell-Yan (DY), gluon-gluon fusion (ggF), and vector-boson fusion
(VBF) production modes are probed. The results are interpreted in radion (spin-0) and bulk
graviton (spin-2) models as well as in the generalised heavy vector triplet (spin-1) framework.

2.2 X → WV/H → �ν qq/bb

A two-dimensional fit in the distributions of the jet mass of the hadronically decaying vec-
tor/Higgs boson candidate and the reconstructed diboson (W+V/H) invariant mass is performed
in the X → WV/H → �ν qq/bb search by the CMS Collaboration 4. A mass-decorrelated N -
subjettiness ratio is used to discriminate signal-like two-prong from background-like one-prong
decays. Additional subjet b tagging is used to identify the Higgs boson decay. A comparison
between this analysis and the corresponding analysis by the ATLAS Collaboration 5 in the DY
Z’ → WW channel is shown in Fig. 1.

2.3 X → HH → bb ττ

In the search for resonant di-Higgs production at high invariant mass, the final states with Higgs
bosons decaying to pairs of b quarks and τ leptons have the highest sensitivity due to the large
branching fractions. In the search for X → HH → bb ττ by the ATLAS Collaboration 6, a
new technique for the reconstruction and identification of hadronically decaying τ lepton pairs
is used, significantly increasing their reconstruction efficiency at large transverse momenta.

2.4 First triboson resonance search (WWW)

A completely new analysis is the first triboson resonance search by the CMS Collaboration 7

performed in the single lepton final state. The posited resonance decays to a radion and a W
boson, and the radion decays further into a pair of W bosons. Depending on the resonance
and the radion masses, the radion decay can be reconstructed as a single diboson jet or two
individual jets. Expected and observed upper limits at 95% CL on the signal cross section as
functions of the resonance and the radion masses are shown in Fig. 2 (left).

3 Vector-like quark searches

Vector-like quarks (VLQs) could be produced directly in the collisions of the LHC or through
the decay of heavier resonances.
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Figure 2 – Left: Expected and observed upper limits at 95% CL on the signal cross section as functions of
the heavy resonance and the radion. masses 7. Right: Expected and observed 95% CL exclusion limits on the
production cross section of a single vector-like B quark into the Higgs decay mode. 8

3.1 VLQ B → bH(bb)

A search for a single-produced vector-like bottom quark (B) occurring as part of a (B, Y) weak
isospin doublet and decaying to a b quark and a Higgs boson, which decays to a pair of b quarks,
has been performed by the ATLAS Collaboration 8. The background estimation is performed
using an ABCD method, where the different regions are defined by the b-tag discriminant of
the small-radius jet and the number of forward jets. Exclusion limits on the production cross
section are shown in Fig. 2 (right).

3.2 VLQ T → tZ(νν)

The search for a vector-like top quark (T) decaying to a top quark and Z boson, which decays
to a pair of neutrinos, performed by the CMS Collaboration 9 makes use of the transverse mass
of the reconstructed top quark plus missing transverse momentum system. The background
estimation is performed using correction factors from control regions. Results are interpreted
for vector-like top quarks of up to 30% width.

3.3 W’ → VLQ + t/b

The CMS Collaboration has also performed a search for a W’ boson that decays to a VLQ plus
a top or bottom quark 10. The VLQ can be bottom- or top-like and is assumed to decay to a
b quark and a Higgs or Z boson, which decay hadronically. The analysis employs a so-called
alphabet method for the background estimation, taking ratios of different regions to predict the
background yields in the signal regions. The alphabet regions are defined by areas in the two-
dimensional top quark vs. Higgs/Z boson discriminant distributions. A dedicated “ImageTop”
tagger is used for the identification of hadronic top quark decays.

4 Other heavy resonances

Further searches with top quarks in the final state are presented in the following.

4.1 b∗ → tW

The search for an excited b∗ quark decaying to a top quark and a W boson performed by the CMS
Collaboration 11 is a combination of the all-hadronic 12 and single-lepton final states. Hadronic
top quark tagging is performed using N -subjettiness ratios and the heavy-object tagging at
variable radius algorithms, respectively.
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4.2 W’ → tb

The invariant mass of the top quark plus bottom quark system is used in the search for a W’ →
tb by the CMS Collaboration 13. The dominant multijet production background is estimated in
jet mass sidebands, using the b-tag pass/fail ratio. Different chiralities of the W’ boson lead to
different angular distributions of the top quark decay products, also affecting tagger efficiency.
Interference with the standard model is also taken into account.

4.3 X → tt

The search for top quark-antiquark resonances in the all-hadronic final state by the ATLAS
Collaboration 14 is performed as a bump hunt in the spectrum of the invariant mass of the two
large-radius jets with leading transverse momentum. Bottom and top quark identification makes
use of deep neural networks. The search is also interpreted in the context of dark matter models,
where the Z boson acts as an axial vector mediator.

5 Summary

The use of jet substructure techniques enables the search for extremely rare and extremely heavy
resonances in the collisions of the LHC. A very large number of analyses using the 2015–18 (LHC
Run-2) data set have been made public for the Moriond conferences, pushing the boundaries
of where new physics can hide. Only the most recent analyses have been presented. New and
improved analysis techniques have led to improvements of up to an order of magnitude in terms
of upper production cross section limits with respect to previously performed analyses.
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This proceeding summarizes recent results from the ATLAS and CMS collaborations on
searches for exotic heavy resonances. All results reported utilize the full RunII dataset of
the LHC, using

√
s =13 TeV proton-proton center of mass energy, and corresponding to an

integrated luminosity of about 140fb−1. In the absence of any apparent excess over stan-
dard model backgrounds, upper limits are set at the 95% confidence level on the fiducial
cross-section times branching ratio of such exotic new particles.

1 Introduction

A multitude of beyond the standard model theories predict the existence of new particle which
would be produced in the proton-proton collisions at the LHC 1, and which could be detected
by ATLAS 2 and CMS 3. While the number of such models is enormous, many would present
themselves in similar final states accessible to model-agnostic searches focused on the final state
of the new particle’s decay process. This proceeding presents several such recent searches by the
ATLAS and CMS collaborations.

Resonance searches with pairs of leptons and pairs of jets are presented in Section 2. In
these searches, new particles would appear as localized excesses in otherwise smooth background
distributions of some relevant variable, usually the invariant mass of the final state particles.
Section 3 presents results from searches with multiple particles in the final state, and in which
the analyses categorize events into bins of particle multiplicity, sign, momentum and other
properties. These categories are simultaneously evaluated for excesses indicative of new physics.

In the absence of any apparent excess over standard model backgrounds, all searches set
upper limits at the 95% confidence level on the fiducial cross-section times branching ratio of
the process they are searching for.
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2 Searches for particles decaying to resonant pairs

The CMS collaboration published4 results on the di-lepton final state, considering both the e+e−

and μ+μ− channels and interpreting their results in the context of the production and decay
of a heavy Z ′SSM . The background is estimated from simulation with corrective factors derived
from the data applied, and the invariant mass spectrum of the di-lepton system is evaluated for
local excesses. In a similar analysis 5, the CMS collaboration sets limits on the production of W ′

bosons and their decays to eν and μν pairs. The background estimate is similarly derived from
simulation, and the transverse mass is used in lieu of the invariant mass of the system. Figure 1
shows the upper limits obtained for both analyses.
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Figure 1 – Resonant di-lepton and lepton-neutrino results from the CMS Collaboration: (left) Upper limits at
95% CL on the cross-section times branching ratio of Z′ decaying to lepton (e, μ) pairs divided by the cross
section for such pairs to be produced from a Z boson. (right) Upper limits at 95% CL on the cross-section times
branching ratio times acceptance of a W ′ decaying to a lepton (e, μ) and a neutrino.

The ATLAS Collaboration presents a search 6 for Z ′ decaying to pairs of b-quarks. In this
search, an assumption is made that the dominant production mechanism for this new particle
would yield two additional b-quarks in the final state, so that the final state contains a total
of four b-jets. The data was collected using a new tri-jet trigger with three asymmetric jet
momenta thresholds. The multi-jet background is estimated with a functional decomposition
method using an ortho-normal basis of exponential functions. The resulting limits on the process
bbZ ′ → bbbb are shown in Figure 2. Finally, the CMS collaboration searches7 for another possible
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Figure 2 – Resonant jet and photon results from ATLAS and CMS: (left) Upper limits from the ATLAS collab-
oration on the cross-section times branching ratio of Z′ bosons produced in association with two b-quarks and
decaying to two b-quarks. (right) Upper limits from the CMS collaboration on the cross-section times branching
ratio of W ′ production and decay to a standard model W and a photon. The small excess at 1.6 TeV corresponds
to a local significance of 3σ.
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decay of the W ′: the Wγ final state. Events are selected using jet substructure to isolate events
with potential hadronic W s, and required to have one photon. The resulting invariant mass
spectrum of the Wγ pairs is fit using a falling function and evaluated for excesses. A small
excess (local significance 3σ) is seen at an invariant mass 1.6 TeV. The limit, including this
small excess, can be seen in Figure 2.

3 Searches for with multi-particle final states

Several searches were performed by the ATLAS collaboration with multiple leptons in the final
state. These searches commonly divide events into multiple control and signal regions based on
the number, sign and flavor of leptons present, number of jets, and may further make kinematic
divisions. Backgrounds are normalized in the control regions, and limits are set by performing
simultaneous counting experiments on the signal regions, with signals appearing as excess in
one or more signal region (depending on the signal being evaluated). A representative example
of multiple signal and control regions can be seen in Figure 3, from the multi-lepton analysis
described below.

Figure 3 – Comparison between data and prediction in each signal region of ATLAS’s multi-lepton analysis.
Specific signals can be evaluated based on their expected presence in one or more signal region.

The first of these analyses 8 searches for evidence of the type-III seesaw mechanism in the
decay of off-shellW bosons. In this framework theW could decay to pairs of leptons, pairs of jets
and some missing energy through the process W → LN where L and N and mass degenerate
heavy leptons and neutrinos. Events are categorized into six signal regions encompassing all
possible combinations of electrons and muons (including sign). Limits are set on the mass of N
and L, as shown in Figure 4. ATLAS also performs a multi-lepton search 9 with three or four
leptons in the final state. This search uses a total of twenty two signal regions, using additional
information such as whether or not a same-sign lepton pair is consistent with the Z mass and
the total amount of visible and invisible transverse momentum. The limits are presented in
a model-agnostic fashion, quoting the total visible excluded cross-section in each signal region.
Any multi-lepton signal could be evaluated against these bin-by-bin limits, greatly extending the
scope of the result. ATLAS published an analysis 11 searching for pair-produced leptoquark-like
signatures (each such particle decaying to either a τ and a b-quark, or a neutrino and a top
quark). Many interpretations of this final state are possible, including in the context of SUSY
t̃ pair-production decaying in cascade with a τ̃ in the final state (which itself decays to τ and
missing energy). These limits are shown in Figure 4. Finally, ATLAS sets limits on model-
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independent excesses in the di-lepton mass spectrum 10. This analysis considers both cases with
and without b-jets in the final state. Limits for one of the four lepton-b-multiplicity channels
are also shown in Figure 4.

Figure 4 – (left) Upper limits on the total cross-section of W ∗ → NL for mass degenerate heavy neutrinos and
leptons. (center) Exclusion limits on pair production process t̃t̃ as a function of the t̃ and τ̃ masses. (right) Upper
limits on the total cross-section of an excess in the di-muon spectrum in events with an additional b-jet.

4 Summary

This proceeding presents recent results from the ATLAS and CMS collaborations on searches
for exotic heavy resonances decaying. All results reported utilize the full RunII dataset of
the LHC, using

√
s =13 TeV proton-proton center of mass energy, and corresponding to an

integrated luminosity of about 140fb−1. In the absence of any apparent excess over standard
model backgrounds, upper limits are set at the 95% confidence level on the fiducial cross-section
times branching ratio of such exotic new particles.
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In this conference paper I present the first full global fit of a dark matter effective field theory
with the global fitting framework GAMBIT. I show the results of exhaustive parameter space
explorations of the effective dark matter model, including a general set of operators up to
dimension 7, and using the most up-to-date constraints from direct and indirect detection of
dark matter, relic abundance requirements and collider searches for dark matter candidates.

1 Introduction

The nature of dark matter (DM) and its interactions has been an extensively explored subject
for a long time. Due to the large landscape of plausible models of DM, it is convenient to
parametrise the DM interactions with Standard Model (SM) particles in a model-agnostic way,
using the Effective Field Theory (EFT) approach 1. EFT models often have vast parameter
spaces and thus smart sampling strategies are needed to fully explore them 2. One of the most
powerful tools for such study is the GAMBIT framework 3. GAMBIT, the Global And Modular
BSM Inference Tool, is an open-source global fitting software able to perform statistical fits on
a variety of BSM models 4,5,6,7,8, and thus it is perfectly suited for this purpose.

2 Dark Matter Effective Field Theory

The most generic interaction lagrangian for an effective field theory of DM can be written as

Lint =
∑

a,d(C(d)
a /Λd−4)Q(d)

a , where Q(d)
a is the interaction operator, d its dimension, C(d)

a the
dimensionless Wilson coefficient (WC), and Λ is the scale of new physics. In this study we focus
exclusively on the interactions between DM particles (χ) and quarks and gluons, as they are the
most relevant interactions for searches of DM. Hence, the effective operators we consider are

Q(6)
1,q = (χγμχ)(qγμq) , Q(7)

1 = αs
12π

(χχ)GaμνGa
μν , Q(7)

5,q = mq(χχ)(qq) ,

Q(6)
2,q = (χγμγ5χ)(qγμq) , Q(7)

2 = αs
12π

(χiγ5χ)GaμνGa
μν , Q(7)

6,q = mq(χiγ5χ)(qq) ,

Q(6)
3,q = (χγμχ)(qγμγ5q) , Q(7)

3 = αs
8π

(χχ)Gaμν
˜Ga
μν , Q(7)

7,q = mq(χχ)(qiγ5q) ,

Q(6)
4,q = (χγμγ5χ)(qγμγ5q) , Q(7)

4 = αs
8π

(χiγ5χ)Gaμν
˜Ga
μν , Q(7)

8,q = mq(χiγ5χ)(qiγ5q) ,

Q(7)
9,q = mq(χσμνχ)(qσμνq) ,

Q(7)
10,q = mq(χiσμνγ5χ)(qσμνq) .

Many of the constraints, such as direct detection, are computed using non-relativistic op-
erators, at lower scales. The running of the relativistic operators above from the input scale
(Λ), with mixing and threshold effects included, as well as the matching to the non-relativistic
operators, is performed per parameter point by DirectDM v2.2.0 9. Throughout this study we

consider C(d)
a and Λ as independent parameters. This allows the study to use weaker bounds
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but with larger range of validity in Λ, as opposed to naive approaches that only vary C/Λd−4.
Therefore, the free parameters in this model are the 6- and 7-dimensional WCs, C(6)

a and C(7)
a ,

the new physics scale Λ, and the DM mass mχ. In addition, a set of nuisance parameters are
varied simultaneously corresponding to the DM halo profile, SM masses and nuclear parameters,
amounting to a total of 24 scan parameters.

3 Likelihoods and Constraints

The effective operators described above predict potentially strong interactions between DM and
the particles in the SM. Hence, the parameters of the EFT model, namely the WCs, the DM
mass, mχ and new physics scale Λ, are strongly constrained by the various searches for DM.
The specific set of constraints employed in this study is as follows:

Direct detection

DM particles from the Galactic halo can scatter off nuclei. Various direct detection experiments
with ultra-pure targets can detect such rare processes, and thus enforce strong constraints on
the interaction cross-section of DM particles. The direct detection experiments considered in
this study are CDMSlite, CRESST-II and -III, DarkSide 50, LUX 2016, PICO-60, PandaX 2016
and 2017, and XENON1T. We use DirectDM to compute the value of the non-relativistic WCs,
including all running and mixing effects, and DDCalc v2.2.0 10 to calculate the likelihood for
each of the relevant direct detection experiments.

Relic abundance

The precise measurement of the relic abundance of DM by Planck, ΩDMh2 = 0.120 ± 0.001,
severely constrains the annihilation cross-section of DM particles in the Early Universe. As a
conservative approach, we assume that the DM particles studied here do not constitute all of
the observed DM, and thus we allow parameter combinations were DM is underabundant, with
a DM fraction fχ. We use this DM fraction to scale the direct and indirect detection signals. We
compute the relic density (RD) using DarkSUSY v6.2.2 11, from tree-level cross-sections calcu-
lated with CalcHEP v3.6.2712, from the interactions generated with GUM13. In order to preserve
EFT validity, we ignore parameter points with Λ ≤ 2mχ.

Indirect detection

The annihilation of DM particles in regions of high density may produce visible signals in various
forms. These may be γ-rays from dwarf spheroidal galaxies, collected by Fermi -LAT, or high
energy neutrinos from the annihilation of DM captured in the Sun, observed by IceCube. Fur-
thermore, DM annihilations in the Early Universe inject energy into the primordial plasma and
affect the reionisation history, which can be observed in the CMB by Planck as changes in the
optical depth. From the annihilation cross-section computed by CalcHEP, the indirect detection
likelihoods are computed for γ-rays by gamLike v.1.0.1 10, for neutrinos by Capt’n General v2.1 14

and nulike v1.0.9 15, and the constraints from the CMB by a combination of DarkSUSY and
DarkAges 16 via CosmoBit 17. As before, meaningful DM annihilations require Λ > 2mχ.

Collider physics

DM particles can be produced at LHC by proton-proton collisions. In this study we focus on a
36 fb−1 CMS and a 139 fb−1 ATLAS search, where a jet is produced via initial state radiation,
leading to final states with a single jet and missing transverse energy. Collider simulations can
be very CPU expensive, so we opted for pre-generating cross-section and efficiency tables, from
which we interpolated the yields. We generate Monte Carlo events using MadGraph aMC@NLO
v2.6.6 (v2.9.2) 18 for the CMS (ATLAS) analysis, which we later shower and hadronise using
Pythia v8.1 19. To ensure EFT validity in the collider searches we take two approaches. One
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where the /ET spectrum has a hard cut-off at Λ, and another where the spectrum has a smooth
drop-off with varying slope, (/ET /Λ)

−a. The value of a depends on the specific UV completion,
but since we are performing an EFT analysis, we vary a as a free parameter of the model.

4 Results

We present the results of this study in two parts. First we show the results with a “capped” LHC
likelihood, i.e. where the model fits the data equally or worse than the background hypothesis.
And second, we allow the full LHC likelihood, where we will use both of the EFT approaches
described earlier, with hard and smooth cut-offs on the /ET spectrum.
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Figure 1 – Profile likelihood in the full range (left) and most interesting region (centre) of the mχ–Λ plane with
dimension-6 operators, a capped LHC likelihood and the relic density as an upper bound. The right-hand plot
shows the low mass region with saturated relic density. The best-fit point is indicated by the white star, the white
lines indicate the 68% and 95% confidence level regions, and the grey region is excluded by EFT validity.

Figure 1 (left and centre) shows the profile likelihood in the mχ vs Λ plane for the d = 6
operators. The most interesting features of these figures are the large parameter region excluded
by EFT validity (Λ > 2mχ), the upper limit on Λ at high masses due to the RD requirement, and
the strongly constrained region for Λ > 200 GeV and mχ < 200 GeV where the LHC searches
are the dominant constraint. The best fit corresponds to a slight excess on the Fermi -LAT data.

It is worth exploring the scenario where the relic abundance is exactly saturated (fχ ≈ 1).
This can be seen in the right panel of Figure 1. It is now not possible to saturate the RD bound for
low mases mχ � 100 GeV, as it is incompatible with gamma ray and CMB constraints. Because
of the shrunken parameter region, the best fit point with saturated relic density predicts up to
10 signal events at the next generation of direct detection experiments, e.g. LZ.
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Figure 2 – Profile likelihood in the mχ–Λ parameter plane with only d = 6 operators (left, centre) and all d = 6
and d = 7 operators (right), as well as the full LHC likelihood with a hard (left) and smooth (centre, right) cut-off
in the /ET spectrum. Stars, lines are shaded regions are as in Figure 1.

If the LHC likelihood is included in full, it becomes the dominant constraint for mχ < 500
GeV, as can be seen in Figure 2. In the d = 6 case, there is clearly a preference now for high
Λ values, following the bin-wise excesses in the CMS and ATLAS analyses. When using a hard
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cut-off on the /ET spectrum (left), the profile likelihood shows various 1σ regions, corresponding
to values of Λ where the signal-to-background is maximized individually for the CMS (Λ ≈ 700
GeV) and ATLAS (Λ � 1 TeV) analyses. With a smooth cut-off (centre), the best fit is a
combination of all excesses and thus the fit is slightly better. Although a promising feature, this
slight preference over the background may be an artefact of the EFT construction, and realistic
UV completions may not be able to fit individual bin excesses as the EFT approach does.

Lastly, one can study the effect of adding the dimension-7 operators. Overall the addition of
the d = 7 operators does not noticeably increase the allowed parameter space. The most notable
difference is that for low mχ it is possible to saturate the RD and avoid LHC constraints, which
was impossible with only d = 6 operators. Furthermore, with the full LHC likelihoods it is now
possible to simultaneously fit the LHC excesses at high masses and the Fermi -LAT excess at
low masses, due to the increased parameter volume, as seen in the right panel of Figure 2.

5 Conclusions

I have presented in this conference article a summary of the first global analysis of a DM effective
field theory with the full set of operators up to dimension 7. We find that there are large regions of
the parameter space allowed where the scattering and annihilation cross-sections are suppresed,
so that it is possible to evade direct and indirect detection constraints, while producing the right
amount of relic density. We have found that constraints from LHC searches are strong for low
DM masses and high new-physics scales, and that it is possible to find a slight preference for
a DM signal. Nevertheless, the log likelihood ratio between the various best-fit points and the
background-only hypothesis is always small, so we do not find a significant preference for a DM
signal in any of our scans. This work opens the door for many subsequent studies, e.g. with
lepton operators, specific UV completions or non-trivial flavour structures, among others.
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16. P. Stöcker, M. Krämer, J. Lesgourgues and V. Poulin, JCAP 03 (2018), 018 doi:10.1088/1475-7516/2018/03/018

[arXiv:1801.01871 [astro-ph.CO]].
17. J. J. Renk et al. [GAMBIT Cosmology Workgroup], JCAP 02 (2021), 022 doi:10.1088/1475-7516/2021/02/022

[arXiv:2009.03286 [astro-ph.CO]].
18. J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, JHEP 06 (2011), 128 doi:10.1007/JHEP06(2011)128

[arXiv:1106.0522 [hep-ph]].
19. T. Sjostrand, S. Mrenna and P. Z. Skands, Comput. Phys. Commun. 178 (2008), 852-867

doi:10.1016/j.cpc.2008.01.036 [arXiv:0710.3820 [hep-ph]].

206



Artificial proto-modelling with simplified-model results from the LHC

Sabine Kraml1a, André Lessa2, Wolfgang Waltenberger3,4
1 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes,

CNRS/IN2P3, 53 Avenue des Martyrs, F-38026 Grenoble, France
2 Centro de Ciências Naturais e Humanas, Universidade Federal do ABC, Santo André, SP -Brasil

3 Institut für Hochenergiephysik, Österreichische Akademie der Wissenschaften,
Nikolsdorfer Gasse 18, A-1050 Wien, Austria

4 University of Vienna, Faculty of Physics, Boltzmanngasse 5, A-1090 Wien, Austria

We present a novel approach to identify potential dispersed signals of new physics in the
slew of published LHC results. It employs a random walk algorithm to introduce sets of
new particles, dubbed “proto-models”, which are tested against simplified-model results from
ATLAS and CMS searches for new physics by exploiting the SModelS software framework.
A combinatorial algorithm identifies the set of analyses and/or signal regions that maximally
violates the Standard Model hypothesis, while remaining compatible with the entirety of LHC
constraints in our database. Crucial to the method is the ability to construct a reliable
likelihood in proto-model space; we explain the various approximations which are needed
depending on the information available from the experiments, and how they impact the whole
procedure.

1 Introduction

Searches for new physics at the LHC are usually pursued on a channel-by-channel basis. A
plethora of experimental analyses are thus performed in many different final states, and the
outcomes interpreted as limits on new particles in the context of specific Beyond the Standard
Model (BSM) scenarios, again for each search channel separately. The disadvantage of this kind
of hypothesis testing—which is also done on the theory side by comparing signal predictions of
specific BSM incarnations to the experimental limits—is that only a small part of the overall
available data is used. Small effects of dispersed signals, which will show up simultaneously in
different final states and/or signal regions, might easily be missed, or disregarded as statistical
fluctuations.

A more global exploration of the LHC data is in order. As an attempt in this direction, we
presented in 1 the prototype of a statistical learning algorithm that identifies potential dispersed
signals in the slew of published LHC analyses, building candidate âĂĲproto-models âĂİ from
them, while remaining compatible with the entirety of LHC results. Such proto-models may then
be scrutinised further in dedicated analyses and, in case of a discovery, help to eventually unravel
the concrete underlying BSM theory. The ultimate goal is a data-driven bottom-up approach
to the quest of new physics with minimal theoretical bias. Being easily extendable, it should
eventually also allow one to fold in additional information from other (future) experiments to
continuously improve the picture of what data is telling us about BSM physics.

aSpeaker
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2 The walker algorithm

At present, our statistical learning algorithm is based on the concept of simplified models, ex-
ploiting the SModelS2,3,4,5 software framework and its large database of experimental results. It
employs a Markov Chain Monte Carlo (MCMC)-type random walk through proto-model space,
adding or removing new particles, and randomly changing their cross sections and branching
ratios. This is coupled to a combinatorial algorithm, which identifies the set of analyses and
signal regions that maximally violates the Standard Model (SM) hypothesis.

The algorithm to comb through proto-model parameter space in order to identify the models
that best fit the data is dubbed the walker. It is composed of several building blocks, or
âĂĲmachinesâĂİ that interact with each other in a well-defined fashion:

1. Starting with the Standard Model, the builder creates proto-models, randomly adding or
removing new particles and changing any of the proto-model parameters.

2. The proto-model is then passed on to the critic, which checks the model against the
database of simplified-model results to determine an upper bound on an overall signal
strength (μmax).

3. The combiner identifies all possible combinations of results and constructs a combined
likelihood for each subset.

An essential aspect in our procedure is that that neither the number nor the kind of the
new particles is fixed. Instead, the BSM particle content, the particle masses, production cross
sections and decay branching ratios (BRs) are taken as free parameters of the proto-models. This
implies a parameter space of varying dimensionality for the MCMC-type random walks!

3 Proto-model construction rules

Proto-models are not intended to be fully consistent theoretical models; therefore their prop-
erties are not bound by higher-level theoretical assumptions on the underlying BSM theory.
Nonetheless, for practical purposes, we have to make a number of assumptions.

Concretely, in this work we assume that all particles either decay promptly or are fully
stable at detector scales. Moreover, since we make extensive use of simplified-model results from
searches for supersymmetry (SUSY), we impose that all BSM particles are odd under a Z2-type
symmetry, so they are always pair produced and always cascade decay to the lightest state. The
Lightest BSM Particle (LBP) is taken to be stable and electrically and color neutral, and hence
is a dark matter candidate. Finally, only particles with masses within LHC reach are considered
part of a specific proto-model.

In the current version of the algorithm, we allow proto-models to consist of up to 20 BSM
particles: light quark partners Xq (q = u, d, c, s); heavy quark partners Xi

b, Xi
t (i = 1, 2);

charged lepton and neutrino partners X�, Xν� (� = e, μ, τ); a color-octet gluon partner Xg;
and electroweak partners Xi

W , Xj
Z (i = 1, 2; j = 1, 2, 3).b A priori they may be same-spin or

opposite-spin partners to the SM particles.

4 Simplified-model LHC results

In order to confront individual proto-models with a large number of LHC results, we make use
of SModelS. Not employing any MC event simulation, this is computationally cheap, making it
feasible to test hundreds of thousands of proto-models within reasonable time. The experimental
results stored in the SModelS database fall into two main categories:

bHere positively and negatively charged Xi
W are counted as one instance; they are taken as mass-degenerate

and have the same decay branching ratios, but their production cross-sections are free parameters.
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• Upper Limit (UL) results: these are the 95% confidence level limits on the production
cross sections (times BR) for simplified model topologies as a function of the BSM masses
obtained by the experimental collaborations.

• Efficiency Map (EM) results: these correspond to signal efficiencies (more precisely,
acceptance × efficiency, A × ε, values) for simplified topologies as a function of the BSM
masses for the signal regions considered by the corresponding experimental analysis.

The SModelS database v1.2.4 used here includes results from 40 ATLAS and 46 CMS experi-
mental searches at

√
s = 8 and 13 TeV, corresponding to about 250 upper limit maps and 1,700

individual efficiency maps; see 1 for details.

5 Construction of a global likelihood

Key to our procedure is the construction of an approximate global likelihood for the signal,

LBSM(μ|D) = P (D|μs+ b+ θ) p(θ) , (1)

which describes the plausibility of the signal strength μ, given the data D. Here, θ denotes the
nuisance parameters describing systematic uncertainties in the signal (s) and background (b),
while p(θ) corresponds to their probability distribution function.c The principle which we follow
for combining individual likelihoods to a global one is illustrated in Figure 1.

Figure 1 – Left: an illustration of the signal likelihood as a function of the signal strength (μ) for two results
(A and B) and the corresponding combined likelihood. The value of μ̂ given by the maximum of the combined
likelihood (green curve) is also shown as well as the upper limit on μ (μmax) given by Result B alone. Right: a
similar example, but where it is not possible to combine both likelihoods, or the likelihood for Result B is not
available. In this case the likelihood for Result A is truncated at μmax (obtained from Result B). All the curves
are normalized to the corresponding SM likelihood value (μ = 0).

5.1 Likelihoods for individual analyses

The extent to which we can compute likelihoods for individual analyses crucially depends on the
information available from the experimental collaborations. Simplified-model EMs allow us to
determine the expected number of events for the hypothesised proto-model. Together with the
number of observed events, the expected backgrounds, and the uncertainties thereon, we can
then construct a simplified likelihood by assuming a Gaussian distribution for the uncertainties
and a Poissonian for the data; the nuisances are profiled over. This is a priori done per signal
region. For some CMS analyses, a covariance matrix is available, which allows one to combine
different signal regions, still in a simplified likelihood approach 6. ATLAS has recently started to
provide the full statistical models 7 for some analyses, with which one can compute the likelihood
at nearly d the same fidelity as in the experiment.

cNote that s, b and θ in Eq. (1) are multi-dimensional quantities.
dEssentially up to small differences resulting from uncertainties in the EMs.
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Figure 2 – Binary correlation matrices for the 23 ATLAS (left) and 28 CMS (right) Run 2 analyses considered
in this work, showing which ones are taken as approximately uncorrelated (green bins) and which are not (red
bins). Analyses from different LHC runs or different experiments are always taken as uncorrelated. White bins
denote analyses, for which no likelihood can be computed because only observed ULs are available.

If only ULs are available for an analysis, things look less good. If the expected ULs are
available in addition to the observed ones, we can describe the likelihood as a truncated Gaussian,
although this is often a crude approximation.1 However, if only observed ULs are available, it is
simply not possible to construct a reasonable likelihood function; such results can only be used
to determine μmax for the critic.

5.2 Combining analyses

In principle, to combine the likelihoods from individual analyses, we would need to know their
correlations. Lacking this information, we treat cross-analyses correlations in an approximate,
binary way—a given pair of analyses is either considered to be approximately uncorrelated, in
which case it may be combined (by multiplying the respective likelihoods), or it is not at all
considered for combination. We always assume results from different LHC runs and/or from
different experiments to be approximately uncorrelated. Moreover, we also treat results with
clearly different final states (e.g., fully hadronic final states vs. final states with leptons) to be
uncorrelated. Figure 2 illustrates this for the Run 2 analyses considered in this work.

With these assumptions, we construct an approximate combined likelihood for subsets of
LHC results, LBSM(μ) =

∏n
i=1 Li(μ), where the product is over all n uncorrelated analyses

and μ is the global signal strength. We refer to such subsets as combinations of results. Two
important rules apply: 1. any pair of results in the subset must be considered as uncorrelated;
and 2. any result which is allowed to be added to the combination, must be added. Information
from all the other analyses, which are not included in the combination, is accounted for as a
constraint on the global signal strength μ, i.e. μmax.

A comment is in order at this point. Indeed, while a good number of analyses can be
combined in the way described above, we also see from the white bins in Fig. 2, that about half
of the Run 2 analyses in the SModelS v1.2.4 database consist of observed ULs only, and thus
no proper likelihood can be computed for them. For Run 1, this concerns about one third of all
analyses. Clearly, more EM-type results would be welcome to improve this situation.

6 Test statistics

Last but not least, in order to guide the MCMC-type walk and identify the proto-models that
best fit the data, we need a test statistic K. While K should increase for models which better
satisfy all the constraints (which includes better fitting potential dispersed signals), it is also
desirable to enforce the law of parsimony by reducing the test statistic of models with too many
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Figure 3 – Particle content and masses for the proto-models with highest test-statistic K obtained in each of the
10 runs performed over the real database. The corresponding K values are shown at the top. Note that for all
practical purposes Xd and Xc are indistinguishable.

degrees of freedom. We define the test statistic as

K := max
∀c∈C

Kc with Kc = 2 ln
Lc
BSM(μ̂) · π(BSM)

Lc
SM · π(SM)

. (2)

Here Lc
BSM is the likelihood for a combination c of experimental results given the proto-model,

evaluated at the signal strength value μ̂, which maximizes the likelihood and satisfies 0 ≤ μ̂ <
μmax. Lc

SM is the corresponding SM likelihood, given by Lc
BSM(μ = 0). Finally, π(SM) and

π(BSM) denote respectively the priors for the SM and the proto-model. The total set of com-
binations of results, C, is determined as explained in Section 5.2.

The proto-model prior π(BSM) should penalize the test statistic for newly introduced par-
ticles, branching ratios, or signal strength multipliers, while π(SM) ≡ 1. Here, we choose

π(M) = exp
[
−
(nparticles

2
+

nBRs

4
+

nSSMs

8

)]
, (3)

where nparticles is the number of new particles present in the proto-model, nBRs is the number of
non-trivial branching ratios,e and nSSMs the number of signal strength multipliers. This way, one
particle with one non-trivial decay and two production modes is equivalent to one free parameter
in the Akaike Information Criterion. For the SM, nparticles = nBRs = nssm = 0, and π(SM) ≡ 1.
The test statistic thus roughly corresponds to a Δχ2 of the proto-model with respect to the SM,
with a penalty for the new degrees of freedom.

7 Results

For first physics results, we performed 10 runs of the walker algorithm, each employing 50 walkers
and 1, 000 steps/walker. Figure 3 displays the mass spectra of the proto-models with the highest
K value from each run. Besides the X1

Z as the LBP, all models include one top-partner, X1
t , and

one light-flavor quark partner, Xd,c, and their test statistics are at K = 6.76±0.08 thus showing
the stability of the algorithm.

For concreteness, let us take a closer look at the proto-model with K = 6.9 from run 9.f

The Xd with mass ≈ 700 GeV is introduced in order to fit small excesses in the multijet+Emiss
T

eThis means, for only one decay mode with 100% BR, nBRs = 0.
fNote that the scenarios in Fig. 3 are driven by the same data and are statistically all equally plausible.

211



analyses from ATLAS at
√
s = 8 and 13 TeV 8,9 and from CMS at

√
s = 8 TeV 10. The X1

t with
a mass of about 1.2 TeV is introduced to fit the ≈ 1.5σ and 2σ excesses observed in the 13 TeV
CMS and ATLAS stop searches 11,12; indeed this is what mostly drives the K value. Despite
corresponding to small excesses, identifying the presence of such potential dispersed signals is
one of the main goals of the algorithm presented here. The fact that these excesses appear in
distinct ATLAS and CMS analyses and can be explained by the introduction of a single top
partner (actually with SUSY-like cross sections) is another interesting outcome.

Finally, we can also compute a global p-value for the SM hypothesis by running over synthetic
“background-only” data. In the present setup, we find that p(SM) ≈ 0.19; see 1 for details.

8 Conclusions

In view of the null results (so far) in the numerous channel-by-channel searches for new particles,
it becomes increasingly relevant to change perspective and attempt a more global approach to
find out where BSM physics may hide. To this end, we presented a novel statistical learning
algorithm that is capable of identifying potential dispersed signals in the slew of published LHC
analyses. The task of the algorithm is to build candidate proto-models from small excesses in
the data, while at the same time remaining consistent with all other constraints. At present,
this is based on the concept of simplified models, exploiting the SModelS software framework
and its large database of simplified-model results from ATLAS and CMS searches for new physics.

Acknowledgments: S.K. was supported in part by the IN2P3 project “Théorie – BSMGA”.
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Nucleon electromagnetic form factors at BESIII
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In this contribution the recent measurements of nucleon electromagnetic form factors at the
BESIII experiment in Beijing are reported. The BESIII spectrometer is installed at the
BEPCII e+e− collider with a energy range between 2.0 and 4.9 GeV. This feature allows
measurement of electromagnetic form factors both with direct e+e- annihilation and with
initial-state-radiation processes.

1 Introduction

Electromagnetic form factors (FFs) describe the modifications of the point-like photon-hadron
vertex due to the hadron structure, providing information on the intrinsic electric and magnetic
distributions of hadrons and allowing a deeper understanding of the strong interaction. The
number of FFs involved is related to the spin of the hadrons (2S+1). For the nucleons two form
factors are needed. For spin 1/2 baryons, the hadronic vertex can be described as

Γμ(q2) = γμF1(q
2) + i

σμνqν
2m

F2(q
2) (1)

where F1 and F2 are the so-called Dirac and Pauli Form Factors and m is the mass of the
corresponding baryon. Instead of F1 and F2, the so-called Sachs FFs have become conventional
with

GE(q
2) = F1(q

2) +
q2

4m2
F2(q

2);GM (q2) = F1(q
2) + F2(q

2) (2)

The FFs are analytic functions of the momentum transfer q2. They are real in the space-like
region (q2 < 0) and complex in the time-like region (q2 > 0) above the production threshold.
In electron-positron annihilation two techniques can be exploited: the energy scan and the ISR
technique. In the one-photon exchange approximation both the FFs are needed to parametrise
the Born differential cross section in the e+e− c.m. and the total cross section can be written as

dσBorn(q2, θB)

dΩ
=

α2βC

4q2

[
(1 + cos2θB)|GM (q2)|2 + 1

τ
sin2θB|GE(q

2)|2
]
, (3)

213



σBorn(q2) =
4πα2βC

3q2

[
|GM (q2)|2 + 1

2τ
|GE(q

2)|2
]
. (4)

where θB is the polar angle of the baryon, τ = q2/4m2, and β = 1− 1/τ . The Coulomb factor
(C), accounts for the electromagnetic interactions of point-like baryons, and is equal to 1 for
neutral baryon pairs 1. From the measurement of the differential cross section at a given q2, it
is possible to determine the ratio of the absolute value of the FFs, R=|GE/GM |.

2 BESIII

The BESIII spectrometer is installed at BEPCII, a double-ring e+e− collider running at center-
of-mass energies between 2.0 and 4.9 GeV with a peak luminosity of 1033cm−2s−1 at center-
of-mass energy of 3770 MeV. Further details about the BESIII detector can be found in Ref. 2

Figure 1 – Latest BESIII Results (red solid squares)including statistical and systematic uncertainties for (top left)
cross section and a fit through the data (blue solid line); (top right) the ratio R for the proton; (bottom left) the
electric FF of the proton |GE |; (bottom right) the magnetic FF of the proton |GM |, with previously published
measurements from BESIII, BaBar, BES, CMD3, DM2, E760, E835, FENICE, and PS170 (references in 4).

3 Proton Form Factors

The previous results regarding the proton Timelike EM FFs are reviewed in Ref.3. More recently,
BESIII obtained results from three different analyses: one with the untagged ISR technique and
the other two with the energy scan method. The last analysis4 with scan method is based on the
available high statistics data set between

√
s = 2.2 and 3.08 GeV with 22 energy points and a

total integrated luminosity of 669 pb−1 while the ISR analysis used 7.5 fb −1 between
√
s = 3.773

and 4.6 GeV5 and allows to reach the nucleon threshold. The former reported the most precise
measurement of the Born cross section of the process (σB) and of the effective Form Factor(Geff ),
obtained by the differential cross section, with a relative precision of 3.0% - 23.0% and 1.5% -
11.5%, respectively. Furthermore it obtained the most precise results for |GM | and |REM | with
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a relative precision of of 1.8% - 3.6% and 3.5% - 96%, respectively. In Fig.1 the experimental
results of the cross section, FFs, their ratio can be found as a function of the momentum transfer.
Furthermore BESIII allows to solve the long-standing significant discrepancy in |REM | between
BaBar and PS170 close to the threshold, confirming BaBar results, as shown in Fig.1(top-right).
Data on the TL effective FF are best reproduced by a modified dipole-function as proposed in
Ref. 6.The deviation of measured effective FF from the fitted function indicate some oscillating
structures. The origin of these oscillations has been interpreted as an interference effect involving
rescattering processes in the final state or as independent resonant structures.

4 Neutron Form factors

Figure 2 – Results for the Born cross section (left) and the corresponding form factor |Geff | (right) for the
e−e+ → nn̄ . The black solid circles are the BESIII data while results from the FENICE 9, DM2 10, and SND 11

experiments are shown as green triangles, green squares, light and dark blue triangles, respectively. The red
dashed line represents the production threshold.

The high luminosity data collected with BESIII between
√
s =2.0 and 3.08 GeV, offer a

unique opportunity for a precise measurement of the neutron FFs with the process e−e+ → nn̄.
Previously only little information was available, obtained by the three experiments, FENICE 9,
DM2 10 and SND 11, due to the difficulties in the (anti-)neutron detection. The BESIII analysis
12 makes use of three statistically independent event categories to improve the efficiency of nn̄
reconstruction. The cross section of the process is measured at 18 c.m. energies, obtaining
the best precision of 8.1% at

√
s =2.396 GeV. The corresponding effective form factors are

extracted under the assumption |GE | = |GM |. BESIII results improve the statistical precision
on the neutron form factor by more than a factor of 60 over previous measurements from the
FENICE and DM2 experiments. The preliminary BESIII results for |GM | are compared to the
results from FENICE. The latter have been extracted from the Born cross section using the
hypothesis |GE | = 0 and are significantly larger compared to the results from BESIII. Following
the approach from 6, a fit with a dipole-like function is performed on |Geff | After the subtraction
of the dipole-like function, the reduced form factor can be described by the following function,

Gosc(p) = A · exp(−B · p)cos(C · p+D) (5)

where p is the relative momentum of the nucleon pair, A the normalization, B the inverse
oscillation damping, C the momentum frequency, and D the phase. A fit to the proton and
neutron data can simultaneously describe the oscillation with a phase shift of (125 ± 12)◦, as
shown in Fig.3
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Figure 3 – The deviation of the effective form factor |G| of the nucleon from the dipole-like parametrization. Black
circles are BESIII data for neutron and blu triangles the results for the proton from the BaBar experiment 13.
The orange and blue dashed lines are the fit results with a common momentum frequency to the neutron and
proton data with Eq.5

5 Conclusions

The BESIII experiment is an ideal enviroment to measure the nucleon FFs in the time-like
region. With the large data sets collected, the precision on the effective form factors of the
proton and the neutron is greatly improved with respect to previous experiments. The magnetic
and electric form factors of the proton are measured with the precision, while |GM | and |Rem|
are measured from angular distributions for the first time. The ratio Rnp is determined, with a
disagreement with the available measurement of FENICE. An oscillating behaviour is observed
both for neutron and proton data.

References

1. S. Pacetti, R. Baldini Ferroli, and E. Tomasi-Gustafsson, Phys. Rept. 550-551, 1103
(2015).

2. M. Ablikim et al. (BESIII),Nucl. Instrum. Methods A614, 345-399 (2010).
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The FCC-ee Project

Matthew McCullough
CERN TH Department

In this talk I review some of the primary physics deliverables at FCC-ee, focussing on the
Higgs boson.

1 Introduction

This is a talk delivered at the Moriond QCD session, however it is not a QCD talk. There are
numerous aspects in which FCC-ee would have a significant impact on the field of QCD. For
instance, the determination of αs(MZ) would improve by two orders of magnitude as compared
to the state-of-the-art at the LHC1. This would greatly reduce a significant source of systematic
uncertainties in QCD predictions, impacting the interpretation of HL-LHC measurements and
future collider measurements alike. Furthermore, to attain the level of precision required to
fully exploit the clean environment and high statistics of FCC-ee measurements a quantum
leap in QCD calculations would be required 2, setting clear long-term targets for the field and,
presumably, catalysing the development of new approaches to higher-order calculations.

That said, in this talk I have instead opted to focus on the Higgs sector of the SM. The
reasons for this are twofold. First, our understanding of the Higgs sector will be qualitatively
incomplete by the end of HL-LHC data taking and I will argue that FCC-ee measurements
can take us into a new paradigm of Higgs physics. Second, the majority of the ‘big picture’
questions we ask in modern fundamental physics seem to involve the Higgs, even if obliquely,
and I subscribe to the philosophy that there is no smoke without fire. Thus I expect that once
one of these questions gives way to a deeper understanding, the Higgs will be a likely cast
member in the next chapter of fundamental physics.

2 How accurate is accurate enough?

New physics could potentially show up in any Higgs production and/or decay process at a
collider. But how do we place a metric on what we learn from observing these Higgs signals
at colliders? A bare minimum requirement is that we should at least be able to confirm the
predictions of the SM, otherwise how can we hope to begin observing departures from it? This
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Figure 1 – Relative precision on Higgs coupling measurements for a variety of collider options. This figure is taken
from 3 where more details may be found.

perspective sets some baseline goals. The first is to have 95% evidence that a SM process exists.
This requires making measurements at an accuracy of 50% relative to the SM rate. In some
sense, this should be the lowest bar we set ourselves. The next highest bar would be to discover
some SM property of the Higgs. In this regard, to claim 5σ discovery would typically require
measurements at an accuracy of 20% relative to the SM rate. Ultimately, however, in order to
lay claim to understanding the quantum nature of the Higgs we must be able to probe not only
the classical action, but the full quantum path integral. In Higgs processes that are present at
the classical level this means we should have experimental probes of NLO quantum corrections
(ones involving counterterms). These corrections are typically at the level of 3−5% and thus this
sets the ultimate goal that would qualify a claim to understanding the nature of the Higgs boson.
Since the Higgs boson is responsible for generating the quark, lepton and massive weak boson
masses these metrics also inform how confident we can be of understanding the mass-giving
mechanism of EW symmetry breaking. Of course, in achieving these goals surprises could show
up.

2.1 A New Paradigm of Precision

Although it is not on tremendously solid theoretical foundations, the κ framework, where each
Higgs coupling is modified relative to the SM value by a factor κ, is a very useful tool when
quantifying the reach of colliders with respect to various Higgs measurements. In Fig. 1 I show
the reach of various collider options, in the κ framework, taken from the Physics Briefing Book
of the European Strategy for Particle Physics 3. For FCC-ee we may focus on the light grey
bars. We see that in many cases the ‘quantum’ accuracy baseline is met, with the exception
of the μμ and Zγ measurements. For electroweak gauge interactions the accuracy is deep into
the quantum regime, approaching the per-mille level, which would open a new paradigm in
precision Higgs physics. On the other hand, for rare decay channels such as γγ the extreme
statistics of FCC-hh combined with low systematics of FCC-ee would be necessary to reach a
similar accuracy.

2.2 How Big’s a Higgs?

A question both physicists and non-physicists alike may ask is ‘How big is the Higgs boson?’
There is no single metric we can use to ‘measure’ the size of the Higgs boson, however we may
still answer this question. If the Higgs isn’t a point particle then it has substructure. Just
as the substructure of neutral atoms can be probed by the presence of dipoles that reveal an
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Figure 2 – Sensitivity of various future collider proposals to a variety of dimension-6 operators that encode the
microscopic substructure of the Higgs boson. This figure is taken from 4 where more details may be found.

inner charge distribution, the substructure of the Higgs would be revealed by the presence of a
number of analogous higher-dimension operators. Each operator essentially answers a slightly
different question about the substructure of the Higgs boson. Probing the operator coefficients
thus allows to build up a comprehensive picture of what new might emerge at shorter distance
scales.

The Compton wavelength of the Higgs is ∼ 1/mh. Comparing this scale with the scales
probed at FCC-ee in Fig. 2 we see that in many respects we may probe the Higgs boson at
length scales orders of magnitude below the Higgs’ Compton wavelength and in the full FCC
program with an order of magnitude greater accuracy than at the HL-LHC. As a result, we may
answer the question ‘How big is the Higgs boson?’ much more extensively than at the HL-LHC.

3 The Potential of the Higgs

Given that it determined the nature of the electroweak phase transition, the moment in our past
at which that ‘mass giving’ phenomenon took place, the Higgs potential is a key target in our
search to understand nature. In the present day to measure the shape of the Higgs potential we
must measure higher-order Higgs boson self-interactions. The n-point Higgs interaction tells us
the nth term in the expansion of the Higgs potential about the local minimum. The first step
on this road will be to measure the Higgs trilinear interaction.

The traditional method to extract the Higgs trilinear is to observe Higgs pair production,
where the trilinear enters at tree-level. This requires high energies and the associated reach
for colliders is shown in Fig. 3. However, an alternative method is to consider single-Higgs
production where the trilinear enters at one-loop, where measurements at multiple energies
allow to extract the contribution of the trilinear independently of other coupling modifications
5. See also 6 for a thorough analysis. This is possible for the following reason. In an effective
field theory framework the origin for a modified trilinear arises through the operator |H|6. In
h̄ counting the coefficient of this operator has four powers of coupling and all other operators
that modify Higgs interactions have two or less powers. Including h̄, at one-loop one gets two
coupling powers, which could in principle renormalise the other operators, however no other
couplings can be present, otherwise the number of couplings would be too great. As a result,
only the diagram with a single insertion of |H|6 alone has the correct powers of couplings. By
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Figure 3 – Sensitivity of various future collider proposals to the Higgs boson trilinear interaction utilising single
and double Higgs production mechanisms. This figure is taken from 4 where more details may be found.

writing this diagram we see it is trivial and cannot renormalise any dimension-6 operators. The
final result is that, quite uniquely, the |H|6 operator does not renormalise any other dimension-
6 operators. This means there are no counterterms required for the other operators if |H|6
is present in a diagram at one-loop. Finally, this means the result must be IR-calculable and
finite. The ultimate punchline is that a modified Higgs trilinear can be included in one-loop
single-Higgs production amplitudes and the final result will always be finite and IR-calculable.
This is not typical for coupling modifications in the SM. This special property can thus be
exploited if single-Higgs production processes are measured with sufficiently high accuracy. The
resulting FCC-ee sensitivity to the trilinear is shown in Fig. 3, where additional operators have
been marginalised over.

4 Summary

One cannot even scratch the surface of the physics programme of FCC-ee in four pages. However,
in these proceedings I have attempted to highlight the deliverable measurements that will be
the most important in exploring the mysterious recently-discovered Higgs boson.
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Standard Model soft QCD at ATLAS and CMS

D. Caforio, on behalf of the ATLAS and CMS Collaborations

II. Physikalisches Institut, Justus-Liebig-Universität, Heinrich-Buff-Ring 16,
35392 Giessen, Germany

Recent results in soft QCD at LHC by the ATLAS, CMS and TOTEM Collaborations are
presented. Special focus is reserved to studies in diffractive and forward physics, and to the
underlying event, with comparison with previous results and highlighting novel techniques.

1 Diffractive and forward physics

1.1 Hard color-singlet exchange in dijet event

In 2→2 parton scattering, in the high-energy limit of QCD the fixed-order perturbation the-
ory approach is no longer valid. In dijet production, the expected dynamics described by the
Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution equation is reached in configurations where
the two jets are separated by a large rapidity interval.

Events in proton-proton (pp) collisions with two jets separated by a large pseudorapidity
(η) interval devoid of particle activity, known as Mueller-Tang jets or jet-gap-jet events, have
been recently studied 1 by the CMS Collaboration 2. The pseudorapidity gap is indicative of an
underlying t-channel hard color-singlet exchange. In the BFKL framework, hard color-singlet
exchange is described by t-channel two-gluon ladder exchange between the interacting partons,
where the color charge carried by the exchanged gluons cancel, leading to a suppression of
particle production between the final-state jets.

Soft rescattering effects between partons and the proton remnants can induce the production
of particles in the η interval that would otherwise be devoid of particles, resulting in a reduction
of the number of events identified as having a jet-gap-jet signature. Soft rescattering effects can
be suppressed in processes where one or both of the colliding protons remain intact after the
interaction, such as in single- or central-diffractive dijet processes or in dijet photoproduction,
and can be used to better separate events with a central gap between the jets. Jet-gap-jet events
with an intact proton were also studied, using the TOTEM detector 3.

Occasionally charged particles are emitted at large angles with respect to the jet boundary
into the η region that should be devoid of particles: color-singlet exchange events appear as
an excess of events over the expected charged particle multiplicity contribution from color-
exchange dijet events at the lowest charged particle multiplicity. The fraction of color-singlet

exchange dijet events fCSE =
NF−NF

non−CSE

N is defined as the difference between the number of
dijets events (NF ) and the number of dijet events with no underlying color-singlet exchange
(NF

non−CSE), both at lowest multiplicity, over the total number of dijet events (N).

The left plot on Figure 1 shows that there is no significant difference between 13 TeV and 7
TeV results, in contrast to the trend found at lower energies, an indication that the rapidity gap
survival probability stops decreasing at the center-of-mass energies probed at the LHC. The right
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Figure 1 – (Left) Fraction of color-singlet exchange dijet events, fCSE , measured as a function of pjet2T by the
D0 and CDF Collaborations at

√
s = 0.63 (red open symbols) and 1.8 TeV (green open symbols), by the CMS

Collaboration at 7 TeV (magenta open symbols), and the present results at 13 TeV (filled circles). (Right) Fraction
of color-singlet exchange dijet events, fCSE , measured as a function of Δηjj in pp collisions at

√
s = 13 TeV. The

red solid curve corresponds to theoretical predictions based on the RMK model with gap survival probability of
| S |2< = 10%. The EEIM model predictions with MPI-only contributions and | S |2< = 1.2% or MPI+SCI are
represented by the purple dashed and orange dotted curves, respectively. The bands around the curves represent
the associated theoretical uncertainties. 1

plot on Figure 1 shows that the implementation by Ekstedt, Enberg, Ingelman and Motyka gives
a fair description of the data within the uncertainties only when considering survival probability
effects based on MPI and their soft color interaction model. This is the first time that jet-gap-jet
events were studied in association with an intact proton: the fraction of color-singlet exchange
dijet events is almost three times larger than that for inclusive dijet production in dijets with
similar kinematics, and this can be interpreted in terms of a lower spectator parton activity in
events with intact protons, which decreases the likelihood of the central gap signature.

1.2 Observation of forward proton scattering in association with lepton pairs produced via pho-
ton fusion

Electromagnetic fields sourced by protons at the Large Hadron Collider (LHC) are sufficiently
intense to exceed the Schwinger limit of 1018 V m−1 and produce lepton pairs via photon fusion.
The ATLAS Collaboration 4 recently released a paper 5 reporting the observation of forward
proton scattering in association with lepton pairs produced via photon fusion. The scattered
protons are detected by the ATLAS Forward Proton spectrometer (AFP 6 7), whereas the lep-
tons are reconstructed by the central ATLAS detector. The dominant sources of background,
estimated using a data-driven method, come from the Drell-Yan mechanism and by protons that
are outside the AFP acceptance or were not reconstructed in AFP.

The measured fiducial cross sections in the ee and μμ channels are σfid
ee+p = 11.0± 2.6 (stat)

±1.2 (syst) ±0.3 (lumi) fb and σfid
μμ+p = 7.2± 1.6 (stat) ±0.9 (syst) ±0.2 (lumi) fb, respectively.

Table 1 shows a comparison between these results and the proton soft survival models, where
these factors are poorly constrained, especially at high γγ invariant masses that are important
for new physics searches, because existing probes indirectly deduce dissociation rates using only
central-detector information.

1.3 Measurement of differential cross sections for single diffractive dissociation in
√
s = 8 TeV

pp collisions using the ATLAS ALFA spectrometer

Cross sections related to diffractive dissociation have been measured using early LHC data by
exploiting the large rapidity gap signature that is kinematically expected. These measurements
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Table 1: Fiducial cross sections from the combined HERWIG and LPAIR predictions with Ssurv = 1 and Ssurv

estimated using Refs. 8 9. SUPERCHIC 4 predictions include fully kinematically dependent Ssurv.
5

σHERWIG+LPAIR × Ssurv σfid
ee+p (fb) σfid

μμ+p (fb)

Ssurv = 1 15.5±1.2 13.5±1.1
Ssurv using Refs. 8 9 10.9±0.8 9.4±0.7
SUPERCHIC 4 12.2±0.9 10.4±0.7
Measurement 11.0±2.9 7.2±1.8

Table 2: The SD cross section within the fiducial region (4.0 < log10 ξ ≤ 1.6 and 0.016 <| t |≤ 0.43 GeV2) and
extrapolated across all t using the measured slope parameter B. The systematic and statistical uncertainties are
combined for data. The MC statistical uncertainties are negligible. 10

Distribution σ
fiducial(ξ,t)
SD [mb] σt−extrap

SD [mb]

Data 1.59±0.13 1.88±0.15
Pythia8 A2 (Schuler-Sjöstrand) 3.69 4.35

Pythia8 A3 (Donnachie-Landshoff) 2.52 2.98
Herwig7 4.96 6.11

are not able to distinguish fully between the single diffractive process, its double dissociation
analogue in which both protons dissociate, and the tail of non-diffractive contributions in which
large rapidity gaps occur. The ATLAS Collaboration recently released a measurement of the
single diffractive cross-section at 8 TeV 10 with the ALFA forward proton spectrometer11. In this
process, the intact proton is scattered through a very small angle of typically a few tens of μrad,
and is measured in the ALFA forward spectrometer, whereas the dissociated proton is measured
in the tracking detector. The interest in this measurement is that the double diffractive and non
diffractive contributions are suppressed and it allows to measure the cross-section differentially
in terms of the squared four-momentum transfer t, the fractional energy loss of the intact proton
ξ and the visible rapidity gap Δη. Background arises mostly from central diffraction events. As
shown in Table 2, the generators describe the shape but overestimate the cross section, especially
Herwig7.

2 The underlying event

2.1 Underlying Event in top pairs

Another typical soft QCD phenomenon is the underlying event. The underlying event model in
tt̄ events has been tested up to a scale of two times the top quark mass in a study performed by
the CMS Collaboration 12, and measurements in categories of dilepton invariant mass indicate
that it should be valid at even higher scales. These measurements are also relevant as a direct
probe of color reconnection, which is needed to confine the initial QCD color charge of the t
quark into color-neutral states. The main contribution to the underlying event comes from the
color exchanges between the beam particles and is modeled in terms of multiparton interactions,
color reconnection and beam-beam remnants, tuned to minimum bias and Drell-Yan data. The
main background arises from tW and Drell-Yan processes. In tt̄ events the contribution of
the underlying event is typically order of 20 charged particles with transverse momentum of
about 2 GeV. The majority of the distributions analyzed indicate a fair agreement between the
data and PowegPythia8, and disfavor the setups in which multiparton interactions and color
reconnection are switched off, or in which the strong coupling parameter is increased. They
also disfavor default configurations in PowegHerwig and Sherpa. The value of the strong
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coupling parameter at the mass of Z boson αFSR
S (MZ) = 0.120 ± 0.006 is consistent with the

data, and the corresponding uncertainties translate to a variation of the renormalization scale
by a factor of

√
2.

2.2 Underlying Event in Z → μ+μ−

ATLAS recently released a paper 13 studying the underlying event in events containing a Z
boson decaying into a muon pair. Charged-particle multiplicities and transverse momentum are
measured in regions of the azimuth defined relative to the Z boson direction. The absence of
QCD final-state radiation allows the study of different kinematic regions with varying transverse
momenta of the Z boson. All tested generators show significant deviations from the data, but
predict the mean values better when focusing on the MPI-sensitive regions.
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Standard Model QCD with jets and photons at CMS and ATLAS

Henning Kirschenmann, on behalf of the ATLAS and CMS collaborations
Helsinki Institute of Physics, Gustaf Hällströmin katu 2,

00014 Helsinki, Finland

Recent measurements performed by the ATLAS and CMS collaborations on the Run 2 dataset
are testing QCD with unprecedented precision. The wealth of data, an ever-improving experi-
mental understanding of jets and photons, and novel measurements of jet substructure enable
an improved understanding.

1 Introduction

QCD is an extemely successful theory and has been tested by many experiments over the course
of the last decades. However, there is a constant evolution in precision both by experimen-
tal measurements and theory predictions. Recent measurements performed using data from pp
collisions collected by the ATLAS1 and CMS2 experiments covered in this contribution are com-
pared to state-of-the art predictions. These measurements are an important input to improving
both the perturbative and non-perturbative aspects of the predictions.

In addition to cross section and event-shape measurements, there is a growing number of
measurements of the substructure of jets, often devised in close connection with the theory
community 3,4, that provide new insight into several different scales of QCD simultaneously,
from fixed order effects to perturbative shower and non-perturbative hadronization effects.

2 Event observables

Event shapes5,6 are a proxy for energy flow in mutiljet final states and have been used in order
to probe fundamental properties of QCD, tune Monte Carlo (MC) models, and in searches for
physics beyond the Standard Model (SM). Six event-shape observables (T⊥, Tm, S, A, C, and D)
have been studied at different energy scales, given by the scalar sum of the two leading jets HT2,
in a recent measurement by ATLAS performed on the full Run 2 dataset 7. The measurements
are performed binned in jet multiplicity and HT2. Final results are presented normalised to
the inclusive cross section of events with at least two jets and unfolded to the particle level.
The distributions for τ⊥, the complement of T⊥, are shown in Figure 1. A general trend in

Copyright 2021 CERN for the benefit of the ATLAS and CMS Collaborations. CC-BY-4.0 license.
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most observables is that shape discrepancies are pronounced at low jet multiplicities, while at
higher jet multiplicities the shapes are fairly well described albeit the normalization not agreeing
between the predictions.
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Figure 1 – Left/Center: Comparison between data and MC simulation as a function of the transverse thrust
for different jet multiplicites for HT2 > 2TeV (left) and the corresponding ratios between the MC and the data
distributions.7 Right: Three-jet events at

√
s = 13TeV and comparison to theoretical predictions: ΔR23 for hard

pT radiation (pT3/pT2 > 0.6).8

Main interest of a recently published measurement by CMS 8 related to angular and mo-
mentum distributions in multijet production at 8 and 13TeV is to understand the regimes of
validity of the parton shower (PS) and matrix element approaches. Three jet or Z+2jet topolo-
gies, where the Z boson is treated equivalently to the leading jet, are analysed: The events are
split into categories of interest by firstly cutting on the transverse momentum ratio to distin-
guish the soft from hard radiation regime and by secondly cutting on the angular separation to
define a collinear and a large-angle radiation regime. The largest disagreements are observed
in the collinear region, while the soft region is well described by the parton shower approach
and large-angle and hard radiation regions are best described by multi-leg matrix element pre-
dictions. As an example, the unfolded distribution of the angular separation ΔR23 in the hard
radiation region (pT3/pT2 > 0.6) is shown in Figure 1.

3 Inclusive jet, diphoton, and Z/γ+jet cross section measurements

In order to study the different components of the jet formation process in QCD, a scan through
different distance parameters R of medium to high pT jets has been performed by CMS on 2016
data.9 The main observable is (dσ/dy)/(dσ/dy of AK4 jets), the double-differential inclusive
jet cross section ratio. Results are unfolded and then compared to leading order (LO) and
higher order (NLO, NNLO) predictions with different PS and with and without non-perturbative
corrections. The best agreement is achieved by NLO+PS predictions over a wide range of
distance parameter values. For small values of R we expect high sensitivity to PS effects and
hadronization while for larger values of R the modelling of underlying event activity is studied
in detail. In Figure 2, the main prediction (NLO using POWHEG+PYTHIA) describes the
data well at high pT, with growing disagreement at low pT for large values of R, hinting at
suboptimal underlying event modelling.

A recent measurement of the diphoton inclusive cross section on the full Run 2 data by
ATLAS 10 provides differential distributions in 8 observables, covering transverse momenta,
invariant masses and angular observables. The main experimental challenge is the background
from non-prompt photons in jet events, around a third of the sample are γ+jet or jet-jet events
with jets misidentified as photons. In Figure 2, the invariant mass of the diphoton system is
shown: The mass region up to 1TeV is covered and a fine binning from lowest to highest masses

228



 (GeV)
T

Jet p100 1000

dy
 w

.r.
t. 

AK
4 

je
ts

T
 / 

dp
σ2

R
at

io
 o

f d

0

2

4

6

8

 (13 TeV)-1< 35.9 fbCMS
R = 1.2 (+2.1)
R = 1.1 (+1.75)
R = 1.0 (+1.5)
R = 0.9 (+1.25)
R = 0.8 (+1.0)
R = 0.7 (+0.75)
R = 0.6 (+0.5)
R = 0.5 (+0.25)
R = 0.4
R = 0.3 (-0.25)
R = 0.2 (-0.5)
R = 0.1 (-0.75)

Exp. sys.

|y| < 0.5
Symbol : Data

PH+P8(CUETP8M1)

ATLAS Preliminary
√

s = 13 TeV, 139 fb–1
Data

DIPHOX

NNLOJET

SHERPA

10–4

10–3

10–2

10–1

1

dσ
/d

m
γγ

[p
b

G
eV

–1
]

20 50 100 200 500 1000
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

mγγ [GeV]

Th
eo

ry
/D

at
a

20 40 60 80 100 120 140 160 180

0.1

0.2

0.3

0.4

0.5

 [GeV]V
T
p

200 400 600 800 1000 1200 1400

γ T
p

/d
σ

 / 
d

Z T
p

/d
σd

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Data
Stat + syst uncertainty

 4j@NLO QCD+EW)≤Sherpa + OpenLoops (
 2j@NLO+PS)≤MG5_aMC + PY8 (

+jetsγZ/

 (13 TeV)-135.9 fbCMS

Figure 2 – Left: Comparison of the ratio of the differential cross sections of jets of different sizes with respect
to that of AK4 jets from data and from NLO predictions using POWHEG+PYTHIA (CUETP8M1 tune) in the
region |y| < 0.5.9 Middle: Differential diphoton cross section as a function of mγγ compared to Diphox NLO,
Nnlojet NNLO and Sherpa MEPS@NLO predictions.10 Right: Differential cross section ratio of Z+jets to γ+jets
as a function of the vector boson (V) pTcompared with MADGRAPH5 aMC@NLO and SHERPA + OPENLOOPS
predictions.11

exploits the full detector resolution. NLO and NNLO predictions generally describe the data
well, except for the low invariant mass region, which is suppressed due to event selections and
mostly populated by challenging to model γγ+multijet events.

The goal of a recent CMS measurement11 is to provide the differential cross section separately
for Z and γ+jet, and as a ratio, presented as a function of the vector boson pT. The Z+jet cross
section is also provided as a function of the distance between the Z boson and the closest jet
in order to explicitly study the collinear Z emission. The Z/γ ratio is sensitive to higher order
electroweak corrections in particular in the high pT range and plays an important role for data-
driven background estimations in searches for physics beyond the SM. Figure 2 shows the pT
dependence of the Z/γ ratio: The data are generally in agreement with state-of-the-art NLO
predictions.

4 Jet substructure measurements

A phenomological proposal 3 introduces the concept of the “Lund Jet Plane” (LJP) as a novel
way to look beyond single observables, giving a general handle on many aspects of QCD by
probing the entire jet clustering history. In this picture, a jet is approximated as a series of soft
emissions around a hard core, where the hard core represents the originating quark or gluon.
The LJP is then span up by keeping track of the emissions via z, the relative momentum of
emission with respect to the jet core, and ΔR, which is the angle of emissions relative to the
jet core, factorizing perturbative and non-perturbative effects, UE, and MPI. The measurement
published by ATLAS 12 analyses high pT jets and only considers charged particles, which have
naturally a good correspondence to the particle level due to the good tracking capabilities. In
order to facilitate comparisons of predictions to the data, slices of the LJP are used to summarize
the results, chosen such that they are susceptible to various effects. An example of such a slice
is shown in Figure 3, being particularly sensitive to the modelling of the parton shower at low
values of ln(R/ΔR) and to hadronization effects at high values of values of ln(R/ΔR). The
predictions are specifically chosen to contrast LO vs. NLO and different hadronization/parton
shower models. An analytical prediction13 of the primary LJP density agrees well with the
experimental measurements in regions where non-perturbative effects are small.

The latest addition to the jet substructure measurements, made public during the conference,
is a systematic study by CMS14 to understand the interplay of soft and hard physics in quark and
gluon jets. Jet substructre observables are an important input to jet tagging, but while quark
jets have been charted in detail at LEP, gluon jets are less well understood overall. Inspired by a
phenomenological proposal 4, the measurement provides unfolded particle-level distributions for
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a set of generalized angularities. These are determined in many configurations: the calculation
of the angularities is done using charged-only or charged+neutral deposits, for two different jet
radii (AK4/AK8 jets), groomed/ungroomed, and in signal regions with different compositions
of quark/gluon jets (dijet and Z+jet topologies). The wealth of distributions is also provided
in a condensed way, focusing on the mean of the substructure observables for a representative
set of configurations across all dimensions under study. Two of these summaries are shown in
Figure 3, comparing a wide set of predictions to the unfolded data. The results suggest that
more recent generators under study improve the modelling of gluon jets at the cost of poorer
modelling of quark jets. Looking forward, this measurement enables a detailed analysis of the
assumptions and approximations made in predictions of jet substructure, ultimately enabling
improved predictions for future measurements and searches relying on jet substructure
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Figure 3 – Left: Representative slice of the Lund Jet Plane (1.80 < ln(1/z) < 2.08). Various particle-level
predictions are compared to unfolded data.12 Right: The means of various substructure observables are shown in
quark/gluon-enriched regions for a representative selection of pT, distance parameter, and grooming configurations
and compared to various particle-level predictions.14

5 Conclusions

The latest results from the ATLAS and CMS Collaborations on QCD with jets and photons are
presented. A wealth of new results is becoming available with more data analysed, up to the
full Run 2 dataset. There are also new types of measurements being pursued, most notably on
jet substructure, promising a rich set of future measurements with ever-improving precision.
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QCD dynamics studied with jets in ALICE

Raymond Ehlers on behalf of the ALICE Collaboration
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Precise measurements and calculations of the internal structure of hadronic jets produced
in high energy proton or lead collisions have become a prominent research area in recent
years. Jet substructure provides information about quantum chromodynamics (QCD) and
plays an important role in the study of the evolution of the quark-gluon plasma. The ALICE
experiment is uniquely suited to provide insight into the smallest splitting angles due to
high efficiency in the reconstruction of charged particles. In this proceeding, we present an
overview of recent ALICE results on jet substructure in pp collisions involving measurements of
generalized angularities of groomed and inclusive jets, a new double-differential measurement
of the Lund jet radiation plane for jets with a transverse momentum (pT) between 20 and 120
GeV/c, the first direct measurement of the dead-cone effect, and substructure measurements
of heavy flavor tagged jets. These latest results provide new insights into the jet evolution by
comparing to various theoretical predictions.

1 Introduction

Collimated sprays of particles known as jets provide a variety of opportunities to test QCD
dynamics. As aggregate objects, the overall jet structure and internal substructure are sensitive
to the evolution of the jet and its splittings. Such splittings contain a wealth of information
complementary to the overall jet properties, presenting the opportunity to make stringent and
detailed tests of QCD predictions.

In order to investigate and test QCD, ALICE 1 has made a variety of such jet structure and
substructure measurements. ALICE is particularly well suited for these measurements due to the
precise charged-particle tracking in the central barrel, based around the Inner Tracking System
and Time Projection Chamber. This enables the measurement of small splitting angles at high
efficiency. The electromagnetic calorimeter (EMCal) allows for a more complete measurement
of the jet energy, but with more limited acceptance.

Jets are reconstructed for a variety of jet resolution parameters, R, using the anti-kT algo-
rithm provided in FastJet 2. These jets were reconstructed in pp collisions at

√
s = 5.02 and 13

TeV, which were recorded in 2016, 2017, and 2018. Two classes of jets are discussed: charged-
particle jets, where only charged particles are used for jet reconstruction, and full jets, where
both charged particles and EMCal cluster information are incorporated. Jets are required to be
contained fully within the acceptance of the central barrel or EMCal, respectively.

2 Systematic study of jets splittings with the Lund plane

In order to characterize the full set of jet splittings, their properties can be recorded in the
Lund plane 3, which describes the jet splitting phase space. After R = 0.4 charged-particles jets
are reconstructed, the jet constituents are reclustered using the Cambridge/Aachen algorithm,
producing an angular ordered tree of splittings, with each node connected to subjets. This
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Figure 1 – The fully corrected primary Lund plane density for R = 0.4 charged jets in 20 < pchT,jet < 120 GeV/c.
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Figure 2 – Selections of narrow (left) and wide (right) splittings from the primary Lund plane as a function of
ln(kT) for R = 0.4 charged-particle jets.

clustering is unwound, recording ln(R/ΔR) (where ΔR =
√
(Δη)2 + (Δϕ)2) and ln(kT) =

ln (psubleadT sinΔR) for each splitting, and then proceeding to the next one, iteratively following
the harder subjet. This set of splittings contribute to the measurement of the primary Lund
plane density

ρ(ΔR, kT) =
1

Njets

d2n

d ln (R/ΔR)d ln kT
.

For this measurement, Bayesian iterative unfolding was utilized to correct for detector ef-
fects 4. Unfolding was performed in three dimensions for the first time in ALICE, incorporating
pchT,jet, ln(R/ΔR), and ln(kT)

5. The measurement is corrected for the purity and efficiency
of non-uniquely matched subjets, and subjet mismatches are corrected in the unfolding. The
number of jets normalization is determined through a separate one-dimensional unfolding.

The fully corrected primary Lund plane density is shown in Fig. 1 for 20 < pchT,jet < 120
GeV/c measured in pp collisions at 13 TeV. The most common splittings are those at wide
angles and low kT, steeply falling with increasing kT. This measurement is at a substantially
lower pT,jet than the ATLAS measurement 6, providing complementary information. In order
to make more quantitative statements, data are restricted into a variety of regions in phase
space and are compared to models, including PYTHIA8 Monash 7, HERWIG 7 8, and SHERPA
2.28 9 with two different hadronization algorithms: AHADIC and Lund. A selection of these
comparisons are shown in Fig. 2, illustrating the different behaviors for narrow vs wide splittings.
Most of the models show some disagreement with the data for narrow splittings at high kT, while
the models are able to describe the wider splittings within 10–20%.
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Figure 3 – Angular separation of D0-tagged subjets compared to inclusive jets as a function of the incoming
energy of the splitting (left) and the number of iterative splittings which pass the Soft Drop condition (right)
R = 0.4 D0 tagged charged-particle jets in pp collisions at

√
s = 13 TeV. Both show modifications of low pT jets

consistent with the dead cone effect.

3 Observation of the Dead Cone

Further tests of QCD are possible by focusing on the substructure of charm quark tagged jets.
Low energy splittings containing a D0 meson introduce mass effects from the charm quark,
namely the suppression of splittings at small angles due to the QCD dead cone 10.

To access this effect, ALICE has measured the inverse of the splitting angle 1/θ for all
splittings in both D0-tagged and inclusive charged-particles jets measured via the Lund plane
in pp collisions at

√
s = 13 TeV. In order to isolate the impact of the dead cone, splittings are

selected according to the energy incoming to each splitting, Eradiator. The ratio of the rate of
these splittings is shown on the left of Fig. 3. The class of lower Eradiator splittings, which are
more comparable to charm mass, are more suppressed at small splitting angles compared to
higher energies. This effect is consistent with the QCD dead cone.

A similar effect can also be seen when selecting only a subset of splittings, namely those
which pass the Soft Drop 11 condition, zcut > 0.1 12. The number of splittings which pass this
condition, nSD, are compared for D0-tagged and inclusive jets on the right of Fig. 3. The reduced
number of splittings for D0-tagged jets is consistent with expectations from color factors and
the impact of the dead cone.

4 Selecting specific splitting with groomed jet substructure

In addition to D0-tagged jets, ALICE has performed detailed studies of splittings in inclusive
jets which are selected via a variety of grooming methods. Systematic studies with Soft Drop
11 using zcut > 0.1 have been performed for R = 0.2-0.5 full jets measured in pp collisions at√
s = 13 TeV 13. A selection of these results at low pT,jet are shown on the left of Fig. 4,

indicating that the shared momentum fraction is more symmetric for smaller R jets. This R
dependence disappears at high pT,jet (> 160 GeV/c).

ALICE has also measured additional grooming methods, including the first measurements
using Dynamical Grooming 14, studying Rg, zg, and hardest kT

15,16 for R = 0.4 charged jets.
The hardest kT splittings are shown for a selection of grooming methods on the right of Fig. 4,
illustrating the convergence of the selected splittings at high kT regardless of the method. Recent
analytical calculations 17 show that the inclusion of non-perturbative contributions is essential
for describing the data.
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Figure 4 – Groomed shared momentum fraction via Soft Drop for 30 < pT,jet < 40 GeV/c full jets in pp collisions
at

√
s = 13 TeV (left), and groomed hardest kT splitting via a variety of grooming methods for 60 < pchT,jet < 80

GeV/c charged-particle jets in pp collisions at
√
s = 5.02 TeV (right).

5 Conclusion and outlook

ALICE has measured a wide variety of jet substructure measurements in pp collisions at
√
s =

5.02 and 13 TeV, including the Lund plane for inclusive charged jets, D0-tagged jet substruc-
ture, and groomed jet substructure for inclusive charged-particle and full jets. Beyond these
proceedings, relevant ALICE measurements include full jet cross section ratios18 and systematic
studies of charged-particle jet angularities. Taken together, these observables provide substan-
tial opportunity to test QCD dynamics. Looking ahead, the Lund plane analysis is a blueprint
for future measurements, such as utilizing heavy flavor tagged jets. These results will also serve
as a baseline for comparison with measurements in Pb–Pb collisions.
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I present recent extractions of transverse momentum dependent (TMD) distributions based on
the global analysis of Drell-Yan reaction and Semi-Inclusive Deep-Inelastic scattering (SIDIS).
The study is made within the TMD factorization theorem at next-to-next-to-leading (NNLO)
and N3LO orders and includes unpolarized and Sivers function distributions. For the first time,
Drell-Yan and SIDIS reactions are described simultaneously, which confirms the universality
of the approach.

1 Introduction

The transverse momentum dependent (TMD) factorization theorem identifies the intrinsic trans-
verse momentum of hadron’s constituents as a vital source of nonperturbative QCD effects. It
defines the transverse momentum dependent (TMD) distributions – the extension of collinear
parton distributions. In turn, TMD distributions give rise to a variety of effects, such as single-
spin asymmetries and spin-orbit correlations. These effects and related observables are subject
of intensive multiple experimental studies, and thus the extraction of TMD distributions from
data is a major challenge for modern phenomenology 1.

Within the last five years, the phenomenology of TMD distributions made an enormous
step. It passes from exploratory fits of individual experiments to global analyses of multiple
measurements of different processes. A rise of theoretical precision supports this progress. In
the talk, I present series of fits based on the artemide code. This series was started in ref.2,
where our collaboration made the first analysis of the LHC Z-boson production data within TMD
factorization and demonstrated its sensitivity to nonperturbative TMD effects. This work has
been extended and continued by refs.3,4,5,6,7,8. Nowadays, the artemide-project represents the
most comprehensive and complete library of TMD parton distributions functions (TMDPDFs)
and TMD fragmentation functions (TMDFFs), extracted from large amount of data-points
measured in Drell-Yan (DY) reaction and Semi-Inclusive Deep-Inelastic scattering (SIDIS).

2 TMD factorization in ζ-prescription

The TMD factorization presents the qT -differential cross-section for DY or SIDIS processes in
the following general from

dσ

dqTdQ
= σ0

∑
f1,f2

zf1,f2

∣∣∣CV

(
Q

μ

) ∣∣∣2 ∫ d2b

(2π)2
e−ibqTFf1(x1, b;μ, ζ1)Ff2(x2, b;μ, ζ2), (1)

where qT and Q are the transverse momentum and invariant mass of intermediate vector boson;
F ’s are TMD distributions; |CV |2 is the hard coefficient function, zf1f2 is quark-to-current cou-
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pling factor; μ and ζ’s are evolution scales. TMD distributions depend on two independent scales
μ (related to ultraviolet renormalization) and ζ (related to rapidity divergences renormalization).
This dependence is dictated by the pair of equations

∂ lnF (x, b;μ, ζ)

∂ ln ζ
= −D(b, μ),

∂ lnF (x, b;μ, ζ)

∂ lnμ
= γF (μ, ζ), (2)

where D is the Collins-Soper kernel (CS-kernel) and γF is the TMD anomalous dimension. Im-
portantly, the CS-kernel is an independent nonperturbative function, which is defined by the
vacuum matrix element of certain combination of gluon fields 9. Therefore, each data point is
described by a convolution of three independent nonpertrubative functions: two TMD distribu-
tions and CS-kernel.

The extraction of TMD distributions and CS-kernel presents a non-trivial problem, partic-
ularly, due to strong correlation of elements. The universality and predictive power of TMD
factorization is based on the fact that each nonperturbative element contributes into the de-
pendence on two degrees of freedom: (x, qT ) for TMDPDF, (z, qT ) for TMDFF, and (Q, qT )
for CS-kernel. Consequently, these functions can be decorrelated analysing a set of data with
a large span in (y,Q, qT ) (for DY process) and (x, z,Q, pT ) (for SIDIS). However, one should
take into account that the CS-kernel is incorporated into TMD distributions via the evolution
equation (2). The CS-kernel can be decoupled from TMD distribution in the ζ-prescription 10,
which defines the reference TMD distribution on the equi-evolution line that passes though the
saddle point of {D, γF }-vector field. Due to it, the reference TMD distribution F (x, b) (called
the optimal TMD distribution) is not contaminated by CS-kernel, and the dependence on later
is factorized. The resulting expression reads

dσ

dqTdQ
= σ0

∑
f1,f2

zf1,f2

∣∣∣CV

(
Q

μ

) ∣∣∣2 ∫ d2b

(2π)2
e−ibqT

(
Q2

ζ(D, μ)

)−2D(b,μ)

Ff1(x1, b)Ff2(x2, b), (3)

where ζ is a known function4,5 of CS-kernel and μ (μ = Q in practical applications). Let me
emphasize that ζ-prescription does not require any additional information about behavior of
CS-kernel or TMD distinctions, in contrast to Collins-Soper-Sterman approach used by other
groups (see e.g.11,12,13,14).

At values of qT � ΛQCD the TMD factorization reproduces the expressions obtained in the
resummation formalism. To observe it, one should compute TMD distributions and CS-kernel
in the limit of small-b, which is systematically done by operator product expansion. The review
of present status can be found in ref.9 for CS-kernel and in ref.15 for TMD distributions. The
account of small-b behavior essentially reduces the parametric freedom for fitting ansatzes. So,
for TMDPDFs (and similarly for TMDFFs), we employ the following model

F (x, b) = [C(x, ln(bμOPE);αs(μOPE))⊗ q(x, μOPE)]fNP (x, b), (4)

where C is the perturbative coefficient function, q is collinear PDF and fNP is a fitting function.
For CS-kernel we use

D(b, μ) = Dpert(b, ln(bμ), αs(μ)) + dNP (b), (5)

where Dpert perturbative small-b expression and dNP (b) is fitting function. To respect pertru-
bative ansatz, the fitting functions must satisfy, fNP (b → 0) = 1 and dNP (b → 0) = 0.
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3 Comparison with the data

There are several approaches to the description of the qT -dependent cross-section of DY and
SIDIS processes. They can be systematized in the terms of Q (hard scale), qT (transverse scale)
and Λ ∼ 1 − 3GeV (a generic low-energy scale). So, at large qT ∼ Q � Λ, they are described
by fixed order computation in the parton model, at Λ � qT � Q by Collins-Soper-Sterman
resummation, and at qT � Q by TMD factorization. Importantly, the TMD factorization
reproduces the result of resummation. Schematically, this decomposition is presented in fig.1.
Since our analysis is oriented towards TMD distribution, we restrict our-self to the region qT �
Q. The dedicated study preformed in ref.2 (and confirmed later independently in refs.5,11) found
that practically the region of TMD factorization is qT < (0.2 − 0.25)Q. This restriction is
systematically applied to all our studies. Unfortunately, it cut out a significant portion of the
data in the SIDIS, where qT = pT /z, but on the other hand, it guarantees the applicability of
the TMD factorization theorem.

The presented series of works is a chain of extractions based on the same theory (it in-
cludes NNLO small-b matching, NNLO, and N3LO evolution and ζ-prescription), the same
code (artemide), the same approach to data analysis (data cut and the definition of χ2). At the
present moment, our analysis includes unpolarized DY 3 (∼ 450 data-points measured at LHC,
Tevatron, FermiLab and RHIC), unpolarized SIDIS5 (∼ 600 data-points measured at COMPASS
and HERMES), pion-induced DY4 (∼ 150 data-points measured at FermiLab and NA3), and
Sivers single-spin asymmetry7 in SIDIS and DY (∼ 70 data-points collected in HERMES, COM-
PASS, JLab and RHIC). The distribution of points in the unpolarized measurements is shown
in fig.1. It has significant span in x (from 10−4 to 0.8) and Q (from 2GeV to 150GeV). The
extracted unpolarized distributions serve as the reference input for more complicated processes.
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E288
E605
E772

LHCb
CDF, D0

ATLAS

CMS

ATLAS(116<Q<150)

ATLAS(46<Q<66)

HERMES

COMPASS

Total:

457 DY points

582 SIDIS points

10-4 10-3 10-2 10-1 1

1

10

30

60

100

150

10-4 10-3 10-2 10-1 1

1

10

30

60

100

150

x

Q
[G

e
V
]

Figure 1 – (left) Schematic presentation of applicability ranges of different factorization approaches in the qT -Q
phase space. (right) The distribution of data points used in the analysis 5

All fits demonstrated good agreement between the theoretical predictions and the data,
with values of χ2/Npt ∼ 1. Moreover, we have dedicatedly checked that TMD distributions
extracted from subsets of data accurately describe the whole set (e.g., extraction from SIDIS
only describes DY data). In this way, we confirm the universality of the TMD approach and
guarantee high predictive power. The samples of high-energy and low-energy data, together
with theory predictions, are demonstrated in fig.2.
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Figure 2 – Comparison of predicted and measured cross-section for unpolarized Drell-Yan for higher energy
(ATLAS 116 < Q < 150GeV, left) and lower energy (E605, 7 < Q < 18GeV, right).

4 Results of extractions

The extracted TMD distributions are available as a part of artemide-codea. It includes sev-
eral sets of unpolarized TMD PDFs and FFs extracted under different additional assumptions
(such as treatment of power corrections, perturbative order, PDF set, and others), pion TMD-
PDF, and Sivers TMDPDF. The CS-kernel has been extracted together with unpolarized TMD
distributions and used in the following extractions.

In fig.3(left) the comparison of CS-kernels from different extractions (made in refs.5,2,11,14).
Clearly, this comparison demonstrates demonstrates a disagreement between this extraction.
The main reason for it is the model-bias and underestimation of uncertainties. These are essential
problems of any modern TMD analysis.

In fig.3(right) I demonstrate the extraction of Qiu-Sterman matrix element from the Sivers
function, performed in ref.8 in comparison to extractions made in refs.16,12,13. The Qiu-Sterman
matrix element is given by the twist-3 operator and describes quantum-mechanical interference
between quark and gluons with the hadron. Both observables presented in fig.3 are functions
accessible only via TMD distributions. They both provide access to a novel layer of QCD.

5 Future directions

There are multiple ways to improve the presented studies. Improvements can be made both
on theoretical, phenomenological, and experiment sides. The works are performed in all these
directions by multiple groups. In the last part, I would like to designate the most important
directions for our group.

On the theory side, the next major step is understanding the power corrections to TMD
factorization. This problem is not minor in TMD factorization since the leading power term

aThe code is publicly available at https://github.com/VladimirovAlexey/artemide-public
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Figure 3 – Comparison of predicted and measured cross-section for unpolarized Drell-Yan for higher energy
(ATLAS 116 < Q < 150GeV, left) and lower energy (E605, 7 < Q < 18GeV, right).

violates the electro-magnetic gauge invariance. Also, several important observables (such as
angular distributions in unpolarized DY reaction) are of sub-leading power, although they could
be partially described by leading-twist TMD distributions. Also, it is essential to understand
the structure of CS-kernel. Multiple research groups currently address this problem by different
methods, including lattice simulations.

On the phenomenological side, one should perform an accurate estimation of uncertainties.
It is not a simple task since all TMD-related computations are computer-time-expansive. In
addition to it, the series of TMD distributions extraction is to be expanded, including more
distributions and processes.

The importance of TMD-related physics is widely recognized. Currently, almost every ex-
perimental facility has a dedicated program. The most promising measurement are expected
from RHIC (spin-asymmetries in DY), COMPASS (pion-induced DY), and JLab (high-precision
SIDIS). In the future, TMD physics will receive a significant boost from the JLab upgrade and
Electron-Ion-Collider (EIC).
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Drell-Yan p⊥ spectra from fixed-target to LHC energies
based on Parton Branching TMDs matched with NLO
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The theoretical description of Drell-Yan (DY) transverse momentum spectra over wide kine-
matic regions in energy, mass and transverse momentum requires not only fixed-order pertur-
bative QCD calculations but also soft-gluon QCD resummations to all orders of perturbation
theory. The latter are traditionally accomplished either by Parton Showers (PS) with Monte
Carlo event generators or by (different versions of) analytical procedures. In this work we
focus on issues involved in the matching of the fixed-order calculation and resummation, es-
pecially in the moderate to low mass and p⊥ region. In particular we address the DY region
accessible at fixed target experiments. We present a Parton Branching (PB) formulation in
which transverse momentum dependent (TMD) evolution is matched with MCatNLO calcula-
tions of NLO matrix elements. Using this formulation, we show a good theoretical description
of DY data from experiments in very different kinematic ranges: NuSea, R209, Phenix, LHC
8 TeV and 13 TeV.

1 Introduction

The Drell-Yan (DY) lepton-pair hadroproduction process is of crucial importance for particle
physics. It is used as a standard candle for precision electroweak measurements at the LHC;
it helps to understand the QCD evolution, resummation, factorization, both the collinear and
transverse momentum dependent (TMD); it is used in parton distribution functions’ (PDFs)
extractions; at low masses and low energies, it allows one to access information on partons’
intrinsic transverse momentum. However, the uniform theoretical description of DY data across
a wide kinematic range in energy, mass and transverse momentum is highly non-trivial.

The baseline theoretical tool to obtain QCD predictions for production processes at high-
energy hadron colliders is the collinear factorization formula1. Although this approach describes
the structure of proton in the longitudinal direction only, it works perfectly well for sufficiently
inclusive hard processes characterized by a single mass scale. Still, for processes with more scales
involved, such as the DY p⊥ spectrum, also the transverse degrees of freedom have to be taken
into account 2. Different parts of the DY p⊥ spectrum are driven by different physics: the high
p⊥ region (i.e. p⊥∼>Q, where Q is the invariant mass of the DY lepton pair) is expected to be
described by fixed order QCD calculation within collinear factorization; in the low p⊥ region
(p⊥ << Q), on the other hand, soft gluon radiation spoils the convergence of the fixed order
QCD calculation and logarithms of p⊥/Q need to be resummed to all orders in QCD running
coupling αs. Formalisms which provide methods to perform soft gluon resummation are TMD
factorization formulas (analytical Collins-Soper-Sterman (CSS) approach 3 or high energy (k⊥)
factorization 4,5) or Parton Shower (PS) procedures within Monte Carlo (MC) generators. The
description of the intermediate p⊥ region depends on the matching between the formalisms used
in the low and high p⊥.
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It was noted in the literature 6 that at fixed target experiments the perturbative fixed-order
calculations in collinear factorization are not able to describe the DY pT spectra for p⊥ ∼ Q.
In this work we examine this issue from the standpoint of the Parton Branching (PB) approach
7,8,9 to TMD evolution.

2 The Parton Branching method

The PB method is a MC approach, based on the TMD factorization. It delivers the TMD PDFs
(TMDs) which can be then used in TMD MC generators (like e.g. CASCADE10,11) and collinear
PDFs which can be used in standard collinear MC generators to obtain QCD collider predictions.
The key element of the PB method is the TMD evolution equation which describes the change
of the TMD xfa(x, k⊥, μ) with the evolution scale μ. Similarly to the showering 12 version
of the DGLAP equation 13,14,15,16, it is based on the unitarity picture where parton evolution
is expressed in terms of real, resolvable branching probabilities, provided by the real emission
DGLAP splitting functions and no-branching probabilities, represented by Sudakov form factors.
Yet additionally to the longitudinal fraction x of the protons’ momentum, the PB evolution
equation keeps track also of the parton’s transverse momentum k⊥. The starting distribution for
the evolution includes the longitudinal momentum part and the intrinsic transverse momentum
k⊥0 via a Gaussian factor, and is fitted 9 to the HERA DIS data using xFitter 17. Then, the
transverse momentum is accumulated in each branching and at the end of the evolution it is a
sum of k⊥0 and all the transverse momenta emitted in the evolution chain. Additionally, the
approach includes soft gluon resummation by incorporating angular ordering (AO)8,18, similarly
to12. The collinear PDFs xf(x, μ) are obtained from TMDs by integration over k⊥. The obtained
parton distributions are applicable in a wide kinematic range of x, k⊥ and μ, for all flavours.

3 DY p⊥ spectra with PB TMDs + MCatNLO

Once the TMDs are obtained, they can be used to derive QCD collider predictions. For that
we use TMD MC generator CASCADE. As an example, let us concentrate on DY process. The
idea is to promote the collinear factorization cross section formula written schematically as

σ =
∑
ij

∫
dx1dx2fi(x1, μ

2)fj(x2, μ
2)σ̂ij(x1, x2, μ

2, Q2) (1)

to a k⊥-dependent formula

σ =
∑
ij

∫
d2k⊥1d2k⊥2

∫
dx1dx2fi(x1, k⊥1, μ2)fj(x2, k⊥2, μ2)σ̂ij(x1, x2, k⊥1, k⊥2, μ2, Q2) (2)

where σ̂ij is a partonic process, with i and j parton flavours. In 19 the method was developed to
use PB TMDs with next-to-leading (NLO) ME within the MADGRAPH5 AMC@NLO (denoted
here as MCatNLO) formalism 20. If NLO cross section is to be combined with PS, care has to
be taken about possible double counting. In order to do that, subtraction terms (for soft and
collinear contribution) must be used. The exact form of the subtraction depends on the PS.
Because the PB TMDs have similar role to the PS, subtraction terms have to be also applied
to combine PB TMDs with NLO calculation. Since PB uses AO which is similar to Herwig6 21,
MCatNLO is used with Herwig6 subtraction terms to combine PB TMDs and NLO calculation.
First, NLO subtracted ME is generated within MCatNLO using integrated PB TMD. Then, an
extra effort is needed to convert the collinear ME into a k⊥-dependent one 9,19: the transverse
momentum is added to the event record within CASCADE according to the TMD and to
conserve energy-momentum and keep the mass of the DY system unchanged, the longitudinal
momentum fractions of the incoming partons have to be adjusted. For inclusive observables,
like DY p⊥ spectrum, the whole kinematics is included by using PB TMDs.
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Figure 1 – Predictions for DY p⊥ spectra obtained with PB TMDs + MCatNLO compared with CMS (left),
PHENIX (middle) and NuSea (right) data 22.

Figure 2 – MCatNLO calculation with subtraction (red) and after including k⊥ in the event record according to
the PB TMD (blue) at the energies corresponding to CMS (left), PHENIX (middle) and NuSea (right) 22.

The method was applied to describe the DY p⊥ spectra coming from measurements at
different center of mass energies and in different invariant mass ranges 22: NuSea 23 (

√
s =

38.8 GeV), R209 24 (
√
s = 62 GeV), PHENIX 25 (

√
s = 200 GeV), LHC 26,27 (ATLAS

√
s =

8 TeV and CMS
√
s = 13 TeV) and recently also Tevatron (D0 and CDF,

√
s = 1960 GeV).

The results for NuSea, PHENIX and CMS are shown in Fig.1. Good theoretical description of
the DY data coming from experiments in very different kinematic ranges was obtained with PB-
NLO-HERAI+II-2018-set2 TMD PDF 9 + MCatNLO. What is crucial, no additional adjusting
of the method was performed to obtain predictions for low mass and low energy data compared
to the procedure applied to LHC and Tevatron: the same PB TMD distribution was used for
all the calculations and no tuning of any parameters was involved.

In Fig. 2 the subtracted MCatNLO calculation (red) and the calculation after inclusion of
k⊥ in the event records according to the PB TMD using the method described above (blue) is
shown for different center of mass energies. One can notice that at low DY mass and low

√
s

even in the region of p⊥ ∼ Q the contribution of soft gluon emissions is essential to describe
the data. At larger masses and LHC energies the contribution from soft gluons in the region of
p⊥ ∼ Q is small and the spectrum driven by hard real emission.

4 Conclusions

It was noted in the literature that perturbative fixed-order calculations in collinear factorization
are not able to describe DY p⊥ spectra at fixed target experiments in the region of p⊥ ∼
Q. Our observation is consistent with this remark: we notice that the contribution from soft
gluons included in PB TMDs is essential to describe these data. The situation is different
at LHC energies: here in the region of p⊥ ∼ Q the purely collinear NLO calculation gives
a good result. The DY p⊥ spectrum at low mass and low energy is sensitive to both fixed-
order QCD and all-order soft gluon radiation, and the accuracy of the theoretical predictions
depends on matching between those two. In the PB, the matching of PB TMDs and NLO
calculation is done according to MCatNLO method: it is not an additive matching (as in CSS)
but rather operatorial matching. TMD acts as an operator on subtracted NLO matrix elements,
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PB TMD⊗
[
H(LO) + αs

(
H(NLO) − PB TMD(1)⊗H(LO)

)]
. The PB method contains intrinsic,

non-perturbative k⊥0 and well defined perturbative branching evolution, it includes angular-
ordered soft gluon radiation, and it is matched through MCatNLO to NLO hard scattering.
Thanks to all these elements, it works in a wide DY kinematic range.
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Transverse Momentum Dependent splitting functions in the Parton Branching
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Groenenborgerlaan 171, 2020 Antwerp, Belgium

The Parton Branching (PB) approach provides a way to obtain transverse momentum depen-
dent (TMD) parton densities. Its equations are written in terms of splitting functions and
Sudakov form factors and can be solved with Monte Carlo methods. Even though the trans-
verse momentum is known in every branching, the PB method currently uses the DGLAP
splitting functions, which assume that the parton has no transverse momentum. We propose
to extend the PB method by including TMD splitting functions, a concept from high-energy
factorization.
We present the evolution equations and their solutions obtained with a Monte Carlo Sim-
ulation and show numerically the effects that TMD splitting functions have on the TMD
distribution functions.

1 Motivation

While collinear factorization 1 is succesful in the description of many different processes, it is
already known for a long time that some classes of observables require to go beyond a purely
collinear treatment of partons and its transverse momentum should be taken into account in
order to obtain a precise prediction. This is done through transverse momentum dependent
(TMD) factorization theorems 2. One scheme within TMD factorization that can be of partic-
ular interest is the Parton Branching (PB) method 3,4,5. It provides TMD parton distribution
functions (PDFs), which can be used in Monte Carlo (MC) event generators, such as Cascade
6,7, and can therefore be used in the description of both inclusive and exclusive variables. Recent
accomplishments of the PB method are given in 8,9,10,11.
The PB method keeps track of the transverse momentum throughout the whole evolution chain,
but it uses in the current version Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) splitting
functions, which assume that the parton is collinear to the proton. Especially in the small-x
region this assumption cannot be made. With this research we try to further extend the kine-
matical region in which the PB method can be used by including TMD splitting functions.
The TMD splitting functions are a concept from high-energy factorization and have as a goal
to obtain a resummation in logarithms of small x and exact kinematics in both transverse and
longitudinal momentum. Originally the gluon to quark TMD splitting function was calculated
12, but recently the real emission parts of the three remaining LO TMD splitting functions
have been calculated as well 13,14. The TMD splitting functions reproduce the DGLAP splitting
functions in the DGLAP limit and are positive definite.
In this work we present the first MC implementation of TMD splitting functions and the first
step towards a MC which includes small x physics.
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2 Evolution equations

We study three variants of the PB evolution equations:

Ãa(x, k⊥, μ2) = Δa(μ
2)Ãa(x, k⊥, μ2

0) +
∑

b

∫ d2μ′⊥
πμ′2⊥

Δa(μ2)
Δa(μ′2⊥)

Θ(μ2 − μ′2⊥)Θ(μ′2⊥ − μ2
0)×

× ∫ zM
x dzPabÃb(

x
z , k⊥ + (1− z)μ′⊥, μ

′2
⊥), (1)

with Ãa(x, k⊥, μ2) = xAa(x, k⊥, μ2) the momentum weighted TMD PDF of a parton of flavor a,
with longitudinal momentum fraction of the proton x and transverse momentum k⊥a, evaluated
at the evolution scale μ. The splitting variable z = xa/xb and zM is the soft gluon resolution
scale which separates the splittings into resolvable and non-resolvable splittings. The three
different conditions are given by:

1. P = P col
ab (z, μ′2⊥), which are the real parts of the DGLAP splitting functions, and collinear

Sudakov form factor Δa(μ
2) = Δcol

a (μ2) = exp[−∑
b

∫ μ2

μ2
0

dμ′2
μ′2

∫ zM
0 dz z P col

ba (z, μ′2)],

2. P = P TMD
ab (z, k′⊥, μ

′
⊥), with k′⊥ = k⊥ + (1− z)μ′⊥, and Δa(μ

2) = Δcol
a (μ2),

3. P = P TMD
ab (z, k′⊥, μ

′
⊥) and Δa(μ

2) = ΔTMD
a (μ2, k2⊥).

The first condition gives the standard PB evolution equations, the second can be seen as an
intermediate step where one uses the TMD splitting functions for the resolvable splittings, but
use the collinear Sudakov form factor and the third condition corresponds to an implementa-
tion where the TMD splittings are used for both resolvable and non-resolvable branchings. The
TMD splitting functions P TMD

ab (z, k′⊥, μ
′
⊥) are related to the TMD splitting functions in the orig-

inally defined variables P̃R
ab(z, k

′
⊥, k̃⊥), which can be found in 14, through P TMD

ab (z, k′⊥, μ
′
⊥) =

d2k̃⊥
k̃2⊥

μ′2⊥
d2μ′⊥

P̃R
ab(z, k

′
⊥, k̃⊥). P̃R

ab are defined within the 2-gluon irreducible kernels that include an

integration over the boost invariant transverse momentum k̃⊥ = k⊥ − zk′⊥. We have chosen to
absorb a Jacobian in the redefinition of the TMD splitting functions. The TMD Sudakov form

factor is given by: ΔTMD
a (μ2, k2⊥) = exp[−∑

b

∫ μ2

μ2
0

dμ′2⊥
μ′2⊥

∫ 2π
0

dφ
2π

∫ zM
0 dz z P TMD

ba (z, k⊥, μ′⊥)], with φ

the angle between μ′⊥ and k⊥. Similarly to collinear Sudakov form factor in the standard parton
branching equation, the TMD Sudakov form factor is constructed such that it represents the
probability of an evolution without any resolvable branching. The TMD Sudakov form factor
at k⊥ = 0 is equal to the collinear Sudakov form factor and decreases with higher k⊥ for both
quarks and gluons.
A property of the evolution equations with conditions 1 and 3 is that they conserve the trans-
verse momentum of the proton. With condition 2, the proton momentum is not conserved as
will be numerically shown in the next section.
These equations can be solved with MC techniques. The equations can also be used to obtain
collinear PDFs or integrated TMD PDFs by integrating over k⊥: f̃a(x, μ2) =

∫ d2k⊥
π Ãa(x, k⊥, μ2).

3 Numerical results

The starting distribution for all three studied scenarios is provided through a collinear starting
distribution at scale μ0, fa(x, μ

2
0), which is chosen to be HERAPDF20 LO EIG with μ2

0 = 1.9
GeV2, and with the initial transverse momentum generated according to a Gaussian function:

Ãa(x, k⊥,0, μ2
0) = xfa(x, μ

2
0) · 1

qs
exp

(
−k2⊥,0/q

2
s

)
, qs = 0.5 GeV. Such a choice allows one to study

in detail the impact of each particular element of the evolution equation on the final distribution.
For the TMDs to be applicable in phenomenology, the initial distribution has to be fitted to the
data. We leave it for the future work. In table 1 we show the sum of all momentum fractions

aFor a given 4-vector k = (k0, k1, k2, k3) = (Ek, k⊥, k3), where k⊥ = (k1, k2).
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Table 1: Check of momentum conservation:
∫ 1

10−5 dxf̃a(x, μ
2).

μ2 (GeV) P col
ab , Δcol

a P TMD
ab , Δcol

a P TMD
ab , ΔTMD

a

(condition 1) (condition 2) (condition 3)

10 0.999 1.007 0.999
100 0.997 1.045 0.997
1000 0.995 1.091 0.994
10000 0.992 1.129 0.991
100000 0.984 1.148 0.983

of partons that have 10−5 < x < 1 (10−5 is the lower bin value of the MC solution) at different
values of the evolution scale. We notice that indeed the MC solution using the first and third
condition conserve the momentum of the proton, the small deficit is explained by the cut-off at
x = 10−5. The solution obtained with the second condition breaks the conservation of proton
momentum.

In figure 1 we show the integrated TMD PDFs at μ = 100 GeV obtained with condition
1 (col P), condition 2 (TMD P col Sud) and condition 3 (TMD P TMD Sud). We see that
the effects of the TMD splitting functions on the collinear PDFs are small in the large x-region,
which is reasonable since the TMD splitting functions go to the DGLAP splitting functions when
k′⊥ → 0. We see a suppresion in the PDFs when we introduce the TMD Sudakov form factor
compared to the PDFs obtained with TMD splitting functions, but with a collinear Sudakov
form factor.

μ

10−3

10−2

10−1

102

103

μ

10−4 10−3 10−2 10−1

μ

10−3

10−2

10−1

102
μ

10−4 10−3 10−2 10−1

Figure 1 – Collinear PDFs for gluons (left) and down quarks (right).

In figure 2 we show the TMD PDFs at μ = 100 GeV and x = 0.001 versus k⊥ obtained with
those three models. We see that the TMD splitting functions affect the whole k⊥-region and
the suppression from the TMD Sudakov form factor is also visible in the whole k⊥-region.

4 Conclusion

We presented the first MC implementation including an evolution with TMD splitting functions,
based on the Parton Branching method. These TMD splitting functions are a positive-definite
k⊥ �= 0 continuation of the LO DGLAP splitting functions originally obtained from high-energy
factorization. The k⊥-dependent splittings affect both real emission and Sudakov form factors.
The proposed evolution equations conserve the momentum of the proton.
In this work the effects of TMD splittings on the evolution have been studied for both collinear
and TMD parton distributions.
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Figure 2 – TMD PDFs for gluons (left) and down quarks (right).

The TMD PDFs presented in this work are not yet ready to be used in phenomenology, since
the non-perturbative input is not yet fitted. In further studies, fits will be performed to DIS
and DY data to determine nonperturbative TMD PDFs. Once this is done, the obtained TMD
PDFs can be used to make predictions for LHC and EIC processes including for the first time
the effects of TMD splittings.
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Photon TMD

H. Jung, S. Taheri Monfared, T. Wening
Deutsches Elektronen-Synchrotron, D-22607 Hamburg,

II. Institut für Theoretische Physik, Universität Hamburg

We present a complete set of transverse momentum dependent and collinear parton densities
including the photon over a wide phase space. The photon density appears when evolving
parton distributions with QED corrections. The photons are produced by perturbative ra-
diation using the Parton Branching method. The QCD partons are constrained by a fit to
HERA data. The lepton pair production at high masses is described within the extracted
TMD densities.

1 Motivation

The high accuracy of current measurement requires comparable precision in the phenomenolog-
ical predictions. One of the limitations of the mainstream approach is the neglect of transverse
degrees of freedom in the proton. The Parton Branching (PB) method 1,2 aims for correct treat-
ment of the kinematics in collisions. This method was successfully applied to describe the data
from deep inelastic scattering (DIS) at HERA and Drell-Yan (DY) at the LHC 3,4,5,6 and can
be further used for obtaining consistent predictions for a wide range of processes at the LHC,
High Luminosity LHC (HL-LHC), High Energy LHC (HE-LHC) and future collider experiments.
The advantage of applying transverse momentum dependent (TMD), instead of collinear parton
density functions (PDFs) is that higher order corrections in form of parton showers are naturally
included and that the uncertainty of parton showers is entirely tractable from the PB-TMDs.

The precise theoretical and phenomenological evaluations of the subleading electromagnetic
processes are also needed to reach the same accuracy level of the experimental data. Including
electroweak corrections to the pure QCD evolution is thus timely and is an important step in
this direction.

2 Collinear parton densities from PB method

The first set of pure NLO QCD TMDs determined from a fit to precise HERA inclusive DIS
measurements 7 have been described in Ref. 3. In this study, we focus on QED corrections using
the PB method.

We apply charge-dependent LO QED splitting functions and the running QED coupling
together with NLO QCD splitting kernels to the fit to HERAI+II data. The evolution is
performed with Set 2 setting of Ref. 3, a more detailed discussion is available in Ref. 6. The
fits of both pure QCD set 3 and QCD+QED set 6 to DIS measurements with the identical
parametrization for all parton densities yield similarly good χ2-values. The resulting PB-TMD
PDFs are available in the TMDlib package 8.

In Fig. 1 the photon and dv quark densities are shown as functions of x for Q2 = 3.0 GeV2,
including the experimental uncertainties (red band) and the model uncertainties (yellow band).
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The experimental uncertainties are obtained with the Hessian method (as implemented in the
xFitter package 9). The model dependence of the PDF fits is estimated by variation of heavy
flavor masses, the starting scale of the evolution and the qcut parameter. The parameter qcut is
introduced in strong coupling definition to avoid the non-perturbative region while the argument
in αs is the transverse momentum.
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Figure 1 – Collinear photon and valence down quark densities for Q2 = 3.0 GeV2. The red band shows the
experimental uncertainty, the yellow band the model dependence.

The small-x photons originate mainly from radiation off large-x valence quarks and thus the
uncertainty of the small-x photon density is rather large.

3 TMDs from PB method

Within the PB method both TMD parton densities as well as the collinear densities can be
calculated.
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Figure 2 – TMD photon density as a function of kt for μ = 10 and 100 GeV. The total uncertainty is shown in
the lower panels.

In Fig. 2, the photon density together with the total uncertainty bands obtained from
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experimental and model uncertainties are shown as a function of the transverse momentum
for μ = 10, 100 GeV. In lower panels of Fig. 2, we show a kt-dependent uncertainty band
obtained from a collinear parton density fit while splitting functions are also collinear. This
happens because at different regions of transverse momentum, different x-values play a role in
the evolution.

4 Application to LHC measurements

The CMS experiment 10 has measured the production of muon pairs over a wide range of the
dilepton invariant mass at

√
s = 13 TeV. There is no measurement on the pt-spectrum of high-

mass DY pairs. This measurement can be proposed to constrain the photon TMD.
The contributions from photon-initiated (PI) channels to lepton pair production based on

dynamically generated photons, as shown in Fig. 3, are evaluated.

l

+

l

P

l

l

Figure 3 – Lepton pair production from dynamically generated photons

In Fig. 4 the transverse momentum spectra of the lepton pair in different high mass ranges
of 500 < Mμ+μ− < 800 and 1500 < Mμ+μ− < 2000 are shown. We use NLO PB-TMD-QED and
NLOmatrix elements with the CASCADE3MC event generator package11. The DY (qq → l+l−)
contribution is shown in red and the scaled PI process (γγ → l+l−) in blue. The transverse
momentum spectra of the standard DY and PI leptons for very high DY mass values are similar
only at low transverse momenta. The difference at high transverse momenta originates mainly
from the hard matrix element process.
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Figure 4 – Transverse momentum spectra of Drell-Yan and photon-initiated processes based on TMD PB-QED
(Set2) at two different mass regions.

We present the first calculation of TMD photon density with the PB method. The outlook is
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a step towards calculation of the collinear and TMD heavy gauge boson parton densities which
are essentially important for vector boson production at the LHC.
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Physics from Photons at the LHC

L. A. Harland–Lang
Rudolf Peierls Centre, Beecroft Building, Parks Road, Oxford, OX1 3PU, United Kingdom

LHC collisions can act as a source of photons in the initial state. This mechanism plays an
important role in the production of particles with electroweak couplings, and a precise account
of photon-initiated (PI) production at the LHC is a key ingredient in the LHC precision physics
programme. I will discuss the possibility of modelling PI processes directly via the structure
function approach. This can provide percent level precision in the production cross sections,
and is therefore well positioned to account for LHC precision requirements. This formalism
in addition allows one to make use of another useful feature of photons, namely that they are
colour-singlet and can often be emitted elastically (or quasi-elastically) from the proton. I will
discuss recent work on applications of the structure function approach to precision calculations
of PI production in the inclusive mode, and to ’exclusive’ processes with rapidity gaps, which
can provide a unique probe of the Standard Model and physics beyond it.

1 The Structure Function Approach and inclusive photon–initiated production

A major aim of the LHC, and the HL–LHC upgrade that will follow, is to precisely test the
Standard Model (SM) predictions for as wide a range of collider processes as possible. A par-
ticularly important element of this involves events with leptons in the final state, which play
a key role in determinations of the weak mixing angle, sin2 θW , the W boson mass, MW , and
constraints on the proton PDFs.

A key ingredient in this is the availability of high precision theoretical predictions for the SM
processes, an important element of which is the contribution from photon–initiated (PI) channel.
A rather useful method 1,2 to provide this is to work in the ‘structure function’ (SF) framework.
Here, one calculates the cross section directly in terms of the proton structure functions. For
processes such as (off Z–peak) lepton pair production this provides percent precision in the
predicted cross sections, with no accompanying factorization scale variation uncertainty, as is
present in the calculation within collinear factorization.

In the SF approach, the PI cross section is given by

σpp =
1

2s

∫
d3p1d

3p2dΓ

E1E2
α(Q2

1)α(Q
2
2)
ρμμ

′
1 ρνν

′
2 M∗

μ′ν′Mμν

q21q
2
2

δ(4)(q1 + q2 − k) . (1)
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Figure 1 – (Left) Ratio of the PI cross sections for lepton pair production to the NLO QCD Drell–Yan
cross section at the 13 TeV LHC. The LO collinear predictions (including scale variation uncertainties)
and the structure function result are shown, in the latter case for both the pure γγ initiated and the
total. (Right) Percentage contribution from PI production to the lepton pair p⊥ distribution, within the
ATLAS 3 off–peak event selection, at 8 TeV. The QCD predictions correspond to NNLO + NNLL QCD
theory 4. The total (pure γγ) contributions are shown by the solid (dashed) lines.

Here the outgoing hadronic systems have momenta p1,2 and the photons have momenta q1,2, with
q21,2 = −Q2

1,2. We consider the production of a system of 4–momentum k = q1+ q2 =
∑N

j=1 kj of

N particles, where dΓ =
∏N

j=1 d
3kj/2Ej(2π)

3 is the phase space volume. Mμν corresponds to the
γγ → X(k) production amplitude, with arbitrary photon virtualities. ρ is the density matrix of
the virtual photon, which is given in terms of the well known proton structure functions, see 1,2

for an explicit expression and 2 for the extension to include initial–state Z bosons.

A representative selection of results are shown in Fig. 1. In the left plot we show the lepton
pair invariant mass distribution, plotting the ratio of the PI contribution to the NLO QCD
Drell–Yan cross section at the 13 TeV LHC. For this choice of cuts, the PI component is at
the ∼ 4% level, and hence is small but certainly not negligible. We note that the solid curve
includes the uncertainty due to the experimental determination of the structure functions, but
this is so small as to be not visible on the plot. The ‘total’ contribution includes initial–state Z
boson, and mixed γ/Z + q contributions, but these are found to give a negligible contribution.
The LO collinear result is also shown for comparison. This is seen to lie above the SF results,
though consistent within the large scale variation uncertainties; clearly, one should work at least
at NLO when applying the collinear approach. However, for the present observable we can see
that the SF approach provides percent level precision already.

Above the Z peak (not shown here), the PI contribution is as large as ∼ 10%, and can
again be predicted with high precision by the SF approach. As discussed in further detail in 2,
these results imply that the PI contribution to the dilepton cos θ∗ distribution, which is used
for determinations of sin2 θW as well as PDF constraints, can also be highly relevant. Detailed
comparisons are presented in 2 and this is indeed found to be the case, with the SF approach
providing high precision predictions for the PI contribution.

As the SF formulation of Eq. 1 is provided differentially with respect to the photon vir-
tualities, Q2, we can also readily provide predictions with respect to the dilepton transverse
momentum, pll⊥. In Fig. 1 (right) we show the ratio of the PI contribution to NNLO+N3LL
resummed QCD predictions produced with NNLOjet+RadISH 4. The total (solid) curve includes
mixed γ + q diagrams, which will be sensitive to resummation effects in the low pll⊥ region, not
included here, is only shown for rough guidance in this region. Focussing on the pure γγ com-
ponent, i.e. the dashed lines, one can see that is a significant enhancement observed in the pure
γγ contribution in the lower 0 < pll⊥ < 2 GeV region. This is explained in part by the Sudakov
suppression in the QCD contribution in this region, which is absent in the γγ channel. However,
another key factor in this is that the γγ cross section is particularly peaked in this region, due to
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the significant contribution from elastic photon emission. This elastic component, or indeed the
low Q2 resonant and non–resonant components, are not modelled differentially in a pure collinear
calculation, and hence the SF calculation is particularly well suited to deal with this very low pll⊥
region. As explored in 2, this could have implications for experimental determinations of MW ,
through the tuning that is done to the low pll⊥ region of dilepton production.

Finally, we note that the benefit of applying the SF approach directly, while transparent for
process where the final state of interest (l+l−, W+W−...) is directly produced by the γγ initial
state, is less clear in the mixed γ + q case. Here, one must deal with the collinear enhancement
of the γ → qq splitting, and at this level of precision include QED DGLAP evolution of the
quark/antiquark PDFs, which certainly requires one introduce a photon PDF within the LUXqed
approach. Further discussion can be found in 2.

2 Modelling (semi)–exclusive photon–initiated production

A feature of the PI channel in proton–proton collisions is that the colour singlet photon exchange
naturally leads to exclusive events, where the photons are emitted elastically from the protons.
This is particularly relevant in the context of the dedicated forward proton detectors at the
LHC, namely AFP and CT–PPS, which have been installed in association with both ATLAS
and CMS, respectively 5. More generally, even if the initial–state photon is emitted inelastically,
there is no colour flow as a result, and there is still a possibility for semi–exclusive events with
rapidity gaps in the final–state between the proton dissociation system(s) and the centrally
produced object. Indeed, a range of data have been collected using this technique at the LHC 6.

This theoretical treatment of this class of events is rather distinct from the standard inclu-
sive case. The reasons for this are twofold: first, events where decay products from the proton
dissociation system enter the veto region must be excluded, and second, there may be addi-
tional inelastic proton–proton QCD interactions (in other words, underlying event activity) that
fill the gap region. The latter effect must be accounted for via the so–called ‘survival factor’
probability of no additional proton–proton interactions 7, while the former requires a fully dif-
ferential treatment of the PI process, including a MC implementation such that the showering
and hadronisation of the dissociation system may be accounted for.

In 6, we presented such a MC implementation, SuperChic 4, for the case of lepton pair
production. This makes use of the SF approach, to provide a high precision prediction for
the underlying PI process that is fully differential in the kinematics of the final–state protons
and/or dissociation systems. This can then be interfaced to a general purpose MC for further
showering/hadronization; we make use of Pythia 8.28. We in addition account for the survival
factor, in a manner that take full account of the dependence of this quantity on the event
kinematics and the specific channel (elastic or inelastic). SuperChic 4 is the first generator of
its kind to take account of all of these features, which are essential when providing results for
semi–exclusive PI production.

In Fig. 2 (left) we show the predicted survival factor as a function of the dimuon invariant
mass, at

√
s = 13 TeV. We can see that broadly there is a large difference in the magnitude

of the survival factor between the DD and elastic/SD cases, with the former being significantly
smaller. This is driven by the fact that in the DD case the photon Q2 is generally much higher,
and so the collision is less peripheral in terms of the impact parameter of the colliding protons;
the most peripheral elastic interaction has the highest survival factor. We can also see that
as the invariant mass increases, the survival factor decreases, due to effect of the kinematic
requirement for producing an on-shell proton at the elastic vertex for larger photon momentum
fractions, which implies a larger photon Q2. For the DD case the survival instead increases
somewhat, due to the smaller phase space in photon Q2 at the highest Mll values. These are
examples of a broader result, namely that the survival factor is not a single constant value, but
rather depends sensitively on the process and kinematics.
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Figure 2 – (Left) Soft survival factor for lepton pair production as a function of the invariant mass, Mll,
of the dilepton system. (Right) Comparison of SuperChic 4 + Pythia 8.2 predictions for the dilepton
acoplanarity distribution compared to the ATLAS data 9 at

√
s = 7 TeV, within the corresponding

experimental fiducial region, and with a rapidity veto applied on tracks in the central region. Results
without the soft survival factor included are shown in addition.

In Fig. 2 (right) we show a comparison of the predicted acoplanarity distribution for muon
pairs to the ATLAS data on semi–exclusive dilepton production at

√
s = 7 TeV 9. The theory

result includes the impact of the rapidity veto that is applied in order to selected these events,
as well as the survival factor (we show results without this included for comparison). We can
see that the distribution is described rather well once the survival factor is included.

In summary, PI production is rather unique channel at the LHC that plays a key role in
both inclusive and exclusive particle production. We have presented state–of–the–art results
for dilepton production in both of these channels, including MC implementations; SFGen 2 and
SuperChic 4 6 for inclusive and exclusive production, respectively.
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Recent BaBar results on measurement of exclusive hadronic cross sections

D. Bernard
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The measurement of exclusive e+e− to hadrons processes is a significant part of the physics
program ofBABAR experiment, aimed to improve the calculation of the hadronic contribution
to the muon g − 2 and to study the intermediate dynamics of the processes. We present
the most recent results obtained by using the full data set of about 470 fb−1 collected by
the BABAR detector at the PEP-II e+e− collider at a center-of-mass energy of about 10.6
GeV. In particular, we report the results on e+e− annihilation into six- and seven-pion final
states. The study of the very rich dynamics of these processes can help to understand the
difference seen between the QCD prediction and the sum of exclusive cross sections in the
energy region around 2 GeV, thus improving the precision on the total hadronic cross section
and of the g − 2 calculation. Additionally, we report the results on a dedicated study to
shed light on the resonant states production in the energy region around 2.2 GeV, which
is presently rather unclear. We measure the reaction e+e− → KSKL with data collected
with the BABAR detector and analyse these data in conjunction with published BESIII data
on e+e− → K+K− and BABAR data on e+e− → K+K−, π+π−, π+π−η, π+π−ω. This
study supports the existence of an isovector resonance ρ(2230) consistent with the resonance
observed by BESIII.

On behalf of the BaBar Collaboration

1 Introduction

I report two recent works 1,23 by the BaBar collaboration, both studies of the production of
hadronic final states in e+e− collisions with initial state radiation (ISR): one of the incident
leptons first emits a high-energy photon, after which the e+e− collision takes place at a reduced
CMS energy. This enables the measurement of the cross section of the direct production of that
final state in e+e− collisions over a large energy range,2 down to threshold, with excellent and
uniform efficiency, acceptance and background rejection.

2 Resonances in e+e− annihilation near 2.2GeV

We first re-examine a recent publication of the BESIII collaboration3 who compared their result
on a resonance decaying to K+K− to a previous result by BaBar,13,17 at a mass significantly
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larger (Table 1) than the value quoted for other decay modes of the φ(2170) by the PDG
(2160±80MeV/c2 at the time of writing). We first perform a fit of the combined BaBar+BESIII
sample 1 and obtain a result compatible with the fit of the BESIII data only 3 (Table 1).

Table 1: Results of fits to various final states in the study of the resonances in e+e− annihilation near 2.2GeV.1

M Γ
(MeV/c2) (MeV)

K+K− 2239± 7± 11 140± 12± 21 BESIII 3

K+K− 2227± 9± 9 127± 14± 4 BaBar+BESIII 1

I = 1 (ρ-like) (π+π− + π+π−η) 2270± 20± 9 116+90
−60 ± 50 BaBar 1

I = 0 (ω-like) (ωπ+π− + ωπ0π0) 2265± 20 75+125
−27 BaBar 1

If a genuine qq resonance, the decay to KSKL should be visible with the same strength as
to K+K−. The KSKL signal is reconstructed 1 from an ISR-photon candidate with an energy
larger than 3GeV, a KS in its decay to π+π− and a KL from a cluster in the electromagnetic
calorimeter with an energy larger than 2GeV. Only the direction of flight of the KL is used
in the analysis. No evidence of a signal is seen but due to limited statistics and the possible
presence of a destructive interference with a non-resonant contribution, it was not possible to
reach a definite conclusion on an exclusion of a KSKL at the same level as for K+K−.

As both I = 1 and I = 0 amplitudes may contribute to e+e− → KK (with different signs for
K+K− and KSKL, though), we then turn to isovector and isoscalar sister channels that BaBar
had studied (with the ISR method) in the past:

• I = 1: π+π−,(12) and π+π−η;(20)

• I = 0: π+π−ω,(7) and π0π0ω.(22)

Fits to the combined (π+π− + π+π−η) samples, on the one hand, and to the combined
(π+π−ω + π0π0ω) samples, on the other hand, provided results, again, compatible with the
K+K− mode (Table 1).

3 Study of e+e− → 2(π+π−)π0π0π0 and 2(π+π−)π0π0η at CMS energies from threshold
to 4.5GeV

All results in this section are first measurements.23 The analysis proceeds from the selection of
2(π+π−)π0π0γγγISR final states where the four tracks originate from a common vertex compatible
with the interaction region, photon 4-momenta are computed assuming a direction originating
from that vertex and are required to have an energy ≥ 35MeV, π0 are formed from pairs of
these photons, and the highest-energy photon, assumed to be the ISR photon, γISR, has an
energy larger than 3GeV. In the case of the channel that has three π0 in the final state, the
two candidates having an invariant mass closest to the PDG value are assigned to π0s, and the
third one to γγ. The selected event sample then undergoes a 6C fit with the 2(π+π−)π0π0γγγISR

hypothesis, after which the background (50 < χ2 < 100) is subtracted from the signal (χ2 < 50).
The obtained γγ invariant mass spectrum is fit either with a (π0+ non-resonant) pdf, for

the low-mass part of the spectrum, or with an (η+ non-resonant) pdf, for its high-mass part,
from which the amount of 2(π+π−)π0π0π0 and 2(π+π−)π0π0η production can be computed, and
the ISR part is obtained after subtraction of the usd-”continuum” production. That fit is also
performed on event sub-samples, by bins of the 2(π+π−)π0π0γγ invariant mass, from which the
cross section for 2(π+π−)π0π0π0 and 2(π+π−)π0π0η production in e+e− collisions as a function
of energy is obtained.

For the 2(π+π−)π0π0π0 final state that provides enough statistics to do so, (selected with
mγγ < 0.35MeV/c2), the fit is also performed on event sub-samples, by bins of the 3π0, π+π−π0
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or π±π0 invariant mass so as to obtain the 2(π+π−)π0π0γγ invariant mass spectra and the cross
sections of a number of production through intermediate resonances, including

• e+e− → 2(π+π−)η, η → 3π0;

• e+e− → ωπ0η, ω → π+π−π0, η → π+π−π0;

• and e+e− → ρ(770)±π∓π+π−π0π0, ρ(770)± → π±π0.

It is interesting to note that the full 2(π+π−)π0π0γγ invariant mass spectrum is very similar
to the spectrum of the sum of all the intermediate-resonance production, which implies that the
contribution of the fully non-resonant seven-hadron production is a small fraction of the total.

Dedicated analyses of the high 2(π+π−)π0π0γγ invariant mass spectra for the full production
and for production through intermediate resonances enable the study of J/ψ and ψ(2S) decays
to these final states. BJ/ψ→2(π+π−)3π0 = (6.2 ± 0.2 ± 0.9) × 10−2 turns out to be the largest
known branching fraction of the J/ψ.23

4 ISR studies at BaBar, status and perspectives

ISR hadronic production is a key ingredient in the computation of the hadronic vacuum polariza-
tion (HVP) contribution to the standard-model prediction of the so-called anomalous magnetic
moment of the muon aμ ≡ (gμ − 2)/2.

Table 2: Summary of the BaBar results on ISR production of exclusive hadronic final states (The superseded
results have been removed). LO: leading order; NLO: next-to-leading order (including one additional photon).

Channels
∫ Ldt (fb−1) Method Ref.

2(π+π−)π0π0π0, 2(π+π−)π0π0η 469 LO 23

π+π−π0π0π0, π+π−π0π0η 469 LO 22

π+π−π0π0 454 LO 21

π+π−η 469 LO 20

KSKLπ
0, KSKLη, and KSKLπ

0π0 469 LO 19

KSK
+π−π0, KSK

+π−η 454 LO 18

K+K− 469 LO, no γISR tag 17

KSKL, KSKLπ
+π−, KSKSπ

+π−, KSKSK
+K− 469 LO 16

pp 454 LO 15

pp 469 LO, no γISR tag 14

K+K− 232 NLO 13

π+π− 232 NLO 11 12

2(π+π−) 454 LO 10

K+K−π+π−, K+K−π0π0, K+K−K+K− 454 LO 9

K+K−η, K+K−π0, K0K+mπ+π− 232 LO 8

2(π+π−)π0, 2(π+π−)η, K+K−π+π−π0, K+K−π+π−η 232 LO 7

ΛΛ, ΛΣ0, Σ0Σ0 232 LO 6

3(π+π−), 2(π+π−π0), K+K−2(π+π−) 232 LO 5

π+π−π0 89 LO 4

The historical precise experimental measure of aμ at BNL 25 has been known to depart from
the prediction, something which might be an indication of the presence of new physics beyond
the standard model and has triggered a number of experimental and theoretical works.

In particular, as even though the HVP is a quite small part of the prediction grand total,
its uncertainty is actually the dominant contribution, and as the contribution of low energy
QCD processes are computed from the measured cross sections of hadronic production in e+e−

collisions, the BaBar collaboration has conducted a systematic campaign of ISR production of
exclusive hadronic final states, that is close to completion. Thanks to all these efforts, and in
particular the to improvement in the precision brought by BaBar, the prediction-to-measurement
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discrepancy for aμ amounted to a significance of 3.7 standard deviations up to recently.24 After
having analyzed her run-1 data, the new muon g−2 experiment at Fermilab has measured a value
of aμ that is compatible with that of the E821 Experiment at BNL, and that confirms a discrep-
ancy with the standard-model predicted value that now amounts to 4.2 standard deviations.26

Future updates to a larger statistics by the Fermilab experiment and results by the J-PARC
experiment27 will be eagerly welcome.

The BaBar collaboration is presently working on updates of the π+π− (11,12) and of the
π+π−π0 (4) analyses with an increase of the data sample of a factor of ≈ 2 and ≈ 5, respectively,
and the most recent version of the BaBar reconstruction software. These two channels have a
large cross section down to low invariant masses, something which is of particular importance
for the prediction of the HVP contribution to aμ due to the 1/s2 factor in the dispersion integral
(See, e.g., eq. (109) of the review28).
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Progress in the NNPDF global analyses of proton structure

Juan Rojo
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I present recent progress in the NNPDF global analyses of parton distributions (PDFs) focus-
ing on developments contributing to its new upcoming release: NNPDF4.0. The NNPDF4.0
determination represents unprecedented progress in three main directions: i) the systematic
inclusion of LHC Run II data at

√
s = 13 TeV and of new processes from dijets to single

top distributions, ii) the deployment of state-of-the-art machine learning algorithms, from
automated hyperparameter optimisation to stochastic gradient descent training; and iii) the
complete statistical validation of PDF uncertainties, both in the data and extrapolation re-
gions, by means of closure and future tests. Other methodological improvements in NNPDF4.0
include strict PDF positivity, integrability constraints at small-x, and deuteron and heavy nu-
clear corrections. I present representative results from NNPDF4.0 and assess its impact on
open issues such as the light anti-quark asymmetry and the charm content of protons.

The road towards NNPDF4.0. Since the release of the NNPDF3.1 global analysis 1 in 2017,
a significant amount of work has been invested in laying the groundwork for the subsequent
major update, dubbed NNPDF4.0 and now close to completion. Progress towards NNPDF4.0
has taken place along several complementary directions, such as addition of new datasets, many
of them from Run II of the LHC, and altogether new types of processes, the implementation
of powerful machine learning fitting tools, novel strategies for the statistical validation of PDF
uncertainties, and the refined implementation of theoretical constraints that restrict the possible
shapes that the PDFs are allowed to take.

New groups of processes added for the first time in NNPDF4.0 include dijet cross-sections,
single top quark distributions, direct photon production, and W boson production in association
with jets, among several others. As an illustration of the impact of these new processes, the left
panel Fig. 1 demonstrates 2 that the constraints on the gluon PDF from Run I inclusive jet and
dijet cross-sections is qualitatively consistent when added on top of a baseline NNPDF3.1-like
fit that does not include any jet data. Furthermore, all available 7 and 8 TeV dijet cross-sections
are successfully described by NNLO QCD theory once included in the fit, without the need to
introduce tailored decorrelation models as is sometimes the case with inclusive jets.

Another data-related study on the road towards NNPDF4.0 was the reappraisal of the proton
strangeness content based on the combination of all relevant experimental inputs 3, among
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Figure 1 – Left: comparative impact on the gluon PDF of available inclusive jets and dijet cross-sections,
where here the baseline PDF fit does not include any jet data. Right: the strangeness ratio Rs(x,Q)
evaluated at x = 0.023 and Q = 1.6 GeV, comparing the predictions of various global fits with the
NNPDF3.1 str analysis which includes the constraints from the NOMAD neutrino cross-sections.

them the NOMAD dimuon neutrino-induced cross-sections which provide significant constraints.
Interestingly, a satisfactory joint description of all datasets is found, with no evidence for tensions
between groups of processes. As indicated by Fig. 1, which displays the ratio Rs(x,Q) =
(s + s̄)/(ū + d̄) at x = 0.023 and Q = 1.6 GeV, a global analysis of all strangeness-sensitive
measurements favors a moderately suppressed strangeness PDF, and disfavors scenarios with
either a heavily suppressed (Rs ∼< 0.5) of a symmetric (Rs � 1) strange sea.

Concerning the improved treatment of theoretical constraints, NNPDF4.0 accounts for the
strict positivity of MS PDFs 4, the integrability of the non-singlet quark combinations T3 and
T8 at small-x, and the uncertainties associated to deuteron and heavy nuclear effects for data
involving nuclear targets. The latter, relevant in particular for the description of the NuTeV
and CHORUS neutrino structure functions, is implemented using the method from 5 with the
nNNPDF2.0 global nPDF fit 6 as input. This choice is particularly suitable here, given that the
fitting methodology 7 of nNNPDF2.0 is consistent with that used in the NNPDF4.0 analysis.

From the point of view of machine learning tools, NNPDF4.0 benefits from a suite of state-
of-the-art stochastic gradient descent methods for neural network training, combined with the
automated optimisation of model hyperparameters such as the network architecture 8. These
improvements have resulted into a dramatic speed-up of the per-replica running time of up to a
factor 10, as well as a reduction of the PDF uncertainties by removing minimisation inefficiencies
present in genetic algorithms. The statistical interpretation of PDF uncertainties is then care-
fully validated by means of closure tests 9,10, where PDFs are fitted to pseudo-data generated
with a known underlying law, and future tests 11, which verify the forecasting performance of
the new methodology to predict novel datasets with different kinematic coverage.

A first look at NNPDF4.0. A highly non-trivial self-consistency test of the new fitting
methodology is that one is able to carry out PDF fits either in the evolution basis (where the
NNs parametrise Σ, T3, T8, V , and so on) or in the flavour basis (where instead they parametrise
u, ū, d, d̄, and so on) finding fully consistent results. This feature is highlighted in Fig. 2, which
compares the output of the nonsinglet quark triplet, T3 = u + ū − d − d̄, at the initial scale
Q = 1.65 GeV obtained in the two parametrisation bases: excellent agreement is obtained,
illustrating the robust basis independence of the NNPDF4.0 global analysis.

The right panel of Fig. 2 quantifies the impact of the new data added in NNPDF4.0 on the
gluon-gluon partonic luminosity at

√
s = 14 TeV as a function of invariant mass mX . In general,

one finds agreement at the one-sigma level, with the new data (driven by dijet cross-sections)
modifying the overall shape of Lgg with a slight suppression for mX � 100 GeV, an enhancement
starting at 1 TeV, and then again a suppression from masses of 4 TeV onwards. The new data
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Figure 2 – Left: comparison of the nonsinglet quark triplet, T3 = u+ū−d−d̄, in NNPDF4.0 fits performed
in either the evolution or the flavour parametrisation basis. Right: the gluon-gluon luminosity at

√
s = 14

TeV as a function of mX , displaying the impact of the new data added in NNPDF4.0.

also leads to a reduction of the PDF errors in Lgg in the region with mX ∼> 500 GeV.

The novel NNPDF4.0 analysis also makes possible a high-precision assessment of many
important open questions releated to the non-perturbative QCD nature of proton structure. To
illustrate this potential, Fig. 3 displays the NNPDF3.1 and NNPDF4.0 predictions for the light
anti-quark PDF ratio, d̄(x,Q)/ū(x,Q) at Q = 10 GeV. This partonic ratio has also been recently
evaluated by the SeaQuest experiment 12, following a model-dependent deconvolution from their
cross-section measurements. We observe that both the NNPDF3.1 and NNPDF4.0 predictions
are in good agreement with the SeaQuest determinations of the light quark sea asymmetry.

Then the right panel of Fig. 3 displays the charm PDF at Q = 1.65 GeV in the NNPDF4.0
fits. We provide results obtained both with perturbative charm and with fitted charm 13, in
the latter case with and without the EMC charm structure functions included in the fit. This
comparison highlights how current data favours a valence-like structure for the charm PDF at
low-scales, which in turn is consistent with the hypothesis of an intrinsic charm component in
the proton wave function. We note that the addition or not of the EMC data does not modify
in a significant manner the resulting charm PDF, highlighting how the dominant constraints on
c(x,Q0) arise from other datasets such as forward W,Z production by LHCb.

The road ahead. The global NNPDF4.0 determination achieves an unprecedented accuracy in
a broad kinematic range, thanks to its extensive dataset combined with deep-learning optimisa-
tion models. Its faithfulness in representing PDF uncertainties is validated in detail by closure
tests, future tests, and parametrisation basis independence studies. Given the current level of
PDF uncertainties obtained with NNPDF4.0, it becomes of paramount importance to continue
the efforts towards the inclusion in the fit of various types of theoretical uncertainties, such as
those arising from missing higher orders 14 and from the SM parameters such as αs(mZ)

15,
and well as to account for higher order terms in the QCD (eventually up to N3LO) and EW
perturbative expansions, in the latter case using recently developed tools such as PineAPPL 16.

An open-source machine learning fitting framework. The NNPDF machine learning
fitting framework will be publicly released, fully open source, together with an extensive doc-
umentation and user-friendly examples. We believe that its availability will provide a useful
resource for the community in cases where one aims to apply cutting-edge machine learning
tools to the model-independent parametrisation of non-perturbative QCD quantities, as well as
to related applications both within and beyond 17 high-energy physics.
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Flow harmonics in heavy ion physics at CMS and ATLAS
a

Georgios K. Krintiras b(on behalf of the CMS and ATLAS Collaborations)

The University of Kansas Department of Physics and Astronomy, 1251 Wescoe Hall Dr, Lawrence, US

How can we gain a detailed insight into the hydrodynamic response of the system created in
heavy ion collisions to the fluctuating initial geometry and viscous effects? Do we create a
strongly interacting medium in proton-nucleus and proton-proton collisions, or rather a system
of partons undergoing few scatterings? To what extent can we discriminate between initial
momentum correlations and flow generated as a response to the initial geometry via interac-
tions in the final state? Do measurements of identified particle flow confirm the observations
from inclusive charged hadrons? An experimental overview of anisotropic flow measurements,
ranging from large down to the smallest collision systems, is given in these proceedings.

1 Introduction

One of the main purposes of the Large Hadron Collider (LHC) is to create a hot and dense,
strongly interacting QCD medium, referred to as the quark-gluon plasma (QGP). The study
of ultrarelativistic heavy ion collisions, including the decomposition of azimuthal particle dis-
tributions into Fourier series, revealed QGP properties consistent with a collectively expanding
(“flowing”) medium. The associated flow vectors Vn ≡ vne

inΨn , where vn is the magnitude of the

n
th
-order Fourier harmonic and Ψn its phase (also known as the n

th
-or order “symmetry plane

angle”), reflect the hydrodynamic response of the medium to the transverse overlap region and
its subnucleon fluctuations. Measurements of flow vectors, their event-by-event fluctuations and
correlations between different orders of harmonics or symmetry planes provide input to QGP
modeling, in particular, details about initial-state conditions and the dynamics of the subsequent
deconfined phase

1
.

In “small” collision systems, features similar to those observed in heavy ion collisions are
revealed when the same observables are used in conjunction with high particle multiplicities. It
thus remains imperative that LHC experiments, like ATLAS

2
and CMS

3
, pursue their quest

for a medium of a similar origin as in measurements involving heavy ion collisions. It is not
yet clear, however, to what extent is the Vn driven by the initial spatial anisotropy and/or
whether competing mechanisms, e.g., gluon field momentum correlations at the initial state,
contribute to the seen final-state anisotropy. In all cases, utmost caution must be exercised when
interpreting flow-related signatures, specially in small systems, given the potential contamination
from nonflow effects.

a
Copyright owned by the author(s) under the terms of the Creative Commons. Attribution-NonCommercial-

NoDerivatives 4.0 International. License (CC BY-NC-ND 4.0).
b
https://gkrintir.web.cern.ch/
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2 Flow in heavy ion collisions

Although vn measurements had led to “the discovery of the perfect liquid”
4
and contributed

significantly to the understanding of the QGP, e.g., Refs.
5,6

, details of the initial-state condi-
tions and the subsequent dynamics can be probed by more complex observables: event-by-event
flow fluctuations, decorrelations of flow vectors, higher order Vn, in particular their linear and
nonlinear components, and correlations between different orders of vn or Ψn.

Investigations of such fluctuations can be conducted by measuring the pT and centrality
dependence of multiparticle azimuthal cumulants. First measurements

7
of the four-particle

cumulants v2{4} and v3{4} revealed that flow fluctuations are non-Gaussian, while v4{4} indi-
cated that flow fluctuations are affected by the so-called volume or centrality fluctuations within
a fixed centrality bin. Flow vector decorrelations can be studied by forming a factorization ratio
rn(pT, η) such that when vn and/or Ψn decorrelate the rn deviates from unity. These measure-
ments can provide important constraints on the longitudinal structure, currently a challenge for
three-dimensional hydrodynamic models. More specifically, comparison of rn in PbPb and XeXe
collisions

8
revealed that models tuned to describe the vn in both systems failed to reproduce

the rn, as it can be seen in Fig. 1 (left). Higher order Vn can be expressed in terms of linear and
nonlinear modes, each being proportional to the same or lower order “eccentricities” and/or a
combination of them. Constraints to hydrodynamic models can be imposed by measurements of
the corresponding nonlinear response coefficients χn(pk), where n represents the order of Vn and
p, k with respect to lower-order symmetry plane angle or angles. Model calculations failed to
simultaneously describe the measured χ

9
, in particular, χ7223, as it can be seen in Fig. 1 (right).

Figure 1 – Left: Ratios of flow decorrelations and v2 from PbPb and XeXe collisions at 5.02 and 5.44TeV,
respectively

8
, compared to hydrodynamic models. Right: The nonlinear response coefficient χ7223 at 2.76 and

5.02TeV, as a function of centrality
9
, compared to hydrodynamic models with different initial-state conditions.

3 Flow in proton-nucleus and proton-proton collisions

A series of features from small systems are indicative of a collective behavior driven by the initial-
state geometry and final-state effects: the near-side ridge in two-particle correlations, the pT
and event activity dependence of vn, the mass ordering of vn, multiparticle cumulants and their
ratios. One of the main puzzles for the creation of a medium similar to that formed in nucleus-
nucleus collisions is the absence of “jet quenching”, i.e., no strong suppression as manifested
by RpPb measurements. Alternatively, measurements of vn at high pT study the path length
dependence of parton energy loss. Indeed, in Fig. 2 (left) positive v2 values are seen up to high

pT irrespective of the event content
10
. Significant v2 values are also observed in photonuclear

events
11,12

(Fig. 2 (right)), with v2 having a similar pT and event activity dependence as the
hadronic collision systems.
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In proton-proton collisions, it is even less clear what mechanism gives rise to the observed
finite azimuthal anisotropy. Until now, hints towards a final-state description were given, e.g.,
the indication of a mass ordering

13
with multi-particle angular correlations

13,14
or that of

the long-range correlations being only slightly affected when particles associated with hard or
semihard processes in the event are removed

15
.
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Figure 2 – Left: Distribution of v2 as a function of the trigger-particle pT, separately for minimum-bias and jet-
enriched pPb events at 8.16TeV

10
. Right: Two-dimensional correlation in photonuclear pPb events at 8.16TeV

12
.

4 Identified particle flow in all systems

Results of inclusive charged hadrons support the final-state scenario with a fluid being created
in heavy ion and at least in proton-nucleus collisions. Measurements of identified hadrons
confirm these observations while paving the way for stringent tests of theory predictions on
the grounds that heavy flavor particles are formed early and subsequently participate in the
medium evolution. Flow of quarkonia study the interaction of charm and beauty with the QGP.
While J/ψ and, for the first time with a multiparticle long-range correlation technique

16
, D

0

exhibit a significant flow, the v2 of Υ(1S) and Υ(2S) 17
is consistent with zero (Fig. 3 (left)).

Measurements of open heavy flavor hadrons also confirm a positive v2, with the possibility to
disentangle contributions from bottom hadrons, which are indeed found to flow less than charm
hadrons

18,19,20
(Fig. 3 (right)).

5 Summary

Although significant progress has been made on the level of precision achieved at large collision
systems, the amount of data collected at LHC allow the measurement of more complex flow-
related observables. More specifically, such measurements pose constraints on initial conditions,
which in turn contribute to more precise modeling of the final-state dynamics. Most previ-
ous flow measurements focused on Vn (overall flow), i.e., vn with respect to Ψn, but recently
event-by-event flow fluctuations, longitudinal flow decorrelations, and measurements of nonlin-
ear response coefficients demonstrate that model calculations cannot simultaneously describe all
the aforementioned observables.

Multiparticle long-range correlations of inclusive charged and identified hadrons are observed
down to the smallest collision systems. The origin of positive vn seen up to high pT is however
still not resolved. Whether this is a manifestation of a collective behavior of the system created in
such collisions and/or a dilute system with parton scatterings requires experimental techniques
for suppressing nonflow contamination. In parallel, finding ways to discriminate between the
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.

two different scenarios are desirable, e.g., new results provide information on the QCD dynamics
of multiparticle production in high-energy photonuclear collisions.
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Heavy-ion physics and strong interactions at LHCb

Hans Dembinski on behalf of the LHCb collaboration
Experimental Physics Va, TU Dortmund, Otto-Hahn Str. 4a,

Dortmund, Germany

The LHCb experiment is a single-arm spectrometer designed for the study of heavy flavour
physics at the LHC, but also an excellent general purpose experiment for the study of quantum
chromodynamics in the forward region. The forward acceptance make the LHCb data particu-
lar interesting for many applications in astroparticle physics, which are dominated by forward
hadron production. We present four analyses that investigate aspects of strong interactions
in pp, p -Pb, and Pb-Pb collisions from 5.02TeV to 13TeV.

1 Introduction

The LHCb experiment1,2 is a single-arm spectrometer designed for the study of heavy flavour
physics at the LHC. It is the only general purpose LHC experiment fully intrumented with
tracking, particle identification, calorimeters, and a muon system in the pseudo-rapidity region
2 < η < 5. These capabilities make LHCb also interesting for the study of the non-perturbative
sector of quantum chromodynamics (QCD) in high-energy pp collisions and in heavy-ion colli-
sions. Because of the forward acceptance, LHCb provides the best constrains on (nuclear) parton
density functions in the low-x region,3 where x is the momentum fraction of the nucleus. Studies
of light hadron production with LHCb could also help to solve the Muon Puzzle in cosmic-ray
induced air showers, where a muon deficit is observed.4 The origin of this discrepancy should
be visible at the LHC.5,6

2 Cross-section for prompt charged particles in pp collisions at
√
s = 13TeV

In Fig. 1, preliminary production cross-sections for prompt charged particles measured in pp
collisions at

√
s = 13TeV are presented for the first time.12 This is the first double-differential

measurement of charged particles in the range 2 < η < 4.8 at this energy, the results helps to
understand hadron generation in soft QCD and is relevant for the Muon Puzzle. The analysis
uses a loose candidate selection since most tracks originate from prompt charged particles. Non-
prompt backgrounds from fake tracks which do not correspond to real particles, tracks from
strange decays, and tracks from material interactions in the detector are subtracted with data-
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LHCb preliminary LHCb preliminary

LHCb preliminary LHCb preliminary

Figure 1 – Production cross-section for prompt charged particles (top row) and the charge ratio (bottom row) in
unbiased pp collisions at

√
s = 13TeV. Generator predictions7–10 are also shown. The entry labeled ‘Pythia 8.1

LHCb’ represents the LHCb tune11 of Pythia which was weighted to have the same track multiplicity as the data
sample and used to compute efficiencies and backgrounds for the analysis. The good agreement with the data is
caused by the tuning and weighting. Figure c©CERN used with permission.

adjusted simulations, which are also used to compute the candidate acceptance. Predictions
from several generators are compared to the data, which generally overpredict the production
cross-section.

3 Cross-section ratio of χc2 and χc1 production in p -Pb collisions at
√
sNN = 8.16TeV

The first measurement of prompt χc1 and χc2 charmonium production in p -Pb collisions at√
sNN = 8.16TeV the LHC is presented.13 The χc1,2 states are reconstucted via their decay

to a photon and J/ψ meson that subsequently decays into a μ+μ− pair. The photon is either
observed directly in the electromagnetic calorimeter or indirectly reconstructed as a converted
photon from a pair of oppositely charged tracks. The two approaches have complementary
uncertainties. The states can be more clearly separated when converted photons are used, but
the sample size is an order of magnitude smaller. Uncertainties in the detection efficiencies of
the final state largely cancel in the computation of the cross-section ratio. The cross-section
ratios measured in p -Pb data are consistent with the ratios found in pp, which suggests similar
final state effects for the χc1 and χc2.

4 Pair production of charmed hadrons in p -Pb collisions at
√
sNN = 8.16TeV

The production cross-sections of charmed hadron pairs (D0, D+, D+
s , J/ψ) are measured for the

first time in p -Pb in an analyis at
√
sNN = 8.16TeV.14 The kinematic correlations between the

two hadrons are investigated, distinguishing like-sign (LS) and opposite-sign (OS) pairs. In the
former case, two hadrons each with the charm quark with the same charge are paired, while the
quarks have opposite charges in the latter case. Double-parton scattering (DPS) is enhanced in
LS pairs, while OS pairs originate mainly from single-parton scattering. An enhancement in the
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Figure 2 – Invariant mass distribution of χc1 and χc2 candidates shown as a function of the mass shift ΔM =
M(μ+μ−γ)−M(μ+μ−). The photon is either indirectly observed as a converted photon in the detector material
(left-hand side) or directly in the electromagnetic calorimeter (right-hand side). Figure c©CERN used with
permission from.13

production cross-section of LS pairs is observed compared to extrapolation from pp collisions
as expected from double. The distribution of relative azimuthal angle shows no deviation from
a uniform distribution for LS pairs, but a significant peak at Δφ = 0 for OS pairs, as expected
from DPS. The shape of the mass distribution of the hadron pair is in good agreement with
Pythia predictions for OS pairs, while LS pairs deviate at the 2− 3σ level.

5 Photo-production of J/ψ in hadronic Pb-Pb collisions at
√
sNN = 5.02TeV

The very first LHCb measurement in Pb-Pb collisions focusses on the prompt J/ψ yield at very
low transverse momentum pT.

15 The study is motivated by an excess of J/ψ production that was
previously observed at low transverse momentum in hadronic (as opposed to ultra-peripheral)
Pb-Pb collisions by ALICE16 and STAR.17 In the analysis, hadronic collisions are selected and
the centrality of the collision is computed based on the energy deposit in the electromagnetic
calorimeter. Prompt J/ψ are selected based on their displacement to the reconstructed primary
vertex while taking time-dilation into account. The preliminary results reveal two distinct peaks
in the log((pT/MeV c−1)2)-distribution, which are identified with hadro-produced at high pT and
coherently producted J/ψ mesons (from photon-pomeron fusion) at low pT. The preliminary
results are the most precise to date in pT and confirm that coherently produced J/ψ are the
source of the ALICE excess. A comparison of the preliminary yields with predictions18,19 indicate
that the shape is preproduced but not the scale.

6 Summary and outlook

LHCb has developed a full heavy-ion program with measurements in all collision systems. Mea-
surements in the forward region are particularly important for the study of non-perturbative
QCD processes that dominate many calculations in astroparticle physics, from the muon yield
in cosmic-ray induced air showers to the high-energy atmospheric neutrino flux.
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Light-flavour hadron production as a function of the underlying event

Oliver Matonoha
for the Alice Collaboration

Department of Physics, Particle Physics, Professorsgatan 1,
223 63 Lund, Sweden

Measurements of light-flavor hadron production in high-energy hadronic collisions by ALICE
have shown that different collision systems have similar features when compared at the same
multiplicity. Furthermore, the multiplicity dependence of strangeness enhancement is indica-
tive of significant final-state interactions even in pp collisions. In this proceedings, the goal is
to investigate both observations further using underlying event (UE) measurements. Studies
of the charged particle multiplicity of the UE event are presented for both pp and p–Pb col-
lisions and compared. Study of the modification of the jet-like component Ipp,p−Pb,Pb−Pb is
also reported as a function of mid-rapidity transverse activity 〈Nch〉TS. Finally, strangeness
enhancement in pp collisions is investigated by measuring the relative production of φ and Ξ
compared to pions as a function of the relative UE activity RT. For all measurements, the
results are compared with model calculations with and without QGP effects included (EPOS
LHC and PYTHIA, respectively).

1 Introduction

The study of the quark-gluon plasma (QGP), a deconfined state of QCD matter established to
form in AA collisions at the LHC and RHIC, has been one of the foci of high energy physics.
Surprisingly, however, certain observations accompanying the formation of QGP in AA collisions
have also been made in high-multiplicity pp and pA collisions (so-called small systems) at the
LHC, namely, signs of collective behaviour – both in measurements of anisotropic flow 1 and
radial flow2 – and evidence of strangeness enhancement measured in strangeness-to-pion ratios3.
Moreover, comparing said observables among different collision systems seems to show a large
dependency on the system multiplicity, rather than the system size.

In AA collisions, event multiplicity Nch is well-modelled to scale directly with the number
of participating nucleons Npart. That being said, in pp collisions, with Npart = 2, the picture is
more complicated and Nch is sensitive to specific sub-processes: softer contributions, stemming
from multiple partonic interactions (MPI), as well as harder contributions, coming from related
jet fragmentation of the primary scattering.

Studies of the Underlying Event (UE) – the collection of all particles not originating from the
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primary scattering or the related fragmentation – can provide valuable insight when investigating
QGP-like signatures in small systems. First, thanks to the UE’s direct sensitivity to the number
of MPI, NMPI, they allow us to go more in depth than multiplicity studies and help elucidate
which underlying mechanisms are responsible for said QGP-like behaviour. Second, they can
bring information on the role of jet modification in small systems, a question hitherto mostly
unanswered. Conventionally, the UE is analysed by measuring particle production in three
topological azimuthal regions (illustrated in Fig. 1 (right)): toward (or near side, NS), transverse

side (TS), and away side (AS), with respect to the highest-momentum (pleadingT ) track. In the
TS, the particle density eventually becomes mostly insensitive to the hard component, whereas
in the NS and AS, the scaling with pleadingT continues.

2 Results

To complement the range of the UE measurements in pp collisions, the ALICE experiment at
CERN has analysed the UE properties also in p–Pb collisions at

√
sNN = 5.02 TeV. Figure 1 (left)

shows the measurement in the TS, and the comparisons with PYTHIA (Angantyr) 4 and EPOS
LHC 5, where the latter is a model also incorporating QGP effects. Both of the theoretical
calculations fail to describe the data in p–Pb collisions. In Fig. 1 (center), we present the result
AS−TS, where we subtract the UE-dominated TS yields from the AS, thereby isolating the
contributions from the fragmentation of the recoil jet. The result shows no strong difference
between pp and p–Pb systems at pleadingT > 8 GeV/c, which indicates no modification of the
jet-like component in p–Pb collisions at the LHC.

Figure 1 – Charged-particle production in p–Pb at
√
sNN = 5.02 TeV in the TS (left) and the AS with the TS

subtracted from it (center), which isolates the jet-like component. Theoretical predictions are also plotted. (right)
Illustration of the definition of the toward (or near side, NS), transverse side (TS), and away side (AS).

Medium effects on the jet-like yield are studied further with measurements in Fig. 2, which
show the ratio Ipp,p−Pb,Pb−Pb, a quantification of the difference between the NS or AS and the TS
yields in different systems divided by minimum-bias pp collisions, as a function of mid-rapidity
(|η| < 0.8)) transverse multiplicity 〈Nch〉TS, an experimental proxy for the MPI activity. The
ratio Ipp,p−Pb,Pb−Pb is defined as

Ipp,p−Pb,Pb−Pb =
Ypp,p−Pb,Pb−Pb − Y TS

pp,p−Pb,Pb−Pb
Yppmin.bias − Y TS

ppmin.bias

, (1)

where Ypp,p−Pb,Pb−Pb are the yields in different topological regions and collision systems. The
〈Nch〉TS is calculated after selecting events in different forward-rapidity (2.8 < η < 5.1 and
−3.7 < η < −1.7) multiplicity classes, to avoid auto-correlation bias. The data in Pb–Pb colli-
sions in the AS exhibit suppression at high 〈Nch〉TS, consistently with traditional IAA results in
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AA collisions at the LHC 6 due to jet quenching. Nevertheless, in small systems, the suppression
is not observed, further supporting that there is no modification due to final-state effects, even
in collisions with high UE activity.

Figure 2 – Modification of the jet-like yield in pp, p–Pb, and Pb–Pb collisions at
√
sNN = 5.02 TeV in the NS

(left) and the AS (right) as a function of transverse multiplicity 〈Nch〉TS. The measurements were performed in
different multiplicity classes of the forward-rapidity estimator.

We also investigate the role of strangeness enhancement in small systems with measurements
of the production of different particle species relative to pions in pp collisions at

√
s = 13 TeV

as a function of the relative UE activity RT, which is defined as

RT =
NTS

ch

〈Nch〉TS
(2)

and which mostly scales proportionally with NMPI
7 (with RT → 0 selecting events approaching

the e+e−-limit and RT → ∞ choosing high-NMPI events more akin to the AA picture). In Fig. 3,
we report a selection of these results, namely the φ/π and Ξ/π ratios of pT spectra in the NS
and the TS as a function of RT. In the TS, RT controls the NMPI, while in the NS, it regulates
the interplay between the hard jet-like component and the softer UE production. The data show
a larger dependence on RT in the NS than in the TS. The measurements cannot be described
well by theoretical calculations in all the cases, although EPOS LHC is generally more accurate.

3 Conclusions

In these proceedings, we present results on the UE in p–Pb collisions, which cannot be accurately
described by theoretical models PYTHIA (Angantyr) and EPOS LHC. Using the UE studies to
isolate the jet-like component of an event, we observe no medium modifications of the jet in p–Pb
collisions at

√
sNN = 5.02 TeV compared to pp collisions, even at high levels of multiplicity in

the transverse region. Finally, RT, a mid-rapidity estimator of the UE, provides complementary
information to other ALICE multiplicity studies of particle spectra. We report selected results
on φ and Ξ in pp collisions at

√
s = 13 TeV, which indicate that observed differences between

high- and low-activity events are more sensitive to the interplay of the jet- and the UE-related
contributions, and less so to the NMPI.
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Figure 3 – Ratios of transverse momentum spectra of φ to π (top) and Ξ to π (bottom) in the NS, here denoted
Toward, (left), and the TS (right), as a function of relative UE activity RT. The data are compared with
PYTHIA 8 and EPOS LHC.
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Recent ALICE results on charm production and hadronisation

L.A. Vermunt, on behalf of the ALICE Collaboration
Institute for Subatomic Physics, Utrecht University

Studies on the production of open charm hadrons are of paramount importance to investigate
the charm-quark hadronisation mechanisms at the LHC, particularly through the evolution
of the production ratio between different charm-hadron species. Measurements performed in
pp and p–Pb collisions at the LHC have revealed unexpected features, qualitatively similar to
what observed in larger systems and, in the charm sector, not in line with the expectations
based on previous measurements from e+e− colliders and in ep collisions. These results suggest
that charm fragmentation fractions might not be universal and that the baryon-to-meson ratio
depends on the collision system. Model calculations that better reproduce the Λ+

c /D
0 ratio

in pp collisions expect a significant contribution to Λ+
c yield from decays of heavier charm-

baryon states, rely on hadronisation via recombination mechanisms, or are based on new
colour reconnection topologies. In this contribution, the most recent results on open heavy-
flavour production in pp and Pb–Pb collisions measured by the ALICE Collaboration will
be discussed. Emphasis will be given to the discussion of the impact of these studies on our
understanding of the hadronisation processes.

1 Introduction

Heavy quarks (charm and beauty) are predominantly produced in the initial stages of the col-
lisions via hard-scattering processes and provide a sensitive test of perturbative quantum chro-
modynamics (pQCD) calculations. These predictions utilise the QCD factorisation approach,
calculating the transverse momentum (pT) differential production as a convolution of (i) the
parton distribution functions, (ii) the partonic cross section, and (iii) the fragmentation func-
tions. This latter term parametrises the (non-perturbative) hadronisation of a heavy quark
into a heavy-flavour hadron, which is usually assumed to be universal among different collision
systems and energies and therefore tuned on e+e− and ep collision data. By comparing the
production of different species of heavy-flavour hadrons, this assumption, and hadronisation of
heavy quarks in general, can be investigated. With LHC Run 1 and 2 data, it has been shown
that such pQCD calculations generally describe the D- and B-meson sector within uncertainties,1

where instead heavy-flavour baryon production in pp collisions is less well understood.2

In the presence of a quark–gluon plasma (QGP), the strongly-interacting colour-deconfined
state of matter created in ultra-relativistic heavy-ion collisions, an additional hadronisation
mechanism known as recombination (or coalescence) is considered. Here, soft quarks from the
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Figure 1 – Left: Prompt and non-prompt D+/D0 production ratios compared to pQCD predictions from FONLL
calculations4 as measured in

√
s = 5.02 TeV pp collisions.5 Right: The Λ+

c /D
0 ratio measured in pp collisions at

5.02 TeV6 compared to different theoretical calculations.8–12

medium recombine with the heavy quark to form a meson or baryon. By studying heavy-flavour
production in nucleus–nucleus collisions, the relevance of recombination in the medium for heavy
quarks can be probed. Models that include hadronisation via recombination for charm quarks
were observed to qualitatively describe D-meson measurements in A–A collisions at RHIC and
LHC.1 The possibility of recombination in pp collisions is one of the topics of investigation to
provide a better description of heavy-baryon production.

In ALICE, open charm hadrons are measured at midrapidity (|y| < 0.5) via the decay
channels D0 → K−π+, D+ → K−π+π+, and Λ+

c to either pK−π+ or pK0
S. Heavier charm-

baryon states are recently measured as well, exploiting the decay channels Σ0,++
c → π−,+Λ+

c ,
Ξ0
c → Ξ−π+ and Ξ−e+νe, and Ξ+

c → Ξ−π+π+. For the hadronic decay channels, invariant-
mass fits are used to extract the charm-hadron raw yields after having applied selections on the
displaced decay-topologies and on the particle-identification information of the daughter tracks
to improve the statistical significance of the signal. The semi-leptonic decay channel for the Ξ0

c

baryon exploits instead a subtraction of same charge-sign from opposite charge-sign eΞ-pairs.
The raw yields are corrected for the reconstruction and selection efficiency using Monte Carlo
simulations and for the prompt fraction estimated using a FONLL-based approach.3,4

2 Results

The production of several charm hadrons is recently measured in minimum-bias pp collisions at√
s = 5.02 TeV by ALICE.5,6 The production ratios of different hadron species, shown in Fig. 1

for D+/D0 and Λ+
c /D

0 as function of the transverse momentum pT, can help to study heavy-
flavour hadronisation. Both the prompt and non-prompt (coming from B-hadron decays) ratio
of non-strange D mesons are compatible with pQCD calculations using fragmentation fractions
extracted from e+e− collision data.4,7 Such predictions, however, significantly underpredict the
measured Λ+

c /D
0 ratio,8,9 indicating that the fragmentation fractions might not be universal.

The baryon-to-meson ratio in pp collisions is better described by models with an extension of
colour reconnection beyond the leading colour approximation,10 models relying on hadronisation
via recombination after the formation of a colour-deconfined state of matter,11 or statistical
hadronisation models with an augmented set of baryon states predicted by the relativistic quark
model (RQM).12 Nevertheless, the Λ+

c puzzle in pp collisions remains an active research topic.

These observations triggered additional studies on charm-baryon production as function of
event multiplicity. By comparing the Λ+

c /D
0 ratio in high-multiplicity pp collisions with the val-
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Figure 2 – The Λ+
c /D

0 production ratios, as a function of primary charged particles per unity of pseudorapidity,
in pp, p–Pb, and Pb–Pb collisions at

√
s = 13 TeV and

√
sNN = 5.02 TeV, in five pT intervals from 2 to 24 GeV/c.

ues measured in Pb–Pb collisions, it can be investigated if recombination processes already start
to play a role in pp collisions. Furthermore, low-multiplicity pp events might shed light on the
differences observed among the different collision systems. In Fig. 2, the Λ+

c /D
0 ratio is presented

as function of primary charged particles per unity of pseudorapidity. A rising trend with multi-
plicity is clearly observed at intermediate pT (4 < pT < 8 GeV/c), where the baryon-to-meson
ratios in the highest multiplicity pp events are compatible with measurements in Pb–Pb colli-
sions. The gap with respect to the LEP average (0.113± 0.013(stat)± 0.006(syst)2) is, however,
not “bridged” when considering ultra-low multiplicity pp collisions. The multiplicity dependence
in the baryon-to-meson ratio in pp systems is qualitatively reproduced by PYTHIA 8 calcula-
tions with enhanced colour reconnection,10 although the observed compatibility in magnitude in
high-multiplicity pp and Pb–Pb collisions may suggest that similar hadronisation mechanisms
are at play as well. Considering Pb–Pb collisions, the hypothesis of a relevant contribution of
charm recombination is further supported by recent measurements on the LHC Run 2 Pb–Pb
data sample, especially for Λ+

c and D+
s production.

The ALICE Collaboration recently measured the production of heavier charm-baryon states
in pp collisions at

√
s = 13 TeV.13 The measurement of ground-state Σ0,+,++

c (2455) is a key
ingredient to understand charm-baryon hadronisation, since a sizeable contribution to the Λ+

c

production via strong decays is expected. Measurements of the heavier charm-strange baryons
Ξ0
c and Ξ+

c will pose further important constraints to charm-quark hadronisation models and, in
addition, are a mandatory contribution for an accurate measurement of the cc cross section.14

The ratios of the production of these charm baryons to the D0 meson are presented in Fig. 3,
compared to predictions from the same models that try to describe the Λ+

c /D
0 ratio.8,10–12

The predictions tuned on measurements in e+e− collisions8 clearly underestimate these heavier
charm baryon-to-meson ratios, providing further evidence that different processes are involved
in charm hadronisation for elementary and hadronic collisions. Model predictions based on
colour reconnections beyond leading-colour approximation10 or on statistical hadronisation with
additional baryon states12 are both in agreement with the Σ0,+,++

c (2455) ratio measurement.
For the Ξ0,+

c /D0 ratio,13 all models except the Catania model11 (relying on hadronisation via
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Figure 3 – The Σ0,+,++
c (2455)/D0 (left) and Ξ0,+

c /D0 (right) production ratios as measured by ALICE in
√
s =

13 TeV pp collisions.13 The measured ratios are compared to different theoretical calculations.8,10–12

recombination after the formation of a colour-deconfined state of matter) are underpredicting
the measured ratios, hinting to an even stronger enhancement for charm-strange baryons.

3 Conclusion

In this contribution, the most recent results on charm production and hadronisation in pp
and Pb–Pb collisions measured by the ALICE Collaboration were presented. While for the D-
meson sector, calculations based on the factorisation approach tuned on previous measurements
from e+e− colliders describe well the data, the production of charm baryons is significantly
enhanced with respect to such predictions. This puzzle triggered several new measurements
on the production of Λ+

c versus event multiplicity in different collision systems and on the
production of heavier charm-baryon states, as well as developments on the theoretical side to
explain the observations. Despite these efforts, the picture of charm hadronisation is not yet
complete, and further observables and extra decay channels/baryons will be studied in the near
future with data from LHC Run 3.
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Vector meson polarization in Pb–Pb collisions with ALICE at the LHC

Luca Micheletti, on behalf of the ALICE collaboration
INFN Torino

Polarization measurements represent an important tool for understanding the particle produc-
tion mechanisms occurring in proton-proton collisions. In particular, for quarkonium states,
the very small polarization measured at the LHC represents a serious and a long-lasting
challenge for theoretical models. When considering heavy-ion collisions, particle polarization
could also be used to investigate the characteristics of the hot and dense medium (quark-gluon
plasma) created at LHC energies. Recently, it has been shown that light vector mesons pro-
duced in Pb–Pb collisions are polarized, an effect likely due to the presence of a large angular
momentum of the strongly interacting system produced in non-central heavy-ion collisions,
because of spin-orbital coupling. It has also been conjectured that quarkonium states could
be polarized by the strong magnetic field generated in the early phase of the evolution of
the system. This contribution will present the first measurement of J/ψ and Υ(1S) polariza-
tion in Pb–Pb collisions at forward rapidity and the recent measurements of spin alignment
for K∗0(982) and φ(1020) mesons at mid-rapidity for different reference frames (event plane,
production plane, random plane) in PbPb collisions, obtained with the ALICE detector.

1 Introduction

The spin alignment of a particle with respect to a chosen direction represents an important
test ground for our current knowledge of the mechanisms at work in heavy-ion collisions. In
the following we will refer to this observable as ‘polarization’, as usually done in quarkonium
physics. Vector mesons polarization may be sensitive to the quark-gluon plasma (QGP) for-
mation via the suppression and regeneration mechanisms, while in parallel the large magnetic
field 1 and angular momentum 2 postulated in non-central collisions, may impact the observed
spin-alignment. Therefore, quarkonia on one side and light vector mesons on the other, provide
a unique opportunity to explore these effects with different time and energy scales. From an ex-
perimental point of view, the polarization is measured by determining the angular distributions
of the decay products, which obey the following functional shape for a two-body decay:

d2N

d cos θ dφ
∝ 1

3 + λθ
(1 + λθ cos

2 θ + λφ sin
2 θ cos 2φ+ λθφ sin 2θ cosφ) (1)

where θ and φ are the polar and azimuthal angles, formed by the direction of the daughter
particle and the quantization axis 3. This distribution depends on the polarization parameters
λθ, λφ and λθφ. If all of them are null the angular distribution is isotropic. If λθ is equal to
+1 or -1 (λφ, λθφ = 0), the anisotropy of the distribution is maximal and it corresponds to the
scenario of transverse or longitudinal polarization respectively. Alternatively, a single differential
functional shape can be used that factorizes the dependence on the spin density matrix element
ρ00

4:
dN

d cos θ
∝ (1− ρ00) + (3ρ00 − 1) cos2 θ (2)
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where ρ00 defines the probability to find a vector meson in the spin state zero and corresponds
to 1/3 in the absence of spin alignment.

2 K∗0 and φ spin alignment in Pb–Pb collisions

The study of K∗0 and φ mesons spin alignment 5 is performed considering the decay channels
into, respectively, Kπ and KK, which are identified via specific energy loss and time-of-flight
by dedicated detectors (Time Projection Chamber 6 and Time-of-Flight 7). The measurement
is performed using two different reference frames for the definition of the quantization axis: 1)
the production plane: the normal to the plane identified by the beam axis and the vector meson
momentum direction; 2) the event plane: the normal to the plane identified by the beam axis
and the impact parameter. The raw yield as a function of cos θ and pT is evaluated via the fit to
the invariant mass distribution of the decay products, modelling the signal with a Breit-Wigner
(K∗0) and a Voigtian function (φ), while the residual combinatorial background is described with
a second order polynomial. The row yields are corrected for the product of the reconstruction
efficiency and geometrical acceptance, and then fitted with Eq. 2 to extract the ρ00 parameter.
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Figure 1 – The measured ρ00 parameter for K∗0 and φ mesons as a function of pT at
√
sNN = 2.76 TeV in Pb–Pb

collisions. The result is obtained for three different reference frames: event plane (a,b), production plane (c,d)
and random plane (e,f) and are compared with the results obtained for the same particles in pp collisions, and
with the K0

S in Pb–Pb collisions.
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In Fig. 1 the measured ρ00 parameter for K∗0 and φ mesons is shown as a function of pT. It
should be noticed that in mid-central Pb–Pb collisions (10–50%), ρ00 differs more significantly
with respect to 1/3 at low-pT, while this discrepancy vanishes for pT >2 GeV/c. The results are
compatible with 1/3 for K∗0 and φ in pp collisions, as for the spin zero K0

S in Pb–Pb collisions.
In addition ρ00 is extracted in a random plane and it is found to be compatible with 1/3 within
the uncertainties.

3 J/ψ and Υ(1S) polarization in Pb–Pb collisions

The J/ψ and Υ(1S) 8 are measured via their decay into a muon pair and reconstructed in the
muon spectrometer 9. The angular variables θ and φ are evaluated in two different reference
frames, the helicity, for which the quantization axis is chosen as the quarkonium momentum
direction in the laboratory, and the Collins-Soper 10 where the bisector of the angle formed by
the colliding beams in the quarkonium rest frame is selected. The extraction of the polarization
parameters is performed in three steps. First the J/ψ and Υ(1S) raw yields are obtained as a
function of the angular variables fitting the dimuon invariant mass distribution with a combina-
tion of signal and background functions. This number is then corrected with the product of the
geometrical acceptance and the reconstruction efficiency which is evaluated via a Monte-Carlo
simulation, where J/ψ and Υ(1S) are generated according the pT and y distributions tuned
to the data. Finally the polarization parameters are extracted fitting the corrected angular
distributions with Eq. 1.

Figure 2 – J/ψ polarization parameters as a function of pT for Pb–Pb collisions at
√
sNN = 5.02 TeV. The results

are compared with the ALICE inclusive measurement at
√
s = 8 TeV 11 and the LHCb result for prompt J/ψ at√

s = 7 TeV 12 in proton-proton collisions.

The J/ψ polarization parameters are shown in Fig. 2 as a function of the transverse momentum.
In this case, λθ, λφ and λθφ are found to be all close to zero, with a maximum difference of 2
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standard deviations in 2 < pT < 4 GeV/c for λθ. This effect represents a small hint of transverse
and longitudinal polarization in the helicity and Collins-Soper reference frames respectively. This
result is compatible within the uncertainties with the ALICE measurement at

√
s = 8 TeV in

pp collisions 11, while interestingly it exhibits a significant difference with respect to the LHCb
result obtained at

√
s = 7 TeV 12 for prompt J/ψ. In addition, the J/ψ polarization parameters

have been evaluated as a function of the collision centrality, finding that λθ, λφ and λθφ do not
exhibit an evident dependence on this observable. Finally the polarization parameters are also
extracted for the rarer Υ(1S) for pT < 15 GeV/c in a single pT bin 8 and they are all compatible
with zero within the uncertainties.

4 Conclusions

The K∗0 and φ mesons spin alignments have been measured in Pb–Pb collisions and a significant
deviation with respect to 1/3 is observed in semi-central collisions (10-50%). These results are
in qualitative agreement with the effect of a large initial angular momentum in non-central
Pb–Pb collisions and the consequent quark polarization via spin-orbit coupling, which is then
transferred to the bound state 13.
The J/ψ polarization exhibits at maximum a 2σ deviation with respect to zero at low-pT.
The significant difference with respect to the LHCb measurement in pp collisions may point to
additional effects related to the quarkonium suppression and regeneration mechanisms in large
systems with respect to small ones. Finally the Υ(1S) polarization is found to be compatible
with zero, even if this measurement is still limited by the size of the statistical uncertainties.
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An overview of STAR jet and high pT results

Saehanseul Oh for the STAR Collaboration
Lawrence Berkeley National Laboratory,

1 Cyclotron Rd, Berkeley, CA 94720, USA

These proceeding present recent measurements by the STAR Collaboration of jet production
in p+p and Au+Au collisions at

√
sNN = 200 GeV. We focus on jet yields, substructure,

and heavy-flavor production, and their modification in the Quark-Gluon Plasma due to jet
quenching.

1 Jet measurements in STAR

The primary goal of the relativistic heavy ion physics program is to investigate the properties
of Quark-Gluon Plasma (QGP), where the structure and dynamics of the system are governed
by sub-hadronic degrees of freedom under extremely high energy density and temperature 1.
Jets are a well understood tool to explore the QGP properties, and interact with the QGP
as they traverse it. Jet quenching in relativistic heavy ion collisions is characterized by three
related phenomena: jet energy loss, modification of jet substructure, and medium-induced jet
acoplanarity. Recent jet measurements in STAR cover various aspects of jet properties in p+p
collisions and jet quenching in heavy ion collisions, with the help of advances in measurement
techniques, e.g. HardCore and Matched jets 2 and semi-inclusive jet measurements with event
mixing 3. Such techniques precisely control the large fluctuating background in heavy ion col-
lisions, enabling jet measurements in heavy ion collisions over a broad range in jet transverse
momentum (pT,jet) and jet radius (R). The STAR detector measures both charged constituents
with the Time Projection Chamber (TPC), and neutral constituents with the Barrel Electro-
magnetic Calorimeter (BEMC) for jet reconstruction 4. Jets are nominally reconstructed with
the anti-kT algorithm with various R from 0.2 to 0.6. Selected jet measurements from STAR
are presented in these proceedings.

2 Inclusive and semi-inclusive jet yields

STAR has reported the first inclusive charged-particle jet yields in Au+Au collisions at
√
sNN =

200 GeV 5, and released preliminary full jet yield measurements in the same collision system 6.
The charged-particle jet yield in central Au+Au collisions is observed to be suppressed com-
pared to the binary-collision scaled yield in peripheral Au+Au collisions and that calculated
by PYTHIA for p+p collisions. The suppression is consistent with that observed for inclusive
hadron yields at high pT

7.

Semi-inclusive jet measurements report jet yields in the recoil azimuthal region of trigger
particles. The uncorrelated background in heavy ion collisions is precisely represented using
mixed events, and is subtracted leaving only the yield of jets that are correlated with the trigger
particles. Semi-inclusive charged-particle jet yields have been reported for trigger hadrons with
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among measurements.

9 < pT < 30 GeV/c (h +jet) 3, and direct photon and π0 triggers (γdir+jet and π0+jet, re-
spectively) 8. Recoil jets from trigger particles of different species may experience different path
lengths in the medium, and originate from different parton flavors or energies. Thus, comparison
of semi-inclusive jet measurements with different trigger particles may help to disentangle dif-
ferent elements of the jet quenching process. From the semi-inclusive charged-particle jet yields,
similar levels of yield suppression between γdir+jet and π0+jet measurements in central Au+Au
collisions are observed, requiring further theoretical advances in such channels of jet production
and energy loss.

Jet quenching is commonly quantified by measuring yield suppression at fixed pT,jet, such
as RAA and IAA, but this is only indirectly related to jet energy loss through the shape of
the spectrum. We therefore parameterize the energy loss by a pT,jet-shift (−ΔpT,jet) between
spectra in central heavy ion collisions and their p+p references, so that the effect from the shape
of the spectrum is removed. Figure 1 shows the results of −ΔpT,jet for different measurement
channels, including inclusive and semi-inclusive jet measurements by STAR and the hadron+jet
measurement by ALICE at the LHC. While the level of energy loss is consistent among STAR
measurements, the ALICE hadron+jet result for a higher pT,jet range indicates larger energy
loss at the LHC energy.

3 Jet substructure

Modification of jet substructure in heavy ion collisions has been studied in STAR with jet
fragmentation functions and jet shapes 9. The preliminary jet fragmentation functions in 40-
60% peripheral Au+Au collisions are based on a semi-inclusive approach and charged-particle
jets. They are consistent with the PYTHIA-8 estimation for p+p collisions within 15 < pchT,jet <
30 GeV/c. This measurement will be extended to the most central Au+Au collisions in the
forthcoming publication. Jet shapes, which provide information about the radial distribution of
the momentum carried by jet constituents, are measured with HardCore full jets, i.e. constituent
tracks and towers with pT > 2.0 GeV/c and ET > 2.0 GeV are used for jet reconstruction. Such
a jet selection provides an effective rejection of combinatorial jets, although it introductions a
selection bias. The preliminary jet shapes in STAR are observed to be broader than those at the
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Figure 2 – The normalized z distributions for incluisve J/ψ mesons produced within a jet compared to the

PYTHIA 8 prediction. Data are normalized by the J/ψ cross-section with p
J/ψ
T > 5 GeV/c at the

√
s = 500 GeV.

LHC energies, with the pT,jet ranges lower at RHIC than the LHC. Additionally, the event-plane
dependence of jet shapes is investigated by classifying jets based on their azimuthal angle with
respect to the second-order event plane. The jet shape function is enhanced for out-of-plane
jets in comparison to in-plane jets, particularly at larger distances from the jet axis and lower
pT tracks. This may indicate larger jet quenching effect for out-of-plane jets relative to in-plane
jets due to different path-lengths.

Extensive jet substructure measurements in p+p collisions have been published, and these
will be the baseline for the corresponding measurements in p+A and heavy ion collisions. Such
measurements include the shared momentum fraction (zg) and the groomed jet radius (Rg) via
the SoftDrop algorithm 10, and jet mass and groomed jet mass 11. These results are compared to
leading order Monte Carlo generators, such as PYTHIA-6, PYTHIA-8, and HERWIG-7. While
the RHIC-tuned PYTHIA-6 quantitatively reproduces the measured data on these observables,
PYTHIA-8 and HERWIG-7, which are tuned at the LHC energy, do not agree with the data.
The results enable further parameter tuning for these event generators at RHIC energies.

4 Heavy flavor in jets

Heavy-flavor quarks are another channel of hard probes in relativistic heavy ion collisions, as
they are produced at the early stage of collisions and their production can be well calculated with
perturbative QCD. In addition to direct measurements of open heavy flavor and quarkonium
production yields, STAR has reported J/ψ production in jets, via the transverse momentum
fraction of J/ψ meson with respect to the charged-particle jet, i.e. z(J/ψ) ≡ pT,J/ψ/p

ch
T,jet, in p+p

collisions at
√
s = 500 GeV. Such measurements are motivated by their capability to differentiate

various J/ψ production models. Figure 2 shows the preliminary ratio of J/ψ within a jet to
inclusive J/ψ, which is calculated by the number of J/ψ for pT,J/ψ > 5 GeV/c and pchT,jet > 10
GeV/c to the total number of J/ψ with pT,J/ψ > 5 GeV/c. The result shows discrepancy with
the PYTHIA-8 estimation, including 1) more J/ψ yields in jets in data, and 2) more isolated
J/ψ production in PYTHIA-8.

In Au+Au collisions, D0-meson, one of the open-charm hadrons, is used for the study of
charm-quark interaction with the medium. Two-particle angular correlations between D0-meson
and charged hadrons have been reported, where the D0-meson serves as a proxy for charm-
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quark jets 12. The 2-dimensional angular correlations in (φ, η) space reveal similar structure
and centrality dependence to those from light-flavor correlations, indicating that the effective
strength and centrality dependence of charm quark interactions with the hot and dense QCD
medium are similar to those observed for light flavor. These results are complementary to
previous studies, including D0-meson spectra, RAA, and v2, and provide a consistent picture for
charm-quark measurements.

5 Outlook

Although only limited fraction of jet measurements from STAR is summarized in these proceed-
ings, a wide variety of measurements are actively being performed in STAR. Several collision
systems have been particularly utilized for jet measurements, including p+p, p+Au, Au+Au,
Zr+Zr and Ru+Ru, and the system size dependence of jet quenching is additionally being inves-
tigated. These results at RHIC energies are complementary to those from the LHC, and require
theoretical inputs to understand the data in the wide range of collision energies and system sizes.
The upgrade of the STAR detector and the operating plan through the year of 2025 promise
increased statistics and improved instrumentation, which will produce impactful physics results
in the future.

Acknowledgments

This work was supported by the Director, Office of Science, Office of Basic Energy Sciences, of
the U.S. Department of Energy under Contract No. DE-AC02-05CH11231

References

1. W. Busza, K. Rajagopal and W. van der Schee, Ann. Rev. Nucl. Part. Sci. 68, 339-376
(2018).

2. L. Adamczyk et al., Phys. Rev. Lett. 119, 62301 (2017).
3. L. Adamczyk et al., Phys. Rev. C 96, 24905 (2017).
4. K. H. Ackermann et al., Nucl. Instrum. Methods A 499, 624-632 (2003).
5. J. Adams et al., Phys. Rev. C 102, 54913 (2020).
6. R. Licenik (for the STAR Collaboration), arXiv:2008.10006.
7. J. Adams et al., Phys. Rev. Lett. 91, 172302 (2003).
8. N. Sahoo (for the STAR Collaboration), arXiv:2008.08789.
9. S. Oh (for the STAR Collaboration), Nucl. Phys. A 1005, 121808 (2021).

10. J. Adams et al, Phys. Lett. B 811, 135846 (2020).
11. J. Adams et al, arXiv:2103.13286.
12. J. Adams et al., Phys. Rev. C 102, 14905 (2020).

292



QCD Critical Point and Net-Proton Number Fluctuations at RHIC-STAR

Yu Zhang
for the STAR Collaboration

Central China Normal University
Lawrence Berkeley National Laboratory

In the search of QCD phase boundary and critical point, higher-order cumulants of conserved
quantities are proposed as promising observables and have been studied extensively both
experimentally and theoretically. In this paper we present cumulant ratios up-to 6th-order of
net-proton number distributions in Au+Au collisions at

√
sNN= 7.7 - 200 GeV from STAR

Beam Energy Scan program phase I and
√
s = 200 GeV p + p collisions. The results are

compared with various models and Lattice QCD calculations.

1 Introduction

Quantum chromodynamics (QCD) is the theory which describes the strong interactions between
quarks and gluons. It is predicted that under a very high temperature and baryon density a
deconfined quark-gluon plasma (QGP) phase can be created. Studying the QCD phase structure
is one of the main goals in heavy-ion collision physics. A phase diagram in terms of temperature
and baryon chemical potential (μB) is usually used to explore the QCD phase structure. Regard-
ing the phase transition between the QGP phase and hadronic phase, first principle Lattice QCD
calculation 1 at μB = 0 MeV suggests that the phase transition is a smooth crossover. While at
large μB, various QCD-based models predict first order phase transition 2. Thermodynamically
there should be an end point of the first order phase boundary which is called QCD critical
point. The possible QCD critical point and first order phase boundary have been investigated
both experimentally and theoretically.

Higher-order cumulants of conserved quantities like net-baryon number, net-charge number
and net-strangeness number are proposed as promising observables to search for the QCD critical
point and the first order phase boundary. Higher-order cumulants are sensitive to the correlation
length (ξ) 3,4 and are directly related to susceptibility (χ) of the system 5. It is predicted that
the fourth-order fluctuations will exhibit a non-monotonic energy dependence 6,7,8 when passing
through the critical region. For 5th- and 6th-order cumulants recent calculations from Lattice
QCD 9 and the functional renormalisation group approach (FRG) 10 show that they will be
negative due to the crossover transition between QGP and hadronic phase. At high baryon
density region, on the other hand, they are also sensitive to the 1th-order phase boundary 11,12.

2 Cumulants

This section discusses cumulant definition. Let N represent conserved quantity like net-proton
number from data sample. The deviation from its mean value (〈N〉) is defined as δN = N−〈N〉.
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Then cumulants up-to 6th-order can be written as:

C1 = 〈N〉,
C2 = 〈(δN)2〉,
C3 = 〈(δN)3〉,
C4 = 〈(δN)4〉 − 3〈(δN)2〉2,
C5 = 〈(δN)5〉 − 10〈(δN)3〉〈(δN)2〉,
C6 = 〈(δN)6〉 − 15〈(δN)4〉〈(δN)2〉 − 10〈(δN)3〉2 + 30〈(δN)2〉3.

(1)

Various cumulant ratios like C3/C2, C4/C2, C5/C1 and C6/C2 are constructed to cancel volume
effects and to readily make comparison with ratios of susceptibility (χn). The cumulant ratios
C3/C2, C4/C2 are also named Sσ and κσ2 respectively.

3 Analysis details

The data are collected in STAR Beam Energy Scan program phase I Au+Au collisions at
√
sNN

= 7.7 - 200 GeV and p+ p collisions at
√
s = 200 GeV. Protons and antiprotons are identified

by the Time Projection Chamber (TPC) and Time of flight (TOF) detectors at rapidity window
−0.5 < y < 0.5 and transverse momentum window 0.4 < pT < 2.0 GeV/c. At pT < 0.8 GeV/c
only TPC particle identification cuts are used and at pT > 0.8 GeV/c additional TOF particle
identification cuts are used to ensure proton purity.

The centrality is determined using charged particle multiplicity within |η| < 1.0 excluding
protons and antiprotons to avoid auto-correlation effect 14. The centrality bin width correction
14 is applied to suppress initial volume fluctuation effect. Cumulants are calculated at each
multiplicity bin and then their weighted averages are taken for each centrality bin. The weight
is number of events at the corresponding multiplicity bin. Detector efficiency correction 13 in
cumulant calculations are done by assuming binomial detector efficiency. Statistical uncertainties
of cumulants are estimated by Bootstrap and Delta methods 15.

4 Results

Figure 1 shows energy dependence of Sσ and κσ2 of net-proton distributions from 0-5% and 70-
80% centrality bins within |y| < 0.5 and 0.4 < pT < 2.0 GeV/c in Au+Au collisions at

√
sNN = 7.7

- 200 GeV.18,19 The Sσ (left panel) shows a decreasing trend with the increase of collision energy
both in central and peripheral collisions. The decreasing trend can be qualitatively described by
HRG16 and UrQMD17 models. The κσ2 (right panel) shows a non-monotonic energy dependence
in central collisions while peripheral collisions shows no non-monotonic energy dependence. The
non-monotonic trend in central collisions is not qualitatively described by HRG and UrQMD
models.

Figure 2 shows energy dependence of C5/C1 and C6/C2 of net-proton distributions from
0-40% and 70-80% centrality bins within |y| < 0.5 and 0.4 < pT < 2.0 GeV/c in Au+Au
collisions at

√
sNN = 7.7 - 200 GeV. It is suggested from Lattice QCD and FRG calculations

that 5th- and 6th-order cumulants show negative sign while calculations from UrQMD and HRG
models are consistent with either zero or unity. In those models, no phase transition physics
is implemented. The measurements of BES-I data are shown as blue dots for 0-40% and red
diamonds for 70-80%. The cumulant ratio C5/C1 (left panel) shows negative sign at

√
sNN =

7.7, 19.6, 27, 39 and 200 GeV and shows positive sign at
√
sNN = 11.5, 14.5, 54.4 and 62.4 GeV.

In peripheral collisions C5/C1 shows positive sign for all energies. The ratio C6/C2 (right panel)
for 0-40% is increasingly negative with decreasing energy with less than 2σ significance while it
shows positive sign in peripheral collisions (70-80%) for all energies.
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Figure 1 – Energy dependence of Sσ and κσ2 of net-proton number distributions in Au+Au collisions at
√
sNN

= 7.7 - 200 GeV. The calculations from different variants (GCE, EV, CE) of hadron resonance gas model (HRG)
and the hadronic transport UrQMD model are shown as black, red, blue bands and a gold band respectively.
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Figure 2 – Energy dependence of C5/C1 and C6/C2 of net-proton number distributions in Au+Au collisions at√
sNN = 7.7 - 200 GeV. The calculations from FRG model, Lattice QCD, hadronic transport UrQMD model and

Hadron Resonance Gas (HRG) model are shown as red, green and yellow bands and red lines respectively.

Figure 3 shows multiplicity dependence of net-proton results of C5/C1 and C6/C2 within
|y| < 0.5 and 0.4 < pT < 2.0 GeV/c in p + p collisions at

√
s = 200 GeV. We see that the

cumulant ratios (C4/C2, The cumulant ratios C5/C1 and C6/C2) from p + p collisions fit into
the multiplicity dependence of results from Au+Au collisions which are shown with triangles.
C5/C1 and C6/C2 are negative for 0-40% in Au+Au collisions and positive at peripheral Au+Au
collisions and p+ p collisions. Pythia 20 calculation using version 8.2 of p+ p collisions at

√
s =

200 GeV is positive as shown with yellow bands. The Lattice QCD calculation 9 at
√
sNN = 200

GeV is negative as shown with red bands. Compared with calculations from various models, it
is suggested that the negative sign for central Au+Au collisions at

√
sNN = 200 GeV is due to

crossover phase transition between partonic and hadronic phases.

5 Summary

In this proceedings, we report the measurements of net-proton cumulant ratios up-to 6th-order
in Au+Au at

√
sNN = 7.7 - 200 GeV and p + p collisions at

√
sNN = 200 GeV at STAR. With

results from 200 GeV p + p collisions and the energy dependence of C4/C2, C5/C1 and C6/C2
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Figure 3 – Multiplicity dependence of C4/C2, C5/C1 and C6/C2 of net-proton number distributions in p + p
collisions at

√
s = 200 GeV. The calculations of HRG model, Pythia (8.2) and Lattice QCD are shown as black

dashed line, yellow and red bands respectively.

from the BES-I data sets, and the comparison with LQCD calculations, we conclude:

1. QCD matter is indeed created in the 200 GeV central (0-5%) Au+Au collisions at RHIC.

2. Non-monotonic energy dependence of C4/C2 is observed from the most central (0-5%)
Au+Au collisions. 18,19

Future results from BES-II and STAR fixed-target experiment
√
sNN = 3GeV data sets will allow

to answer if QCD critical point exists in the covered energy region.
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Recent Spin Results from PHENIX

R. Corliss (for the PHENIX Collaboration)
Center for Frontiers in Nuclear Science, Stony Brook University

As one of the two major detectors operated at the Relativistic Heavy Ion Collider at
Brookhaven, the PHENIX experiment has collected a wealth of data from polarized proton
collisions. Through a wide variety of observables, these data sets continue to offer insights into
the spin structure of the proton. These proceedings provide an overview of the detector and
review recent results in longitudinal and transverse asymmetries, including first direct photon
results, as well as a discussion of the impact these measurements have on our understanding
of parton polarizations and correlations within the proton.

1 Introduction

Although perturbative QCD is very successful for calculation of partonic cross sections, bound
states in QCD, such as the proton, are driven by interactions at momentum scales where the
coupling is strong, and perturbative approaches do not apply. Instead, we characterize the
structure of the proton through nonperturbative functions, derived primarily from experimental
data. The results discussed here inform the initial state behavior of partons within the proton
through Polarized Parton Distribution Functions (pPDFs) which, along with nonperturbative
Fragmentation Functions (FFs), connect the perturbative partonic cross sections to the color-
neutral initial and final states of a collision.

Spin-dependent, nonperturbative effects within the proton can be studied in polarized lepton-
proton collisions, but in order to directly probe gluonic terms, polarized proton-proton collisions
are needed. The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Lab is the
only collider capable of this, and has been instrumental in our current understanding of the
polarization of the gluon. While the evolution of the former PHENIX detector into the upcoming
sPHENIX experiment is already underway, the PHENIX collaboration continues to analyze the
accumulated data, spanning a variety of final state probes, in order to disentangle initial and
final state effects and shed light on the spin-dependent dynamics of partons within the proton.

2 Asymmetries

In principle, spin-dependent cross sections can be measured directly, but in practice a much more
precise extraction of spin-dependent behavior is possible by forming ratios of spin-dependent
cross sections, so that many correlated uncertainties cancel out entirely. Two asymmetries are
generally invoked: a

Longitudinal Double-Spin Asymmetries (ALL) are formed from data in which both beams
are polarized with positive or negative helicity. The underlying asymmetry is a comparison of

aA third, the longitudinal single-spin asymmetry, is zero for most observables, with the noted exception of W
boson final states.
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the yields in same- vs opposite-helicity collisions:

ALL =
σ++ − σ+−

σ++ + σ+− =
1

PBPY

N++ −RN+−

N++ +RN+− (1)

where the middle expression is the asymmetry of ‘like’ and ‘unlike’ helicity states and the
rightmost expression is the experimental measurement with the two beam polarizations, PB and
PY , the per-state yields N and the relative luminosity between helicity states, R. The spin
dependence of the underlying hard processes that produce an observable final state can be large,
but all such processes must be summer over, convolved with the appropriate spin-dependent
PDFs. In practice, many different final states must be combined in global fits, such as NNPDF1,
exploiting the different partonic contributions to those final states to tease out the underling
polarized PDFs.

Transverse Single-Spin Asymmetries (TSSAs, AN ) are formed from data in which both
beams are polarized either ‘up’ or ‘down’ in a common axis perpendicular to the beam direction.
The p↑p↓ and p↑p↑ configurations are summed together to produce a p↑p dataset in which the
polarized proton is effectively colliding with an unpolarized beam. Since both beams are in
fact polarized, two independent measurements are present in the data, one with each beam
considered polarized. In contrast to ALL, the asymmetry in a TSSA is formed between left-
and right-going final states, with respect to the axes defined by the polarization vector and the
direction of travel:

AN =
σL − σR
σL + σR

=
1

P 〈cos(φ)〉
N↑ −RN↓

N↑ +RN↓ (2)

where the middle expression is the asymmetry of ‘left’ and ‘right’ nonperturbative total cross
sections, and the rightmost expression is the experimental measurement with average beam
polarization P , detector angular acceptance correction 〈cos(φ)〉, spin-dependent yields in a de-
tector, N , and relative luminosity between spin configurations, R. Unlike longitudinal asymme-
tries, the hard process can generate only small left-right asymmetries. However, nonperturbative
interactions between a parton in the hard scatter and the color-charged nucleon fragments that
are spectators to that hard collision can drive substantially larger effects.

Two frameworks have been proposed to understand TSSAs: In the first, the initial transverse
momentum of the parton, kT , is made an explicit parameter of the Transverse Momentum De-
pendent (TMD) PDF, with the constraint that an integral over kT returns the familiar, collinear
PDF which depends only on momentum fraction x. In order to extract a TMD, a measurement
must involve two measurable scales, k2T << Q2, which is not the case for inclusive particle pro-
duction in hadronic collisions. However, higher-twist functions, which consider interactions of
a parton with more than one partner parton, offer a framework to understand TSSAs while re-
quiring only one momentum scale, Q (or pT , as a proxy for momentum transfer). The functions
pertinent here are given the shorthands qgq, describing the interference between scattering off
one quark verses scattering off a gluon as well as a quark of the same flavor, and ggg, describing
the interference between scattering off of one versus two gluons. Twist-3 functions have suc-
cessfully predicted some TSSAs2, and have been related to kT moments of TMD-PDFs, without
directly depending on kT themselves3.

3 The PHENIX Detector

The key components of the PHENIX detector for the results in these proceedings are those at
mid-rapidity (Fig. 1). Two asymmetric arms cover |η| < 0.35 and contain a suite of detectors.
Both arms include drift chambers, which are used as a charged particle veto, and calorimeter
modules, which capture electromagnetic showers. The difference in the angular acceptance of
the two arms is captured in the cosine term of Eqn. 2.b

bA more in-depth description of the PHENIX detector is beyond the scope of these proceedings and can be
found elsewhere4.
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Figure 1 – A beam-view of the PHENIX detector at mid-rapidity. For the measurements discussed here, the
key features are the Lead-Scintillator (PbSc) and Lead-Glass (PbGl) calorimeters and the Drift Chambers (DC),
arranged in two arms to the west and east of the north-south oriented beamlines.

4 Results

Preliminary results for the first measurements of isolated and inclusive direct photon cross
sections at 510 GeV (Fig. 2) were shown. Though difficult to extract from background, photons
produced directly in the hard partonic collision (via qg → qγ) are both directly sensitive to
the gluon, and completely insensitive to final state effects due to their carrying no electrical or
color charge, and hence are a particularly valuable probe. Analysis requires careful treatment
of backgrounds, including modeling and removal of π0 decay where one of two decay photons
falls outside detector acceptance. The full details of the analysis are beyond the scope of these
proceedings.5
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Figure 2 – Preliminary results for the inclusive (left) and isolated (middle) direct photon cross section in p+p
collisions at 510 GeV. The isolation cut improves the agreement between theory and data compared to the excess
at low energy seen in the inclusive cross section. The preliminary ALL for isolated direct photons in this data set
is also shown (right), along with the DSSV14 prediction.

Because photons that emerge from the primary vertex include both photons produced in the
hard interaction and those from fragmentation, isolated photons, which cut on the total energy
in a cone in η − φ around the candidate photon, are a common, and theoretically tractable
alternative observable. A preliminary measurement of isolated direct photons ALL at that
collision energy was also shown, representing a large data sample (∼155 pb−1). Once released,
this result will help constrain the polarization of the gluon Δg in future global fits.
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The first direct photon TSSA, measured at 200 GeV beam, was also presented (Fig. 3). This
result has been submitted for publication5, and will improve constraints on trigluon correlators
in future global fits. Finally, recently published, improved-precision measurements of η and
π0 TSSAs6 were also shown (Fig. 3). Although initial and final state effects are both present
in these observables, the expected qgq contribution is small, suggesting sensitivity to trigluon
correlations there as well.
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Figure 3 – Measurement of the direct photon (left) and π0 (right) TSSAs in p+p collisions at 200 GeV. The qgq
correlation function is predicted to be small in both cases, suggesting that nonzero asymmetries here reflect an
effect from tri-gluon correlation..

5 Conclusion and Outlook

The large integrated luminosity datasets PHENIX recorded in 2013 (510 GeV) and 2015 (200 GeV)
have provided higher precision measurements of η and π0 asymmetries, as well as enabling new
measurements of direct photons cross sections and asymmetries at 200 and 510 GeV. Together,
these results will provide new constraints, especially on the polarization of the gluon, and how
its momentum correlates to the proton spin.

A substantial upgrade of PHENIX is now underway. The new detectors of sPHENIX, which
plans to start data-taking in 2023, are expected to provide another substantial improvement
to the precision of these and other measurements, to further refine our understanding of the
structure within the polarized proton.
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Determining the jet transport coefficient q̂ of the quark-gluon plasma using
Bayesian parameter estimation

James Mulligan on behalf of the JETSCAPE Collaboration
Physics Department, University of California, Berkeley, CA 94720, USA

Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

We present a new determination of q̂, the jet transport coefficient of the quark-gluon plasma.
Using the JETSCAPE framework, we use Bayesian parameter estimation to constrain the
dependence of q̂ on the jet energy, virtuality, and medium temperature from experimental
measurements of inclusive hadron suppression in Au-Au collisions at RHIC and Pb-Pb colli-
sions at the LHC. These results are based on a multi-stage theoretical approach to in-medium
jet evolution with the MATTER and LBT jet quenching models. The functional dependence
of q̂ on jet energy, virtuality, and medium temperature is based on a perturbative picture
of in-medium scattering, with components reflecting the different regimes of applicability of
MATTER and LBT. The correlation of experimental systematic uncertainties is accounted for
in the parameter extraction. These results provide state-of-the-art constraints on q̂ and lay the
groundwork to extract additional properties of the quark-gluon plasma from jet measurements
in heavy-ion collisions.

1 Introduction

At high temperatures, quantum chromodynamics (QCD) exhibits a deconfined state of matter
known as the quark-gluon plasma (QGP).1,2 The nature of the degrees of freedom of the QGP,
however, remains largely unknown. By studying this state, we seek to understand how complex
behaviors arise from QCD, including how strongly-coupled systems and their bulk properties
emerge from quantum field theory.

Jets provide a compelling tool to pursue these questions. Depending on their transverse mo-
mentum (pT) and substructure, jets can probe from the smallest medium scales to the largest
medium scales, and jet evolution can be computed from first principles. Accordingly, a ma-
jor experimental and theoretical jet physics program has developed over the last two decades
at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC), where
ultrarelativistic heavy-ion collisions create short-lived droplets of QGP.3,4

This jet quenching program faces two major challenges. Firstly, jet evolution in heavy-ion
collisions involves multiple stages of physics that are not known from first principles, such as the
initial state of the collision, the hydrodynamic evolution of the medium, and the hadronization
phase. This can be addressed by global analyses that fit phenomenological models to a wide
range of experimental data, and has recently been solved to a large extent.5–9 A second challenge,
however, is that jet evolution in the QGP, even for a perfectly characterized medium, involves
numerous theoretical unknowns, from the strength of coupling of the jet-medium interaction
to the role of factorization breaking and color coherence. No (known) golden observable exists
to disentangle these open questions about the jet-medium interaction. This necessitates global
analyses of multiple jet observables. Such global analyses provide a viable path not only to
disentangle various theoretical approaches describing the jet-medium interaction but also to
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precisely determine medium properties from experimental measurements – the ultimate goal of
studying the QGP.

In this work, we focus on the medium property known as the jet transverse momentum
diffusion coefficient, q̂, which describes the average transverse momentum, 〈k⊥〉, acquired by
a parton as it traverses a given length L of QGP. This transport coefficient is agnostic to
the microscopic interactions that generate the transverse diffusion, but rather characterizes the
overall accumulated transverse momentum. The transport coefficient q̂ has been calculated
under certain approximations,10–17 but in general involves nonperturbative contributions that
must be either computed on a lattice18,19 or extracted from experimental measurements.20–23

We present a proof-of-principle determination of q̂ using Bayesian parameter estimation –
the first such extraction using Bayesian techniques – laying the groundwork to extract additional
properties of the quark-gluon plasma from jet measurements in heavy-ion collisions.24

2 Analysis

We perform an extraction of q̂ using a selection of inclusive hadron RAA data at RHIC and
the LHC.25–27 We consider both central and semi-central data, shown in Fig. 1. In order to
properly assess the uncertainty correlations within and between the experimental measurements,
we decompose the overall experimental covariance matrix into several sources, according to the
varying degree of information reported by the experiments.24

We model the jet evolution using the JETSCAPE event generator framework28,29 with the
MATTER30,31 and LBT32 jet quenching models. MATTER is hypothesized to be valid in the
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Figure 1 – Inclusive hadron RAA for the three measured datasets,25–27 together with prior calculations (top) and
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high-virtuality, radiation-dominated regime, whereas LBT is hypothesized to be valid in the
low-virtuality, scattering-dominated regime. We additionally consider a multi-stage model in
which high-virtuality partons evolve according to MATTER, and low-virtuality partons evolve
according to LBT, which we denote “MATTER+LBT”. Within these models, we parameterize
q̂ as a function of the medium temperature, T , and parton energy, E, with an ansatz consisting
of a sum of a high-virtuality, T -independent term, and a low-virtuality, elastic scattering term:

q̂ (E, T ) |θ={A,B,C,D}
T 3

= 42CR
ζ(3)

π

(
4π

9

)2

⎧⎪⎨⎪⎩
A
[
ln
(
E
Λ

)
− ln(B)

]
[
ln
(
E
Λ

)]2 +
C
[
ln
(
E
T

)
− ln(D)

]
[
ln
(
ET
Λ2

)]2
⎫⎪⎬⎪⎭ , (1)

where θ ≡ {A,B,C,D} are parameters that will be determined from the experimental data
using Bayesian parameter estimation.33 For the multi-stage MATTER+LBT model, we consider
two adaptations of this parameterization in which an additional parameter characterizing the
virtuality switching scale between the two models is included.24

Starting with broad prior distributions of θ, we use Bayesian parameter estimation to pro-
duce posterior probability distributions of θ, and thereby q̂ (E, T ). To do so, we employ Gaussian
Process Emulators to interpolate our computationally expensive event generator across θ-space,
and at each explored θ evaluate the likelihood to observe the experimental data given the model
results at that particular θ. The posterior distributions are sampled using Markov Chain Monte
Carlo. By using Bayesian parameter estimation, this procedure improves upon previous ex-
tractions of q̂ due to its rigorous statistical approach and quantification of uncertainties on the
extracted q̂. Further details can be found in a recently submitted article.24
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Figure 2 – Posterior distributions of the θ ≡ {A,B,C,D} space for q̂ when MATTER and LBT are applied
separately. Off-diagonal panels show correlations of posterior distributions for LBT (lower left, red) and MATTER
(upper right, blue).24
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3 Results

We perform separate extractions of q̂ using either MATTER, LBT, or MATTER+LBT. Figure
1 shows an example of the explored RAA values before (top) and after (bottom) constraining
the model to the experimental data. We find that LBT describes the data reasonably well, with
some small systematic deviations, as does MATTER, albeit with slightly larger deviations. For
MATTER+LBT, we find no evidence that the multi-stage model improves the description of
the experimental data, suggesting that further theoretical work is needed.

The posterior distributions of θ ≡ {A,B,C,D} are shown in Fig. 2 for both LBT and
MATTER. We find that the extracted parameters are substantially different for LBT compared
to MATTER. In particular, LBT exhibits a preference for smaller values of A and larger values
of C, whereas MATTER exhibits a preference for larger values of A and smaller values of C.
This is in fact consistent with the original motivation of the q̂ parameterization ansatz in Eq.
1: The first additive term, associated with high-virtuality physics, has overall coefficient A –
and is preferred by the radiation-dominated MATTER model – while the second additive term,
associated with elastic scattering off of a thermal medium, has overall coefficient C – and is
preferred by the scattering-dominated LBT model.

From these parameter posterior distributions, we plot the extracted q̂/T 3 as a function of the
medium temperature T and parton momentum p in Fig. 3. We plot the the prior distributions
of q̂/T 3 in the insets of Fig. 3, which demonstrate that the data provide considerable constraints
on the value of q̂. We find a generally weak dependence on both T and p, consistent with earlier
work by the JET Collaboration.20 The values of q̂ are similar between the different models
considered, although with notably smaller central values in the multi-stage MATTER+LBT
model, due to the fact that quenching is performed over a wider range of parton virtualities in
the multi-stage model than in MATTER or LBT alone.

Bayesian parameter estimation can also be used to study the impact of particular observables
on the precision of the extracted quantities. Figure 4 shows the impact of RHIC vs. LHC data
by separately extracting q̂ with each collider dataset. We find that the posterior distributions
are dominated by the LHC data. This can be partially attributed to the impressive precision
and scope of the LHC measurements, but we also note that it is impacted by our choice of input
data, which for this analysis we limited to pT > 8 GeV/c, thus intrinsically disfavoring RHIC
data. This calls for future study, and highlights the important role that Bayesian parameter
estimation can play in guiding experimental measurements.
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Figure 3 – The (quark) jet transport coefficient q̂ from Bayesian parameter extraction using MATTER and LBT
separately as well as MATTER+LBT: (a) as function of the medium temperature, and (b) as function of quark
momentum. The lines at the center of the bands indicate their median values.24
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4 Summary

We extracted the jet transverse diffusion coefficient, q̂, of the quark-gluon plasma as a continu-
ous function of the medium temperature and parton momentum. By using Bayesian parameter
estimation, we improved upon previous extractions of q̂ with rigorous statistical methods and
quantification of uncertainties. We explored several models within the JETSCAPE event gen-
erator framework: MATTER, LBT, and a multi-stage model MATTER+LBT. We used a set of
hadron RAA measurements at RHIC and the LHC, and found that the data provides significant
constraints on the prior distributions, with results consistent with previous extractions.

Global analysis will be key to uncovering the nature of deconfined QCD matter. This study
serves as a proof-of-principle that can be systematically extended to include additional observ-
ables, such as fully reconstructed jets, and extraction of additional medium properties, such as
the path-length dependence of jet quenching, and eventually the nature of the constituents of
deconfined QCD.
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Experimental Summary

P. Savard
Department of Physics, University of Toronto, 60 St. George St.,

Toronto, Ontario, Canada, M5S 1A7

Some highlights from the experimental presentations at the 54th Rencontres de Moriond ses-
sion devoted to QCD interactions are summarized. The highlights cover heavy ion physics,
heavy flavour physics, Higgs and electroweak physics, QCD and top quark physics, and
searches for new phenomena beyond the Standard Model.

1 Introduction

There was a large number of experimental presentations at this year’s Moriond QCD conference
whose scope cannot be adequately covered in a concise summary. In the following, a selection
of results based mainly on new results, common themes, and personal taste are highlighted and
briefly discussed.

2 Electroweak Physics

With the large dataset collected by the ATLAS and CMS experiments in Run 2, more measure-
ments of triple boson production become accessible and analyses become sensitive to processes
involving the quartic gauge couplings of the Standard Model (WWWW , WWZZ, WWγγ, and
WWZγ). The typical signature of events that involve the fusion of two weak bosons includes
two forward jets with a large difference in rapidities and a large invariant mass.

At the conference, CMS reported the observations and measurements of events in the Zγ and
Wγ final states 1, processes that include WWZγ and WWγγ amplitudes. ATLAS reported the
observations and measurements of ZZ in the vector boson fusion channel and photon-induced
WW production2, processes that include WWZZ and WWγγ amplitudes. The photon-induced
process is particularly difficult to isolate in the Run 2 LHC environment where many collisions
occur at the same time. The signature for the photon-induced process is a primary vertex
where no reconstructed tracks are observed other than those of a muon and an electron from the
leptonically decaying W bosons. The transverse momentum of the eμ pair is shown in Figure 1
(left) when the requirement of no extra track is imposed. A clear signal above the background
expectation is observed. CMS searched for two tri-boson final states: Zγγ was observed with
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Figure 1 – pT (γγ) distribution in Wγγ for CMS (left). pT (eμ) distribution in photon-induced WW production
for ATLAS (right).

a significance of 4.8 σ and the observed significance of Wγγ signal was 3.1 σ. The transverse
momentum of the γγ system for the Wγγ channel, which involves the WWγγ amplitude, is
shown in Figure 1 (right).

3 Higgs Physics

The LHC produced about 8 million Higgs bosons per experiment during the course of Run 2.
This large sample has allowed for precision tests of the Higgs sector of the Standard Model, for
new production and decay processes to be observed, and for rare decay processes to be probed.
For the latter case in particular, the decay to muons is of particular significance since it is likely
the only second generation Yukawa coupling that can be probed at the LHC. At the end of Run
2 the CMS collaboration announced that they had obtained evidence for this decay process with
an observed (expected) significance of 3.0 (2.7) σ 3. The ATLAS collaboration search for the
same process yielded an observed significance of 2.0 (1.7) σ 4. Other significant Higgs physics
milestones during Run 2 that were achieved included the observation of the ttH process and of
the Hbb decay process by both experiments independently.

Some precision cross section measurements were presented at the conference that involve
decays to two photons or two W bosons. Reconstructed Higgs mass spectra are shown in
Figure 2 for photons and W bosons. The experiments achieved a precision on the cross section
times branching ratio of 8% for the two-photon final state and 12% for the WW final state.

One of the major physics goals of the High Luminosity LHC (HL-LHC) is to study the
self-coupling of the Higgs boson. Although sensitivity to Standard Model values will require
HL-LHC datasets, significant progress in the analysis sensitivity has been achieved in recent
years thanks to important improvements in reconstruction algorithms and more sophisticated
analysis strategies. In the sensitive bbγγ channel with the full Run 2 dataset, both collaborations
have achieved expected limits on the κλ parameter in the -2.5 to 8.0 range 3,4, where a a value
of 1.0 corresponds to the SM value. With the full HL-LHC dataset, an expected uncertainty of
50% on κλ is foreseen 5.

310



Figure 2 – Higgs mass spectra for the WW decay in ATLAS (left), and the γγ decay in CMS (right).

4 QCD and Top Quark Physics

Quantum Chromodynamics (QCD) processes are involved in almost all analyses performed at
the LHC because protons are collided and the fact that the strength of the strong force dominates
over electroweak interactions. A better understanding of particle jets that are copiously produced
in that environment naturally leads to improved measurements, in particular of QCD properties
themselves. Fragmentation processes can be studied using a two-dimensional space called the
Lund plane which is spanned by two kinematic variables related to the momentum fraction
of the emitted gluon relative to the primary quark or gluon (z or kT ) and the opening angle
of the emission (θ or ΔR). The Lund plane can be approximated by studying how the jet
reconstruction algorithm builds jets from proto-jets. Examples of these new Lund plane studies
from the ATLAS and ALICE experiments 2,6 are shown in Figure 3.

The production of top quarks at the LHC has been measured at centre of mass energies of
7 TeV, 8 TeV, 13 TeV and more recently at 5 TeV 7. The measured cross sections at a centre of
mass of 5 TeV are shown in Figure 4 for both experiments and are compared to SM predictions
using different PDF sets. With the availability of the full Run 2 dataset, the ATLAS and CMS
experiments are now becoming sensitive to the production of four top quarks in the same event.
Searches by ATLAS have yielded an observed (expected) significance of 4.3 (2.6) σ in comparison
to 4.3 (2.6) σ from CMS 8.

5 Heavy Ion Physics

An impressive number of experiments at LHC and RHIC were represented in presentations
covering Heavy Ion physics. Talks from ALICE, ATLAS, CMS, LHCb, PHENIX and STAR
covered topics that spanned hard probes, melting quarkonia, fragmentation functions, and the
physics associated with cosmic ray showers. In the interest of space, only one of those many
interesting results is highlighted below.
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Figure 3 – Examples of Lund plane measurements for ATLAS (left), and ALICE (right)

Figure 4 – Measured cross section for top pair production at a centre of mass of 5 TeV for ATLAS (left), and
CMS (right)

The decay of a Z boson to two leptons in a heavy ion collision provides a reference system
that does not interact within the quark-gluon plasma. By studying tracks produced in the
event as a function of their angle relative to the Z boson direction, properties of the plasma can
be studied and compared with the same system in proton-proton collisions. Such comparisons
produced by CMS 9 are shown in Figure 5.

6 Heavy Flavour Physics

Recent results on the Bs meson were presented by the ATLAS, CMS, and LHCb collabora-
tions 10,11,12. The ATLAS collaboration presented an update to its preliminary results on the
Bs → J/ψφ decay that included revised systematic estimates and an updated combination with
Run 1. The results of the extraction of Λs and φs by three experiments are shown in Figure 6
(left), where some tension in the measured value of Λs can be seen. The LHCb experiment
presented its latest measurements13 of the Bs → μμ decay and limits on the B0 → μμ decay
which can be seen in Figure 6 (right).

New heavy exotic states involving heavy flavour are being investigated by a number of
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Figure 5 – Comparisons between proton-proton and heavy ion collisions of the angle between a Z boson and tracks
in the event.

Figure 6 – Measurements of Bs → J/ψφ decay parameters from various experiments (left). Measurements and
limits of B meson decays to two muons from LHCb (right)

experiments and the BES III collaboration showed recent results on the tetraquark candidate
Zcs(3985) composed of u, s, c, andc̄ quarks 14.

There has been a lot of interest generated by ”heavy flavour anomalies” reported by a
number of experiments, where ratios of decays to one lepton species relative to another (e.g. RD

and RK) show discrepancies with respect to the Standard Model prediction. The latest value
measured by LHCb 15 is now: RK = 0.84± 0.04± 0.01, where the first uncertainty is statistical
and the second is due to systematic uncertainties.

7 New Phenomena

An impressive selection of searches for physics beyond the Standard Model were presented at this
year’s conference. The flavour anomalies mentioned in the previous section provide additional
motivations for searches for lepton flavour violation. CMS presented new search results for
lepton flavour violating decays of the Higgs boson in the H → μτ and H → eτ final states 16.
The branching ratio limits on those decays reach the 1-2 permile level giving 0.22% and 0.15%,
respectively. ATLAS presented a search for flavour violating Z decays in the Z → lτ final state17,
achieving limits on the branching ratio of a few parts in a million, about a factor of two better
than LEP limits. CMS presented a test of lepton universality in W decays by measuring ratios
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of branching ratios 1 as shown in Figure 7 (left). Comparisons to results from ATLAS and LEP
results are also shown.

Searches for stop quarks, the supersymmetric partners of the top quarks, were presented
by the ATLAS and CMS experiments 18. The ATLAS search focused on the the decay of stop
quarks to stau leptons, the later decaying in turn to tau leptons. The results were interpreted in
the context of gauge-mediated models and yielded no significant excess above SM expectations.
In the case of CMS, an all-hadronic final state was targeted and yielded the limits shown in
Figure 7 (right).

Figure 7 – Ratios of branching ratios of the W boson from different experiments (left). Example of all-hadronic
stop search limits from CMS (right)

8 Conclusion

With the full Run 2 dataset, the LHC experiments are becoming sensitive to processes involving
quartic gauge couplings and electroweak multi-boson final states. Higgs properties are being
probed at increasing precision and evidence for the rare Higgs boson decay process to two muons
was reported by CMS. Properties of QCD interactions were studied using the large sample
of top quarks and new strategies were presented to better understand parton fragmentation.
Many experiments from two different accelerators presented new or updated studies on heavy
ion collisions. Many experiments also contributed to the sessions on heavy flavour physics; the
large data samples from the LHC were used to study very rare decays, exotic four-quark final
states were reported by BES III, and promising early results were presented by Belle 2. While
no significant deviation from the predictions of the SM were reported in the sessions on new
phenomena, the heavy flavour anomalies are still present. We look forward to updated results
and stimulating discussions at upcoming Moriond conferences.
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