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2022 RENCONTRES DE MORIOND

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

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

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

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

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

• January 23 - 30: “Cosmology”

• January 30 - February 6: “Gravitation”

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

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

• March 19 - 26: “Very High Energy Phenomena in the Universe”

I



We thank the organizers of the 56th Rencontres de Moriond:

• P. Astier, C. Burgess, K. Ganga, J.-M. Le Goff, O. Perdereau and F. Vernizzi for the “Cosmology”
session,

• B. Barish, M. A. Bizouard, L. Blanchet, F. Combes, P. Delva, J.-M. Le Goff, E. Rasel, S.
Reynaud, F. Ricci, T. Sumner, J.-Y. Vinet and P. Wolf for the “Gravitation” session,
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Higgs turns 10: the childhood story a,b

Greg Landsberg
Brown University, Department of Physics, 182 Hope St., Providence, RI 02912, USA

..
..

In this talk, I give a historical and personal overview of the events that lead to the discovery
of the Higgs boson by the ATLAS and CMS experiments in 2012, and highlight the childhood
years of the Higgs boson studies at the Large Hadron Collider. These recollections are based on
my time as the CMS Physics Coordinator (2012–2013), and because of this they are somewhat
biased toward the CMS side of the story, which I know first-hand.

1 Higgs Turns 10!

July 4, 2022 will mark the tenth anniversary of the birth of the Higgs boson to the happy par-
ents: the ATLAS and CMS Collaborations at the CERN Large Hadron Collider (LHC). Here
are some highlights of the first ten years of the Higgs boson childhood, which I’ll expand on in
the subsequent sections:

• 2012: I am born!

• 2013: First steps

• 2014: Who am I?

• 2015: Why am I alone?

• 2016: Not afraid of dark
!

• 2017: Trip to the tau-land

• 2018: From top to bottom

• 2019: I am getting precise

• 2020: Meet the 2nd generation

• 2021: How broad am I?

• 2022: I am charming!

aThis talk is dedicated to the great visionaries who made a theoretical breakthrough more than half-a-century
ago, which took so long to appreciate and even longer to confirm experimentally: François Englert, Carl Hagens,
and Peter Higgs, and ad memoriam Robert Brout (1928–2011), Gerald Guralnik (1936–2014), and Thomas Kibble
(1932–2016).

bOriginal artwork © Julia Landsberg, 2022.
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2 Long Road to the Higgs Boson Discovery

The 1964 was quite a remarkable year! Many memorable events took place then: Martin Luther
King, Jr. has received a peace Nobel Prize; the Beatles first arrived to America; Berkeley
students stormed the university administration building, marking the Free Speech Movement;
the “Boston Strangler”, Albert DeSalvo, was arrested; and the first Ford Mustang was introduced
at the World’s Fair in the New York City...

In the meantime, in physics, several remarkable discoveries took place: the quark model was
established in seminal papers by Gell-Mann1 and Zweig2; the CP violation was observed by
Christenson, Cronin, Fitch, and Turlay in neutral kaon decays3, demonstrating that the time
has a preferred direction; cosmic microwave background was discovered by Penzias and Wilson4.
And, hardly noticed at the time, four rather obscure papers on certain features of quantum
field theory, which outlined the basics of what now known as the Brout–Englert–Higgs (BEH)
mechanism, have appeared5,6,7,8 as well...

In the first five years since their appearance, these four papers received only a handful of
citations—sixty-four in total—while by now they have been cited altogether more than 23,000
times, solidly putting them among the most remarkable papers ever written! The real appre-
ciation of these papers came only about a decade later, with the realization in late 1966 why
the photon remains massless9, incorporation of the BEH mechanism in the model of electroweak
interactions10 by Weinberg and Salam11,12 in 1967, and the proof in 1971–1972 that this model,
now known as the standard model (SM) of particle physics, is renormalizable, via the work of
‘t Hooft and Veltman13,14.

The realization that the BEH mechanism must have a particle carrier, the Higgs boson,
was established already in the original papers. The attempts to calculate its various properties,
along with the development of the SM, spawned early phenomenological work on the Higgs boson
production and decays that took place in the late 1970-ies through late 1980-ies. This work has
been summarized by Gunion, Haber, Kane, and Dawson in “The Higgs Hunter’s Guide”, first
printed in 198915, which instantly became a handbook for the experimentalists, as was reflected
in the 2017 J.J. Sakurai prize given to the authors. Thus, by mid 1980-ies, the experimental
quest for the Higgs boson has finally started.

Due to the lack of time I’ll skip the last century searches for the Higgs boson, mainly at
DORIS (DESY) and LEP (CERN). After seeing tantalizing hints of a Higgs boson at the mass of
about 115 GeV, LEP was finally switched off in November 2000, to open way to the construction
of the LHC. By then we learned that the Higgs boson must be rather massive: its mass must
exceed 114.4 GeV at 95% confidence level (CL)16. Thus, in 2001, at the dawn of the new
century, the baton was passed from Europe to the U.S., and the Fermilab Tevatron became the
next place where the Higgs boson was sought. Meanwhile the construction of the LHC and the
two general-purpose detectors, ATLAS and CMS, went into full swing at CERN.

The Tevatron Run II started rather slowly, and it took several years for an instantaneous
luminosity to reach the design level. By mid-2005, each of the CDF and D0 experiments has
accumulated an integrated luminosity of 1 fb−1, but this amount of data was not enough to
extend the LEP limits. In the meantime, the LHC construction and commissioning was com-
pleted, and the first proton beams, still at the injection energy, were circulated in the LHC on
September 10, 2008. However, just nine days later, when ramping the LHC dipole magnets to
their design current, a major incident happened because of a defective superconducting junction
between two dipoles, which resulted in an explosion inside the LHC tunnel and a setback of the
LHC startup by a whole year.

By early November 2009, while the LHC was still undergoing the repairs, the Tevatron finally
published the first limits on the Higgs boson that went beyond the LEP exclusion. Based on
an integrated luminosity of between 2.1 and 5.4 fb−1 the CDF and D0 Collaborations managed
to exclude a small region of Higgs boson masses around 165 GeV 17. Just a few days later,
on November 23, 2009, first LHC collisions at the injection energy, after the completion of the
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repairs, took place. The Tevatron Run II was officially extended until the end of 2011, and the
race of the two machines to the ultimate goal—the discovery of the Higgs boson—has started!
By March 2010, the LHC reached its initial collision energy of 7 TeV (limited by the fact that
a more serious mitigation of other possibly defective junctions was required to reach the design
energy).

Meanwhile, the 2010 J.J. Sakurai prize in theoretical physics was given to Brout, Englert,
Hagen, Higgs, Guralnik, and Kibble “for elucidation of the properties of spontaneous symmetry
breaking in four-dimensional relativistic gauge theory and of the mechanism for the consistent
generation of vector boson masses”.

By summer 2011, the LHC experiments accumulated the first fb−1 of 7 TeV data, which
dramatically changed the landscape of the Higgs boson searches. Both the ATLAS and CMS
Collaborations18,19 made public their first limits on the Higgs boson mass and were able to
exclude a broad range of masses from about 135 to 450 GeV. The Tevatron, in the meantime,
has expanded on their exclusion to 156–177 GeV 20. It became clear that the spectacular LHC
performance in 2011 put it way ahead of the Tevatron in the race for the Higgs boson. As a
result, the request by the CDF and D0 experiments to extend the Tevatron run till 2013 was
declined, and on September 30, 2011, in an emotional “Tevatr-off” event, the Tevatron legacy of
two decades has finally ended, and the machine was permanently switched off. The Higgs baton
was back in the European hands.

In December 2011, ATLAS and CMS made public the last limits on the Higgs boson, based
on an integrated luminosity of up to 4.9 fb−1. The excluded range of masses was between 127
and 600 GeV22,21 . More importantly both collaborations saw some excesses in the mass range
of 124–126 GeV, but it was not clear if they are compatible between different channels analyzed
and between the two experiments. From then on, ATLAS and CMS focused on the discovery of
the Higgs boson in the low-mass range, around 115–130 GeV.

In CMS, we decided to bet on the fact that the machine energy will be increased to 8 TeV for
2012 running, and started producing large Monte Carlo event samples for this energy as early
as in November 2011, which were necessary for proper optimization of the Higgs boson search
and detailed understanding of the backgrounds. This bet played out very well and actually
allowed CMS to show all five main decay channels of the Higgs boson: H → ZZ → 4�, H → γγ,
H → WW , H → ττ , and H → bb̄ at the time of the discovery. The decision to increase the
machine energy was not easy. The LHC machine physicists wanted to err on the side of caution
and run at the same 7 TeV energy as before; the ATLAS and CMS experiments were pushing for
a safe increase in energy, as this would minimize the amount of time needed for the discovery.
At the end, the experiments prevailed, and at the beginning of February 2012, at the annual
Chamonix LHC workshop, it was decided to operate the machine at 8 TeV. The rest is now
history!

The LHC startup in 2012 was very smooth and already early in the run it became clear that
the machine will double the amount of the delivered integrated luminosity by early summer.
Half of this integrated luminosity was to be delivered at higher energy, with the dominant Higgs
boson gluon fusion cross section 30% higher than at 7 TeV. It was therefore decided to plan
for the next major update on the Higgs boson searches for the ICHEP conference, scheduled to
start on July 4, 2012 in Melbourne. It was anticipated that if the ∼125 GeV excess seen by both
ATLAS and CMS experiments is real, the new data would suffice to establish the existence of
the Higgs boson at the discovery level, i.e., five standard deviations in each experiment.

The analysis of the complexity of the Higgs boson search was performed in a “blind” way,
i.e., the data in the mass region of 110–140 GeV was kept hidden in order not to subconsciously
bias the results. The analysis was fully optimized, and the backgrounds and all the systematic
uncertainties were estimated with the data in the region of interest still being blinded. By
mid-June 2012, CMS was ready to finally unblind the analyses in all five main decay channels.
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The unblinding of the data was done as a formal event on Friday,
June 15, 2012, in the Filtration Plant auditorium at CERN and via
video. The entire collaboration was invited to join the event. About
250 people were sitting and standing in the room for about 2 hours it
took to show the results in all five channels, on a hot summer day with
the temperature in the room reaching 28◦ C, but nobody minded! More
than 500 more people were connected to the event via video.

The unblinding was done based on about 80% of the full data set. The most sensitive γγ
and 4� channels were unblinded first, and to the cheers of the audience we have observed very
clear peaks at 125 GeV in both of these channels with the significances around four standard
deviations each! We knew then that we had the Higgs boson; the rest of the world will learn
about it three weeks later...

The next day, on Saturday June 16, I decided to throw an informal discovery party at
our place in Challex, France. Some 30 people attended, but given that I had several ATLAS
colleagues leaving nearby, we “masqueraded” this party as a birthday party, complete with a
cake proudly displaying “125” with candles. Still, it was probably a big surprise for the trash
collectors the following Tuesday to find a recycling bin filled with about 30 empty champagne
bottles next to my house. The Higgs was born!

June 16, 2012 - Challex, France

The following three weeks were a mad rush to finalize everything for the discovery announce-
ment. The rest of the data were added, with the analysis selections completely frozen at the
time of the unblinding, and the five channels were combined together to yield the overall ob-
served (expected) significance of 5.0 (5.8) standard deviations. The discovery presentation was
scheduled for July 4th, in the CERN Main Auditorium, simultaneously broadcasted to Mel-
bourne. The ATLAS and CMS spokespeople, Fabiola Gianotti and Joe Incandela, presented
the results to the world. Each experiment achieved 5 standard deviations—the gold standard
for the discovery—independently. At the end of the presentation, Rolf-Dieter Heuer, the CERN
Director General, said: “I think we have it!” The Higgs was now born officially! Given the
Independence Day holiday in the U.S., the fireworks came for free...

The two discovery papers were submitted to the Physics Letters B journal on July 31, 2012
and appeared online on August 1823,24.
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3 Higgs at Moriond

More data were delivered by the LHC in 2012, and the
discovery sample was more than doubled. The next
big update on the Higgs boson was to be announced
at the Moriond series of conferences, in March 2013.
However, in CMS, we saw that the significance of the
Higgs boson signal in the very sensitive diphoton chan-
nel did drop despite significantly more data analyzed.
This was very puzzling, as nothing has changed in
the analysis, and the significance in the most sensi-
tive four-lepton channel kept increasing.

It took us several months to decisively prove that there were no mistakes in the analysis
and that the drop in the significance was a result of a statistical fluctuation. The calibration
of the electromagnetic calorimeter, which is crucial for the high-resolution diphoton channel,
has been improved, and that was the main change that resulted in the statistical fluctuation.
When dealing with the case of a rather large signal on top of an overwhelming background, the
efficiency of the optimal selection is fairly low. Even small changes in the kinematic parameters
of the events, such as the change in the photon energy due to the new calibration, could result
in completely different signal candidates to be selected. Indeed, when the new calibration was
applied to the discovery sample, we noticed that the overlap between the signal candidates
in the discovery analysis and in the new analysis was not that large; in fact we were dealing
with largely statistically independent event candidate samples in the two analyses. In such a
situation, large statistical fluctuation are possible. Using a special statistical technique, known
as the jack-knife resampling25, we were able to show that the two results were in fact consistent
with one the other within 2 standard deviations and approved the new diphoton result for
presentation at the Moriond QCD conference. We practiced the talk after the dinner on the
night before the presentation, well beyond midnight, since we have expected a lot of questions
about this new result. The observed (expected) significance of the Higgs boson signal was 3.2
(4.2) standard deviations, a big change from the 4.1 (2.8) standard deviations at the time of the
discovery. Statistics could play funny tricks! As a result of the late-night practice talk, some
of us, including myself, were half-asleep during the morning session where the new result was
shown for the first time, which was captured by the sharp eye of the Moriond photographer!

That Moriond conference was quite memorable, as the host of new results released by the
ATLAS and CMS experiments demonstrated with an increased precision that the new particle
was indeed consistent with the SM Higgs boson. The CERN press release stated: “New results
indicate that a new particle is a Higgs boson”! Since then we dropped the term “Higgs-like
particle”, which was originally used to denote the new boson, and started calling it “a Higgs
boson” and, a bit later, “the Higgs boson”. Incidentally, the same week the new pope—Pope
Francis—was confirmed in Vatican. The Simon Fraser University (a member of the ATLAS
Collaboration) newsletter connected these two events on March 14, 2013 under the title “New
boson and new pope confirmed”.

4 Dazzling Precision

We have learned a lot about the Higgs boson in the past ten years, thanks to the spectacular
performance of the LHC machine, which delivered 15 times the discovery sample, most of it
at much higher energy of 13 TeV. This rapid progress would not have been possible without
significant theoretical work on the Higgs physics, captured in four Yellow Reports of the LHC
Higgs Cross Section Working Group, as well as in more recent papers. Many new results based
on this large data set have been shown at this conference.

At the time of the discovery the Higgs boson production cross section in various decay
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channels in each experiment was measured with the precision of about 25%. The precision
has now reached 6% 26. By 2015, just a couple of years after the discovery, we have firmly
established that the Higgs boson has quantum numbers of the vacuum JPC = 0++ and ruled
out pure pseudoscalar or tensor hypotheses at >99.9% CL27,28. (The fact that Higgs boson can’t
be a spin-1 particle is evident from its decay to a pair of photons, which is not possible for a
spin-1 particle, according to the Landau–Yang theorem.)

After a slight initial tension between the two ex-
periments on the value of the Higgs boson mass, it
is now measured to a per mil precision. The most
precise measurement to date, coming from the CMS
experiment, is 125.38± 0.14 GeV 29. Very recently, a
two-sided 95% CL interval on the Higgs boson width
and the first evidence for the off-shell Higgs boson
production were reported, with the measured width
ΓH = 3.2+2.4

−1.7 GeV 30 (fully consistent with the width
of 4.1 MeV predicted in the SM).

By 2018, the coupling of the Higgs boson to τ leptons has been firmly established by both
ATLAS31 and CMS32, with the significance around 6 standard deviations in each experiment,
thus establishing the coupling to the third-generation quarks (indirectly, via the gluon fusion
production through a top quark loop) and leptons. Later the same year, the direct coupling
to top quarks via the tt̄H production was established as well33,34. And finally, also in 2018,
the coupling of the Higgs boson to bottom quarks was finally measured by both collaborations,
primarily via associated production with vector bosons, with an overall significance of about 5.5
standard deviations by each experiment35,36. Ironically, this decay with the largest branching
fraction among all other Higgs boson decays took six years and tour-de-force analyses to be
finally observed, since it suffers from very large backgrounds. The 2018 became the year of the
third generation!

In 2019, first evidence for Higgs boson decay to a second-generation fermion (the muon) was
seen by CMS at the 3 standard deviations level37; ATLAS also saw an excess of dimuon events at
the Higgs boson mass corresponding to 2 standard deviations38. Finally, in 2022, both ATLAS
and CMS presented impressive limits on the coupling of Higgs bosons to charm quarks, which,
while still being far from the SM expectations, showed that it may be possible to establish this
decay mode at the High-Luminosity LHC.

In parallel with this quest for various SM decay channels of the Higgs boson, both ATLAS
and CMS looked for other, exotic decay channels, which are either prohibited or very suppressed
in the SM. Among these decays are the lepton flavor violating decays, such as H → τμ, as well
as invisible decays of the Higgs boson, which allow to probe potential connection between the
Higgs boson and dark matter. The most recent result from ATLAS39 has established a fairly
stringent upper limit on the branching fraction of invisible Higgs boson decays at 14.5% at 95%
CL (with the 10.3% expected limit).

Four dedicated experimental talks at this conference, along with three theoretical ones,
showcased some of these results, as well as discussed future measurements, including the pair
production of Higgs bosons.

5 Conclusions

Higgs boson had a fun childhood and is now finishing the “primary school”. The ATLAS and
CMS experiments have been caring and watchful parents for all these childhood years, and will
follow the “middle school” years with the large Run 3 and beyond data samples. With the
Higgs boson couplings to third-generation fermions well established, our sights are shifting on
the second generation and on exotic decays, as well as on precision differential measurements
and on the Higgs boson pair production. Happy birthday, the Higgs boson!
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Higgs highlights at ATLAS

L. Mijović, on behalf of the ATLAS collaboration
SUPA - School of Physics and Astronomy, University of Edinburgh, United Kingdom

As the Higgs boson turns 10 this Summer, and the Large Hadron Collider experiments eagerly
await the next round of data-taking, the ATLAS collaboration has recently reached important
new insights into the Higgs mechanism. This report is a snapshot of Higgs highlights for the
MoriondQCD conference, obtained with 139 fb−1 of Run2 proton–proton collision data taken
at centre-of-mass energy of 13TeV.

1 Higgs Boson Production and Decay

At the Large Hadron Collider (LHC) the Higgs boson is produced through gluon-gluon fusion
(ggF) 87% of the time, followed by vector boson fusion (VBF, 7%) associated weak gauge boson
production (V H, 4%), associated top-antitop production (tt̄H, 1%), and other production modes
with small cross-sections 1. The mass of the Higgs boson is measured to be mH=125.09 GeV 2,
at which the Standard Model (SM) Higgs boson decays to bb̄ pairs most of the time, with a
branching ratio (BR) of ∼58.1%. However, in several measurements the highest sensitivity is
achieved in final states detected with higher purity and resolution, in particular H→ ττ decay
with BR∼6.26%, H→ γγ decay with BR∼0.227% and H→ ZZ∗ → 4� (� = e, μ) decay with a
branching ratio of only ∼0.0125% 1.

2 Higgs Boson Cross-Section and Coupling Strength Measurements

With the Run2 data the uncertainty on the Higgs boson production cross-section and coupling
measurements has reached sub-10% and sub-5% respectively. In a combination of H→ γγ and
H→ ZZ∗ → 4� decays ATLAS3 has measured the inclusive cross-section with 7% uncertainty:

σ(pp→H) = 55.5+4.0
−3.8 pb = 55.5± 3.2 (stat.) +2.4

−2.2 (sys.) pb, (1)

where (stat.) and (sys.) denote the statistical and systematic uncertainty respectively 4. The
measured value is compatible with the SM prediction of 55.6 ± 2.5 pb 1, and the statistical
uncertainty of 6% dominates over the 4% systematic uncertainty. The cross-section is also

Copyright 2022 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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measured differentially; Figure 1 shows the cross-sections as a function of the Higgs boson’s
rapidity |yH | sensitive to parton distribution functions (PDF), and the transverse momentum
of the Higgs boson (pHT ) sensitive to perturbative QCD calculations. The measurements in the
H→ γγ andH→ ZZ∗ → 4� decays are compatible with a p-value of 23% for |yH | and 20% for pHT .
The measurements are compared to the theory predictions for the ggF production, assuming SM
predictions for the production modes other than the ggF. For |yH | the combined measurement is
compatible with all the considered predictions with p-value ≥ 92%. The predictions are obtained
with PDF4LHC NNLO PDF (NNLOPS, ResBos2 and SCETlib) and NNPDF30 NLO PDF set
(MG5FxFx). For pHT the p-values range between 3.1% (RadiSH) and 78% (NNLOPS).
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Figure 1 – Differential cross-section measurements as a function of |yH | (left) and pHT (right) compared to the
theory predictions for the ggF production 4.

In the combination of H → γγ, ZZ∗, WW ∗, ττ, bb̄, μμ, Zγ decay modes and searches for decay
into invisible final states5, the cross-sections for the main production modes have been measured
with uncertainties of � 23%, and the systematic uncertainty is about the same size as the
statistical uncertainty, as shown in Figure 2 (left).
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The cross-section measurements can be interpreted in terms of coupling strengths of the Higgs
field to fermions or weak gauge bosons as shown in Figure 2 (right). Although these coupling
strengths are compatible with the SM, there are several gaps in our experimental knowledge, due
to which we can not claim to have verified that the Higgs couplings are as predicted by the SM.
These include: (1) a model-independent extraction of the couplings. The couplings are obtained
from cross-sections, assuming no interactions between the Higgs boson and BSM particles, and
taking the width of the Higgs boson to be as predicted by the SM; (2) measurement of the 1st
and 2nd generation fermion couplings; (3) measurement of the Higgs self-coupling. Efforts to
address (1) include Effective Field Theory interpretations and measurements of the Higgs width.
The next two sections review the large progress ATLAS has recently made on (2) and (3).

3 Search for V H,H→cc̄ Production

The search for H→cc̄ decays 6 is performed in V H production. This is the golden production
mode for measurements of H→bb̄ decays, because the leptonic decay of the weak gauge boson
enables efficient triggering and background rejection. In addition to challenges faced by H→bb̄
measurements, the H→cc̄ analysis deals with:

• low branching ratio: BR(H→cc̄) = 2.89%, about 20 times smaller than the BR(H→bb̄).

• Charm tagging, which requires identification of charm-hadron decays with less distinct
signature compared to B-hadron decays.

Separating charm-jets from b-jets is particularly challenging; this is addressed by a dedicated
charm tagging algorithm, which requires the jets to have a high c-tagging score as well as vetoing
jets with high b-tagging scores. This veto makes the signal events in H→cc̄ and H→bb̄ analyses
orthogonal and enables their combination.

The V H,H→cc̄ analysis extracts the signal and backgrounds from a simultaneous fit to
invariant mass of the c-tagged jets (mcc̄). In the fit, three signal strengths (μ), which multiply the
SM cross-sections, are extracted: μV H(cc̄), and the di-boson production signal strengths μVW (cq)

and μV Z(cc̄). Figure 3 (left) shows the best-fit distributions (solid histograms) compared to the
data. The solid line corresponds to the 95% confidence level (CL) upper limit, μV H(cc̄) = 26.
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A combination of H→cc̄ and H→bb̄ analyses is performed, and interpreted in terms of con-
straints on the ratio: |κc/κb|. The coupling strength modifiers (κ) are defined as the ratios
of the measured Yukawa couplings (y) and their SM values: κc = yc/y

SM
c and κb = yb/y

SM
b .

Within the SM yb exceeds yc by a factor equal to the ratios of the b- and c-quark masses:
mb/mc = 4.578 ± 0.008 7. Figure 3 (right) shows the observed bound: |κc/κb| < 4.5 at 95%
CL. This is slightly smaller than the ratio mb/mc shown in vertical lines, which means that the
Higgs-charm coupling is weaker than the Higgs-bottom coupling. This important result requires
no assumptions about the width of the Higgs boson, because the bound is extracted from the
ratio of the coupling modifiers rather than from their absolute values.

4 Searches for Di-Higgs Production

Di-Higgs production is a probe of the Higgs potential V , which can be expanded around its
minimum by an excitation (h) of the Higgs field as:

V (h) =
1

2
mHh2 + λ3vh

3 +
1

4
λ4h

4. (2)

Within the SM the self-couplings are: λSM
3 = λSM

4 = m2
H/(2v2). The di-Higgs searches probe the

trilinear coupling λ3, parameterised by the coupling modifier κλ = λ3/λ
SM
3 . At the LHC, the

di-Higgs production proceeds through ggF ∼95% of the time. The second largest contribution
is from VBF production. The corresponding diagrams are shown in Figure 4.

Figure 4 – The ggF and VBF di-Higgs production diagrams.

The diagrams with and without the trilinear coupling interfere destructively, leading to small
cross-sections: σggF(pp → HH) = 31.05 fb and σVBF(pp → HH) = 1.73 fb. Due to this, the
highest sensitivity is achieved in searches in which one of the Higgs bosons decays to bb̄ pair
with the highest branching ratio, shown in the first column of Figure 5 (left), and the other
Higgs boson decays to a distinct signature: H→ ττ or H→ γγ. The observed and expected
limits on the signal strength σ(pp→HH)/σ(pp → HH)SM from these decay modes, and their
combination, are shown in Figure 5 (right).

The measured cross-sections can be interpreted in terms of bounds on κλ. The observed 95%
CL bound is: κλ ⊂ [-1.0, 6.6] 8, as shown in Figure 6 (left).

Searches with Run2 data are limited by statistical uncertainty. To gauge the potential for
di-Higgs observation, it is therefore important to extrapolate the sensitivity to the future high-
luminosity LHC (HL-LHC), as shown in Figure 6 (right). If no systematic uncertainty is con-
sidered, the HH signal strength would be measured with 23% statistical uncertainty with the
HL-LHC data-set of 3000 fb−1. Accounting for systematic uncertainty, with a baseline estimate
of how this uncertainty will evolve, the signal strength is projected to be measured with +34%

−31%
uncertainty, constraining trilinear coupling modifier to κλ ⊂ [0.5, 1.6] at 1σ CL 9.

5 New Results for MoriondQCD

ATLAS results made available for the first time for the MoriondQCD confence include: a new
probe of the charge conjugation and parity (CP) of the top-Higgs coupling10, and a measurement
of the fiducial and differential cross-section of V H production 11.
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Figure 5 – Branching ratios for HH production (left) and upper limit on the HH signal strength (right) 8.

Figure 6 – Left: bounds on the di-Higgs production cross-section and trilinear coupling modifier (κλ) with the
Run2 data 8. Right: expected significance of di-Higgs searches at the HL-LHC 9.

The SM predicts the top-quark Yukawa coupling (yt) to be CP-even, however a presence of
a CP-odd admixture has not yet been excluded. With a CP mixing angle α the contribution to
the Lagrangian is parameterised as:

L = −ytΨtκ
′
t(cos(α) + i sin(α)γ5)ΨtΦ. (3)

The new analysis extracts α and the coupling strength modifier κ′t and targets the final states
with top quarks and H → bb̄ decays. The main challenge is constraining non-resonant tt̄ + bb̄
background, which dominates the measurement uncertainty. The angle α is extracted from fits
to CP-sensitive observables, such as:

b4 =
pzt p

z
t

|
pt||
pt|
, (4)

where pz and 
p are the longitudinal momentum and the momentum three-vector of the top and
anti-top quark candidates. Figure 7 (left) shows the distribution of the variable b4 for CP-even
(α = 0◦) and pure CP-odd (α = 90◦) hypotheses. In the CP-odd case, the top and anti-top are
more likely to fly in the opposite directions, therefore b4 is more likely to be negative. The data
disfavours the pure CP-odd coupling at 1.2σ significance. The best-fit value, shown in Figure 7
(right), is: α = 11◦+56◦

−77◦ . This is consistent with the previously published ATLAS measurement
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Figure 7 – Left: fit to observable b4, used to constrain the CP properties of the top-Higgs coupling. Right: the
observed constraints on the coupling modifier (κ′t) and the CP mixing angle (α) 10.

of the CP-properties of the top-Higgs coupling in H → γγ decays, which sets a constraint:
|α| < 43◦ at 95% CL and excludes pure CP-odd coupling at 3.9σ significance 12.

The new fiducial and differential cross-section measurement of the V H production targets H →
bb̄, Z → νν decays. The idea behind the fiducial measurements is to use particle-level selection
criteria close to the detector acceptance. Such measurements require no extrapolation outside
the measured phase-space, which minimises model dependence. The new measurement extracts
the signal strengths from a fit to the invariant mass mbb̄, shown in Figure 8 (left). The neutrinos
are reconstructed as missing transverse energy Emiss

T , and the signal strengths are extracted in
two bins: 150 GeV<Emiss

T <250 GeV and Emiss
T >250 GeV, as shown in Figure 8 (right).
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Figure 8 – Left: invariant mass spectrum fit, used to measure V H,H→bb̄ fiducial cross-sections. The T1 and T2
denote two Emiss

T bins: 150 GeV<Emiss
T <250 GeV and Emiss

T >250 GeV. Right: the measured signal strengths 11.

The new fiducial measurement is complementary to previously published ATLAS V H,H → bb̄
results, which measure the cross-section extrapolated to simplified volumes in so-called Simplified
Template Cross-Section (STXS) framework 13. These measure the WH and ZH production
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cross-sections with 4.0σ and 5.3σ significance respectively.

6 Summary

Within a decade of the Higgs boson discovery, ATLAS has observed all main production modes
and measured the inclusive production cross-section with 7% uncertainty. The quest for new
experimental probes of the Higgs mechanism continues and measurements with the LHC Run2
data have advanced our knowledge. New break-throughs in answering the major open questions
are: (1) a measurement confirming that the charm-quark Yukawa coupling is smaller than the
b-quark coupling; (2) enhanced sensitivity of di-Higgs production searches, with an extrapolated
di-Higgs cross-section measurement sensitivity of +34%

−31% at the HL-LHC.
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Higgs cross-sections and properties at CMS and ATLAS

A. de Wit on behalf of the ATLAS and CMS Collaborations §

Universität Zürich, Physik-Institut, Winterthurerstr. 190,
8057 Zürich, Switzerland

Measurements of Higgs boson production cross sections and properties, by the CMS and
ATLAS experiments at the CERN LHC, are presented. The focus is on recent results of sim-
plified template cross section measurements, fiducial differential cross section measurements,
and analyses probing the CP structure of the top quark Yukawa coupling. All measurements
use data collected during LHC Run 2.

1 Introduction

In the ten years since the discovery of the Higgs boson by the ATLAS 1,2 and CMS 3,4,5 Col-
laborations, much has been learned about this particle. Most of the major production modes
and decay channels have been observed, and with the data collected during Run 2 of the LHC
(2015–2018) it is possible to probe the cross sections and properties with increasing precision.

Cross section measurements can be made with different levels of granularity. Inclusive signal
strength or cross section measurements are performed when the analyzed data set is small. With
more data it is possible to measure simplified template cross sections (STXS), in which the
production modes are divided into regions as a function of one or more kinematical variables.
The cross sections can then be measured in these bins. In the STXS framework, there is no
fiducial selection for the decay, such that measurements in different decay channels can be easily
combined. This is in contrast to fiducial differential cross section measurements, which do
include a fiducial selection for the decay and the measurements are therefore not extrapolated.

2 Cross section measurements

STXS measurements and fiducial differential cross section measurements have been performed
in the H→ γγ, H→ZZ, H→WW, H→ ττ , and H→ bb̄ decay channels by the ATLAS and CMS
experiments. A selection of these results, focusing on the most recent ones, is presented.

2.1 STXS measurements

Measurements of the STXS in the H→ ττ channel 6 and in the H→WW channel 7 are shown in
figure 1. In the H→ ττ channel, final states where both tau leptons decay hadronically, where one
decays to an electrons and one to a muon, and where one tau decays hadronically and the other
decays to an electron or muon, are studied. The major Higgs boson production modes of gluon
fusion, vector boson fusion, VH production with a hadronically decaying vector boson, and ttH

§Copyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license.
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Figure 1 – STXS measurements in the H→ ττ6 (left) and H→WW7 (right) decay channels

production are targeted. Due to limited sensitivity, several of the STXS bins are merged together
to form nine measured bins. The analysis categorization aligns with those bins. Within these
categories, boosted decision tree (BDT) taggers are used to provide further categorization, and
so sensitivity, for the STXS measurements. The reconstructed di-τ mass distribution, based on a
likelihood technique, is used in the signal extraction maximum-likelihood fit, to help distinguish
the signal from the major backgrounds such as Z→ ττ decays. In the H→WW channel, final
states with leptonically decaying W bosons are studied. As for the ττ channel, most of the
major production modes are measured, although in this case ttH production is not covered
and VH production is targeted in the final state with leptonically decaying vector bosons. A
subset of the possible STXS bins is measured, again merging bins together where needed due
to the sensitivity, and categories are defined to align with these merged bins. Depending on the
category, different kinematical variables (transverse mass, dilepton mass, BDT incorporating
multiple variables) are used as the discriminating variable in the signal extraction fit. In some
cases a two-dimensional fit is employed. The STXS measurements in the ττ and WW channels
provide stringent constraints on the VBF phase space. In addition, the WW channel constrains
the VH bins with low vector boson pT, which cannot be measured precisely by the H→ bb̄
channel that normally dominates the sensitivity for VH production.

2.2 Fiducial differential cross section measurements

Fiducial differential cross section measurements of a large range of variables were performed in
the γγ final state by both experiments 8,9. The diphoton mass distribution is fitted in many
categories to obtain cross section measurements in the different differential distributions. In
addition to classic kinematical variables, new variables (for example angular variables and τ jC , a
rapidity-weighted function of the jet pT in the event) were also measured, including in double-
differential distributions. A combination of the differential measurements by ATLAS in the γγ
and ZZ final states was also performed 10 for a subset of the distributions. For this combination
an extrapolation to a common phase space, correcting for differences in the branching fractions
and the acceptance, is used. Examples of the measurements, in the γγ channel from CMS and
the combined measurement from ATLAS, are shown in figure 2.

The measurements are compared with a range of theory predictions. The agreement with
these predictions is generally good and the measurements are compatible with the expectations
from the standard model (SM). Interpretations of the differential cross sections measured by
ATLAS are also made; constraints are set on Wilson coefficients in the SM effective field theory
framework, based on a fit to five different differential distributions in the γγ decay channel. In
addition, the measurements of the Higgs boson pT spectrum are interpreted as constraints on
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Figure 2 – Examples of differential measurements: the cross sections as a function of τ j
C in the γγ final state 8

(left) and the cross section as a function of the Higgs boson pT combining the γγ and ZZ channels 10. In both
cases, the measured cross sections are compared with a range of theory predictions.

parameters that adjust the couplings between bottom and charm quarks and the Higgs boson.
Fiducial cross sections were also measured in the VH, H→ bb̄ channel 11, in the final state

with no leptons and large missing transverse momentum (MET). As there are large backgrounds
from top-antitop quark pair production and production of vector bosons in association with jets,
analysis regions with one or more leptons are used as background control regions. The cross
sections are measured in two bins of MET. The measured cross sections are

σ150<MET<250GeV = 5.5+2.6
−2.6(stat)

+3.4
−2.9(syst)fb, (1)

to be compared with the theoretical prediction of 5.8± 0.3fb, and

σMET>250GeV = 1.9+0.7
−0.7(stat)

+0.4
−0.4(syst)fb, (2)

to be compared with a theory prediction of 1.5±0.1fb. The measurements are in good agreement
with the predictions, and are dominated by systematic uncertainties in the low MET bin.

3 Properties

Measurements of the properties of the Higgs boson, such as the mass, width, and coupling
structure, have also been made. Recent analyses have probed the CP structure of the top quark
Yukawa coupling via tt̄H and tH production. The CP-even coupling can be parameterized as
κt = κ′t cosα and the CP-odd coupling as κ̃t = κ′t sinα, where α represents a CP-mixing angle
and κ′t an overall coupling strength. Deviations from the SM expectation do not just affect the
overall tt̄H and tH cross sections, but also the shapes of several observables. This is exploited
in the analyses. An analysis from the CMS experiment in multilepton final states 12, targeting
H decays to ττ and WW, uses neural network classifiers to discriminate between CP-even and
CP-odd signals. The analysis was combined with previous measurements of the CP structure
of the top quark Yukawa coupling in the ZZ and γγ final states. Constraints in the κt − κ̃t
plane are shown in figure 3 (left), indicating a good agreement with the SM expectation. The
pure CP-odd state is disfavoured at the level of 3.7 standard deviations in the combination.
A similar analysis in the bb̄ final state from the ATLAS collaboration was also performed 13.
Classification BDTs, along with distributions of CP-sensitive observables, were used to separate
the CP-even and CP-odd signal components. The constraints from this analysis in the κt − κ̃t
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plane are shown in figure 3 (right). The agreement with the SM expectation is good, and this
channel alone disfavours the pure CP-odd state at the level of 1.2 standard deviations.

4 Summary

Recent results of simplified template cross section measurements, fiducial differential cross sec-
tion measurements, and analyses probing the CP structure of the top quark Yukawa coupling, by
the ATLAS and CMS collaborations, have been shown. All the results analyzed data collected
during Run 2 of the LHC and are in good agreement with the standard model predictions. More
measurements are being performed with this data set, and more data will be collected during
LHC Run 3 which is about to start. Therefore, more precision measurements of Higgs boson
cross sections and properties are to come in the future.
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These proceedings summarise highlights from the latest exotic Higgs results by ATLAS and
CMS collaborations, with the full recorded LHC Run 2 datasets at

√
s = 13 TeV, that were

presented at MoriondQCD 2022.

1 Introduction

The Higgs boson predicted by the Standard Model (SM) celebrates the 10th year anniversary
since its discovery by the ATLAS and CMS collaborations in 2012 1,2,3,4. Since then, both
experiments have continued to improve the precision on the measurement of the Higgs boson
mass, couplings, inclusive and differential cross-sections, decay modes, width, spin, etc., all of
which have so far been consistent with a Higgs boson from the SM theory 5,6,7,8. The Higgs sector
is, however, still rich in phenomenology which continues to be explored, offering a handle to
physics beyond the SM (BSM). The BSM aspects to the Higgs sector include questions over: the
Higgs self-couplings; the Higgs compositeness; Higgs sector as a portal to BSM physics, including
couplings to dark matter or supersymetry; and extensions to the Higgs sector, with varying
complexity and extending the multiplicity of Higgs-like scalar particles. These proceedings
summarise highlights from the latest exotic Higgs results by ATLAS and CMS collaborations,
with the full recorded LHC Run 2 datasets at

√
s = 13 TeV.

2 Higgs boson pairs

The Higgs boson self coupling, λHHH , provides access to the shape of the Higgs potential, making
the measurement of HH production a primary goal of the Run 3 LHC. While the strongest
expected limit on the cross-section is at 3.8 times the SM expectation10, modifications to the
self-coupling can still occur through BSM physics, resulting in enhancements to the rate of the
production of Higgs boson pairs (HH).

Copyright [2022] CERN for the benefit of the [ATLAS Collaboration]. CC-BY-4.0 license.
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2.1 Interpretation in Higgs Effective Field Theory

Searches for of HH production can be studied in the Higgs Effective Field Theory (HEFT),
which parameterised BSM effects in terms of effective couplings (Wilson coefficients) at the
LHC scale. At leading-order (LO) the differential cross-section in mHH is parameterised by two
SM (chh, ctth) and three BSM (cggh, cgghh, ctthh) coefficients. The combination of searches for
gluon-fusion HH production in bb̄γγ and bb̄τ+τ− final states by ATLAS are interpreted in the
HEFT framework, under seven benchmark models which uniquely shape the differential mHH

cross-section 11. The analysis employs a signal sample reweighting of the five LO contributions,
which change the signal efficiency passing the analysis selection. Upper limits are provided on
the gluon-fusion HH cross-section as a function of cgghh and ctthh coefficients, shown in Figure
1, to which the analysis is uniquely sensitive.

Figure 1: Upper limit on σ(HH) as a function of cgghh (left) and ctthh(right)
11.

2.2 φφ→ bb̄bb̄

Two recent direct searches for pairs of scalars decaying to a four b-quark final state are performed
by ATLAS and CMS. The ATLAS analysis 12 targets a heavy resonance (X) decaying to a
pair of SM Higgs bosons (X → HH → bb̄bb̄) where mX ∈ (0.25, 5) TeV and mH = 125 GeV.
Analysis regions are designed to target the case where the indivitual b-jets in a H → bb̄ pair can
be resolved, or where the H is boosted and the b-jets overlap. In the boosted analysis, pairs
of large-R jets (anti-kt 1.0) are selected, and b-tagging is applied to their track sub-jets. The
invariant mass of pairs of resolved b-tagged jets (resolved selection), or large-R jets with two
b-tagged sub-jets (boosted selection), is used to define signal regions around the target Higgs
mass. Limits are placed on the cross-section of X for the case that X is a graviton in the
Randall-Sundrum model, which is excluded for mX ∈ [298, 1460] GeV.

Similarly, the CMS search 13 targets X → φφ → bb̄bb̄ but where mX ∈ [1, 3] TeV and φ is
a scalar with mφ ∈ [25, 100] GeV. Under this mass range the b-jet paris become collimated.
Events with a pair of large-R jets (anti-kt 0.8) are selected, where a double b-tagging BDT
algorithm is used to tag the large-R jets, and the jet pair mass-asymetry is used to define signal
and control regions. No significant excess is observed withing the search range and limits are
placed on the cross-section of X → φφ → bb̄bb̄ with the largest local significance of 3.1σ at
mX = 1 TeV and mφ = 75 GeV.

3 Higgs to invisible

Current limits on the Higgs branching ratio to invisible/undetected signatures 14,15 allow for
the existance of rare Higgs decays to BSM particles. A search for the SM Higgs decaying to
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two axion like particles (ALPs), denoted A, with mA ∈ [0.1, 1.2] GeV is performed by the CMS
Collaboration 16. The mass difference between the Higgs boson and the ALPs produces highly
boosted As decaying into collimated photon pairs (Γ) not resolvable by the detector resolution.
Such a signal would be buried in the SM H → γγ spectrum. A deep learning technique is
therefore employed to reconstruct the mass of the collimated photon pairs, and signal templates
are built in the Γ1Γ2 mass plane with mΓΓ ∈ (110, 140) GeV to match the parent Higgs mass.
Limits are placed on the B(H → AA → 4γ) between mA ∈ [0.1, 1.2] GeV, improving on the
upper bound provided by the SM B(H → γγ) measurement.

The ATLAS Collaboration provide a complimentary analysis targeting a light boosted res-
onance with mass between 10—70 GeV decaying to two photons 17. The analysis measures the
differential diphoton invariant mass distribution which shows a 3.05σ local excess at a mass of
19.4 GeV. Limits are interpreted for an ALP model with A → γγ, offering unique exclusion in
the corresponding mass range when compared to other experimental searches.

4 Charged Higgs

Additional Higgs bosons are predicted by several extensions to the SM, such as the two-Higgs
Doublet Models (2HDMs) or the Mininal Supersymetric Standard Model (MSSM), which include
the existance of a charged Higgs H±. While many of these models have become increasingly
constrained by direct searches, unexplored phase-space still remains, in particular for less minimal
extensions of the Higgs sector such as the Georgi-Machacek (GM) model.

4.1 H± → HW± (2HDM)

A search is conducted by CMS for a massive H± with mass mH± ∈ [300, 700] GeV wich decays
to a heavy Higgs mH = 200 GeV and a W boson 18. Such a signature can be enhanced in
2HDMs where the decay of H± to the light Higgs h (H± → hW±) is suppressed. The analysis
searches for either one or two hadronic taus and exactly one light lepton in the final state. A
new resolved top-quark tagger is developed to pick three anti-kt jets from the associated top
quark to define top-pure control regions. Three jet combinations are given a top-tagger score by
a neural-network which is trainined on high-level information of the jet seeds, including their
masses, angular separation, flavour, and shapes. The working point used offers 10% background
vs 91% signal efficiency. Limits are placed on the cross section of the charged Higgs times
B(H± → HW±, H → ττ) shown in Figure 2.

Figure 2: Upper limit on σH± × B(H± → HW±, H → ττ) as a function of mH± (left) 18 and
exclusion limits from charged Higgs analyses interpreted in the GM model (right) 20.
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4.2 Models with doubly charged Higgs

Doubly charged Higgs bosons (H±±) are predicted by several models, including the GM
model which predicts a Higgs fermiophobic fiveplet (H±±

5 , H±
5 , H0

5 ). An analysis searching
for H±

5 →WZ → �ν�� is conducted by the ATLAS Experiment 19 with a dedicated vector-boson
fusion (VBF) channel targeting fermiophobic H±

5 production. An event level neural network
is designed to distinguish the VBF signal from dominant SM background. Control regions are
included in the likelihood fit to extract normalisation factors for the di-boson (ZZ) and quark
initiated WZ backgrounds. Exclusion limits are set in a range mH± ∈ [200, 1000] GeV and
interpreted in the GM parameter space. The largest observed local significance for a H± boson
is 2.8σ at mH± = 275 GeV. The results are included in the GM summary plots 20 published by
ATLAS which overlay the GM exclusion limits of several ATLAS analyses, shown in Figure 2.

Alternatively, models such as the left-right symmetric model can have suppressed H±± →W±W±

decays resulting in H±± being fermioliphic. A direct search for pair produced doubly charged
Higgs decaying to leptons (H++(→ �+�+)H−−(→ �−�−)) is performed by the ATLAS experi-
ment 21. The analysis selects prompt, isolated, hight-pT leptons in two, three and four lepton
channels with the leading m�±�± used to define signal and control regions. Control and signal
regions are fit simultaneously to control the di-boson and Drell-Yan background normalisation.
Assuming a branching of B(H±± → �±�±) = 100% a doubly charged Higgs from the left-right
symmetric model is excluded up to mH±± = 1080 GeV.

5 Conclusion

Highlights from the recent extotic Higgs searches by ATLAS and CMS experiments are presented.
The results target different aspects of the Higgs sector where BSM physics might be hiding. This
includes Higgs pair production, SM Higgs to BSM particles, and additional Higgs boson searches.
All results presented are in agreement with the SM expectation.
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Connecting Theory and Experiment via Effective Field Theory
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Effective field theory provides a very efficient way to connect experimental observables and
theoretical models. This is done via a two-step procedure: the bottom-up approach, in which
the experimental data is parameterized in terms of the effective theory; and the top-down
approach, in which new physics models are matched onto the effective theory. We introduce
matchmakereft, a recently published computer tool to match arbitrary models onto arbitrary
effective field theories. As a non-trivial example of the power of matchmakereft we provide
the complete one-loop matching of an extension of the Standard Model with a heavy vector
triplet.

1 Introduction

After the discovery of the Higgs boson at the LHC, the main focus of the experimental and
theoretical particle physics communities has shifted towards the search for physics beyond the
Standard Model (SM). Indeed, the LHC collaborations, together with other experimental facil-
ities, are stress-testing the SM from all possible angles with no apparent success so far. Direct
production searches place limits on the mass of new particles in the multi-TeV regime. Simi-
larly, precision measurements impose very stringent indirect constraints on the possible size of
new physics. All this seems to indicate that new physics, if present, is likely to be beyond the
kinematic reach of current experiments.

In this situation, Effective Field Theory (EFT) provides an optimal framework to compute
the implications of experimental measurements on different models of new physics. The way
this is done is by splitting the calculation of the phenomenological implications of experimental
data in two mostly independent steps. In the bottom-up approach we use the EFT as the unique
model that parametrizes the low-energy effects of arbitrary models of new physics. This means
that we just need to compute the experimental observables in terms of the couplings, normally
called Wilson coefficients (WC), of the effective theory. The corresponding parametrization is
then largely model-independent and can be reported in the form of global fits. In the top-
down approach we give up model independence in favour of model discrimination by matching

aSpeaker

27



arbitrary new physics models onto the EFT. By matching we mean computing the WCs of the
EFT in terms of the couplings and masses of the new physics model. When the two approaches
are put together, one can directly compute the phenomenological implications of experimental
data on arbitrary models of new physics.

The matching calculations have to be repeated for every model of new physics we are inter-
ested in. However, these calculations can be automated, including non-trivial one-loop effects.
Furthermore, topological, symmetry-based and power-counting arguments allow us to perform
a complete classification of new physics models that contribute to the EFT at a certain order
in perturbation theory. This complete classification, together with the actual calculation of the
WCs for the complete list, forms IR/UV dictionaries that connect all experimental data to all
possible new physics models that contribute at that particular order in perturbation theory. The
leading IR/UV dictionary, namely tree-level generated operators of mass dimension-6 in the SM
EFT (see2 for a recent review) has been recently computed,3 building on previous partial re-
sults.4–7 The next order in perturbation theory for the IR/UV dictionaries, tree-level dimension
8 or one-loop dimension 6, need some sort of automation due to the complexity of the calculations
(for the one-loop case) or the large number of operators involved (for the tree-level dimension
8 one). In preparation for this we have recently developed and made public matchmakereft,1

a powerful, flexible and fully automated tool that performs tree-level and one-loop matching
calculations, including the calculation of the anomalous dimensions for arbitrary EFTs. In the
following we briefly describe the content of the code and provide a non-trivial example with the
complete one-loop matching of an extension of the SM with a heavy vector triplet.

2 Matchmaker in a nutshell

Matchmaker is a very efficient tool that performs, in a fully automated way, the tree-level and
one-loop matching of arbitrary models onto arbitrary EFTs. It is mostly written in python

but uses the most appropriate and well-tested tools for each step of the calculation. Further
information on matchmakereft and how to use it can be found in the manual1 and on the
dedicated web page https://ftae.ugr.es/matchmakereft/.

Matchmakereft currently performs a diagrammatic off-shell matching in the background-
field method.8 This method provides a significant gauge and kinematic redundancy that is
exploited by the code to ensure the correctness of the results. The creation of the models is
facilitated by the mathematica package FeynRules. This is the only part of the calculation that
is not currently fully automated, as the users have to define the model themselves. Nevertheless,
the large redundancy mentioned above typically catches possible model-definition mistakes very
early in the calculation. Furthermore, a number of non-trivial examples are provided with the
distribution of matchmakereft and can be used to guide the user in the creation of new models.
Once the model is created, the relevant amplitudes are automatically prepared using QGRAF and
computed using FORM. The actual value of the WCs is then computed using mathematica. The
result is provided at several different stages of the calculation, including the matching in the
Green (off-shell) basis, as well as in the physical one (the Warsaw9 basis and its Green extension
are provided with the installation of the package).

Models in matchmakereft are defined as “heavy”, if there are heavy particles in the spec-
trum, or “light”, if there are no heavy particles in the spectrum. When performing the matching
there is also a theory to be matched (UV model) and an EFT to be matched onto (EFT). When
the UV model is a heavy model the usual finite matching at tree-level and one-loop is performed.
If the UV model is instead a light model, the anomalous dimensions of the EFT are computed.

Matchmakereft is powerful and flexible. It has been already used to perform highly non-
trivial calculations,10–16 including finite matching and anomalous dimension calculations in dif-
ferent EFTs. In all cases independent cross-checks have confirmed matchmakereft results.
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3 Integrating out a neutral vector triplet

In this section we consider an extension of the SM with a heavy vector triplet of vanishing
hypercharge. We extend the model initially introduced in17 (see18 for an extended discussion).
The model consists of an SU(2)×SU(2) spontaneously broken to the diagonal SU(2) via a scalar
bi-doublet.

The quadratic part of the Lagrangian can be written as

L = LSM +
1

2
Qa

μ

{
gμνD2 +M2gμν + 2[Dμ, Dν ] +

1

2
g̃2|H|2gμν

}ab

Qb
ν

+ g̃ Qa
μJ

aμ
L − 1

2
χa(D2 +M2)abχb − c̄a(D2 +M2)abcb + . . . , (1)

where we have used the ’t Hooft-Feynman gauge for the broken symmetry, Dμ stands for the
SM (background-field method) covariant derivative, χa and ca are the Goldstone bosons and
ghosts, respectively, associated to the vector triplet, that we denote Qa

μ and the SU(2)L current
is

Jaμ
L =

1

2

[
l̄Lσ

aγμlL + q̄Lσ
aγμqL + (H†σaiDμH + h.c.)

]
. (2)

The tree-level integration produces the following results

λ̂ = λ+
g2W2

2

μ2
H

M2
, (3)

αH� = −3g2W2

8M2
, αH = −g2W2λ

M2
, (4)

(α
(3)
Hq)ij = (α

(3)
Hl)ij = −

g2W2

4M2
δij , (5)

(α
(3)
uH)ij = − g2W2

4M2
(Yu)ij , (α

(3)
dH)ij = − g2W2

4M2
(Yd)ij , (α

(3)
eH)ij = − g2W2

4M2
(Ye)ij , (6)

(α
(3)
lq )ijkl = 2(α(3)

qq )ijkl = −
g2W2

4M2
δijδkl, (αll)ijkl = − g2W2

8M2
(−δijδkl + 2δilδjk), (7)

where we use a hat for the corrected renormalizable couplings. This result agrees with the tree-
level result in17 (see also19). The complete one-loop result is too long to fit in this short review
but it will be included as an ancillary file in the arXiv submission of these proceedings.

4 Conclusions

In this short review we have introduced matchmakereft, a tool to perform tree-level and one-
loop matching of arbitrary theories onto arbitrary EFTs in a fully automated way. We have
also discussed how a tool like matchmakereft can pave the way for a completely automated way
of connecting experimental data with theoretical models of new physics via the construction of
IR/UV dictionaries. The leading, tree-level and dimension 6, dictionary is already available and
we are currently working on its extension to the next order in mass dimension and loop order.

After explaining the main matchmakereft features, that include, among others, the calcula-
tion of the finite matching up to one-loop order or the calculation of the anomalous dimensions
of arbitrary EFTs, we have discussed a non-trivial complete example in which we integrate out
a heavy vector triplet of SU(2)L with vanishing hypercharge, providing the complete matching
onto the SMEFT up to one-loop order.
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The landscape of future colliders
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I try to make the shortest possible, inevitably broad brush, discussion on the need for future
colliders, their aims and expected advancements that they will bring on our understanding of
fundamental physics. I will present the case for and the different options available to build
a Higgs boson factory. I will also detail the targets in physics beyond the Standard Model
that can be investigated operating machines, or using their data, with a different mindset of
the pure intensity study typical of the Higgs factory. I will concentrate on questions of key
importance for our picture of the micro and macro scale, stressing the results on the issues
that can find a definitive answer or a great degree of advancement at the future colliders.

1 Introduction

The SM of particle physics is extremely successful in the description of fundamental forces of
the electromagnetic, weak and strong type. Despite yielding very precisely verified predictions,
it has major shortcomings, e.g. it does not provide any description of gravity and misses to
reproduce some observations, e.g. those leading to the hypothesis of Dark Matter. In addition,
an attentive “reader” can see a number of puzzles on its parameters, e.g. the fermion masses
and mixings, the absence of interactions that would be allowed by the gauge principle e.g. the
G̃μνGμν term of QCD. Now that cosmology has its own Standard Model it is also possible to
find oddities and curious facts in the physics of the early Universe as ruled by the SM of particle
physics, such as the existence of a sizable net number of baryons in the Universe or its present
accelerated expansion.

The SM might be the last step of a path in which the laws that rule the Universe have been
written in the presently dominant language of symmetry and fields. A copernican change of
point of view might be around the corner either because we might realize that our Universe and
its fundamental interactions might be the result of peculiar accidents or specific dynamics might
emerge and entail the development of the Universe as it is, be it as an unavoidable consequence
of the dynamics, or just as fringe case in a multiverse of possibilities 1,2,3.

Particle accelerators are excellent tools to advance our knowledge on fundamental interac-
tions. The level of knowledge we have attained, with great aid from this kind of facilities, allows
to formulate the deep questions we recalled in the above paragraphs. The further knowledge

31



we may acquire from future accelerators can lead to revolutionary advancements and changes of
perspective for the field. Particle accelerators are frontier projects which can put us in position
to push the boundary of the unknown and for this reason tend to be rather large international
projects. The projects I will discuss in the following are proposed by scientific institution in
several geographic areas, often with already having a proposed site of operation, still the projects
are all intrinsically global, and for this reason we will try to keep a global view on the different
proposal and the advancements that each of them can bring to the field.

2 A Higgs factory

A great interest emerged in 2012 as the Higgs boson discovery was announced and the need for the
construction of a Higgs boson factory became clear. Such machine would be capable of studying
this particle couplings and properties in detail, leading us to understand the phenomenon of
electroweak symmetry breaking in a deeper way. Indeed, all the currently proposed projects for
future colliders have an extensive Higgs boson program, although each with its own specificity.

The first Higgs factory that will be built is the HL-LHC, which will produce some 200 million
Higgs bosons. As the LHC has proven to be very effective for the study of some properties of
the Higgs boson, the HL-LHC will continue on the track initiated by the LHC and will reach
an overall picture of the Higgs boson properties at the few percent level in the best cases.
The HL-LHC will probe in particular the “clean” modes of decay of the Higgs boson, which
are easily distinguished from the large background of pp scatterings. For instance, extremely
precise measurements of leptonic and photon modes are expected 4. At the same time some
some decay modes will remain more elusive and badly known, e.g. the most copious bb̄ channel.
For the study of this decay mode and other improvements a new machine will be needed.
Proposals include: i) a machine for the resonant production of a single Higgs, e.g. in the reaction
μ+μ− → h; ii) a two-body Higgs factory operating at or near the e+e− → Zh threshold; iii) a
machine capable of multi-body production mechanisms such as �+�− → hνν̄, which is dominated
t-channel exchange of a W boson and forward neutrinos, or other processes mediated a t-
channel Z/γ still characterized by the h boson being the most central particle in the final state.
In addition to these types of production channels one can consider also production modes in
association with fermions, e.g. �+�− → tt̄h, and higher order productions, e.g. �+�− → hZνν̄,
in both of which the h boson is accompanied by further large-angle particles.

The production mechanism that is envisioned for the Higgs factory is strongly correlated
with the center of mass energy at which the machine is supposed to operate and with the type
of machine that is imagined for the project. Resonant production μ+μ− → h clearly fixes the
center of mass energy at the Higgs mass. This option it is mostly discussed as a muon collider,
as the production from the e+e− initial state the Yukawa coupling of the electron would reduce
significantly the expected rates. The Zh production mode has its largest cross-section around
240 GeV center of mass energy and the best luminosity at this energy is achieved from e+e−

circular colliders. This production mechanism is also considered at 380 GeV, in particular at
linear machines, so that the Higgs factory can copiously produce top quarks, hence be both a
Higgs and a Top quark factory. The production of Higgs bosons in this setup is less copious
than at dedicated 240 GeV machines, in part due to the reduced cross-section and in part due
to the smaller luminosities that can be achieved at linear colliders. Therefore, linear collider
Higgs factories also foresee a higher energy stage up to the highest e+e− center of mass energy
proposal of the 3 TeV CLIC stage in which the Higgs boson production from t-channel W boson
processes largely dominates the production and can yield around 106 Higgs bosons, similarly to
dedicated Zh threshold machines. Pushing further along this line it is possible to envision a
very high energy lepton collider, that can produce largest amounts of Higgs bosons, up to 108

at a 30 TeV muon collider.

The physics reach of these Higgs factory projects roughly runs in parallel with the number of
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Higgs bosons produced, which sets the strength of any measurement that can be experimentally
carried out. In this metric a pole Higgs factory tends to underperform compared the projects
that exploit the Zh threshold production, whose performance can be further improved from a
t-channel factory if run at sufficiently high energy, the two options being on a par once 3 TeV
center of mass energy can be attained, considering luminosities of the FCC-ee and CLIC projects.
More ambitious projects on the machine side, such as muon collider above 3 TeV can increase
further the physics reach of the Higgs factory5. While each machine has its own specificity, and
may be able to constrain some combinations of couplings better than others, the projects under
consideration are all capable of bringing the knowledge of the Higgs boson well below the percent
level6. Especially after combination with the HL-LHC the results of a Higgs factory will give
us for the first time a sharp picture of the Higgs boson with sensitivity to new physics in the
10 TeV ballpark. Not only the energy scale at which we will be sensitive thanks to the Higgs
factory will be about one order higher than the present, we will also have sensitivity in basically
all types of final states, hence being able to probe any direction in which the new physics might
extends the electroweak sector of the SM.

3 Beyond the SM, beyond the Higgs factory

Future colliders will also have a great potential to discover new physics independently of the
Higgs physics program. Of course any hint of new physics, no matter where it might be observed,
will be scrutinized for possible links to Higgs bosons physics. However, it is important to stress
that the physics at which a future collider can be sensitive is potentially relevant for any of the
big open puzzles of the SM that we recalled at the beginning of these pages.

A great mystery of modern physics on which future collider may have a great opportunity for
discovery is the puzzle of Dark Matter. In fact, a leading candidate for dark matter is the WIMP,
a new particle with TeV mass and strength of its couplings to the SM around the size of the
weak gauge coupling. The large mass and the absence of color interaction for these dark matter
particles makes them very elusive even at the LHC. Thus it is very urgent to develop a thorough
program capable of probing this possibility for dark matter. Provided high enough center of
mass energy is achieved, a particle collider can hardly miss the existence of a new state charged
under the weak interactions. This makes future colliders excellent facilities to search for WIMP
dark matter. Exploiting the large fraction of center of mass energy that a lepton collider can
use to produce heavy particles, a very high energy lepton collider emerges a uniquely sensitive
machine to the existence of WIMPs. A WIMP that can be part of a perturbative extension of
the SM needs to be lighter than a fraction of 100 TeV 7, so there is a concrete chance to either
discover this new state in the 10-100 TeV ballpark 8,9,10, possibly in isolation, or a somewhat
more complex set of heavier states, including a WIMP dark matter candidate.

Another big question that can be studied in detail at future colliders is the nature of phase
transition between the unbroken regime and the broken phase of the electroweak interaction in
the history of our Universe. The strength of the phase transition is governed by the shape of
the Higgs boson potential, which can be significantly affected only by new physics not too far
from the mass scale of the Higgs boson itself. In absence of new physics the SM has a smooth
transition between the broken and unbroken phase, thus this phase transition does not qualify as
the source of non-equilibrium processes needed to solve cosmological puzzles such as the origin
of the net baryon number of the Universe. If new physics affects the Higgs boson potential so
much to alter the nature of the phase transition, then it has a great chance to yield observable
signals at colliders 11. Both proposed future lepton colliders and hadron colliders have a very
good potential to observe the agents of the modifications of the Higgs boson potential if the
modifications are large enough to make the phase transition a strong one 12,13,14.

Studies of the breaking of the electroweak symmetry and of the Higgs boson interactions can
also be carried out in a broader context, not necessarily using information from just the proper
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Higgs boson observables, i.e. its couplings, mass, width, etc. A broad and fundamental issue
that can be explored at future colliders is the point-like nature of the Higgs boson. A perfectly
point-like Higgs bosons implies that the SM can be a valid theory up to the most microscopic
scales, thus studying the potential effects from a finite size of the Higgs boson could give the
first hints of the breakdown of the SM 15. The potential to observe such new physics effects
grows significantly as the momentum transfer in the scatterings grows. Both hadron and lepton
colliders have at their disposal a full set of processes to study this type of new physics in detail,
thus a future particle collider emerges as an excellent magnifying glass for the Higgs boson.
The possibility to funnel basically all the beam energy into the hard scattering makes lepton
colliders very efficient to search for new couplings that arise from the extended size of the Higgs
boson16,17 enabling sensitivity to physics in the domain of hundreds of TeV, so much far above
the weak scale that one may start to wonder if the (un)naturalness of weak scale needs to be
investigated further in this way or other investigations altogether may be more useful to solve
the mystery of the origin of the weak scale.

4 Conclusions

Future colliders are tools uniquely positioned in the landscape of possible probes of new physics.
Indeed, a future collider is a uniquely sensitive probe of the nature of the Higgs boson and weak
interactions. Studies at these machines will enable a qualitative and quantitative advancement
of our understanding of the SM and it possible extensions, as they will probe new physics
decisively above the electroweak scale with very little chance for gaps and exceptions. A future
collider is an extraordinary powerful tool for crucial issues about the nature of Dark Matter and
the electroweak phase transition. Future colliders can attain conclusive results on motivated
scenario, such as a full probe of the idea of dark matter as a WIMP and the possibility that a
modified Higgs boson potential makes a strong first order electroweak phase transition.
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Centro de F́ısica Teórica e Computacional, Faculdade de Ciências,

Universidade de Lisboa, Campo Grande, Edif́ıcio C8 1749-016 Lisboa, Portugal.

ISEL - Instituto Superior de Engenharia de Lisboa,
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One of the simplest models that allows for an electroweak (EW) strong first order phase
transition (SFOPT) while having a Higgs with the observed mass of 125 GeV is the singlet
extension of the Standard Model (SM). We discuss two different phases of a complex singlet
extension of the SM. If the singlet has a zero vacuum expectation value (VEV) the situation is
exactly the same as in the SM with no SFOPT. However, when the singlet acquires a VEV, a
SFOPT is possible, giving rise to detectable gravitational waves (GWs) by LISA. The model
also provides a dark matter candidate. We have studied the impact of the SM particle masses
on the strength of the GWs spectrum. It turns out that the variation of the Higgs boson and
top quark masses within one standard deviation of the experimentally measured value has a
noticeable impact on GWs detectability prospects.

1 Introduction

If today’s Higgs potential results from an EW SFOPT in the Higgs vacuum that occurred in the
early Universe one could expect to find its remnants as primordial GWs that could be detected
in the near future 1,2,3. A SFOPT is needed to generate the observed baryon asymmetry 4 but
the SM fails to provide it due to the large Higgs boson mass. We have studied 5 an extension of
the SM by an extra gauge complex singlet that can trigger a SFOPT provided the singlet VEV is
non-zero (see also6,7,8). There is a connection between the parameters of the scalar potential, the
duration and latent heat of the SFOPT and the peak amplitude and frequency of the associated
primordial GW spectrum. Once points with a large enough peak amplitude to be detected in
the forthcoming experiments were found, two main problems were investigated: the dependence
of the peak amplitude and frequency with the SM particle masses and the dependence with the
singlet VEV.

2 Models and GWs detection

The Higgs potential is the SM potential plus a complex gauge singlet σ with a global softly-
broken U(1) symmetry,

V0(Φ, σ) = μ2
ΦΦ

†Φ+ λΦ(Φ
†Φ)2 + μ2

σσ
†σ + λσ(σ

†σ)2 + λΦσΦ
†Φσ†σ +

(1
2
μ2
bσ

2 + h.c.
)
, (1)

where Φ is the SM Higgs doublet and σ = 1√
2
(φσ + σR + iσI) with real σR and σI . h is the

Higgs boson field, which is a quantum fluctuation about the classical mean-field φh for which
φh(T = 0) ≡ vh = 246 GeV. The two scenarios to be discussed are:
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• Scenario 1 – only the doublet acquires a VEV whereas the singlet VEVs are both zero
at T = 0 i.e. φσ(T = 0) = 0. At finite temperatures, the real component may fluctuate
around a non-zero φσ(T );

• Scenario 2 – both the doublet and the real part of the singlet have non-zero VEVs at
T = 0, that is, φh,σ(T = 0) ≡ vh,σ. One of the CP-even scalar states is the SM-like Higgs
(125 GeV). The soft breaking term explicitly breaks U(1)L → Z2 providing a pseudo-
Goldstone mass to σI .

The physical quantities needed to describe the GW signals originating from EW FOPTs in
the early Universe are obtained from the effective potential 9,10,

Veff(T ) = V0 + V
(1)
CW +ΔV (T ) + Vct , (2)

written in terms of the tree-level potencial V0, the Coleman-Weinberg (CW) potential, V
(1)
CW

11,
the one-loop thermal corrections, ΔV (T ) 9 and the counterterm potential Vct (see 5 for the
complete expressions for each model). There are three temperatures relevant to the phase
transition: the critical temperature at which the effective potential has two degenerate minima;
the nucleation temperature, Tn, for which the true vacuum emerges and the FOPT becomes
efficient, which means that the transition probability is of order one per unit Hubble time and
Hubble volume; the percolation temperature, T∗, at which at least 34% of the false vacuum has
tunnelled into the true vacuum 12. The relevant parameters for the phase transition are:

• The strength of the phase transition, α, related to the latent heat released in the FOPT
at the bubble percolation temperature T∗ 13,14

α =
1

ργ

[
Vi − Vf − T∗

4

(
∂Vi

∂T
− ∂Vf

∂T

)]
, ργ = g∗

π2

30
T 4
∗ (3)

where ργ is the energy density of the radiation medium at the bubble percolation epoch
written as a function of the effective number of relativistic degrees of freedom 15,16,17,18. Vi

and Vf are the values of the potential before and after the phase transition.

• The inverse time-scale of the phase transition in units of the Hubble parameter H is

β

H
= T∗

∂

∂T

(
Ŝ3

T

)∣∣∣∣∣
T∗

, (4)

where Ŝ3 is the Euclidean action.

• We only consider the case of non-runaway nucleated bubbles following Ref. 18 to estimate
the spectrum of primordial GWs. The intensity of the GW radiation grows with the ratio
Δvφ/T∗, the order parameter, where

Δvφ = |vfφ − viφ| , φ = h, σ (5)

is the difference between the VEVs of the initial (metastable) and final (stable) phases at
the percolation temperature T∗.

3 Results and discussion

We consider only GWs originating from sound shock waves generated by the bubble’s violent
expansion in the early Universe. In Fig. 1 we show two pictures of the early universe. In the
left panel the singlet has no VEV at zero temperature and no SPOPT occurs, as is the case for
the SM. In the right panel we show a universe where the singlet has a VEV at zero temperature
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Figure 1 – Two pictures of the early universe. Left - the singlet has no VEV at zero temperature and no SPOPT
occurs. Right - the singlet has a VEV at zero temperature and a SFOPT may occur giving rise to GWs originated
from shock sound waves.

Figure 2 – The dependence of h2Ωpeak
GW on the Higgs boson mass mh1 (left) and on the top-quark mass (center).

In the right plot we present the corresponding variation for the parameters α, β/H and T∗, where the subscript 0
denotes the central values. For each point all other parameters of the model are fixed. The chosen original FOPT
(before parameters’ variation) is denoted by a red circumference. All masses are given in GeV.

and a SFOPT may occur giving rise to GWs. The impact of the SM parameters in the GWs
was done by first fixing the SM particle masses at their central values according to the PDG 19

followed by looking for points within the reach of the LISA experiment. For each point found
we then varied within 1σ and one at a time each of the fermion masses, from the electron to
the top quark, the W and Z bosons’ masses and the Higgs mass. We concluded that the only
SM parameters with a meaningful impact on the GW peak amplitude and frequency were the
top quark mass and even more so the Higgs boson mass. In Fig. 2 we show four points within
LISA’s reach for the scenario with a non-zero VEV, identified by a red circle. In the left column
we present the variation of the peak amplitude with the Higgs mass in the interval from 124.96
GeV to 125.24 GeV (1σ uncertainty), while keeping the remaining parameters of the SM and the
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ones from the dark sector constant. The maximum variation found for the peak amplitude was
250 % for the Higgs mass. For the top quark mass a maximal variation of 50 % was obtained
for mt varied between 172.46 GeV and 173.06 GeV.

4 Conclusions

We have discussed the observation of primordial GWs originating from a SFOPT. The variation
of the SM particle masses does indeed lead to noticeable differences both in the peak of the GW
power spectrum and on its frequency. The effect is more pronounced for the Higgs mass but
also true for the top quark mass. The remaining masses have a very mild, if any, impact on
GW spectrum. We should underline the point that the variation of the Higgs mass within the
measured experimental error can lead to at least 250 % magnitude change in the GW peak.

We also concluded that the exact same model but with two different phases at zero temper-
ature leads to very different results: no VEV in the singlet means a SM-like behaviour while if
the singlet has a VEV there are good chances of detecting GWs by LISA.
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Associated production of top quarks at ATLAS and CMS

Q. Y. Qin
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The latest measurements of the associated production of top quarks are summarised in this
contribution, including the production of tt̄Z, tt̄W , tt̄γ/tqγ and tt̄tt̄. All measurements are in
agreement with SM predictions. Several measurements demonstrate tension with the predic-
tion from theory computation or Monte Carlo generators, in particular in the measurement
of the inclusive cross section of tt̄W by the CMS experiment.

1 Introduction

The processes of associated production of top quarks usually have small production cross sections
(< 1 pb) and are therefore challenging to measure. However, they offer the unique opportunities
to access the top quark electroweak (EW) couplings, which are important for understanding the
mechanism of the electroweak symmetry breaking. Due to the often large energy involved in
the production, many of these processes are sensitive to heavy new physics. The measurement
of the differential production cross section can also be used to probe new physics beyond the
reach of the current collider energy. In the framework of the effective field theories (EFT), the
associated production of top quarks provides ultimate sensitivity to top quark related effective
operators. On the other hand, given the complexity of these processes, their prediction and
modelling are often difficult. These measurements provide a test ground for the relevant QCD
and EW calculations and the modelling provided by the MC generators.

In this contribution, the latest measurements performed by the ATLAS and CMS experi-
ments are presented, covering the production of tt̄Z, tt̄W , tt̄γ/tqγ and tt̄tt̄. This contribution
focuses on the measurements of the production cross section. The interpretation of these mea-
surements in the EFT context is detailed in these proceedings 1, which summarises the latest
constraints obtained from all relevant measurements.
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2 Measurements of the tt̄Z production cross section

The tt̄Z production cross section has previously been measured by the ATLAS and CMS experi-
ments inclusively and differentially with remarkable precision. No significant deviation from the
SM prediction was observed. To gain additional sensitivity to new physics contribution 1, the
CMS experiment performed a search for new physics in tt̄Z and tt̄H events with a boosted Z or
H boson using the full Run 2 dataset 2. The analysis uses events with one lepton and a boosted
Z/H → bb̄ candidate with pT > 200 GeV. The measured signal strengths are μtt̄Z = 0.65+1.05

−0.98
and μtt̄Z = −0.33+0.87

−0.65. The uncertainties compose of similar contributions from the limited
number of generated MC events, experimental uncertainties and theory uncertainties. Upper

limits at 95% CL on the cross section are derived in bins of p
Z/H
T , ranging from 2 to 8 times the

SM prediction.

3 Measurements of the tt̄W production cross section

The production of tt̄W is dominated by processes with the W boson coupled to the initial-state
quarks. A significant charge asymmetry is present due to the parton densities in the protons,
which can be exploited experimentally. It is sensitive to top-quark EW coupling and BSM
contributions via higher order contributions, in particular t-W scattering. The modelling of
tt̄W is challenging due to the complexity of the process, with significant contributions from
higher order QCD and EW corrections. The previous ATLAS and CMS measurements using
partial Run 2 data show higher central values than the prediction, but still in agreement within
the uncertainties. 3,4

With the full Run 2 dataset, the CMS experiment performed a measurement using events
with two same-sign and three leptons. 5 The results are compared to the state-of-the-art fixed-
order computations, as shown in Figure 1. The combined measurement reaches a precision of
∼7%, with largest contribution of 2.6% from the normalisation of the tt̄H background. The
measured inclusive cross section is compared with two predictions, both in tension with the
measurement. The cross section of tt̄W+ and tt̄W− are also measured separately, shown in
Figure 1 (right). The tt̄W+ to tt̄W− cross section ratio, Rtt̄W+/tt̄W− , is derived, allowing for a
reduced relative uncertainty due to partial correlations in systematic uncertainties. The cross
section ratio is measured to be Rtt̄W+/tt̄W− = 1.61+0.15

−0.14 (stat.)
+0.07
−0.05 (syst.) , higher than that

derived from the prediction shown in the figure, Rtheo.
tt̄W+/tt̄W− = 1.94+0.37

−0.24.

4 Probing t-γ coupling in tt̄γ and tqγ production

The production of tt̄γ and tqγ is sensitive to the t-γ coupling, as well as the charge and the
electric and magnetic dipole moment of the top quark. The photon in these events can be
radiated off the top quarks, the initial state quarks or the top quark decay products. Since it
is not possible to distinguish these contributions experimentally, the measurements are usually
performed inclusively for all contributing processes in a fiducial phase space.

The CMS experiment recently measured the tt̄γ production cross sections using dilepton
events 6. The measured inclusive fiducial cross section is σfid.(pp→ tt̄γ) = 173.5± 2.5 (stat.) ±
6.3 (syst.) pb. The result is in agreement with the prediction from MadGraph5 aMC@NLO
interfaced with Pythia8, 153±27 (scale⊕PDF) pb. The lower central value from the prediction
is due to the missing contribution with the photon from the top quark decay products. The
analysis unfolded 12 differential distributions including the kinematics and angular distributions
of the photon, leptons and jets in the final state. Discrepancies in the shape of the distributions
compared to the predictions were observed in some of the angular observables. Figure 2 presents
three distributions that are also measured by the ATLAS experiment 7. Similar discrepancies
between data and the predictions from MadGraph5 aMC@NLO can be observed from the
two experiments.
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Figure 1 – Measured tt̄W cross section for the inclusive production (left) and separately for tt̄W+ and tt̄W−

(right). The inclusive cross section measurements are compared with two predictions: one with NLO+NNLL
precision (black line); the other with NLO precision with up to two additional jets at LO implemented with an
improved FxFx matrix element (ME) merging scheme (red line). The separate tt̄W+ and tt̄W− measurements
are compared with a prediction with NLO+NNLL precision.
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Figure 2 – Absolute differential tt̄γ production cross sections as functions of pT(γ) (left), the minimum ΔR
between the photon and a lepton (middle) and the absolute Δη between the two leptons (right).

The production of tqγ is challenging to measure due to its relatively small production cross
section. The ATLAS experiment recently announced the first observation of tqγ production
with an observed (expected) significance of 9.1 (6.7) σ 8. This was achieved using events with
exactly one lepton, targeting semileptonically decaying top quarks. Different parton-level and
particle-level fiducial phase space definitions were used. The former is used to measure the
parton-level cross section, defined as the tqγ production cross section, σ(pp → tqγ), times the
top quark semileptonic decay branching fraction, BR(t → �νb). The cross section σ(pp →
tqγ) excludes the contribution from single-top-production events with a photon from the top
quark decay products (t → �νbγ). To reduce the model dependence, the particle-level cross
section is defined inclusively as σ(pp → tqγ) · BR(t → �νb) + σ(pp → tq) · BR(t → �νbγ).
It is expected that 20% of the events in the particle-level fiducial phase space are with the
photon from the top quark decay products. The results are compared to the predictions from
MadGraph5 aMC@NLO and Powheg as the ME generator, both interfaced with Pythia8
to model the parton shower and hadronisation. Events from tqγ production are generated
using MadGraph5 aMC@NLO, whilst the contribution from tq production are simulated
using Powheg. Both tqγ and tq productions are simulated at NLO QCD with the four-flavour
scheme parton density functions. In case of tq production, the photon from the top quark decay
products are modelled by Pythia8. Table 1 summarises the measurements from ATLAS and
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CMS and the corresponding predictions. In all cases, the measured cross section is higher than
the prediction by ∼ 40%. The ATLAS measurement has achieved a precision of ∼ 11%, with
the leading source of uncertainty originating from the tt̄γ background modelling of ∼ 6%.

Table 1: The summary of the measured tqγ production cross sections from the ATLAS and CMS experiments.
The different values are due to the difference fiducial phase space definition. The measurements are compared to
the corresponding predictions from MC generators. The CMS result corresponds to σ(pp → tqγ) · BR(t → 	νb),
measured in a fiducial phase space defined at particle level. 9

Measurement Prediction

ATLAS parton-level 580± 19 (stat)+65
−62 (syst) fb 406+25

−32 (scale⊕ PDF) fb

ATLAS particle-level 287± 8 (stat)+32
−31 (syst) fb 207+26

−11 (scale⊕ PDF⊕ PS) fb
CMS 115± 17 (stat) ± 30 (syst) fb 80± 4 (scale⊕ PDF) fb

5 Measurements of the tt̄tt̄ production cross section and HL-LHC perspectives

The production of tt̄tt̄ is extremely sensitive to heavy new physics due to the large amount of
energy required for the production of the four on-shell top quarks. Despite its tiny cross section
predicted by the SM, the latest result from ATLAS has reach an observed (expected) significance
of 4.7 (2.6) σ. 10 The results from the two experiments and the prediction are consistent within
uncertainties, whilst the ATLAS measurement is in slight tension with the prediction within
2 σ. Based on the results in Ref. 11, ATLAS projected the sensitivity to a dataset with an
integrated luminosity of up to 3000 fb−1. 12 The projection uses the scalar sum of all object pT
to discriminate the signal from backgrounds. The significance of the tt̄tt̄ signal is expected to
reach 5 σ with ∼1000 fb−1, and 6.4 σ with ∼3000 fb−1. The results demonstrate that the future
sensitivity depends on improved systematic uncertainties, of which a large contribution come
from the modelling of the signal and backgrounds.

6 Summary

This contribution demonstrates a prosperous programme on the measurements of the associated
production of top quarks at the LHC experiments. All measurements so far are compatible with
the SM predictions, whilst some of them have posted challenges on the relevant theory predic-
tions. More challenges and opportunities will be brought to the physicists with the upcoming
LHC Run 3 and future collider experiments.
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The latest results of the ATLAS and CMS experiments on top quark property measurements
and interpretations in the EFT framework are presented. All measurements are based on the
full LHC Run 2 dataset of approximately 138 fb−1 taken at

√
s = 13TeV.

1 Introduction

With the large amount of data taken during the Run 2 of the LHC, properties of top quarks
can be measured with high precision. This dataset of approximately 138 fb−1 is utilized by
the CMS and ATLAS experiments for various precision measurements of top quark properties.
Measurements are performed by the CMS collaboration of CP violation 1 in the production and
decay of top quarks and by the ATLAS collaboration of the energy asymmetry 3 of top quarks
and anti quarks and the top (anti) quark polarization 4 in single top t-channel production.
Interpretations of the energy asymmetry 3 and the top (anti) quark polarization 4 measurements
are performed in the effective field theory (EFT) framework. EFTs are used as a framework to
parameterize non Standard Model (SM) contributions to the known SM field theory (LSM) at
higher orders in an effective Lagrangian. The EFT corresponds to an approximation of non-SM
physics at a high energy scale Λ to the (in comparison) low energies accessible at the current
colliders. Operators Od

i of dimension d are added to the effective Lagrangian Leff as

Leff = LSM +
∑
i

ci
Λd−4O

d
i , (1)

where ci are coefficients representing the coupling strength of the corresponding operators, sup-
pressed by the scale Λd−4. This factor suppresses operators at higher orders, which leaves
dimension-6 operators as the prime interest of current EFT interpretations. Some dimension-6
operators and the associated coefficients ci, usually represented in the Wilson basis, can modify
couplings of top (anti) quarks and thereby affect the measurements of top quark properties.
With the high precision achieved in these top quark property measurements, small amounts of
hypothetical non-SM contributions modifying the top quark couplings could lead to detectable
differences in the measured quantities.

The large amount of data also facilitates high precision measurements of differential cross
sections of top quark anti quark pairs (tt̄) also in association with additional radiation of e.g. a
heavy boson. Small amounts of non-SM contributions modifying top quark couplings can affect
such differential distributions, opening up the possibilities to interpret the differential measure-
ments in the EFT framework due to the high precision of the differential measurements. Two
differential measurements are performed by the ATLAS collaboration 5,6, targeting tt̄ events in
the boosted regime, which are interpreted in the EFT framework. At the CMS collaboration
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limits on anomalous top quark couplings are set using tt̄ events produced in association with
a prompt photon 8,7 and Higgs or Z bosons 9. An additional measurement by the CMS col-
laboration 10 directly targets EFT coupling parameters in single top or tt̄ events produced in
association with a Z boson.

2 CP Violation

A measurement is performed by the CMS collaboration 1 to search for CP violation in the
production and decay of top quarks. For that purpose, four linearly independent observables
O3, O6, O12 and O14 are constructed. These four observables are triple products of spin- and
momentum vectors of the final state particles expected in tt̄ decays in the 1� channel.

To achieve sensitivty on CP violating effects, these operators are chosen such that they are
odd in time reversal. Under CPT invariance, asymmetries

ACP (Oi) =
Nevents(Oi > 0)−Nevents(Oi < 0)

Nevents(Oi > 0)−Nevents(Oi < 0)
, (2)

in these observables hint towards CP violating contributions. The measurement yields ACP

values compatible with zero for all four observables Oi with a precision of 0.1%. This constitutes
an improvement by a factor of three relative to a previous measurement with data taken by CMS
at 8TeV 2.

3 Top quark anti quark asymmetries

Asymmetries between top quarks and anti quarks in the production of tt̄ pairs are measured by
the ATLAS collaboration 3 targeting tt̄ pairs produced in association with another jet (tt̄+j).
The asymmetries are measured as differences in the energy of the top quarks and anti quarks.
As the asymmetry primarily originates in quark-gluon or quark-quark induced tt̄ production
modes, the boosted regime at high energies, which favors these production modes, is used. This
measurement is performed differentially in the jet scattering angle θj of the additionally radiated
jet. A high sensitivity in this measurement is achieved by defining the differential jet scattering
angle based on the boost direction yttj of the full tt̄+j system. The result of this measurement
confirms the SM prediction, that the top anti quark is on average produced at higher energies
than the top quark, at around 3%, depending on the jet scattering angle θj .

The measurement of this energy asymmetry is sensitive to the chirality and color charge of
the associated top (anti) quarks. Therefore, an additional interpretation in the EFT framework
is performed, probing six different four-quark EFT operators which can affect the chirality and
color charges of tt̄ production and thereby the measured energy asymmetries. The probed
dimension-6 Wilson coefficients are all found to be compatible with zero. Two dimensional
profiles of the Wilson coefficients show a higher sensitivity on operators corresponding to an
effective coupling with an octet color structure, compared to operators corresponding to effective
couplings with a singlet color structure. Furthermore, color singlet operators with right and left
handed top quarks cannot be constrained in a two dimensional plane where the absolute values
of both operators are the same. These blind spots are reduced for color octet operators with
right and left handed top quarks due to interferences with gluons. These two dimensional profiles
are shown in Figure 1.

4 Top (anti) quark polarization

At the ATLAS experiment 4 a measurement of the polarization of top (anti) quarks is performed
in the single top t-channel production mode. Top quarks are expected to be polarized to a
large degree along the momentum of the spectator quark in single top t-channel production.
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Figure 1 – Two dimensional profile of Wilson coefficients for effective couplings with a singlet (left) and octet
(right) color structure with left-handed (vertical axes) and right-handed (horizontal axes) top quarks.

Similarly, top anti quarks are expected to be polarized to a large degree along the momentum of
the incoming light quark. These two directions are correlated strongly due to the high rapidity
expected from the spectator quark.

Events are categorized into eight octants of a coordinate system based on the direction of
the charged lepton from top (anti) quark decay in the top (anti) quark reference frame. One
axis is parameterized along the spectator quark momentum and another axis orthogonal to the
incoming light quark. The measurement yields a +91±10% and a −79±16% polarization of top
quarks and anti quarks, respectively, along the spectator quark momentum. The polarization
along the other coordinate axes are found to be compatible with zero. This result is shown in
Figure 2 on the left. This measurement constitutes for the first time a separate measurement of
top quark and anti quark polarization in single top quark production.

This measurement of the top (anti) quark polarization is sensitive to changes in the tWb
vertex present in the single top quark production mode. Therefore, an interpretation of this
measurement in the EFT framework is performed, probing the real and imaginary components
of the ctW dimension-6 Wilson coefficient which effectively modifies the tWb interaction. A dif-
ferential measurement of two of the three polarization angles is performed as shown in Figure 2
on the right. The polarization angles are the angles of the charged lepton w.r.t. the three previ-
ously defined coordinate axes in the top (anti) quark rest frame. The resulting two dimensional
profile of the Wilson coefficient components is found to be compatible with zero.

5 Anomalous top couplings in tt̄

At the ATLAS experiment 5 a differential measurement of boosted tt̄ events is performed in the
1� channel. Anomalous top couplings in the tt̄ production mode are probed via two dimension-6
Wilson coefficients, one representing an anomalous top-gluon interaction and the other a four-
fermion interaction involving the two top (anti) quarks. The differential distribution of the
transverse momentum of the hadronically decaying top quark, is used to probe these Wilson
coefficients in one and two dimensional profiles. The results are compatible with the SM expec-
tation of zero for both Wilson coefficients.

Additionally, a result shown in Figure 3 is presented showing the gain in sensitivity on the
Wilson coefficients from differential information. This result shows, that the sensitivity on the
top-gluon interaction operator is already high when only including a single bin of the differential
distribution, as this operator mostly only affects the overall tt̄ production rate. With only one
bin included, the measurement is, however, blind to the probed four-fermion operator. Only
after including more differential information in the measurement a similar sensitivity is achieved
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Figure 2 – Left: Polarization of top quarks and anti quarks in the two dimensional Pz′ and Px′ plane. The z′

direction is defined along the spectator quark momentum in the top (anti) quark rest frame. Right: Differential
distribution of the charged lepton polarization angle in the x′ direction. Dashed and dotted lines show different
hypotheses for non-zero Wilson coefficients.

Figure 3 – Exclusion limits in a two dimensional profile of a top-gluon operator (horizontal axis) and a four-
fermion interaction operator (horizontal axis). Different colors are different ranges of the differential distribution
considered in the calculation of the limits.

also on the four-fermion operator, as this operator mainly changes the differential distribution
and not the overall event yield.

Similarly, the ATLAS collaboration6 also performs a differential analysis of boosted tt̄ events
in the 0� channel. This analysis also includes a probe of seven dimension-6 Wilson coefficients
associated to four-fermion operators. The differential distribution of the transverse momentum
of the leading top quark is used in the EFT reinterpretation. The measurement is performed in
one and two dimensional profiles of the Wilson coefficients which are all compatible with zero.

6 Anomalous top couplings in tt̄+γ

At the CMS collaboration differential measurements of the tt̄+γ process, i.e. the production
of a prompt photon γ in association with the tt̄ pair, are performed. Two measurements are
performed, in the 2� 7 and 1� 8 channels. In both measurements the distribution of the photon
transverse momentum is reinterpreted in the EFT framework, probing the real and imaginary
components of the dimension-6 OtZ operator. This operator modifies the couplings of top (anti)
quarks to Z bosons and photons. One and two dimensional probes of these Wilson coefficients
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are performed. The results are compatible with zero and also show good agreement between the
1� and 2� channels.

7 Anomalous top couplings in tt̄+Z/H

A measurement of tt̄+H and tt̄+Z processes is performed by the CMS collaboration 9 in a
boosted regime in the 1� channel. In the measurement the soft-drop mass of a large-radius jet,
which contains the collimated heavy boson decay products, is used to differentiate between Higgs
an Z boson associated processes. Additionally, a neural network is employed to differentiate
between the signal processes and other tt̄ processes. These distributions in bins of the soft-drop
mass, the neural network score and also the transverse momentum of the large-radius jet are
used to determine the signal contributions of the tt̄+H and tt̄+Z processes.

As these processes give access to possible modifications in the coupling of the Z or Higgs
boson to top (anti) quarks, the above mentioned distributions are reinterpreted in the EFT
framework to constrain eight dimension-6 Wilson coefficients affecting tt̄+Z/H production. The
measurement is performed independently for each Wilson coefficient and in two dimensional
profiles. All results are compatible with the SM expectations of zero.

8 Anomalous top couplings in t(t̄)+Z

Anomalous top couplings are constrained in a measurement by the CMS collaboration 10 di-
rectly designed towards a search for new top quark interactions. The measurement targets the
production of top (anti) quarks in association with Z bosons, either in t+Z or tt̄+Z production
modes. A new measurement approach is employed, where neural networks are directly trained
to identify events with anomalous top quark interactions. Sensitivity of the neural network on
events with anomalous top quark interactions is achieved by training simulated events that are
SM-like against simulated events with non-zero Wilson coefficients which affect the event kine-
matics. Five different dimension-6 Wilson coefficients are probed. The simulated events used for
the training of the neural networks are sampled from a wide range of values of these five Wilson
coefficients to assert sensitivity on a wide range of possible scenarios. Results are provided for
one, two and five dimensional profiles of these coefficients. All results are compatible with the
SM expectations of zero.
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Measurements of single top and rare top quark production may be sensitive to theories of
physics beyond the standard model (SM), including those in which the energy scale of new
physics is beyond the energies directly accessible at the Large Hadron Collider. Such models
may be observable through signatures like forbidden SM interactions or deviations of the top
quark’s couplings from the SM predictions. An overview of recent searches from the ATLAS
and CMS Collaborations is presented, with a focus on flavor-changing neutral currents.

1 Introduction

a The standard model of particle physics (SM) is known to be incomplete; its inability to pro-
vide viable candidates for dark matter and dark energy and its inability to explain the observed
matter-antimatter asymmetry are examples of its multiple shortcomings. Despite strong moti-
vation for physics beyond the standard model (BSM), searches at LHC experiments have not yet
found conclusive evidence of its presence. This lack of discovery motivates the possibility that
BSM phenomena may be present at energies which are beyond those directly accessible at the
LHC, as well as experimental searches for signatures of these theories. The top quark may serve
as a sensitive probe of such models, through signatures forbidden in the SM like flavor-changing
neutral currents (FCNCs) and charged lepton flavor violation (CLFV) or through modifications
of the top quark’s couplings.

An overview of recent searches and measurements from the ATLAS 1 and CMS 2 Collabo-
rations is presented. Searches for FCNCs are described in section 2, CLFV in section 3, and
measurements of single top quark production in association with a Z boson are summarized
in section 4. Unless noted otherwise, the searches presented use the full Run 2 dataset from
the LHC, corresponding to integrated luminosities between 137 and 139 fb−1. Several of the
presented analyses interpret results in the context of the effective field theory (EFT) framework,

aCopyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license.
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Figure 1 – Current experimental exclusion limits on the top quark FCNC branching fractions from ATLAS (blue)
and CMS (red), with ranges of predicted branching fractions for various BSM models in shaded bands. Figure
taken from Ref. 12.

which parametrizes deviations from the SM in terms of coefficients of dimension-six operators
added to the SM Lagrangian (SMEFT) 3,4.

2 Flavor-changing neutral currents

In the SM, flavor-changing quark decays mediated by netural currents are forbidden at tree
level. While they are allowed in higher-order diagrams, their rates are suppressed by the
Glashow–Iliopoulos–Maiani mechanism and Cabibbo–Kobayashi–Maskawa unitarity constraints,
resulting in SM branching fractions which are less than 10−12 5, well below current LHC sensi-
tivity. Any observation of FCNCs would then be an unambiguous sign of new physics. A variety
of BSM models predict enhanced rates of t → Xq, where X may be any of the neutral bosons:
photon (γ), gluon (g), Z boson (Z) or Higgs boson (H). Searches for FCNC interactions often
exploit two distinct production modes: the associated production of a single top quark with a
neutral mediator via an up or charm quark (Fig. 1 left) and the decay of a top quark to a neutral
mediator and an up or charm quark in tt̄ production (Fig. 1 middle). The current experimental
limits on the top quark FCNC branching fractions are summarized in the right-panel of Fig. 1.

2.1 Searches for FCNCs with t→ Hq

A search for t → Hq FCNC interactions with the Higgs boson decaying to a bottom quark-
antiquark pair with is presented by the CMS Collaboration 6. The search uses a partial Run 2
dataset corresponding to an integrated luminosity of 101 fb−1. Leptonic decays of the top quark
are targeted by using single lepton (e and μ) triggers to reduce the large multi-jet background.
A boosted decision tree (BDT)-based discriminant is used in a binned likelihood fit to extract
a potential signal. No excess above the background prediction is observed and the subsequent
95% confidence level (CL) observed (expected) upper limits on B(t→ Hu) are 0.079% (0.110%)
and on B(t→ Hc) are 0.094% (0.086%).

A search for t→ Hq FCNC interactions in final states with two photons is presented by the
CMS Collaboration 7. Despite its small branching fraction of 0.2%, the H decay to two photons
benefits from small backgrounds and good resolution of the invariant mass of the diphoton
system (mγγ), typically between 1 and 2 GeV. An ensemble of BDTs is trained to distinguish
the signal from two classes of backgrounds: SM H production modes (resonant backgrounds) and
other SM processes (non-resonant backgrounds). The data are consistent with the background-
only hypothesis and the resulting 95% CL upper limits on B(t→ Hu) are 0.019% (0.031%) and
on B(t→ Hc) are 0.073% (0.051%), which are the most stringent experimental limits to-date.
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A search for t → Hq FCNC interactions in events with a pair of τ -leptons is presented
by the ATLAS Collaboration 8. At least one tau lepton is required to decay hadronically, and
is identified with a deep neural network (DNN), while the other tau lepton may decay either
hadronically or to an electron or a muon. Events are categorized by the number of jets, number
of leptons (e or μ), and number of hadronic taus. Discriminants based on the output of BDTs
are then used to extract a potential signal. A slight excess above the background prediction is
observed in both the search for t→ Hu and for t→ Hc, with a statistical significance of 2.3σ in
both cases. The observed (expected) 95% CL upper limits are 0.072% (0.036%) for B(t→ Hu)
and 0.099% (0.050%) for B(t→ Hc), as shown in Fig. 2.

2.2 Searches for FCNCs mediated by a gluon, Z boson, or photon

A search for t → gq FCNC interactions is presented by the ATLAS Collaboration 9. As gluon-
initiated jets are produced in huge numbers in pp collisions, the analysis searches only for FCNC
interactions mediated by a gluon through single top associated production. Exactly one lepton
(e or μ), at least one hadronic jet, and missing transverse momentum are required in the final
state. The kinematics of the signal process vary depending on whether the quark in the initial
state is a valence quark, the dominant production mechanism for u + g → t, or a sea quark,
the dominant production mechanism for c + g → t. Two separate DNNs are trained for each
case.There is no observed excess above the background prediction and 95% CL upper limits of
0.61 × 10−4 and 3.7 × 10−4 are set on B(t → gu) and B(t → gc), respectively. In the EFT
framework, limits on the Wilson coefficients of dimension-6 operators are |Cut

uG|/Λ2 < 0.057
TeV−2 and |Cct

uG|/Λ2 < 0.14 TeV−2.
A search for t→ Zq FCNC interactions is presented by the ATLAS Collaboration 10. Events

are required to have three leptons (e or μ), two of which must form an opposite-sign same-flavor
pair with a mass within 15 GeV of mZ . An ensemble of BDTs is used to further separate signal
from the SM backgrounds.No excess is observed and 95% CL upper limits on the branching
ratios for B(t→ Zu) (B(t→ Zc)) of 6.2× 10−5 (13× 10−5) are set in the cases of a left-handed
coupling and 6.6× 10−5 (12× 10−5) in the case of a right-handed coupling.

A search for t → γq FCNC interactions is presented by the ATLAS Collaboration 11. The
analysis utilizes a final state with exactly one photon, one lepton (e or μ), one b-tagged hadronic
jet, and missing transverse momentum. A multiclass DNN is used to assign events to one of the
signal production modes (single top FCNC production or tt̄ FCNC decay) or background. The
data are consistent with the background-only hypothesis and the resulting 95% CL upper limits
on B(t → γu) (B(t → γc)) are 0.85 × 10−5 (4.2 × 10−5) in the cases of a left-handed coupling
and 1.2× 10−5 (4.5× 10−5) in the case of a right-handed coupling.
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Figure 2 – Observed and expected limits on B(t → Hc) vs. B(t → Hu) in the H → ττ final state 8 (left), and
differential cross sections as a function of pT (Z) at the particle-level 14 (right).
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3 Charged lepton flavor violation

A search for charged lepton flavor violation in both single top quark associated production and
tt̄ decay is presented by the CMS Collaboration13. Recent measurements of B meson decays are
in tension with SM predictions and may hint at violation of lepton universality. Some models of
new physics proposed to explain these tensions, such as certain leptoquark models, also imply
charged lepton flavor violation with a branching fraction of t → llc (l = e or μ) of O(10−6).
Events in this analysis are required to have an opposite-sign e/μ pair and at least one b-tagged
jet. The region with more than one b-tagged jet is used as a control region to model the dominant
tt̄ background, while the region with exactly one b-tagged jet serves as a signal region. A BDT is
trained with the missing transverse momentum and lepton & jet kinematics to distinguish signal
from tt̄. No significant excess is found and 95% CL upper limits on B(t→ eμu) (B(t→ eμc)) are
found to be 0.13× 10−6 (1.31× 10−6), 0.07× 10−6 (0.89× 10−6), and 0.25× 10−6 (2.59× 10−6)
in the cases of vector, scalar, and tensor CLFV interactions, respectively.

4 Measurements of single top quark production in association with a Z boson

The first differential measurement and the most precise inclusive measurement to-date of tZq
production in final states with three leptons are presented by the CMS Collaboration 14. Two
of the three leptons must form an opposite-sign same-flavor pair with an invariant mass within
15 GeV of mZ . Events are then categorized by the multiplicities of jets and b-tagged jets and
the outputs of multivariate classifiers are used to extract the signal strength. The ratio of
the observed cross section to the SM prediction is μtZq = 0.933+0.080

−0.077 (stat)+0.078
−0.064 (syst) and is

the most precise determination to-date. Differential measurements, like that of the transverse
momentum of the Z boson shown in Fig. 2, are performed at both parton- and particle-level and
found to be in agreement with the SM predictions in both the four- and five-flavor schemes.

5 Summary

Searches for signatures of new physics in single and rare top quark production from the AT-
LAS and CMS collaborations are presented, including those for flavor-changing neutral currents,
charged lepton flavor violation, and measurements of the tZq process. Results are so far con-
sistent with the SM predictions, further restricting the allowed ranges for a variety of BSM
theories, as shown in Fig. 1. While no evidence of new physics is found, the larger datasets
expected from Run 3 and the HL-LHC will help to further clarify the landscape.
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Status of the Muon g − 2 Experiment at Fermilab

E. Bottalico - on behalf of Muon g − 2 Collaboration
INFN Sez. Pisa, Università di Pisa

The Muon g− 2 Experiment at Fermilab (E989) aims to measure the magnetic anomaly (aμ)
with a final precision of 140 part-per-billion (ppb). The first result on the Run-1 dataset was
published on April 7, 2021, showing a very good agreement with the previous experimental re-
sult from Brookhaven National Laboratory (BNL) and improving the uncertainty by achieving
a precision of 460 ppb compared to BNL’s 540 ppb. The corresponding experimental aver-
age increases the significance of the discrepancy between the measured and Standard Model
predicted aμ to 4.2σ. I will present this high-precision measurement and the current work
towards a new result on the muon anomaly that aims, with Run-2/3, to reach a statistical
uncertainty of ∼200 ppb and a systematic uncertainty of 100 ppb. This result will be an
important piece to clarify the g − 2 puzzle.

1 Introduction

The magnetic moment of a lepton with spin s, charge q, mass m and gyromagnetic ratio g is
defined as:


μl = gl

(
q

2ml

)

s. (1)

Dirac predicted ge = 2 for the electron (and, consequently, any spin 1
2 elementary particle)2.

Schwinger proposed an additional contribution to the electron magnetic moment from a radia-
tive correction, predicting the magnetic anomaly ae =

ge−2
2 = α/2π 
 0.00116 in agreement with

experiment 3. The theoretical calculation showed how each sector of the Standard Model con-
tributes, through the vacuum polarization, to the estimate of aμ. At the Muon g−2 Experiment
at Fermilab, polarized muons, with a momentum of 3.1 Gev/c, are injected into a superconduct-
ing storage ring of 15 meters in diameter. In the rest frame, the muon’s spin rotates with a
frequency proportional to the g-factor according to the Larmor precession formula:


ωS = g
e

2m

B. (2)

In the same time, the relativistic muons are collected in the storage ring and orbit with a
frequency defined by the cyclotron frequency:


ωC =
e 
B

mγ
. (3)
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By computing the two quantities ωC and ωS in the lab frame, we can define a new quantity
obtained from their difference that represents the rotation frequency of the muon spin relative
to its momentum, called 
ωa. This frequency (called “anomalous precession frequency”) is the
“g− 2 frequency” and, together with the measurement of the storage ring magnetic field, forms
the most important observable of the g − 2 experiment. The most general expression of 
ωa is:


ωa ≈ 
ωS − 
ωC =
e

m

[
aμ 
B −

(
aμ − 1

γ2 − 1

)
(
β × 
E)− aμ

(
γ

γ + 1

)
(
β · 
B)
β

]
. (4)

We can simplify this expression and cancel the effect of the E-field by choosing a specific value
for the Lorentz boost. This cancellation occurs at the ”magic momentum” of pμ = 3.094 GeV/c

which corresponds to γ =
√
1 + 1

aμ
≈ 29.3. The experiments from CERN III 5 to E989 use the

magic momentum to reduce the influence of the E-field on the muon beam in the storage ring.
In this configuration, the relationship between aμ and B is reduced to:


ωa = aμ
e 
B

m
, (5)

from which we evaluate 
ωa and the B-field to obtain aμ. In E989, the muon magnetic anomaly
is computed as:

aμ =
ge
2

ωa

ω̃p
′
μp

μe

mμ

me
, (6)

where ge
2

μp

μe

mμ

me
are external quantities measured with very high precision. R = ωa

ω̃p
′ is the quan-

tity measured by the Muon g − 2 Collaboration, where ω̃p
′
represents the equivalent precession

frequency of a proton shielded in a spherical sample of water.

2 ωa measurement

In the Muon g − 2 Experiment at Fermilab, polarized muons are produced by pion decay. Due
to the parity violation in the weak muon decay, produced high-energy positrons are emitted
preferably along the muon’s spin direction. The emitted positrons are detected by 24 electro-
magnetic calorimeters, which measure the energies and arrival times of the positrons. Each of
the calorimeters is made up of 54 (1296 in total) crystals of lead fluoride (PbF2) read by silicon
photomultipliers (SiPM). By counting the number of positrons over a certain energy range over
the time, the precession frequency of the muon spin is measured; together with the measurement
of the magnetic field, this allows us to extract aμ. The simplest description of the positron time
modulation is:

N(t) = N0 · e−t/τ · (1 +Acos(ωa · t+ ϕa)). (7)

Due to the beam’s motions around the ring, a 22-parameter fit function is needed to account
for vertical and radial beam oscillations and muon losses that affect the determination of aμ.
Such frequencies can be seen by the Fast Fourier Trasform (FFT) of the fit function residuals
as shown in Figure 1, where the FFTs of the fit functions are shown.

3 ωp measurement

The magnetic field is measured by a suite of pulsed-proton NMR probes. Every ∼3 days during
data taking, a mobile set of 17-probe NMR probes, carried on a device called the trolley, measures
the field at about 9000 locations in azimuth to provide a set of 2D field maps while 378 pulsed
NMR probes located outside the beam region continuously monitor the field. To average the
magnetic field weighted by the muon distribution in time and space, the rates of detected
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Figure 1 – The red dashed curve shows the FFTs for the 5-par fit function in which peaks of the main frequencies
are shown (ωCBO, ωV W , ωy). The black solid line shows the FFT for 22-parameter fit function1.

positrons and the distribution measured by the trackers are used. The interpolated field maps
are averaged over periods of roughly 10s and weighted by the number of detected positrons
during the same period. We determine the muon-weighted average magnetic field by summing
the field moments multiplied by the beam-weighted projections for every three-hour interval. In
Figure 2, the superposition of the azimuthally averaged field contours over the muon distribution
is shown.

Figure 2 – Azimuthally averaged magnetic field contours ω
′
p(x, y) overlaid on the time and azimuthally averaged

muon distribution M(x, y) 1.

4 Run-1 result

The first result on the Run-1 dataset was published on April 7, 2021, showing a very good
agreement with the previous experimental result from BNL, see Figure 3. The corresponding

Figure 3 – From top to bottom: experimental values of aμ from BNL E821, this measurement, and the combined
average. The inner tick marks indicate the statistical contribution to the total uncertainties. The Muon g − 2
Theory Initiative recommended value 6 for the SM is also shown1.

59



experimental average increases the significance of the discrepancy between the measured and
Standard Model predicted aμ to 4.2σ 1.

5 Run-2/3 improvements

The Muon g− 2 Collaboration is currently analysing the Run-2/3 data taken between 2018 and
2020. The expected statistical uncertainty is ∼200 ppb together with a ∼ 100ppb systematic
uncertainty. During these two years of data taking, many hardware improvements were done:

• Fixed the damaged resistors in the Electrostatic Quadrupole System (ESQ), which affected
the beam during Run-1 and caused an increase of the systematic uncertainty on ωa;

• Stabilized the main magnet thermals (through a coating of the magnet)

• Stabilized the hall thermals to within 1◦C. The temperature comparison between runs is
shown in Figure 4.

• Fixed the non-ferric fast kicker system, which facilitated the centering of the muon beam7.

Figure 4 – From the left to the right, the magnet temperature in Run1-2-3.
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Dispersive approach to HVP for muon G-2

Z. ZHANG
Laboratoire de Physique des 2 infinis Irène Joliot-Curie – IJCLab, CNRS/Univ. Paris-Saclay

15 rue Georges Clémenceau, 91405 Orsay cedex, France

The dispersive approaches to the hadronic vacuum polarisation contributions to the muon
anomalous magnetic moment aμ are described. The main issues are discussed followed by
perspectives in the next years.

1 Introduction

Vacuum polarisation (VP) originates from quantum fluctuations in the exchange of gauge bosons
occurring in particle interactions. The muon anomalous magnetic moment aμ is sensitive to such
quantum fluctuations in all three sectors, QED, Weak and QCD, of the Standard Model. The
measurement of aμ has a long history and a strong interplay with the theoretical predictions 1.
The measurement is dominated by the recent Run-1 result of the Fermilab g − 2 experiment 2

and the earlier BNL measurement 3. They are in good agreement and their average gives
116 592 061(41)×10−11 a. The comparison with the prediction of 116 591 810(43) provided by the
White Paper 4 of the Muon g − 2 Theory Initiative results in, however, a 4.2σ tension between
the two. The theory prediction receives dominant contributions from QED with a negligible
uncertainty. The hadronic vacuum polarisation (HVP) contribution, due to the fluctuations
involving strongly interacting particles, includes the leading-order (LO), higher-order (HO) and
light-by-light scattering components. The LO component, aHad,LO

μ , has the largest uncertainty
of 40, to be compared with the total uncertainty of 43 for aμ. It is evaluated using the traditional
dispersive approaches.

2 How are the evaluations performed ?

The HVP contributions are induced by fluctuations of quark-antiquark pairs. They can be
computed at large energy scales in perturbative QCD but not at low scales due to the non-
perturbative nature of QCD at large distance. Using unitarity and analyticity, the imaginary
part of the two-point correlation (or HVP) functions is connected to spectra of hadron production

aThe units of 10−11 will be omitted for simplicity in the following.
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Figure 1 – Left: contributions to the total hadronic R-ratio from different final states (plot taken from Ref. 7).
Right: total hadronic R-ratio as a function of

√
s (plot taken from Ref. 8).

from e+e− annihilation via a spin-one photon propagator by the dispersion relation 5:

aHad,LO
μ =

1

3

(
α

π

)2 ∫ ∞

m2
π

ds
K(s)

s
R(0)(s) . (1)

The integration kernel 6 K(s)/s ∼ s−2 strongly emphasises the low-energy part of R(s) ≡
σ(e+e− → hadrons)/σ(e+e− → μ+μ−).

The HVP evaluation with the dispersive approaches is thus data-driven and the precision
depends directly on the precision of the e+e− → hadrons cross-section data. A large number of
exclusive hadronic final states have been measured over a large energy range by many different
experiments at e+e− colliders in two general categories: 1) energy scan at different centre-of-
mass energies

√
s, e.g. CMD2/3 and SND at VEPP-2M/2000; 2) varying energies

√
s′ from a

fixed value of
√
s using the technique of radiative return with a hard photon emitted from the

initial state radiation (ISR), e.g. KLOE at DAPHNE φ-factory, BABAR at PEP-II B-factory,
and BES III at BEPC II collider. The number of final states and their cross sections as a function
of energy can be appreciated from Figure 1 (left). The dominant final state is e+e− → π+π−

which contributes about 73% to aHad,LO
μ and 58% to its uncertainty.

Two groups, DHMZ and KNT, have performed since about 2 decades several complete
evaluations of all exclusive final states below 1.8 GeV and 1.937 GeV, respectively. The two
groups use different approaches for the data combination and uncertainty estimation.

The combination and integration by DHMZ uses a dedicated package HVPTools deployed
first in Ref. 9. It transforms the bare cross-section data and associated statistical and systematic
covariance matrices into fine-grained bins, taking into account the correlations between the
measurements of one experiment, as well as inter-experiment and inter-final-state correlations.
The bin size is typically 1 MeV and smaller for the ω and φ resonances. The interpolation
between adjacent measurements of a given experiment uses second-order polynomials, to avoid
potential bias when using the linear trapezoidal interpolation. The averaging of the interpolated
measurements from different experiments is performed using pseudo-data generated from the
original measurements within wider averaging region so that all locally available experiments
contribute. The uncertainty of the average is inflated if the local χ2/dof is greater than 1
following the PDG procedure. For the dominant π+π− final state, the aHad,LO

μ evaluation at
energies below 0.6 GeV uses constraints from unitarity and analyticity. The evaluation of the
total hadronic R-ratio for energies up to 5 GeV is shown in Figure 1 (right).

The data combination by KNT for a given final state is performed using an iterative pro-
cedure by minimising a χ2 function comparing the linear-model interpolant cross section values
of clusters against direct measurements 7. The cluster size depends on local data density and
the correlation of measurement uncertainties is taken into account in the fit. The fit gives the
mean R values, a covariance uncertainty matrix, and local χ2

min/dof for each cluster, with dof
being the number of degree of freedom within a cluster. The quantity aHad,LO

μ is derived using
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trapezoidal integration between clusters. The uncertainty of KNT’s recent evaluations is also
inflated using χ2

min/dof.
The HVP prediction in the White Paper was obtained in a conservative merging procedure

using the evaluations of these two groups 10,8 together with a partial evaluation in the π+π− and
π+π−π0 final states11,12 with constraints from unitarity and analyticity. The procedure accounts
for tensions among the measurements, for differences in methodologies in the combination of
experimental inputs, and for correlation between systematic errors.

3 What are the issues ?

The main issue concerns the discrepancy between two most precise measurements from BABAR
and KLOE in the dominant π+π− final state. The DHMZ group studied the discrepancy by
removing either of them from the evaluation and found a difference of 27.6 which is included in
the channel-specific systematic uncertainty to this final state shown in Table 1 (adapted from
Table 5 in Ref. 4). Among the selected final states shown in the table, the difference between
the two evaluations for some of the channels is larger than the quoted uncertainties from one
evaluation reflecting again their different methodologies.

Unfortunately, the π+π− is not the only problematic case. Differences between different
measurements are also observed in other final states, such as K+K− around the φ resonance
peak8. It should be noted that it is difficult to determine kaon detection efficiency with precision
for CMD-2/3 and SND and easier for BABAR with large ISR photon energies.

Table 1: Selected exclusive-mode contributions to aHad,LO
μ from DHMZ19 and KNT19, for the energy range

≤ 1.8 GeV. Where three (or more) uncertainties are given for DHMZ19, the first is statistical, the second channel-
specific systematic, and the third common systematic, which is correlated with at least one other channel.

DHMZ19 KNT19 Difference
π+π− 5078.5(8.3)(32.3)(5.5) 5042.3(19.0) 36.2

π+π−π0 462.1(4.0)(11.0)(8.6) 466.3(9.4) −4.2
π+π−π+π− 136.8(0.3)(2.7)(1.4) 139.9(1.9) −3.1
π+π−π0π0 180.3(0.6)(4.8)(2.6) 181.5(7.4) −1.2
K+K− 230.8(2.0)(3.3)(2.1) 230.0(2.2) 0.8
KSKL 128.2(0.6)(1.8)(1.5) 130.4(1.9) −2.2
π0γ 44.1(0.6)(0.4)(0.7) 45.8(1.0) −1.7

Sum of the above 6260.8(9.5)(34.8)(14.7) 6236.2(22.7) 24.6
[1.8, 3.7] GeV (without cc̄) 334.5(7.1) 344.5(5.6) −10.0

J/ψ, ψ(2S) 77.6(1.2) 78.4(1.9) −0.8
[3.7,∞) GeV 171.5(3.1) 169.5(1.9) 2.0
Total aHad,LO

μ 6940(10)(35)(16)(1)ψ(7)DV+QCD 6928(24) 12

4 Perspectives

The Fermilab Run-1 result has an uncertainty of 54, which is statistics dominated. The uncer-
tainty is expected to be improved by a factor of 2 with the subsequent runs in the next years and
eventually by a factor of 4 with its final measurement. The uncertainty of the HVP prediction
has to be reduced concurrently.

The most important and urgent task is to understand the discrepancy between BABAR
and KLOE. To resolve the discrepancy, new ideas, improved event generators, and mostly new
measurements with higher precision and using a blind approach are needed.

Since the release of the White Paper, a new measurement of the π+π− final state between 525
and 883 MeV by SND has been published 13. Above ∼ 750 MeV, the measurement, though with
a limited systematic uncertainty of 0.8% for

√
s > 600 MeV, seems to be in better agreement

with BABAR than with KLOE. There are also two new measurements for the π+π−π0 final

63



state by SND in the energy range of 1.15−2.0 GeV 14 and by BABAR in the energy range of
0.62−3.5 GeV 15. The latter measurement is measured with a systematic uncertainty of 1.3% in
the energy regions of the ω and φ resonances. This final state has the second largest cross section
after π+π− below 1 GeV which contributes currently with a precision of 3% to aHad,LO

μ . The
BES III has published a new R measurement at 14 energy points between 2.2324 and 3.6710 GeV
with an accuracy of better than 2.6% below 3.1 GeV and 3% above 16. The measured cross
section is, however, higher than the corresponding KEDR result 17 and perturbative prediction,
in particular in the energy regions 3.4−3.6 GeV by 1.9 and 2.7 standard deviations. There are
also attempts to improve the uncertainty for the π0γ and KK̄ final states 18,19 using constraints
from analyticity, unitarity, and crossing symmetry as well as low-energy theorems, though they
are not the dominant final states contributing to aHad,LO

μ .

One surprise after the publication of the White Paper is the Lattice prediction of aHad,LO
μ

by BMW 20 which has dramatically improved the previous Lattice predictions by many factors
to reach a precision of 0.8% and has a value lying in between the direct measurements and
the dispersive prediction with a deviation of 1.5σ and 2.1σ, respectively. If this result will be
confirmed with comparable precision by the other Lattice groups, the discrepancy between the
dispersive and Lattice predictions must be understood.
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Hadronic light-by-light contribution to the muon g − 2:
lattice QCD and dispersive approaches

Jeremy R. Green
School of Mathematics and Hamilton Mathematics Institute, Trinity College, Dublin 2, Ireland

The uncertainty of the Standard Model prediction for the muon’s anomalous magnetic mo-
ment is dominated by hadronic contributions. Unlike the hadronic vacuum polarization, the
hadronic light-by-light (HLbL) contribution can not be obtained from experimental data via
a simple dispersion relation. In recent years, older model-based calculations for the HLbL
contribution have been supplanted by two independent approaches: dispersion theory and
lattice QCD. These two methods have reduced the uncertainty while being in agreement with
each other and with the model calculations. It is now clear that the HLbL contribution is too
small to explain the discrepancy between theory and experiment.

1 Introduction

The anomalous magnetic moment of the muon, aμ ≡ (g − 2)μ/2, is one of the most precisely
known obervables in particle physics, from both theory and experiment. With the publication
of the result from Run 1 of the Fermilab E989 experiment 1, in combination with the earlier
result from BNL E8212, it has now been measured to 0.35 ppm. The Standard Model prediction
is by far dominated by QED contributions, but at the current precision QCD and electroweak
contributions cannot be neglected. The Muon g− 2 Theory Initiative was formed to coordinate
the theory community and recommend a single value, which was published in its first White
Paper (WP) 3. There is a 4.2σ discrepancy between the experimental and theoretical values:
aexpμ − aWP

μ = (251± 59)× 10−11.
The uncertainty of the WP prediction is dominated by the hadronic contributions shown

in Fig. 1, aHVP
μ = 6845(40) × 10−11 and aHLbL

μ = 92(18) × 10−11. These represent rather
different calculations: the hadronic vacuum polarization (HVP) is a simple object but requires
subpercent precision, whereas aHLbL

μ is determined from a complicated QCD four-point function
but the target precision is roughly ten percent.

Figure 1 – HVP (left) and HLbL (right) contributions to aμ.

2 Dispersive approach

The dispersive approach is based on identifying unambiguous contributions to the HLbL ampli-
tude involving on-shell intermediate states 5,6 as shown in Fig. 2. The expectation is that the
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= + + · · · = + + + · · ·

Figure 2 – On-shell intermediate states in the dispersive approach. Left: π0-pole and two-pion cut contributions
to the HLbL amplitude. Right: pion box and other contributions to the two-pion cut. Adapted and reproduced
from Ref. 4 (CC BY 4.0).

most important contributions come from low-lying states, so that a robust data-driven treat-
ment of them combined with a more model-dependent estimate of higher-energy contributions
will yield an acceptable uncertainty.

In the WP, data-driven dispersive estimates are provided for contributions from π0, η, η′-
poles 7,8,9, π,K-boxes 6,4,10, and S-wave ππ rescattering 4, summing to 69.4(4.1)× 10−11. These
are related to hadronic observables such as the π0γ∗γ∗ transition form factor (TFF) and the
pion vector form factor.

Contributions from the exchange of neutral scalar, tensor, and axial vector mesons are
estimated using the narrow width approximation with models for their TFFs 11,12,13,14,10,15.
Additional higher-energy contributions based on quark loop and Regge models are also included
in order to satisfy known short-distance QCD constraints 16,17,18. With a conservative linear
addition of errors due to the model dependence, this category sums to 20(19)× 10−11.

The last category in the WP is the heavy-quark contributions, which were estimated18 based
on a charm-quark loop as 3(1) × 10−11. Summing these categories with errors in quadrature
yields the WP dispersive estimate, aHLbL

μ = 92(19)× 10−11.

2.1 Neutral pion pole contribution

In the dispersive approach, the largest contribution is aπ
0-pole

μ , which can be written as an integral
of the product of known weight functions with two factors of the TFF Fπ0γ∗γ∗(−Q2

1,−Q2
2). The

integral is over spacelike kinematics with one TFF doubly virtual and the other singly virtual,
and the weight functions are peaked for Q between 0 and 1 GeV.

There are a number of experimental constraints on the TFF. The normalization at Qi = 0 is
known precisely from the π0 → γγ decay width 19 and the slope is also well constrained from π0

Dalitz decay20,21. For singly-virtual spacelike kinematics, there have been several measurements
of the TFF at e+e− colliders22,23,24,25,26, and a doubly-virtual measurement is planned at BESIII.

The WP quotes three different estimates for Fπ0γ∗γ∗ and resulting estimates for aπ
0-pole

μ . The
first uses a dispersive approach which, in a microcosm of the dispersive approach for aHLbL

μ , de-
composes the TFF into contributions from ππ intermediate states 8 while also being constrained
by measurements of the TFF. The second is based on experimental TFF data and uses Can-
terbury approximants, a sequence of rational functions, to describe the TFF 7. Finally, there
is a direct lattice QCD calculation of the TFF 9. All three methods are in good agreement

concerning aπ
0-pole

μ .

3 Lattice QCD

Lattice QCD calculations of aHLbL
μ have been pursued by two collaborations: RBC 27,28,29,30,31

and the Mainz group32,33,34,35,36,37. These are based on calculating the position-space HLbL four-
point function Π̃μνσλ(x, y, z) ≡ 〈jμ(x)jν(y)jσ(z)jλ(0)〉, where jμ is the quark electromagnetic
current, and integrating it with a kernel that contains the muon and photon lines.

There are several quark Wick-contraction topologies that contribute to the four-point func-
tion, shown in Fig. 3. Two of them are dominant: the fully-connected diagrams and the (2+2)-
disconnected that have two quark loops each connecting two currents. Both of these are im-
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Figure 3 – Quark Wick-contraction topologies contributing to the four-point function. From left to right: fully-
connected, (2 + 2)-disconnected, and three kinds of subleading diagrams.

portant, and there is a large cancellation between them: for the case of only u and d quarks,
the π0-pole contribution is enhanced by a factor 34/9 in the fully-connected diagrams, and this
enhancement is cancelled by the (2 + 2)-disconnected diagrams 38.

The first complete calculation was published by RBC 31. This was done using a lattice
discretization in finite volume for the photon and muon lines. A consequence of using massless
photons in a finite volume is systematics that scale as 1/L2, where L is size of the periodic box.
Performing a double extrapolation to zero lattice spacing and infinite volume, they obtained

a
HLbL(uds)
μ = 79(31)(18)× 10−11, which does not include the charm quark contribution.

The Mainz group employs a precomputed kernel, determined using continuum infinite-
volume photon and muon lines. An advantage of this approach is that finite-volume effects
occur only due to QCD and are suppressed as e−mπL/2. RBC has also been pursuing a version
of this approach30; in particular, they introduced “subtractions” that modify the kernel without
changing the outcome for aHLbL

μ in the infinite-volume and continuum limits. It turns out that
subtractions are essential for improving the approach to these limits. The Mainz group’s cal-
culations 35,36 were done using heavier-than-physical pion masses, which is numerically cheaper,
both because this requires a smaller range of scales in the lattice calculation but also because
the cancellation between fully-connected and (2 + 2)-disconnected diagrams is milder. These
calculations also included all subdominant Wick contractions, which were found to be negligi-
ble. The final result required a triple extrapolation in pion mass, lattice spacing, and box size,

yielding 36 a
HLbL(uds)
μ = 107(16)× 10−11, again neglecting charm quarks.

4 Summary

Results for aHLbL
μ are summarized in Table 1. Calculations based on dispersive methods and

lattice QCD have confirmed the earlier model predictions while reducing the uncertainty. It
should also be noted that a recent preprint from the Mainz group37 reported a lattice calculation
of the charm-quark contribution, obtaining 2.8(5)× 10−11 which is in good agreement with the
WP dispersive result but with half its uncertainty.

It is now clear that the HLbL contribution is not large enough to explain the discrepancy of
aμ between theory and experiment. Thus, the HVP is the most important target for improving
the Standard Model value of aμ. Still, the uncertainty of the HLbL contribution should be
improved to about 10% in order to take full advantage of the planned final precision from
Fermilab E989.

Table 1: Calculations of aHLbL
μ , excluding the charm-quark contribution, from dispersive and lattice methods, as

well as earlier model estimates.

Method Ref. 1011a
HLbL(uds)
μ

model PdRV 2009 39 103(26)
model N/JN 2009 40,41 116(39)
model J 2017 13 98(28)
dispersive WP 2020 3 89(19)
lattice RBC 2020 31 79(35)
lattice Mainz 2021 36 107(16)
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Standard Model multibosons at CMS and ATLAS a

Andrea Massironi, on behalf of the ATLAS and CMS collaborations

INFN Milano-Bicocca,
Edificio U2, Piazza della Scienza 3, 20126 Milano, Italy

Multiboson measurements in ATLAS and CMS reached a high level of precision with the LHC
Run 1 and Run 2 data taking. In this report the most recent results of di-boson (WW, WZ,
ZZ, Vγ), tri-boson (WWW, WWZ, WZZ, ZZZ), and rare production mechanisms (electroweak
and photon-induced) will be shown. The common elements and strategies will be highlighted
in a synoptic way.

1 Introduction

The A Toroidal LHC ApparatuS (ATLAS) 1 and Compact Muon Solenoid (CMS) 2 experiments
are general-purpose experiments at the Large Hadron Collider (LHC) at CERN, designed to
search for the Standard Model (SM) Higgs boson, for new physics beyond the SM (BSM), as
well as provide the most precise measurements of SM processes, that can be used to test models
and tools, and to provide hints of new physics. From the long list of SM processes, multiboson
ones span over a huge window of cross sections, as shown in Fig. 1, where the most updated
cross section measurements by ATLAS are shown.

Figure 1 – Several cross sections of standard model processes as measured by the ATLAS experiment 3

aCopyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license
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In the following di-boson (WW, WZ, ZZ, Vγ), tri-boson (WWW, WWZ, WZZ, ZZZ), and rare
production mechanisms (electroweak and photon induced) will be shown.

2 Di-boson

Di-boson measurements are key ingredients that need to be well modeled for Higgs and BSM
searches. They are used to tune MC predictions, and are considered standard candles where
comparison between data and simulation can be used to look for unexpected detector effects
and improvement in the generators used.
With about 140/fb of data recorded in LHC Run 2 data taking, the analyses moved from
simple discovery mode of inclusive cross section measurement to precision physics and differential
measurements with high statistical precision. These measurements are also indirect search for
new physics, with the Effective field Theory (EFT) approach. Some measurements are based
on partial LHC Run 2 data, given the large cross sections and since the results are limited by
systematic and theory uncertainty. In addition changes in LHC configuration or experiments
settings would make the addition of more data not efficient.
The WW fully leptonic results are based on 2015 and 2016 data (about 36/fb) and focus on
fiducial cross section measurement and unfolded differential distributions4,5. As for most of the
analyses here described, the leptons are “dressed” (photons with a η/ϕ distance of less than 0.1
are added to the charged particle). The leptons must have a transverse momentum of at least 20
to 30 GeV while jets, reconstructed with the anti-kt algorithm with an R parameter set to 0.4,
must have a transverse momentum of 30 GeV. These selections are loosened in case of higher
multiplicity of charged leptons, but can be considered as a baseline for most of the measurements
here described. In Fig. 2 the azimuthal difference between the two charged leptons is shown.

Figure 2 – The azimuthal difference between the two charged leptons coming from WW fully leptonic decays,
unforlded to the fiducial phase space, is shown for ATLAS (left) and CMS (right) 4,5.

The WZ fully leptonic results are based on 2015 and 2016 data (about 36/fb) for ATLAS 6 and
137/fb for CMS 7. The high purity of signal over background, once 3 isolated charged leptons
are required, allowed to perform differential measurements as well as cross section measurements
and ratio of W+Z over W−Z cross section. A good agreement with the most precise and accurate
MC calculations is found.
The ZZ fully leptonic analysis is looking for a rare process and is based on 2015 and 2016 data
(about 36/fb) for ATLAS 8 and full Run-2 (137/fb) for CMS 9. The analysis has reached a
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precision that requires NNLO calculations to match the experimental accuracy. A comparison
of the fiducial cross-section at different center-of-mass energies is shown in Fig. 3.

Figure 3 – The measured and fiducial cross-section at different center-of-mass energies is shown for ATLAS 8 and
CMS 9.

3 Tri-boson

Tri-boson measurements require full LHC Run 2 statistics to achieve sensitivity. CMS 10 and
ATLAS 11 have recently published inclusive tri-boson search, namely WWW, WWZ, WZZ, and
ZZZ, while ATLAS has observed exclusively WWW production 12. Being very rare processes,
advanced machine learning techniques are used to isolate the signal over a large background,
mainly dominated by di-boson samples.

4 Rare production mechanism

Electroweak production of di-bosons and photon-induced di-boson are among the rarest pro-
cesses that have been measured so far in CMS and ATLAS. For this reason, they require the
full LHC Run 2 statistics.
The electroweak processes are characterized by a clean signature, namely two energetic jets
largely separated in pseudorapidity, a reduced theoretical uncertainty compared to QCD produc-
tion, and they are directly sensitive to the electroweak symmetry breaking mechanism. Among
the most recent results, Z(ll)γ both by ATLAS 14 and CMS 13, show good agreement between
expected and measured fiducial cross-sections. In Fig. 4 the distribution of the invariant mass
of the two jets in the event in the signal region is shown.
Another similar final state, whose result has been released recently by ATLAS and that shows
good agreement between data and the prediction is the electroweak production of Z(νν)γ 15.
The WW and WZ electroweak production in the semileptonic final state (lνjj) has been mea-
sured by CMS, with a slight deficit of observed signal events compared to the predictions 16,
while the opposite sign electroweak WW production has been observed for the first time lately
by CMS 17.
The photon-induced WW process has been used by CMS as a means to investigate anomalous
couplings, exploiting also the Precision Proton Spectrometer (PPS)/TOTEM 18,19 for the re-
construction of the kinematics of the events 20. ATLAS has observed the same rare production
mechanism 21 with more than 5 standard deviations, exploiting the clean signature of no tracks,
in addition to the ones associated to the electron and muon from W boson decays.
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Figure 4 – Signal regions for ATLAS (left) and CMS (right) for the electroweak measurement of Z(ll)γ process14,13.

5 Summary

The precise knowledge of di- and tri- bosons processes is a key ingredient to test the SM, and
a hint into possible new physics, either via direct BSM searches or indirectly through EFT
fits. Many analyses have been performed by ATLAS and CMS collaborations exploiting LHC
Run 2 data and more are in the pipeline. Some analyses are statistically limited, thus creating
interesting opportunities for LHC Run 3.

References

1. ATLAS Collaboration, JINST 3, S08003 (2008)
2. CMS Collaboration, JINST 3, S08004 (2008)
3. ATLAS Collaboration, ATL-PHYS-PUB-2022-009 http://cdsweb.cern.ch/record/

2804061

4. ATLAS Collaboration, Eur. Phys. J. C 79 (2019), 884
5. CMS Collaboration, Phys. Rev. D 102 (2020), 092001
6. ATLAS Collaboration, Eur. Phys. J. C 79 (2019), 535
7. CMS Collaboration, CERN-EP-2021-163 arXiv:2110.11231 [hep-ex].
8. ATLAS Collaboration, JHEP 04 (2019), 048
9. CMS Collaboration, Eur. Phys. J. C 81 (2021), 200

10. CMS Collaboration, Phys. Rev. Lett. 125 (2020), 151802
11. ATLAS Collaboration, Phys. Lett. B 798 (2019), 134913
12. ATLAS Collaboration, CERN-EP-2021-243, http://cds.cern.ch/record/2800889
13. CMS Collaboration, Phys. Rev. D 104 (2021), 072001
14. ATLAS Collaboration, ATLAS-CONF-2021-038 https://cdsweb.cern.ch/record/

2779171

15. ATLAS Collaboration, Eur. Phys. J. C 82 (2022), 105
16. CMS Collaboration, CMS-SMP-20-013, https://cds.cern.ch/record/2776799
17. CMS Collaboration, CMS-SMP-21-001, https://cds.cern.ch/record/2791336
18. TOTEM: Technical Design Report, CERN-LHCC-2004-002 (2004); addendum CERN-

LHCC-2004-020
19. TOTEM collaboration, JINST 3, S08007 (2008).
20. CMS Collaboration, CMS-SMP-21-014. https://cds.cern.ch/record/2803716
21. ATLAS Collaboration, Phys. Lett. B 816 (2021), 136190

72



Exclusive hadronic cross sections and other recent hadronic BaBar results

Sandrine Emery-Schrenk on behalf of the BaBar collaboration
IRFU/DPhP, CEA centre de Saclay
91191 Gif-sur-Yvette cedex, France

We report on recently published cross sections measurements by the BaBar experiment 1,2,3

using the full dataset of 469 fb−1. The study of e+e− leading to multiple pions (or η) is useful
for calculating the hadronic contribution to the anomalous muon magnetic moment (g−2). We
will focus on the e+e− → π+π−π0 channel1 which is associated to the second largest hadronic
contribution to g − 2 after the two pions channel. The contibution to g − 2 associated to
e+e− → π+π−π0 is estimated using this new BaBar result alone 1. The uncertainty on this
contibution to g − 2, is improved by a factor of two compared to previous estimations based
on measurements from different experiments.

1 Physics motivations

The discrepancy between the measurement of the anomalous muon magnetic moment 4 and the
Standard Model predictions based on the dispersive approach 5,6 is an incentive to reduce the
uncertainties on those predictions.

The anomalous muon magnetic moment predicted by the Standard Model (SM) is the sum
of QED, electroweak (EW ) and strong interaction (had) contributions:

aSMμ = aQED
μ + aEW

μ + ahadμ

The small hadronic contribution is associated with the dominant uncertainty on the total
Standard Model prediction. It is estimated 5 at the lowest order (LO) using cross sections
measurements of e+e− → hadrons channels from various experiments:

ahad LO
μ =

1

4π3

∫ ∞

m2
π

K(s)σ0
hadronsds

where K(s) is a precisely known QED kernel function, and σ0
hadrons is the bare cross section

including final state radiation.
The e+e− → π+π−π0 channel studied in 1 is associated to the second largest hadronic

contribution to g − 2 after the two pions channel, and its contribution to the total uncertainty
on ahad LO

μ is important.
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The recently e+e− → π+π−π0 published result 1 is based on the full BaBar dataset, which
corresponds to about five times more data compared to the dataset used for the previous BaBar
result 7. Moreover, the new result uses the data at a center of mass energy below 1.05 GeV,
where most of the data is available (Fig. 1), which was not done for the previous analysis 7. In
this lower center of mass energy region, results from other experiments are also available, and
can be compared to, in order to evaluate the global uncertainty on ahad LO

μ from the dispersive
approach5. The analysis of this lower center of mass energy region is more difficult, as resonances
like ω(782) and φ(1020) lead to variations of amplitude in the cross-section of several orders of
magnitude.

Figure 1 – Left: cross section of the e+e− → π+π−π0 channel measured by different experiments, as a function
of the center of mass energy. Right : principle of the method using events with a high Initial State Radiation
Photon to measure the cross section as a continuous function of the energy.

Two other BaBar new cross section results 2,3 also contribute to the calculations in the
dispersive approach. They are part of a long list of BaBar results on different e+e− → hadrons
channels published since 2004, including some measured for the first time.

2 Cross section measurements

The measurements are based on the full dataset (469 fb−1) recorded by the BaBar experiment
at the Υ(4s) resonance and below. To measure the cross section as a continuous function of the
center of mass energy, the Initial State radiation (ISR) method (Fig. 1 5) uses selected events
that include a high energy (> 3 GeV) ISR photon.

The measured cross section of a given hadronic channel like e+e− → π+π−π0 + γISR can
be precisely related 5 to the cross section of the channel e+e− → π+π−π0 at a center of mass
energy (

√
s(1− x) = M3π invariant mass) lower than the e+ and e− beams energy (

√
s) :

dσ(s, x, θγ)

dx× dcosθγ
= W (s, x, θγ)× σs(s(1− x))

where x =
2EγISR√

s
andW is a precisely determined radiator functionW related to the probablility

of emission of the ISR photon.

The final state is fully reconstructed with all hadrons in the BaBar detector; about 10 % of
the ISR photons are produced in the BaBar fiducial region (30 < θγ < 150). Cross sections can
be measured down to the final state production threshold. We measure the cross section at all
s′ values simultaneously. We require that the energy of the ISR photons is higher than 3 GeV.
After selecting the different particules of the final state 1, a requirement on the quality of the
kinematic fit of the event is applied. Other selections are used to reduce the backgrounds. The
remaining ISR and qq background is then substracted. For this we use either simulation in the
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M3π < 1.1 GeV region, or data selected with looser kinematic fit quality requirements, for the
invariant mass M3π > 1.1 GeV region where the background is higher and many ISR processes
are not simulated.

It is essential to understand the detector resolution effects, on the reconstructed M3π invari-
ant mass, as its distribution varies by several orders of magnitude in the presence of resonances:
several resolution models were tested to unfold the measured spectrum. The cross section is
then extracted from a fit of the unfolded spectrum of the the invariant mass M3π, based on a
Vector Dominance Model (V DM). In the V DM model, the contributions from five resonances
(decaying into 3 pions) dominate the global amplitude (ω(782), ω(1420), ω(1680), φ(1020) and
ρ(770)). Some precisely know parameters of resonances amplitudes and phases are taken from
external measurements, as other parameters are fitted (Table 1). TheM3π distribution measured
with the data agrees with the fit (Fig. 2 1).

Table 1: Results of the BaBar V DM fit compared to measurements from other experiments.

Parameter BaBar 1 Comparison
Γ(ω → e+e−)β(ω → π+π−π0) (0.5698± 0.0031± 0.0082) keV WA : (0.557± 0.011) keV
Γ(φ→ e+e−)β(φ→ π+π−π0) (0.1841± 0.0021± 0.0080) keV WA : (0.1925± 0.0043) keV

β(ρ→ π+π−π0) (0.88± 0.23± 0.30)× 10−4 SND : (1.01+0.54
−0.34 ± 0.34)× 10−4

(φρ − φω) −(99± 9± 15)◦ SND : −(135+17
−13 ± 9)◦

Figure 2 – M3π invariant mass in ranges of increasing invariant mass, from top to bottom and left to right. The
BaBar data (dots) agree with the simulation (histograms). The different colors and line styles of histograms stand
for different models.

The e+e− → π+π−π0 cross section measured by BaBar is compared 1 to the SND 8,9,10 and
CMD-211,12 experiments results. The agreement is good, though some difference between BaBar
and SND is observed around 1.25 and 1.5 GeV.

Studies of other hadronic channels were also recently published by BaBar 2,3, using similar
events selection as for e+e− → π+π−π0. Many branching fractions and cross sections are
measured for the first time :

• e+e− → π+π−4π0 or e+e− → π+π−3π0η: the paper 2 also includes cross section measure-
ments for e+e− → ω3π0, ωπ+π−π0, and ωη.
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• e+e− → 2(π+π−)3π0 or e+e− → 2(π+π−)2π0η: the paper 3 also includes cross section
measurements for e+e− → ωπ+π−2π0, ηπ+π−2π0, and η2(π+π−).

3 e+e− → π+π−π0 contribution to (g − 2)μ.

Using the e+e− → π+π−π0 cross section measurement by BaBar alone, the contribution of the
three pions channel to (g − 2)μ is calculated 1 and agrees with other calculations, based on
the dispersive approach and previous measurements from several experiments (Table 2). The
accuracy of this new BaBar result 1 is about a factor of two better:

a3πμ × [10−10] = 45.86± 0.14± 0.58 M3π < 2.00GeV (1)

(2)

The BaBar result uncertainty is dominated by systematic errors, mostly due to to the un-
certainty on the detector reconstruction efficiency.

Table 2: Contribution to aμ from three pions calculated from BABAR result for different invariant mass ranges
(top part of the table), and compared to other dispersive calculations based on cross sections previous measure-
ments from several experiments (bottom part of the table). The two lines of each part of the tables (M3π < 2.00
GeV) can be directly compared. The third error on the first line is associated to mass scale differences between
BaBar and other experiments.

M3π GeV/c2 a3πμ [10−10] Reference

0.62− 1.10 42.91± 0.14± 0.55± 0.09 BABAR PRD 104, 11203 (2021)
1.10− 2.00 2.95± 0.03± 0.16
< 2.00 45.86± 0.14± 0.58
< 1.80 46.21± 0.40± 1.40 Eur. Phys. J. C 80, 241 (2020)
< 1.97 46.74± 0.94 PRD 101, 014029 (2020)
< 2.00 44.32± 1.48 Springer Tracts Mod. Phys. 274, 1 (2017)
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ATLAS data collected at LHC are used to perform advanced B-physics measurements. High
precision analysis of weak decays of B0

s and B0
d mesons search for effects beyond SM. New

b-quark fragmentation measurement will serve to improve MC modelling of backgrounds to
discovery channels. Production and decay properties of doubly heavy flavour B+

c mesons are
studied in several decay channels and confronted with theory models.

1 Introduction

Results of B-physics analysis presented here are based on LHC proton-proton collisions recorded
by ATLAS experiment 1 over years 2011-2012 (Run1) and 2015-2018 (Run2) at centre of mass
energies

√
s = 7, 8 and 13 TeV, respectively for Run1 and Run2. a

2 CP violation in B0
s → J/ψφ

B0
s → J/ψ(μ+μ−)φ(K+K−) decay is used to measure a CP-violation phase φs potentially

sensitive to New Physics (NP). In the Standard Model (SM) φs is related to the CKM elements
φs 
 2 arg[−(VtsV

∗
tb)/(VcsV

∗
cb)] and predicted with a high precision, φs = −0.03696+0.00072

−0.00082 rad
by CKMFitter group2. The latest ATLAS measurement3, combining Run1 with 2015-2017 data
from Run2, is compared with SM and other LHC experiments in Figure 1, left. All experiments
are consistent with SM, while there is still a space for NP. Research will continue with remaining
Run2 and upcoming Run3 data.

3 Rare decays B0
(s) → μ+μ−

In the case of B0
(s) → μ+μ−, SM predictions are very precise, with 6-8% uncertainties. NP

models predict higher or lower rates. Analysis of these decays is especially challenging due
to their small yields, caused by FCNC process suppression, small CKM elements and helicity
selection rules. Using Run2 data from 2015 and 2016 combined with Run1 data, the decay rates
for B0

(s) → μ+μ− channels were determined as follows: Br(B0
s → μ+μ−) = 2.8+0.8

−0.7 × 10−9 and

Br(B0
d → μ+μ−) < 2.1.× 10−10. In the same paper 4, ATLAS published the likelihood contours

of the simultaneous fit to Br(B0
s → μ+μ−) and Br(B0

d → μ+μ−), see Figure 1, right. Results
are compatible with SM within 2.4 σ.

aCopyright 2022 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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Figure 1 – Left: likelihood contours of 68% confidence level for φs −ΔΓ measured by LHC experiments in decay
channel B0

s → J/ψ(μ+μ−)φ(K+K−), Figure taken from 3. Right: likelihood contours for the simultaneous fit to
Br(Bs → μ+μ−) and Br(Bd → μ+μ−) decay rates, for likelihood values −2Δ ln(L)= 2.3, 6.2, 11.8, Figure taken
from 4.

4 Properties of b-quark fragmentation to B± → J/ψK±

New ATLAS measurement of the b-quark fragmentation 5, based on full Run2 data, is using
an exclusive decay B± → J/ψK±. The results will serve to improve the MC modelling of
backgrounds to discovery channels. A distribution of prelT - the transverse projection of the B±

momentum to an associated b-jet axis, shown in Figure 2, left, is compared with the models used
currently in ATLAS simulations. There is a reasonable agreement with all Pythia fragmentation
models, while Herwig models and partially also Sherpa (cluster) model visibly deviate from data.
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Figure 2 – Left: Results for prelT distributions for the b-jet momenta 50 GeV < pT < 70 GeV, Figure taken from 5.
Right: The production cross section of the B+

c meson relative to the B± (times the corresponding branching
fractions) for two bins in pT (black data points) and for the inclusive bin (horizontal band), Figure taken from 6

5 Measurement of relative B+
c /B

+ production at
√
s = 8 TeV

Measurement of B+
c production cross section 6, was done relative to the B+ one, using de-

cays: B+
c → J/ψπ+ and B+ → J/ψK+, respectively. This method allows a cancellation of

most of the factors contributing to acceptance of these two processes in ATLAS detector and
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triggers. A cross section ratio in the entire fiducial volume pT(B) > 13 GeV, |y(B)| < 2.3 is
[σ(B+

c ) ·Br(B+
c → J/ψπ+)]/[σ(B+) ·Br(B+ → J/ψK+)]= (0.34± 0.04 (stat) +0.06

−0.02 (syst))%.
The measurement is also done in two pT bins, see Figure 2, right. It shows that with growing
pT the B+

c cross section falls faster than B+ one, while the result also does not exclude a flat
dependency.

6 Study of B+
c → J/ψD

(∗)+
s decays with

√
s = 13 TeV

Measurements of decay probabilities of B+
c → J/ψD+

s and B+
c → J/ψD∗+s relative to B+

c →
J/ψπ+ channel provide valuable information for theory models, see for instance 7 8 and 9,
predicting the weak transition mechanisms of the two heavy quarks, b and c, contained in the
B+

c meson. In case of a ratio B+
c → J/ψD∗+s / B+

c → J/ψD+
s a non-negligible phase space

correction is expected depending on relative orbital momentum of final state particles. So in
addition to decay probabilities, ATLAS provides a measurement of a transverse polarisation
fraction Γ±±/Γ in the final state of B+

c → J/ψD∗+s . ATLAS results summarised in Figure 3,
published in 10, include total Run2 statistics and provide the most precise experimental values
up to date. While ATLAS results are consistent with LHCb ones, covering Run1 data 11,
there are evident discrepancies between experiment and theory. Especially the predictions of
B+

c → J/ψD+
s / B+

c → J/ψπ+, B+
c → J/ψD∗+s / B+

c → J/ψD+
s and Γ±±/Γ consistently

deviate from data.

1 2 3 4 5
+π/+

sDR
5 10

+π/+
s*DR

1 2 3 4
+
s/D+

s*DR
0.2 0.4 0.6 0.8

Γ/±±Γ

ATLAS (Run 2)

LHCb (Run 1)

ATLAS (Run 1)

QCD PM

QCD SR

CCQM

BSW

LFQM

pQCD

RIQM

FNCM

ATLAS

Figure 3 – Comparison of B+
c → J/ψD

(∗)+
s decays properties measured in ATLAS using Run2 data (top row) 10 ,

with the LHCb Run1 measurement (second row) 11 and with earlier ATLAS results based on Run1 (third row) 12.
The measurements are compared to several theory predictions (other rows) (see Refs. 7 8 9 and references therein).

7 Conclusion

Using LHC data from Run1 and Run2, the ATLAS analysis presented in this report, made
important contributions to improve the knowledge in several fields of Beauty physics. Research
will continue with remaining Run2 and upcoming Run3 data.
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B-physics results at CMS
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These proceedings report the first observation of the triple-J/ψ production and the first ob-
servation of the B0

S → Ψ(2S)K0
S and B0 → Ψ(2S)K0

Sπ
+π− decays. In addition, efforts in

CMS towards B-physics anomaly measurements are also briefly described.

1 Observation of the triple-J/ψ production

CMS 1 is an energy-frontier experiment with unprecedented momentum transfer (q2) coverage.
At such high-q2 regime, energy densities of the gluons and sea quarks within the proton will
be enhanced such that two, or even three, partons can interact simultaneously. This is called
Double-Parton Scattering (DPS) or Triple-Parton Scattering (TPS). These can be probed by
searching for triple-J/ψ production which should be mainly produced via DPS as shown in
Figure 1. Requiring three J/ψ in the final state also ensures semi-perturbative treatment of
the theoretical prediction. We exploited clean signature of the J/ψ → μμ decay, leading to six
muons final state.

Figure 1 – Leading-order diagrams for inclusive triple-J/ψ production in pp collisions via DPS processes. The
leftmost diagram shows triple prompt J/ψ process. The remaining diagrams show (left to right) final states with
increasing contributions of nonprompt J/ψ mesons from B hadron decays.

The analysis2 is based on a data sample collected by the CMS experiment at a center-of-mass
energy (

√
s) of 13 TeV and corresponding to an integrated luminosity of 133 fb−1.
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Events are selected online by requiring three muons, each having pT > 3.5GeV for |η| < 1.2
(barrel) or pT > 2.5GeV for 1.2 < |η| < 2.4 (endcap). Offline, events are selected with six or
more reconstructed muons, each passing the pT and η criteria implemented at the trigger level.
The muons are combined into opposite sign (OS) pairs, and are considered for further study
if their invariant mass is 2.9 < mμ+μ− < 3.3GeV and originate from a common vertex with a
probability greater than 0.5%. All selected muon pairs are further required to originate from
the same collision vertex or from a displaced secondary vertex. The analysis thereby includes
prompt-J/ψ mesons coming directly from the pp interaction and nonprompt ones coming from
the decays of B hadrons.

After the event selection, 6 events are observed. No alternative μ+μ− pairings can satisfy
the selection. Figure 2 shows the three invariant μ+μ− mass distributions ordered by pT(μμ).
In order to extract signals, a 3D maximum likelihood fit is performed for these distributions
with a gaussian (signal) + exponential (background) functions. As a result, 5.0+2.6

−1.9 signal events
are observed with 1.0+1.4

−0.8 background events. This corresponds to more than 5σ observation.
Although the uncertainties on the signal and background yields are large, the background under
the peak is sufficiently small such that this level of statistical significance is achieved. Kinematic
distributions do not show any local peak, ensuring these events are not coming from resonance
that decays into three J/ψ.
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Figure 2 – Invariant mass distributions for the three μ+μ− pairs, ordered (left to right) by decreasing pT(μ
+μ−).

The solid curve shows the overall fit to the data, and the red shaded area the fitted signal yield.

We can learn three things. First of all, looking at the displacement of each J/ψ with respect
to collision vertex, LJ/ψ we can clearly see “two types”; if we call ones having LJ/ψ < 60 μm
prompt (P) and ones having LJ/ψ > 60 μm nonprompt (NP), two signal events (out of five)
are being consistent with the 2NP+1P hypothesis, and one event each in 1NP+2P, 3NP, and
3P hypothesis. These numbers are consistent with the theoretical predictions 3.

Secondly, fiducial cross-section of three J/ψ production can be calculated using the formula,
σfid(pp → 3J/ψ) = Nsig/(εLB3(J/ψ → μμ)), where Nsig is the number of signal events, L the
total integrated luminosity, B(J/ψ → μμ) the di-muon branching fraction, and ε = εtrigεIDεreco
the total efficiency composed of trigger, identification, and reconstruction components. Fiducial
volume is defined as required in the offline selection of this analysis. The J/ψ muon identification
and reconstruction efficiencies are extracted with the tag-and-probe method and found to be
εIDεreco = 0.78. The trigger efficiency is found to be εtrig = 0.84 from a study of the simulated
samples of the signal processes; σfid(pp→ 3J/ψ) = 272+141

−104(stat)± 17(syst) fb is obtained.
Thirdly, based on the obtained fiducial cross-section, the effective DPS cross section, related

to the transverse distribution of partons in the proton, can be calculated to be 2.7 mb. While
this is reasonably consistent with other quarkonium measurements using one or two J/ψ final
states, it is apparently not consistent with measurements with high-pT jets and W bosons (see
Figure 3). These differences seem to indicate dependence of the effective DPS cross section on
the relevant parton species and x fractions probed; quarkonia are produced mostly in gluon-
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gluon scatterings carrying a fraction x ≈ 5 × 10−4 of the proton momentum, whereas mostly
quarks around x ≈ 10−2 intervene in the production of EW bosons.
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Figure 3 – Comparison of the DPS effective cross-section (upper red circle) to those derived in midrapidity
measurements of double-quarkonium and EW boson plus quarkonium production, as well as in final states with
jets, γ+ jets, W+jets, and same-sign W bosons (black squares and triangles).

2 Observation of B0
S → Ψ(2S)K0

S and B0 → Ψ(2S)K0
Sπ

+π− decays

This analysis 4 targets the first branching fraction measurements of the B0
S → Ψ(2S)K0

S and
B0 → Ψ(2S)K0

Sπ
+π− decays, using a data sample of pp collisions at

√
s = 13 TeV collected by

the CMS experiment with an integrated luminosity of 103 fb−1. Both decays can potentially
be used for CP asymmetry measurements, and, in addition, the second one can also be used to
search for intermediate exotic resonances, which has attracted attentions due to several exotic
hadrons being observed in the last decade. The decays Ψ(2S) → μ+μ− and K0

S → π+π+ are
used for the event reconstruction.

Events are selected by requiring two muons of opposite charges, each having pT > 3 GeV,
|η| < 2.4, and to make two-prong vertex with a fit probability greater than 1%. The invariant
mass of the μ+μ− system is requierd to be within Ψ(2S) mass window, [3.5, 3.95] GeV, and
having pT > 18 GeV. The K0

S → π+π− candidates are formed from displaced two-prong vertices
and its invariant mass should be within ±20 MeV of the PDG value 5 (497.611 MeV). For the
B0 → Ψ(2S)K0

Sπ
+π− decay, two additional, oppositely charged, high-purity tracks, assumed to

be pions and having pT > 0.9 GeV, are required. In order to reduce combinatorial backgrounds,
transverse displacement significance between primary vertex and the Ψ(2S) production vertex
is required to be more than 5σ. Similarly, for the B0 → Ψ(2S)K0

Sπ
+π− decay, 5σ is required

between Ψ(2S) production vertex and the KS decay vertex.
The measured invariant mass distributions are presented in Fig 4. In both cases, the B0

signal is fitted with a double Gaussian function with common mean and its parameters are free
to vary in an unbinned maximum-likelihood fit. The background is modelled with an exponential
function. As a result, 113±23 events are observed (> 5σ) for the B0

S → Ψ(2S)K0
S decay and

3498± 87 events (> 30σ) for the B0 → Ψ(2S)K0
Sπ

+π− decay. From this, we can then extract
the branching fractions. The B0 → Ψ(2S)K0

S decay is chosen as the normalization channel,
since its probability is precisely known, and its topology and kinematic properties are similar to
those of signal processes. For the B0

S → Ψ(2S)K0
S decay, it is defined to be

RS =
B(B0

S → Ψ(2S)K0
S)

B(B0 → Ψ(2S)K0
S)

=
fd
fs

ε(B0 → Ψ(2S)K0
S)

ε(B0
S → Ψ(2S)K0

S)

N(B0
S → Ψ(2S)K0

S)

N(B0 → Ψ(2S)K0
S)

= 3.33± 0.69(stat)± 0.11(syst)± 0.34(fs/fd)× 10−2,
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Figure 4 – Measured invariant mass distributions of Ψ(2S)K0
S (left) and Ψ(2S)K0

Sπ
+π− (right) candidates.

where ε is the total reconstruction efficiency obtained by simulations, and fd/fs is the ratio
of production cross sections of B0 and B0

S mesons obtained from LHCb measurements 6. The
measurement is statistically limited.

Similarly, for the B0 → Ψ(2S)K0
Sπ

+π− decay, one can define the ratio,

Rπ+π− =
B(B0 → Ψ(2S)K0

Sπ
+π−)

B0 → Ψ(2S)K0
S

=
ε(B0 → Ψ(2S)K0

S)

ε(B0 → Ψ(2S)K0
Sπ

+π−)
N(B0 → Ψ(2S)K0

Sπ
+π−)

N(B0 → Ψ(2S)K0
S)

= 0.480± 0.013(stat)± 0.032(syst).

The measurement is limited by systematic uncertainty. The leading systematic uncertainty
comes from efficiency variations due to missing intermediate resonances in the MC simulation,
which has been generated based on pure phase space. In this analysis, in order to check exotic
resonance, the 2- and 3-body invariant mass distributions of the B0 → Ψ(2S)K0

Sπ
+π− decay

products are also examined and no significant exotic narrow structures are found in addition to
the known light meson resonances such as ρ(770), K∗(892) and K1(1270).

3 Our efforts towards B-physics anomaly measurements

Traditionally, the B-physics programs in CMS have been focused on the di-muon final states,
which have tolerable rate (100 Hz) out of 1 kHz total trigger bandwidth.

In 2018, we extended our effort by triggering on events having displaced single muon. 80%
of these events are coming from BB̄ production, where one of the B-mesons decays into muon.
Using 10 billion events we collected, many B-physics measurements are being performed together
with newly developed low-pT electron 7 and tau reconstruction 8 that are applicable down to a
few GeV. For Run-3, we are also in preparation for even more ambitious triggers that target
electron final states.
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We present the calculation of QCD radiative corrections to heavy-quark production at NNLO.
The calculation is implemented in an updated version of Matrix, which allows us to obtain
multidifferential predictions for stable top quarks. We also report on the NNLO calculation
for bb̄ production and comment on the inclusion of top-quark decays and of the extension of
our results to tt̄H.

1 Introduction

Top quark (t) production is a process of key importance for the LHC physics programme. The
mass of the top quark represents one of the fundamental parameters of the Standard Model:
its high value leads to a strong coupling with the Higgs boson and thus to an important role
in electroweak-symmetry breaking. Furthermore, the top quark is a possible window on new
physics scenarios, and its production constitutes an important background for both precision
Standard Model measurements and Beyond the Standard Model searches. The main source of
top events at the LHC is the production of a tt̄ pair, whose measurement is now reaching an
impressive experimental precision. During the last decades, there have been many efforts from
the theoretical community to provide predictions that can match such experimental accuracy.

In the following, we will focus on our computation of NNLO QCD corrections to top-quark
pair production 1,2,3 that, through its implementation within the Matrix 4 framework, provided
a first public NNLO generator for the process. We will briefly discuss further developments
of this work, including bottom-quark (b) pair production 5, tt̄H production and tt̄ production
including top-quark decays.

2 Top-quark pair production: inclusion in MATRIX 2.1.0

Our computation of tt̄ production relies on the qT -subtraction formalism6 as a method to handle
and cancel infrared divergences. Originally developed for the production of colourless final states,
with the inclusion of extra contributions it can be extended to massive, colourful final states.
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Within the qT -subtraction formalism, the cross section for the production of a general final
state F can be written as follows:

dσF
NNLO = HF

NNLO ⊗ dσF
LO +

[
dσF+jet

NLO − dσCT
NNLO

]
. (1)

The term in the square brackets represents the contribution to the cross section with qT �= 0,
qT being the transverse momentum of the system F . Since the final state F has qT = 0 at Born
level kinematics, this contribution at NNLO is effectively captured by the NLO cross section for
the final state F+jet that can thus be computed with known NLO subtraction techniques such
as, for instance, the dipole subtraction method 7. There are some extra singularities of pure
NNLO type associated to the limit qT → 0, which are subtracted by the counterterm dσCT

NNLO.
If F is colourless, dσCT

NNLO is built by using the knowledge of the small-qT behaviour of the cross
section as given by all-order resummation 8. The coefficient HF

NNLO provides the contribution
to the process with qT = 0, and thus contains the information on the virtual corrections.

The extension of eq.1 to a massive colourful final state F requires additional soft contribu-
tions, affecting both the counterterm dσCT

NNLO and the coefficient HF
NNLO. The contribution to

dσCT
NNLO is known from Ref.[ 9], while the contribution to HF

NNLO has been recently evaluated
by us 10 (see also Ref.[ 11]).

With the inclusion of those final ingredients, we were able to apply qT -subtraction to the
production of a colourful final state and to carry out several phenomenological studies on tt̄
production at NNLO. We considered the inclusive cross section 1, differential distributions and
comparisons with experimental data 2, and predictions in the MS renormalisation scheme for
the top mass 3.

Our calculation has been implemented in Matrix, a computational framework that allows
the user to evaluate fully differential cross sections for a wide class of process at hadron colliders
at NNLO QCD and NLO EW. The core of Matrix is the Monte Carlo integrator Munich,
that contains an implementation of the Catani-Seymour subtraction method 7,12 for NLO QCD
computations. The required amplitudes are obtained either from OpenLoops 13 or, in the case
of the two-loop amplitudes, in the form of numerical grids or analytic expressions. Matrix then
implements then the qT -subtraction formalism and provides the user with the desired differential
distribution for the chosen infrared-safe observable.

A preliminary version of the code for the computation of multi-differential distributions for
tt̄ production has been made available to experimental collaborations, and has already been used
for data-theory comparisons 14. In the latest release of Matrix, version 2.1.0, the inclusion of
tt̄ production has become publicly availablea.

Matrix 2.1.0 contains several improvements with respect to the previous version. The
number of supported processes increases: not only tt̄ production is included, but also tri-photon
production15. Furthermore, the user has now access to the option to compute double-differential
distributions for arbitrary infrared-safe observable. Finally, on a more technical side, the inclu-
sion of power corrections 16 and of the bin-wise extrapolation in the rcut → 0 limit of the slicing
parameter improve the accuracy of the predictions for the distributions.

3 Further Developments: bottom-quark pair production

The completion of the computation of tt̄ production within the qT -subtraction formalism opens
the door to several possible extensions.

A first development was the computation of NNLO QCD corrections to bb̄ production 5.
This has been implemented in the Matrix framework as an extension of tt̄ production, by
changing the heavy-quark mass and by allowing an arbitrary number of light flavours (from
nf = 5 to nf = 4), which corresponds to a computation with a massive bottom quark and a

aThe latest version of Matrix can be downloaded at: https://matrix.hepforge.org
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Figure 1 – Bottom-quark pair production cross section as measured by the Alice, Phenix, CDF and UA1
collaborations. The green band represent the NNLO prediction computed with Matrix. Plot taken from Ref.[ 17].

top quark decoupled from the process. We obtained results for the inclusive cross section and
first predictions for differential distributions. The computation is fully implemented in a (at the
moment) private release of Matrix. Predictions are provided upon request, and have already
been used by the Alice collaboration in their analysis.

In Figure 1 we show the comparison, presented by the Alice collaboration 17, between
different experimental measurements and theoretical predictions for bb̄ production. The Alice
analysis corresponds to a centre of mass energy

√
s = 5.02 TeV, and the cross section for

bb̄ production is extracted from D-meson measurements. Figure 1 additionally shows results at
other collider energies as obtained by several other experiments (Phenix, CDF, UA1). The data
are compared to our NNLO predictions (green band) and to the FONLL predictions 18 (blue
band), which are obtained by combining NLO QCD corrections and resummed computations.
The inclusion of NNLO QCD corrections leads to a better agrement with the data at all the
considered collider energies, and reduces the theoretical uncertainties, as obtained by using the
customary 7-points scale variation.

4 Conclusions and Outlook

The qT -subtraction formalism has been extended to the production of heavy-quark pairs in
hadron collisions, leading to several phenomenological application to tt̄ and bb̄ production. This
computation has been implemented in the Matrix framework, and tt̄ production is now sup-
ported as a process in the latest version of the public release of Matrix.

Our work can be extended in several directions. We can consider the production of a heavy-
quark pair with additional colourless particles. First steps in this direction have been carried
out with the computation of NNLO corrections for tt̄H production in the flavour off-diagonal
channels 19. To complete the computation in the other channels some ingredients are still
missing. In particular, the two-loop amplitudes are not yet available, and the contribution of
soft final state emission has to be properly evaluated.

We can also consider the inclusion of top quark decays and off-shell effects. In this case, the
process is actually pp → e+νebμ

−ν̄μb̄ +X and higher-order QCD corrections can be computed
by considering the production of the bb̄ pair recoiling against the colourless 2l2ν system. Work
in these directions is ongoing.
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Exotic states at BESIII
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QCD allows for hadrons to be formed by quarks and gluons combination different from the
conventional mesons and baryons. BESIII plays a unique role in these searches. For the
XY Z states properties, thanks to more than 22/fb electron-positron collision data from 3.773
to 4.7 GeV, BESIII can precisely measure the cross sections of the Y states, and via their
decays, search for new X(3872) decay mode or for new states, like the first hidden-charm open
strangeness Zcs tetraquark candidate. Moreover, owing to the world’s largest 10B J/ψ data
sample, BESIII can profit from its gluon-rich decays to search for hybrids and glueballs. In
this presentation, the most recent searches in the XY Z states region and the first observation
of an exotic quantum number hybrid η1(1855) at BESIII will be presented.

1 Introduction

Quantum chromodynamics allows to form hadrons only in color neutral combination, the most
conventional ones being baryons (three quarks) and mesons (quark-antiquark pairs). The search
of other combinations (multiquarks, hybrids, glueball) has been extensive, but with low findings
in the light sector, while recently some clues of the existence of these kind of states has been
observed in quarkonia spectrum. In fact, spectroscopy of heavy quarkonia is a crucial element
to understand the behavior of the strong interaction at short range. After the discovery of
the J/ψ meson in 1974 1,2, the charmonium spectrum, i.e. the meson composed of a cc̄ pair,
raised to prominence and in few years most of the states predicted by potential models were
discovered. At the beginning of the new century, the focus was to explore and search for the
missing states. The discovery by Belle Collaboration of a narrow resonance in ππJ/ψ invariant
mass very close to DD∗ threshold, instead, shook the world. This was the starting point of a
new era in charmonium spectroscopy: a new family of states that cannot be described with the
conventional cc̄ meson picture started to be observed. The field is very rich. A good starting
point from the experimental side can be found in a recent review 3. Throughout the paper, the
following naming scheme will be used:

• Y : all the vector (JPC = 1−−) states;
aOn behalf of the BESIII Collaboration.
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• Z: all the charged states;

• X: all the neutral non-vector (JPC �= 1−−) states.

BESIII (Beijing Spectrometer III) is the ideal laboratory to study these states. It registers
the symmetric collisions provided by the BEPCII (Beijing Electron Positron Collider II) collider
that operates in the so-called τ − charm region, spanning center-of-mass energies from 2 to
4.95 GeV. BESIII is a magnetic spectrometer with 93% of 4π angular coverage with one barrel
and two endcaps. It is composed of: I) a He-based Multilayer Drift Chamber (MDC) with
spatial resolution σxy = 130μm and 6% energy resolution for 1 GeV/c particles; II) Time-Of-
Flight (TOF) detector based on plastic scintillator with σt = 80 ps and Multigap Resistive Plate
Chamber (MRPC) with σt = 68 ps in the barrel and in the endcap, respectively; III) CsI(Tl)
Electromagnetic Calorimeter (EMC) with an energy resolution of 5% per 1 GeV photons; IV)
a 1 Tesla superconductive solenoid; V) Muon Counter (MUC) based on RPC interleaved in the
magnet flux return yoke (9 layers in the barrel and 8 in the endcap). More details can be found
in BESIII NIM paper 4.

2 Y states

The Y states can be directly produced at BESIII since they have the same quantum number of
the photon. BESIII can scan their lineshapes by searching for exclusive final states to extract
their mass and width. Also, BESIII is searching for conventional charmonia to fill (if possible)
the missing spots.

2.1 Study of ψ2(3823) at BESIII

The ψ2(3823) state is believed to be the ψ2(1
3D2) partner of the ψ(3770). To access its

properties, BESIII has searched 5 for other final states using the production process e+e− →
π+π−ψ2(3823) using roughly 19/fb between 4.1 and 4.7 GeV. BESIII confirms a strong sig-
nal (11.8σ) in γχc1 and shows evidence of the decay in γχc2, but no other evidence is found.
BESIII has studied the ratio between the searched final states and the γχc1 one. While the
theoretical predictions 6,7,8 seem to agree well with the γχc2 ratio, they overestimate the ex-
perimental result of ππJ/ψ one, hinting that more effort is needed to understand the ψ2(3823)
decay dynamics. In the same work, BESIII reports the evidence of production of psi2(3823) in
e+e− → π0π0ψ2(3823), with a cross section consistent with isospin predictions.

2.2 Study of e+e− → ππψ(2S)

BESIII can scan precisely the lineshape of the vector resonances to study them with greater
precision with respect to the ISR b-based studies of the B-factories (BELLE, BaBar). BESIII
has extended a previous study 9 of the process e+e− → π+π−ψ(2S) with new center of mass
energies and increased statistics. In this work 10, BESIII confirms that both Y (4220 and Y (4390
are needed to fit the first peak observed in Belle 11 and BaBar 12 papers, and report for the first
time also the Y (4660).

2.3 e+e− → light hadrons

At present time, no vector charmonium(-like) decays to only light hadrons. BESIII13 has recently
studied many different final states (e+e− → ππKK, KKKK, ππππ, pp̄ππ, πππKK, πKKKK,
5π, pp̄πππ) using the data samples between 3.7 and 4.6 GeV to add information in this energy
region. Evidence of ψ(4040)→ 5π is reported at 3.6σ significance by fitting the lineshape with

bInitial State Radiation: a process where one photon is emitted by the electron or the positron right before
the collision
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psi(4040) mass and width fixed at PDG14 values. Since no other signal is observed, upper limits
at 90% confidence level for Y (4220) decays are reported.

2.4 e+e− → D∗sD
(∗)
sJ

In the search for vector charmonium-like states in different hadronic final states, BESIII has re-

cently reported the study of the e+e− → D∗sD
(∗)
sJ cross section, withD

(∗)
sJ = D∗s0(2317), Ds1(2460),

Ds1(2535) using the new 7 center of mass energies from 4.6 to 4.7 GeV, collected in 2020?. These
mesons are not well known and studying their cross sections can also lead to shed light on their

nature. To improve efficiency, the D
(∗)
sJ is not reconstructed, but searched in the recoil mass of

D∗s , that is reconstructed by searching for the decay chain D∗s → γDs, Ds → φπ or Ds → K̄∗K.
A clear signal of Ds1(2460) is observed at all energies (with the exception of the low statistic
sample at 4.61 GeV); Ds1(2535) is observed at all the energies above 4.66 GeV (only values
above production thresholds); D∗s0(2317) only at 4.626 and 4.68 GeV (the highest luminosity
data sample), while upper limits are extracted for the other energies. No signal of Y states has
been observed with the present level of precision, so only 90% upper limits are presented.

2.5 e+e− → D∗D(∗)

Using the ISR technique, Belle has reported the measurement of the e+e− → D∗D(∗) cross
section identifying a resonance around 4.39 GeV in D∗D∗ mass 16. BESIII 17 has recently
reported a similar study using the data samples collected between 4.085 and 4.6 GeV. In the
BESIII work, the D∗,+ is reconstructed via D∗+ → π+D0, D0 → K−π+, while the D(∗)− is
inferred kinematically. BESIII confirms the existing measurements with improved precision.
This information can be useful to improve the findings of phenomenological papers 18 to address
the nature of Y states.

3 Z states

The Z states are usually identified with multiquark states due to their main features: the decay
into charmonia and they are charged. This implies that their minimal quark content shall be cc̄qq̄.
They appear as isospin triplets. Recently, two observations of hidden-charm open strangeness
Zcs have been reported by BESIII 19 and LHCb collaboration 20. The confirmation of one or
more of these states can lead to a new multiquark multiplet, similar to the one observed in light
hadrons. In the following paragraph, more details of the BESIII observation will be reported.

3.1 Observation of a Zcs candidate at BESIII

BESIII was searching for the strange partner of Zc(3900) that was observed as a peak in πJ/ψ
invariant mass 21,22. The partner was observed in the process e+e− → K+(DsD

∗+D∗sD) in K+
recoil mass as shown in Fig. 1, where the recoil mass is shown for the 5 center-of-mass energies
collected in 2020. A simultaneous fit is performed in all the energies and the extracted mass
and width are found to be M = (3982.5+1.8

−2.6 ± 2.1)MeV/c2 and Γ = (12.8+5.3
−4.4 ± 3.0)MeV. To

understand better the nature of the Zcs studies to search for a neutral partner or other final
states are ongoing.

4 The X states

The X(3872) is the most known exotic charmonium-like state, being the first discovered. Nowa-
days has been observed in many final states and production modes. Nevertheless, many final
states are still unmeasured, accounting for roughly 20% of the total width23. Only by a complete
understanding of the decay modes, it will be possible to establish its nature.
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Figure 1: K+ recoil mass distribution at different center of mass energies in BESIII work 19.
The Zcs signal appears as a peak at low energies close to 3.985 GeV, while the convetional
contribution are described in the legend.

4.1 Search for X(3872)→ π0χc0 and X(3872)→ ππχc0

To understand the charmonium-ness of the X(3872) is crucial to study as many decay modes
as possible. After the observation of X(3872) → π0χc1

24 it has been proposed to deepen
the study of the possible ratio between pionic transition of X(3872) to other conventional
charmonia 25. BESIII has recently reported the search for the transition X(3872) → π0χc0

and the X(3872) → ππχc0, with the χc0 decaying into five different hadronic final states
(ππ, KK, π+π−π+π−, ππKK, pi+π−π0π0) 26. No signal has been found and upper limits are
reported. At present level of precision, the found ratios X(3872)→ π0χc0/X(3872)→ π+π−J/ψ
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and X(3872) → π0χc0/X(3872)π0χc1 are not conclusive to exclude that the X(3872) is a pure
charmonium. More conclusive statistics will be collected after the upgrade of the accelerator,
that will increase of a factor 3 the instantaneous luminosity in this energy region 27.

4.2 Search for Zc → γX(3872)

To understand whether a common nature for theseXY Z states exists it is necessary to search for
connections between these states. In the past years, both the Y (4220)→ πZc(3900)

29,30 and the
Y (4220) → γX(3872) 28 transitions have been established. The process e+e− → π0Zc(4020),
Zc(4020) → γX(3872) has been proposed to search for these connection and to improve the
X(3872) mass measurement 31. BESIII has searched for this process 32, but no signal has been
found. The Super Tau Charm factories 33,34 high luminosity will be useful to study this process.

5 Observation of a state with exotic quantum numbers η1(1855)

As mentioned in the introduction, the search for exotic combinations of quarks and gluons
forming hadrons has been one of the most interesting fields in particle physics. There are two
ways to identify an exotic combination: observe a not-allowed JPC configuration or extensively
study the properties on conventional JPC quantum number states to conclude on their nature.
XY Z states are an example of the latter kind of search. Concerning the exotic JPC quantum
number, there have been a few observations in the isovector hybrid sector. To establish these
observations, a search for an isoscalar 1−+ state is crucial. The ideal laboratory to search for
these states is the gluon-rich J/ψ decays.

Owing to the world largest 10B J/ψ dataset, BESIII studied the process J/ψ → γηη′,
η → γγ, and η′ → ηππ or η′ → γππ 35,36. A Partial Wave Analysis (PWA) was performed by
combining the two η′ decay unbinned maximum likelihood fit, after the background subtraction.
The PWA is based on the covariant tensor amplitude model37 and performed on GPU38. All the
kinematically allowed resonances were considered, but after all the conventional contributions,
a significant 1+− component was needed in the ηη′ system around 1.9 GeV.

To further address whether this component was needed, several tests were performed and
all pointed out to a large contribution (> 19σ).

Angular distribution as a function of M(ηη′) can be expressed model-independently in terms
of Legendre polynomial moments

〈
Y 0
l

〉 ≡ ∑Nk
i=1WiY

0
l (cosθ

i
η), where Wi are the weights (back-

ground subtracted for the data or PWA events for the MC contribution). These moments are
related to the spin-0 (S), spin-1 (P), and spin-2 (D) amplitudes by several relations 39. In Fig. 2
it is possible to see some moments. Only by adding the exotic contribution is possible to fit
the data in the in the

〈
Y 0
1

〉
moments, that is expected to be the most sensible to the P-wave

expected contribution.
After all these studies, BESIII reports the first observation with a statistical significance of

more than 19σ of an isoscalar state η1(1855) with exotic quantum number 1−+. The mass and
width are found to be M = (1855± 9+6

−1)MeV/c2 and Γ = (188± 18+3
−8)MeV. The mass and the

width correspond to the lightest hybrid meson octet isoscalar as predicted by QCD.

6 Take home message

Our understanding of the strong interaction at a short-range can be largely improved by the
studies on the exotic candidates that have been observed in the past years. BESIII is playing a
leading role in understanding the XY Z states. In fact, in the past years:

• it has explored many final states to establish new Y decays modes;

• it has discovered the first candidate Zcs, the first stepping stone to establish a new octet
of Zc multiquarks;
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Figure 2: Different Legendre polynomial moments to plot the angular distributions in terms of
invariant masses. The black dots are the data, the red histogram represents the baseline fit with
the η1 contribution, while the blue one shows the PWA results without the η1 signal. It is clear
that in the

〈
Y 0
1

〉
a strong η1(1855) signal is needed to reproduce the data.

• it has searched for new connections between X−Y −Z states and conventional charmonia.

In the near future, BESIII will go under several upgrades that will allow deepening our un-
derstanding of the exotics. Moreover, with the largest dataset of J/ψ, BESIII will continue to
explore the light hadron sector.
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Precision measurement of nucleon form factors in the time-like region at BES III

C. Rosner on behalf of the BESIII collaboration
Helmholtz Institute Mainz, Staudingerweg 18, D-55099 Mainz, Germany

This contribution presents the recent high-precision measurements of nucleon form factors in
the time-like region performed at the BESIII experiment, employing both the scan (direct
e+e− annihilation) and ISR techniques. The most precise determination of the form factors
both for proton and neutron is based on an energy scan of 647.9 pb−1 between 2.0 and 3.08
GeV. With this dataset, the first separate measurement of the electric (|GE |) and magnetic
(|GM |) form factor of the proton and neutron has been achieved, in case of the proton with
uncertainties comparable to the time-like region for the first time.

1 Introduction

The electromagnetic (EM) form factors (FFs) of the nucleon parametrise the difference between
a point-like photon-nucleon vertex to one that considers the internal structure of the proton or
neutron. In general, particles with spin s have 2s+1 EM FFs, which leads to one electric (|GE |)
and one magnetic (|GM |) FF in case of the nucleons. Depending on the momentum transfer q2

of the interaction, these can be measured in the so-called space-like (SL, q2 < 0) and time-like
(TL, q2 > 0) regions. Experimentally, the SL region is accessed in scattering experiments and
has been explored since the 1950s for both proton and neutron with high precision, whereas
knowledge of the nucleon FFs in the TL region, measured in annihilation experiments, is scarce.
Due to limited statistics, most experiments have only extracted the so called effective FF, which
is deduced directly from the formula for the born cross section of e+e− ←→ NN̄ under the
assumption of |GE | = |GM |:

σe+e−←→NN̄ (s) =
4πα2βC

3s

[
|GM (s)2|+ 2m2

N

s
|GE(s)

2|
]
→ |Geff(s)| =

√√√√
√

σe+e−←→pp̄(s)

4πα2βC
3s (1 +

2m2
N

s )
. (1)

Here, α is the fine structure constant, β =
√√
1− 4m2

p/s is the nucleon velocity, mN is the

nucleon mass, and C is the coulomb enhancement factor, which is 1 in case of the neutron. For
the neutron, even the effective FF has only been determined with large uncertainties in the TL
region. To extract the separate electric and magnetic FF, statistics need to be high enough to
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Figure 1 – BESIII results for TL proton EM FFs from scan and ISR analysis. (a) Effective FF, (b) FF ratio Rem,
(c) electric FF |GE |, (d) magnetic FF |GM |. References for the data shown can be found in reference 2

perform an angular analysis. The differential cross section of the process gives direct access to
the two FFs:

dσNN̄ (s)

dΩ
=

α2βC

4s

[
|GM (s)|2(1 + cos2 θ) +

4m2
N

s
|GE(s)|2 sin2 θ

]
, (2)

which allows for their extraction for example through a fitting method.

2 The BESIII experiment

BESIII is a general purpose detector located at the Beijing electron-positron collider (BEPCII),
covering 93% of the full solid angle. BEPCII is a symmetric double-ring e+e− collider operating
at center of mass (CM) energies between 2 and 4.9 GeV, with a design peak luminosity of
1033 cm−2s−1 at 3.770 GeV, which was reached in 2016. A detailed description of the BESIII
spectrometer can be found in reference 1.

3 Proton Form Factor measurements

Proton Form Factors can be explored at BESIII by employing both the so called scan technique,
where the FFs are extracted as a function of the momentum transfer q2 by systematically
varying the CM energy of the collider, as well as the Initial state radiation (ISR) technique,
where resonance data is analysed for events including an ISR photon, thus reducing the CM
energy of the collision.
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In terms of the scan technique, a recent data set was taken at BESIII between 2.0 and 3.08
GeV, including 22 energy points with a total luminosity of about 651 pb−1 2. Merged with previ-
ously taken data, a total of 688.5 pb−1 can be exploited to extract the electric and magnetic FF
of the proton separately for the first time over a wide range of q2. For the sake of comparability
with previous experiments, the effective FF was extracted as well with unprecedented accuracy
at total uncertainties between 1.5-11.5%. |GE | and |GM | as well as their ratio R=|GE |/|GM |
were extracted through an angular analysis of the data at 16 CM energies, with uncertainties
ranging from 2-93.6%, 1.6-8.9%, and 3.5-96.1%, respectively. With uncertainties of around 10%
at most high luminosity scan points for R, the measurement comprises not only the first separate
determination of the TL EM FFs of the proton, but also brings uncertainties close to those in
the SL region for the first time.

In addition, both large angle 3 and small angle 4 ISR analysis have been performed with
resonance data between 3.773 and 4.6 GeV and a total luminosity of 7.5 fb−1. While the
achievable precision is inferior to the scan measurements, this method allows to extract the
effective FF and FF ratio down to the proton-antiproton production threshold. Results for all
BESIII analysis are shown in figure 1.

Figure 2 – BESIII results for TL neutron EM FFs from the high luminosity scan data set. (a) Born cross section
of e+e− → nn̄, (b) effective FF, (c) ratio of the neutron and proton born cross section, (d) periodic structure in
the residua of the proton (light blue) and neutron (orange) effective FF after subtraction of a dipole function.
References for the data shown can be found in reference 5

4 Neutron Form factor measurements

The previously mentioned high luminosity scan data set also allows to extract the neutron EM
FFs, both in terms of the individual |GE | and |GM | as well as the effective FF 5. The former
have never been measured before, while previous results for the latter indicate a larger effective
FF of the neutron compared to the proton, thereby defying expectations of a weaker coupling

101



of the virtual photon to the neutron than to the proton. The BESIII results for the effective
FF clear up that long standing photon-nucleon interaction puzzle, as shown in figure 2(c). The
effective FF has been extracted at 18 CM energies, with precision up to 8.1% at 2.396 GeV,
vastly improving the uncertainty compared to previous results from FENICE and DM2. Final
results for the magnetic FF |GM | and the FF ratio are not shown here, since they are still in
the final stages of the publication process.

Both proton and neutron effective FF show an interesting periodic behaviour when regarding
their residuals compared to a dipole-like function, as can be seen in figure 2(d) Details to this
procedure can be found in reference 6, where this was first observed with BaBar proton data.
BESIII has confirmed this behaviour for the proton in 3 independent analysis, and observed
it for the first time for the neutron, where the oscillation exhibits a phase shift of (125 ±
12)◦. Explanations for this behaviour are still under debate among theoreticians, with possible
approaches including interference effects after rescattering in the final state 6 or the occurance
of resonant structures 7.

5 Conclusions

BESIII provides an ideal environment for the exploration of time-like baryon FFs. Measurements
by BESIII from both scan and ISR techniques help to bridge the gap in accuracy between the
SL and TL regions, as well as shed light on some longstanding discrepancies and puzzles from
previous measurements. The BESIII results, especially from the high luminosity scan data,
represent a change of paradigm in the field: the electric and magnetic FF have been measured
separately for the first time for both neutron and proton, in case of the proton with a high
precision comparable to the SL region. In addition, interesting new phenomena can be observed
and verified, such as the periodic structures in the effective FF for both neutron and proton,
which has already sparked large interest among theoreticians.
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Mixing and CPV in beauty and charm at LHCb

Láıs Soares Lavra on behalf of the LHCb collaboration
Université Clermont Auvergne, Laboratoire de Physique de Clermont, CNRS/IN2P3,

Clermont-Ferrand, France

This document presents eight recent and new analyses from the LHCb experiment covering
results on CKM angle γ and high precision measurements on charm mixing parameters. In
addition, the latest CP violation measurements in charm and beauty decays are reported.

1 CKM angle γ

The angle γ ≡ arg(−VudV
∗
ub/VcdV

∗
cb) of the CKM unitarity triangle can be measured directly

using tree-level b-hadron decays. These measurements are obtained by exploiting the interference
between b→ u and b→ c transitions in decays of B± → Dh±, where h = K,πa. Since γ is shared
by all such decays, the best precision is obtained through the combination of measurements from
several decay modes.

1.1 Update of the LHCb combination of the CKM angle γ

Using LHCb data collected during the first two runs of the LHC, this analysis 1 presents a com-
bination of γ measurements using several B → Dh decay modes and LHCb results from different
D-decay modes for the first time. Alongside γ, charm mixing and CP violation parameters are
simultaneously determined in the combination. The results are obtained using frequentist treat-
ment, and auxiliary inputs from other experiments. The combination result in γ = (65.4+3.8

−4.2)
◦

provides the highest precision measurement from a single experiment to date.

1.2 Constraints on the CKM angle γ from B± → Dh± decays

In this analysis 2, B± → Dh± decays are studied using D → πKπ0, D → KKπ0 and D → πππ0

final states. Measurements of γ and related parameters rB (the magnitude of the ratio of
amplitudes of the interfering decays) and δB (the strong phase between them) are obtained
using 9 fb−1 of data collected with the LHCb detector. The CP observables are determined
through a simultaneous mass fit to all decay modes. The most suppressed decay mode B± →
[π±K∓π0]DK

± is observed for the first time with a significance of 7.8σ and signal yields of

aHereinafter h refer to either a charged kaon or a charged pion.
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155 ± 19. The fit results and external inputs are used to interpret the results in terms of γ,
rB, δB and confidence intervals evaluated using the profile likelihood method. The results are
γ = (56.4+24

−19)
◦, δB = (122+19

−23)
◦ and rB = (9.3+1.0

−0.9) × 10−2. These measurements shall be used
in future combinations to constrain the angle γ.

2 CPV and mixing in charm

Charm meson oscillations are characterised by the mixing parameters, x = ΔM/Γ and y =
ΔΓ/Γ, where ΔM and ΔΓ are the mass and decay width difference of the two mass eigenstates
|D1,2〉 = p

∣∣D0
〉
+ q

∣∣D̄0
〉
, and Γ is the average decay width. Related to the mixing, CP violation

can be described by two parameters |q/p| and φ ≡ arg(q/p). These parameters are heavily
suppressed in the SM and expected to be very small, and their precise determination constitute
an important test to SM predictions.

2.1 First observation of the mass difference between neutral charm-meson eigenstates

Precise measurements of mixing and CPV parameters in D0 → K0
Sπ

+π− decay are performed
using 5.4 fb−1 data sample collected by LHCb from 2016-2018 3. This analysis is Dalitz plot
and time-dependent and the mixing parameters are determined using the bin-flip method4. The
results obtained for x, y, |q/p| and φ are

x = (3.98+0.56
−0.54)× 10−3, y = (4.6+1.5

−1.4)× 10−3, |q/p| = 0.996± 0.052, φ = 0.056+0.047
−0.051.

The mixing parameter x is found to be a non-zero value with a significance greater than 7σ
being the first observation of the mass difference in a D0 system. All results are consistent with
CP symmetry and improve the knowledge of mixing-induced CPV in the charm sector.

2.2 High precise measurement of yCP -y
Kπ
CP parameter using two-body D0 meson decays

Using 6.0 fb−1 data sample collected by LHCb from 2015-2018, the charm mixing parameter
yCP -y

Kπ
CP

b is precisely determined through the measurement of the lifetime difference between
the D0 → f (f = K−K+ or π−π+) and D0 → K−π+ decays 5. To determine the yCP − yKπ

CP

parameter, a weighted average of statistically independent measurements of yKK
CP − yKπ

CP and
yππCP − yKπ

CP is performed. These parameters are accessed with an exponential fit to the signal
yield ratios of D0 → f over D0 → K−π+ as a function of the decay time t,

Rf (t) =
N(D0 → f, t)

Rf (t) =
N(D0 → K−π+, t)

∝ e−(y
f
CP−yKπ

CP )t/τD0 × ε(f, t)

ε(K−π+, t)
(1)

where τD0 is the measured D0 lifetime and ε(h−h+, t) is the time-dependent efficiency. Since
the efficiencies differ for each decay mode, a kinematic matching and a weighting procedure are
employed to equalise the efficiencies so that they cancel in the ratio. The analysis procedure is
validated with three different methods and the results of the fit to the corresponding Rf (t) are

yππCP − yKπ
CP = (6.57± 0.53± 0.16)× 10−3, yKK

CP − yKπ
CP = (7.08± 0.30± 0.14)× 10−3,

where the first uncertainty is statistical and the second systematic. Combining these two mea-
surements yields yCP − yKπ

CP = (6.96± 0.26± 0.13)× 10−3, which is compatible with the world
average and more precise by a factor of four.

bknown as yCP (yCP ≈ y in the limit of CP conservation).
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2.3 Measurement of CP asymmetries in D+
(s) → ηπ+ and D+

(s) → η
′
π+ decays

Searches for direct CP asymmetries in D+
(s) → ηπ+ and D+

(s) → η′π+ decays are performed

using 6 fb−1 LHCb dataset from 2015-2018, with η(
′) mesons reconstructed in the final state

γπ+π− 6. The CP asymmetry ACP of each decay mode is obtained trough the raw asymmetry
subtracted by the production and detection asymmetries, determined using the control channels
D+

(s) → φπ+, where the asymmetries are assumed to be zero (D+
s ) and well constrained from an

external input (D+). A simultaneous likelihood fit to the data is performed for D±(s) candidates
in intervals of η(

′) mass to determine the raw asymmetries. The measured CP asymmetries are

ACP
D+→ηπ+ = (0.34± 0.66± 0.16± 0.05)%, ACP

D+
s →ηπ+ = (0.32± 0.51± 0.12)%,

ACP
D+→η′π+ = (0.49± 0.18± 0.06± 0.05)%, ACP

D+
s →η′π+ = (0.01± 0.12± 0.08)%,

where the first uncertainty is statistical, then systematic and the last, relevant for the D+ modes,
is from the uncertainty on the CP asymmetry of the D+ → φπ+ control channel. All the results
are consistent with CP symmetry, and with previous measurements.

3 CPV in charmless b-meson decays

Charmless b-meson decays provide an interesting environment to observe CP violation effects
since these decays have contributions from both penguin and tree-level processes with ampli-
tudes of similar size. In addition, in multi-body decays the different intermediate states can
interfere with each other, producing large strong-phase differences, which can lead to enhanced
CP violation in certain regions of phase space.

3.1 Direct CP violation in charmless three-body decays of B± mesons

Measurements of direct CP violation in B± → K±π+π−, B± → K±K+K−, B± → π±π+π−

and B± → π±K+K− decays are performed using 5.9 fb−1 data sample collected by LHCb
from 2015-2018 7. The CP asymmetry ACP of each decay mode are accessed directly from the
raw asymmetry, corrected for nuisance asymmetries. The raw asymmetries are obtained from
the phase-space efficiency corrected yields of B+ and B− fitted simultaneously. Then the CP
asymmetries are obtained by subtracting the production asymmetry, calculated using the control
mode B± → J/ψK±. The results for the phase-space integrated CP asymmetries are

ACP
B±→K±π+π− = (+1.1± 0.2± 0.3± 0.3)%, ACP

B±→K±K+K− = (−3.7± 0.2± 0.2± 0.3)%,

ACP
B±→π±π+π− = (+8.0± 0.4± 0.3± 0.3)%, ACP

B±→π±K+K− = (−11.4± 0.7± 0.3± 0.3)%,

where the first uncertainty is statistical, second systematic, and third uncertainty due to the CP
asymmetry of the B± → J/ψK± control channel. For B± → π±π+π− and B± → K±K+K−

decays, CP violation is observed for the first time with significance of 14.1σ and 8.5σ, respec-
tively. For B± → π±K+K− the observed CP violation is compatible and more precise than
the previous measurement while the result for the B± → K±π+π− decay is consistent with
CP conservation. The CP asymmetry distributions across the Dalitz Plot of these four modes
are investigated using the Mirandizing approach 8. Nine different regions of the Dalitz plot are
studied among the four B± → h±h+h− decays. The local CP asymmetries are measured from
fits to the invariant mass of candidates in the regions studied, following the same procedure as
for integrated measurements. In Fig. 1 shows the results for a selected region in B± → π±π+π−

decay. The projection onto m2(π+π−)high reveals an indication of the χc0(1P) resonance for the
first time. The local CP asymmetry measured in this region is ACP = (+74.5±2.7±1.8±0.3)%,
which is the highest CP asymmetry ever measured to date. In addition, significant localised CP
asymmetries in the ππ → KK rescattering region are observed in the four analysed channels.
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Figure 1 – The B± → π±π+π−: (left) m2(π+π−)high projection for the region 4 < m2(π+π−)high < 16 GeV2/c4

and 4 < m2(π+π−)low < 15 GeV2/c4 with (right) mass fits for this region (B− on the left, B+ on the right).

3.2 Search for direct CP violation in charged charmless B → PV decays

Measurements of CP asymmetries are reported in charmless B decays to a pseudo-scalar and a
vector resonance (B → PV ) using 5.9 fb−1 data sample collected by LHCb from 2015-2018 9. A
new model-independent method based on the angular distributions is employed to measure CP
asymmetries in low mass and narrow vector resonances 10. Five different B → PV decays from
B± → h±h+h− final states are analysed. For the B± → ρ(770)0K± decay a CP asymmetry of
ACP = (+15.0 ± 1.9 ± 1.1)% is observed for the first time with a significance of 6.8σ. For the
other modes, results are consistent with CP symmetry.

3.3 Search for CP violation using T̂ -odd correlations in B0 → pp̄K+π− decays

Using 8.4 fb−1 LHCb dataset from 2011-2012 and 2016-2018, a search for CP and P violation
in charmless four-body B0 → pp̄K+π− decays is performed with observables constructed using
triple-product asymmetries techniques 11,12. These observables are measured both globally and
in regions of the phase-space, where their deviation from zero is probed. The signal yields and
the observables are obtained from a simultaneous fit to pp̄K+π− invariant mass distributions.
No evidence of CP and P asymmetries are found in integrated measurements. Results in regions
of the phase are consistent with CP symmetry and local P-violations with significance greater
than 5.8σ are observed.
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Explaining the Cabibbo angle anomaly
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The determinations of the Cabibbo angle from kaon, pion, D and tau decays disagree with
the one from super-allowed beta decays. The resulting ≈ 3σ deficit in first row (but also first
column) CKM unitarity is known as the Cabibbo angle anomaly (CAA). Determining Vud from
beta decays requires knowledge of the Fermi constant GF , usually extracted from muon decay.
However, because new physics might also affect muon decay, and thus the determination of
the Fermi constant, an interesting interplay with the global electroweak fit arises where GF is
a crucial input. In these proceedings we review the CAA and its different interpretations in
terms of physics beyond the SM, first discussing the corresponding effect in the effective field
theory and then using (simplified) models.

1 Introduction

The Cabibbo angle parametrizes, up to higher order corrections in the Wolfenstein parameter,
the mixing among the first two generations of quarks and therefore determines the CKM elements
Vus and Vud. It can be measured in kaon, pion, tau and beta decays. Concerning the latter, super-
allowed beta decays provide the most precise determination of the Cabibbo angle, however, its
values disagrees with the other determinations. The significance of this tension crucially depends
on the radiative corrections applied to β decays 1, but also on the treatment of tensions between
K�2 and K�3 decays 2 and the constraints from τ decays 3, see Ref. 4 for more details. However,
in the end, an ≈ 3σ deficit in first row (and less significant in first column) CKM unitarity 5∣∣Vud

∣∣2 + ∣∣Vus

∣∣2 + ∣∣Vub

∣∣2 = 0.9985(5) ,
∣∣Vud

∣∣2 + ∣∣Vcd

∣∣2 + ∣∣Vtd

∣∣2 = 0.9970(18) , (1)

seems reasonable. This situation is shown in the left plot of Fig. 1 6.
As these unitarity relations are dominated by Vud, and since tau, pion and kaon andD decays

would require different kinds of new physics contributions, this suggests that NP should enter
the determination of Vud, assuming that the anomaly has, in fact, a beyond the Standard Model
(BSM) origin. Furthermore, as shown in Ref.4, the sensitivity to a BSM effect in (super-allowed)
β decays is enhanced by a factor |Vud|2/|Vus|2 compared to kaon, τ , or D decays.

Importantly, for determining the Cabibbo angle from (super-allowed) beta decays, knowledge
of the Fermi constant GF , i.e. the effective weak force at low energies, is necessary. Even though
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Vus

Vud

 K
→ µ

ν / 
→ µ

ν  

(0.22%)

K→ lν (0.27%)

u
n

itarity

 K
→

lν /
 

+→
0 e+ν  

(0.38%)

0+ → 0+ (0.030%)
Neutron (0.050%)

τ decays 
(0.58%)

e
CKM

EW (full)

EW (minimal)
1.165 1.1655 1.166 1.1665 1.167 1.1675 1.168

GF [10-5/GeV2]
Figure 1 – Left: Different determinations of Vus and Vud leading to the CAA 6. Right: Values of GF from the
different determinations 8.

GF is extremely precisely measured via muon decay 7

Gμ
F = 1.1663787(6)× 10−5GeV−2 , (2)

at the level of 0.5 ppm, it is not necessarily free of BSM contributions. In fact, as for any
measurement, one can only conclude the presence or absence of BSM effects by comparing Gμ

F

to another independent determination. Therefore, the CAA could not only be explained via
a BSM effect in beta decays, i.e. d → ueν transitions, but also via an effect in muon decay
(μ→ eνν), changing the value of the Fermi constant.

In order to determine if muon decay and/or beta decays subsume BSM effects, one can
determine the Fermi constant from the EW precision observables 9. In our global fit 8, including
the W mass, sin2 θW , and Z-pole observables 10 etc., we find

GEW
F

∣∣∣
full

= 1.16716(39)× 10−5GeV−2 . (3)

As depicted in the right plot of Fig. 1, this value lies above Gμ
F by ≈ 2σ, reflecting the known

tensions within the EW fit 11,12. For comparison with Ref. 9, if one considered only sin2 θW , one
would obtain

GEW
F

∣∣∣
minimal

= 1.16728(83)× 10−5GeV−2, (4)

consistent with Eq. (3), but with a larger uncertainty. The pull of GEW
F away from Gμ

F is mainly

driven by MW , sin2 θW from the hadron colliders, A�, and A0,�
FB.

We can also translate the CAA into a determination of the Fermi constant by requiring that
it takes the value which restores CKM unitarity:

GCKM
F = 0.99925(25)×Gμ

F = 1.16550(29)× 10−5GeV−2 . (5)

Comparing the three independent determinations of GF in right plot of Fig. 1, one finds a situa-
tion in which GEW

F lies above Gμ
F by 2σ, GCKM

F below Gμ
F by 3σ, and the tension between GEW

F

and GCKM
F amounts to 3.4σ. Therefore, if one wants to explain the CAA, i.e. the disagreement

between GCKM
F and Gμ

F by NP in muon decay only, one increases the tension with the EW.
Therefore, models that give a direct effect in beta decays and/or an effect in the EW fit are
welcome.

In these proceedings, we first review the possible solutions to the CAA in terms of effective
operators before we briefly discuss (simplified) new physics models.
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)a )b

)c )d

Figure 2 – Possible explanations of the CAA in terms of effective operators. a) and b) change directly the
determination of Vud from beta decays while c) and d) lead to an effect in the Fermi constant that changes
indirectly the values of Vud extracted from (super-allowed) beta decays.

2 SMEFT analysis

Among the set of gauge-invariant dimension-6 operators 13,14, there are four classes that affect
muon and/or beta decays 15,16,17,18 and therefore have the potential to explain the CAA:

a) 4-fermion operators affecting beta decays (u→ deν)

b) Operators generating modified W–u–d coupling,

c) 4-fermion operators affecting muon decays (μ→ eνν)

d) Operators generating modified W–μ–ν couplings

This is illustrated in Fig. 2.

2.1 Four-fermion operators in d→ ueν

The operators Q
(1)1111
�equ and Q

(3)1111
�equ give rise to d → ueν scalar amplitudes which lead to en-

hanced effects in π → μν/π → eν (w.r.t β decays) and therefore can only have a negligible

impact on Vud. Furthermore, the tensor amplitude generated by Q
(3)ijkl
�equ has a suppressed ma-

trix element in β decays.

For Q
(3)1111
�q , the CAA prefers C

(3)1111
�q ≈ 0.7×10−3GF . Via SU(2)L invariance, this operator

generates neutral currents

LNC = C
(3)1111
�q

(
d̄γμPLd− ūγμPLu

)
ēγμPLe, (6)

leading to effects in non-resonant di-electron searches at the LHC. Interestingly, CMS found an
excess of such high-energetic electrons24 and also ALTAS observed more events than expected25,
as predicted by an explanation of the CAA via this operator 26. This can be seen Fig. 3 where
also R(π), testable at the future PIONEER experiment 27, is shown.
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Figure 3 – Δχ2 = χ2−χ2
SM as a function of the Wilson coefficient [C

(3)
�q ]1111 for R(π) (blue), the CAA (green), the

CMS analysis of di-lepton pairs (red) and the combination of them (black) with the dark orange region showing
the 1σ and 2σ regions of the combined fit. The hatched region is excluded at 95% CL from the non-resonant
di-lepton search of ATLAS (not included in the χ2 function). The best fit point for the combined fit (black) is at

[C
(3)
�q ]1111 ≈ 1.1/(10TeV)2 where χ2 − χ2

SM ≈ −20.

2.2 Modified W − u− d couplings

There are only two operators modifying W couplings to quarks

Q
(3)ij
φq = φ†i

↔
D

I

μφq̄iγ
μτ Iqj ,

Qij
φud = φ†i

↔
Dμφūiγ

μdj . (7)

First of all, Qij
φud generates right-handed W–quark couplings. Q

(3)ij
φq generates modifications of

the left-handed W–quark couplings and data prefer

C
(3)11
φq ≈ 0.7× 10−3GF . (8)

Due to SU(2)L invariance, in general effects in D0–D̄0 and K0–K̄0 mixing are generated. How-
ever, in case of alignment with the down-sector, the effect in D0–D̄0 is smaller than the experi-
mental value and thus not constraining as the SM prediction cannot be reliably calculated.

2.3 Four-fermion operators in μ→ eνν

Disregarding flavor indices, two operators can generate a charged current involving four leptons:

Qijkl
�� = �̄iγ

μ�j �̄kγ
μ�l, Qijkl

�e = �̄iγ
μ�j ēkγ

μel. (9)

Note that for Qijkl
�� , e.g. the identities Qijkl

�� = Qklij
�� = Qilkj

�� = Qkjil
�� hold. Taking this into

account, we have 9 independent operators that contribute to μ→ eνν at tree-level 8:

1. Q2112
�� gives rise to a real and SM-like amplitude. Therefore, it can give a constructive or

destructive effect in the muon lifetime and does not affect the Michel parameters 19. In
order explain the CAA at the 1σ level we need C2112

�� ≈ −1.4 × 10−3GF . This Wilson
coefficient is constrained by LEP searches for e+e− → μ+μ− 10

− 4π

(9.8TeV)2
< C1221

�� <
4π

(12.2TeV)2
, (10)

such that a solution of the CAA is possible.
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2. Even though Q2112
�e possess a vectorial Dirac structure, it leads to a scalar amplitude after

using Fierz identities. Its interference with the SM is usually expressed via the Michel
parameter η = ReC2112

�e /(2
√√
2GF ), leading to a correction 1− 2ηme/mμ. The shift in Gμ

F

is constrained to be at most 0.68 × 10−4 20, well below the required effect for solving the
CAA.

3. The operators Q1212
��(e) can contribute to muon decay since the neutrino flavors are not

detected. To explain the CAA we need |C1212
�� | ≈ 0.045GF or |C1212

�e | ≈ 0.09GF , such that
both solutions are excluded by muonium–anti-muonium oscillations (M = μ+e−) 21.

4. ForQ1112
��(e) again numerical values of |C1112

��(e)| ≈ 0.09GF are preferred (as for all the remaining

Wilson coefficients in this list). Both operators give tree-level effects in μ→ 3e, e.g.,

Br [μ→ 3e] =
m5

μτμ

768π3

∣∣C1112
��

∣∣2 = 0.25

∣∣∣∣C1112
��

GF

∣∣∣∣2, (11)

which exceeds the experimental limit on the branching ratio of 1.0× 10−12 22 by orders of
magnitude (the result for C1112

�e is smaller by a factor 1/2).

5. The operators Q2212
��(e) and Q3312

��(e) contribute at the one-loop level to μ → e conversion and

μ → 3e and at the two-loop level to μ → eγ 23. Here the current best bounds come from
μ→ e conversion. Using Table 3 in Ref. 23 we have∣∣C3312

��

∣∣ < 6.4× 10−5GF ,
∣∣C2212

��

∣∣ < 2.8× 10−5GF , (12)

again excluding a sizable BSM effect. Similarly, Q3312
�e and Q2212

�e cannot provide a viable
solution of the CAA.

6. Q2312
��(e), Q

3212
��(e), Q

1312
��(e), and Q3112

��(e) contribute to τ → μμe and τ → μee, respectively, which
forbid a sizable effect in analogy to μ→ 3e.

2.4 Modified W–μ–ν couplings

Only the operator

Q
(3)ij
φ� = φ†i

↔
D

I

μφ�̄iγ
μτ I�j (13)

generates modified W–�–ν couplings at tree level. In order to avoid the stringent bounds from

charged lepton flavor violation, the off-diagonal Wilson coefficients, in particular C
(3)12
φ� , must

be very small. Since they also do not generate amplitudes interfering with the SM ones, their

effect can be neglected. Because C
(3)11
φ� affects Gμ

F and GCKM
F in the same way and thus has

no effect in the CAA. Therefore, only C
(3)22
φ� > 0 can explain the CAA while C

(3)22
φ� > 0, and

|C(3)22
φ� | < |C(3)11

φ� | are preferred in this case by tests of lepton flavor universality tests such as

π(K)→ μν/π(K)→ eν or τ → μνν/τ(μ)→ eνν 28,4,29. However, C
(3)ij
φ� also affects Z couplings

to leptons and neutrinos, which enter the global EW fit.

3 Models addressing the CAA

The following NP models (see Ref. 30 for a complete categorization of tree-level extensions of
the SM) give contributions to the effective operators discussed in the last subsection, which can
explain the CAA.
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3.1 W ′ boson

A W ′ boson with couplings to left-handed fermions (i.e. the charged component of an SU(2)L
triplet) affects the CAA via:

• Modified Wμν coupling generated by the mixing with the SM W , encoded in C
(3)
φ� . This

leads to limited effects in the CAA due to the stringent constraints from Z decays 31,32.

• Tree-level effects in μ→ eνν via C
(3)
�� .

• Tree-level effects in d→ ueν via C
(3)
�q if the W ′ couples to quarks and leptons 33.

• Modified W − u− d coupling generated by the mixing with the SM W encoded in C
(3)
φq .

3.2 Vector-like Leptons

Vector-like leptons (VLL), such as right-handed neutrinos 34, affect W − �− ν coupling via their
mixing with SM leptons and are EW symmetry breaking. There are 5 representations of vector-
like leptons that can couple to SM leptons and the Higgs and mix with the former after EW
symmetry breaking. However, a single representation alone cannot explain the CAA and result
simultaneously in a good EW fit 31,32.

3.3 Vector-like Quarks

Similar to vector-like leptons, vector-like quarks mix with the SM ones after EW symmetry
breaking an lead to modified W − u − d couplings. Two vector-like quarks are found of being
capable of accounting for the CAA 35.

3.4 Singly charged SU(2)L singlet scalar

Being an SU(2)L × SU(3)C singlet with hypercharge +1, only Yukawa-type interactions with
leptons are allowed. Due to hermicity of the Lagrangian it has anti-symmetric (i.e. off-diagonal)
couplings it results in an effect in muon decay with the right sign such that in can explain the
CAA via an shift in the Fermi constant 36,37,38,39.

3.5 SU(2)L Neutral Vector Boson (Z ′):

A Z ′ boson which is an SU(2)L singlet only interferes with the SM amplitudes for μ → eνν
if it has flavour violating couplings to leptons. In this case a necessarily constructive effect is
generated that can explain the CAA if other couplings are so small that the bounds from charged
LFV are respected 40.

3.6 Leptoquark

Even though LQs can generate tree-level effects in beta decays, in this case, low energy par-
ity violation or kaon decays, are, in general, more constraining and prevent a solution of the
CAA 41,42.

4 Conclusions and outlook

The Cabibbo angle, parametrizing the mixing among the first two quark generations can be
measured in kaon, tau, pion, D and beta decays. However, the determination from super-
allowed beta decays disagrees with the other measurements, leading to an ≈ 3σ deficit in first
row CKM unitarity, known as the CAA.

Since for extracting Vud from (super-allowed) beta decays knowledge of the Fermi constant
is necessary. Even though the the Fermi constant is very precisely measured in muon decay, it is
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not necessarily free of new physics. THerefore, there are for ways how one can explain the CAA
in terms of NP via effective operators: a) 4-fermion operators affecting beta decays (u→ deν),
b) operators generating modified W–u–d coupling, c) 4-fermion operators affecting muon decays
(μ→ eνν) and d) operators generating modified W–μ–ν coupling. In terms of (simplified) BSM
models, these operator can be generated by a) W ′, leptoquarks, b) W ′ (mixing with the SM
W ), vector-like quarks, c) W ′, singly charged scalar, Z ′ (with lepton flavour violating couplings),
d) vector-like leptons, W ′ (mixing with the SM W ). Note if only muon decay receives a BSM
contribution, the CAA can be explained, but at the expense of a enhanced tension within the
global EW fit.
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Three loop calculations and inclusive Vcb
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In this proceeding, we present the results of the latest extraction of |Vcb| from inclusive semilep-
tonic B decays to charmed hadrons 1. In particular, we will discuss the impact of the recent
O(α3

s) calculations of the semileptonic width of the b quark 2 and of the relation between pole
and kinetic heavy quark masses 3,4 on the uncertainty in the value of |Vcb|. Our default fit
yields |Vcb| = 42.16(51)× 10−3, resulting in a slight decrease of its central value and a signifi-
cant reduction of its uncertainty with respect to the previous inclusive determinations 5,6.

1 Introduction

The Cabibbo-Kobayashi-Maskawa (CKM) matrix element Vcb is a key parameter of the Standard
Model (SM). Its determinations from exclusive B → D(∗)�ν and inclusive B → Xc�ν decays
disagree by 1− 3σ, which remains a long-standing tension 7,8,9,10.

Good theoretical control of higher order perturbative corrections to the b → c�ν̄ decay
width is essential for precise determinations of |Vcb|. They not only provide one of the dominant
theoretical uncertainties, but also they have a substantial impact on its central value – newly
available O(α3

s) corrections shift the semileptonic rate by as much as over 10% 2.

Other relevant higher order calculations for our purposes regard the three-loop corrections
to the relation between the pole (orto the relation between the pole (or MS) and the kinetic masses of a heavy quark 3,4. Having
precise theoretical knowledge of the relations between these mass schemes allows us to compute
the b quark mass in the kinetic scheme 11 with high accuracy, by employing the most updated
state-of-the-art determinations of the corresponding MS mass 12,13. These results can then be
supplemented to the fits to the semileptonic moments as high-precision constraints and, hence,
they play an important role in the extraction of |Vcb|.

In this proceeding, we review the results of our latest global fit to the moments of the
kinematic distributions and the extraction of |Vcb| 1, where all the aforementioned higher order
calculations are included.

2 The OPE and Inclusive Observables

In the B meson rest-frame, the energy scale set by the mass of its b quark constituent is such
that it saturates the internal energy of the B meson up to corrections of order ΛQCD. This
fundamental idea allows us to write sufficiently inclusive quantities (typically the total width and
the first few moments of the kinematic distributions) in an Operator Product Expansion (OPE)
as a double series in αs and ΛQCD/mb. The expansion in powers of the heavy quark mass starts
at O(1/m2

b) and involves B-meson forward-scattering matrix elements of effective operators of
growing dimension 14,15,16. These matrix elements encode the nonperturbative physics and can

aSpeaker
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be estimated by fitting them to the experimental data on the normalised moments of the lepton
energy and invariant hadronic mass distributions in B → Xc�ν decays.

In order to extract |Vcb|, once the nonperturbative parameters are determined through the
fit to the moments, one needs to use the information contained in the total semileptonic width,

Γsl = Γ0f(ρ)

[
1 + a1as + a2a

2
s + a3a

3
s

−
(
1

2
− p1as

)
μ2
π

m2
b

+ (g0 + g1as)
μ2
G(mb)

m2
b

+ d0
ρ3D
m3

b

− g0
ρ3LS
m3

b

+ . . .

]
(1)

where Γ0 = Aew|Vcb|2G2
Fm

kin
b (μ)5/192π3, f(ρ) = 1−8ρ+8ρ3−ρ4−12ρ2 ln ρ, as = α

(4)
s (μb)/π

is the strong coupling in the MS scheme with 4 active quark flavours, ρ = (mc(μc)/m
kin
b (μ))2

is the squared ratio of the MS charm mass at the scale μc, mc(μc), and of the b quark kinetic
mass with a cutoff μ ∼ 1GeV, mkin

b (μ). Aew 
 1.014 is the leading electroweak correction. The
parameters μ2

π, ρ
3
D, etc. are the nonperturbative expectation values of local operators discussed

above within the kinetic scheme 4,11,17. This scheme allows for a short-distance, renormalon-free
definition of mb and of the OPE parameters at the price of introducing a hard-cutoff scale μ.

Using the computer readable expressions provided by the authors of Ref. 2 and the relevant
scheme conversion formulae, we checked their numerical results for the coefficients ai in Eq. (1)
finding excellent agreement.

The series expansion of the width in Eq. (1) is governed by three different unphysical scales:
the scale μb of the strong coupling constant in the MS scheme, the charm-quark mass scale
μc and the wilsonian cutoff μ that separates perturbative from nonperturbative physics in the
kinetic scheme. As discussed in Ref. 1, after analysing several particular combinations of scales,
we defaulted to using μb = mkin

b /2, μc = 2GeV and μ = 1GeV to compute the total rate,
obtaining

Γsl = Γ0f(ρ)
[
0.9255− 0.1140αs − 0.0011α2

s
+ 0.0103α3

s

]
= 0.5381Γ0. (2)

Setting μc = 2GeV has the interesting property of yielding an, even though accidental, improved
convergence of the perturbative series 2,18. On the other hand, μb = mkin

b /2 seems to be an

appropriate choice for the scale of α
(4)
s , as the physical scale of the decay is actually lower than

mb.
From Eq. 2 we observe that the perturbative series converges well and that the typical size

of the three-loop corrections is around the 1% level. Therefore, the residual perturbative uncer-
tainty due to the truncation of the perturbative expansion at O(α3

s) can be naively estimated
from Eq. 2 to be ∼ 1%. However, as we showed in in Ref. 1, a more careful estimate of this error
can be attained by assessing the residual scale dependence of Eq. 2. In Fig. 1 we show the μb,
μc and μ dependence of the total width at two and three loops, using the inputs of the 2014
default fit 5. Computing the spread of values for the total rate within the ranges of variation
of the scales shown in Fig. 1, we conservatively estimated a residual perturbative uncertainty of
0.7% in Γsl.

As it can be readily seen from Eq. (1), the 1/mb expansion is truncated at O(αs/m
2
b)

19,20,21

and O(1/m3
b)

22. After the residual perturbative uncertainty, the error on the width due to
higher power corrections is the second major source of theoretical uncertainty. On the one
hand, the O(αsρ

3
D/m

3
b) corrections have already been computed 23. We analysed their impact

at the level of the total rate, converting the results of Ref. 23 to our default scheme choice,
and found their impact negligible. Similarly, one expects the effect of unknown O(α2

s/m
2
b) and

O(α2
sρ

3
D/m

3
b) corrections to generate an effect at the 1% level or below. On the other hand, the

impact of the O(1/m4
b , 1/m

5) corrections can be estimated via the Lowest Lying State Saturation
Approximation (LLSA) 24,6. As discussed in Ref. 6, there is an intricate interplay between these
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Figure 1 – Scale dependence of Γsl at fixed values of the inputs. Dashed (solid) lines represent the two (three)
loop calculation.

corrections and the fit to the OPE parameters. Therefore, part of this effect is already accounted
for in the errors of the results coming out of the fit to the semileptonic moments, however we
also assigned an additional error budget of 0.3% to the width. Finally, one needs to consider an
error due to possible quark-hadron duality violation effects. Combining all the discussed sources
of uncertainty, we estimated the total uncertainty in Γsl to be 1.2%.

3 The Global Fit and the Extraction of |Vcb|

In the last few months, the q2 moments of inclusive B → Xc�ν decays have been measured for
the first time by both Belle 25 and Belle II 26, already reaching competitive levels of precision.
However, these newly available experimental results were not public at the time of our latest
extraction of |Vcb| 1.

On the contrary, new lattice determinations of mb and mc were already available back then,
significantly improving their precision with respect to the constraints used in the 2014 fit 5. In
particular, we used the FLAG 2019 averages 13, with Nf = 2 + 1 + 1 for mb and mc, and the
latest running and MS−kinetic scheme conversion formulae to obtain the corresponding masses
within our default choice of Eq. (2), mc(2GeV) = 1.093(8) and mkin

b (1GeV) = 4.565(19) GeV.
Using these new theoretical constraints on the quark masses and using the experimental

data listed in Table 1 of Ref. 18 – i.e. the same experimental input of the 2014 default fit –
we performed a χ2 frequentist fit including all theoretical and experimental correlations (see
Refs. 18,5 for details on the estimation of theoretical correlations). In view of the small impact of
the O(1/m4

b , 1/m
5) and O(αsρ

3
D) corrections discussed in the previous section, we reduced the

theoretical uncertainties in the fit. From the fit with our default scale choice, μc = 2GeV and
μb = mkin

b /2, we obtained 1

103 × |Vcb| = 42.16(30)th(32)exp(25)Γ = 42.16(51) (3)

with χ2
min/dof = 0.47, being this is our reference value. In Table. 1 of Ref. 1, we display the

complete results of this fit.
In order to check the consistency of our main result of Eq. (3), we also performed a fit

including O(1/m4
b , 1/m

5) corrections following that of Ref. 6. Using the same assumptions on
the theory errors of Ref. 6 and taking μc = 2GeV and μb = mkin

b /2, the fit yields 103 × |Vcb| =
42.00(32)th(32)exp(25)Γ = 42.00(53)1, which is consistent with Eq. (3), confirming our estimation
of theory uncertainties.

4 Conclusions

The new three-loop calculation of Ref. 2 shows that higher order perturbative effects are under
control. Their impact on the extraction of |Vcb| conforms to naive expectations, showing a
good behaviour of the perturbative series and that the extraction of |Vcb| from inclusive B-
decays is theoretically robust. Our final result, shown in Eq. (3), is very close to previous
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determinations 5,6, but with a total uncertainty of 1.2%, one third smaller than in Ref. 5. This
reduction of the uncertainty reflects a better control of higher order effects, but it is also due
to improved determinations of the heavy quark masses. The dominant single component of the
uncertainty in Eq. (3) is related to the experimental determination of the moments and of the
semileptonic branching fraction, which are expected to be improved at Belle II. In this sense, it
would be important to explore the effect of the new measurements of the q2 moments 25,26 on
the extraction of |Vcb|. A very recent analysis using these measurements, and a novel approach
based on reparametrisation invariance, reports a value of |Vcb| largely compatible with ours at
the 1σ level 27.

Our new determination did not help solving the discrepancy between inclusive and exclusive
|Vcb|, with the reduced uncertainty exacerbating the tension even more.

Acknowledgments

B.C. wishes to thank the organising committee for the invitation to give a talk, as well as Paolo
Gambino and Marzia Bordone for collaboration in this work. This research was supported by
the Italian Ministry of Research (MIUR) under grant PRIN 20172LNEEZ.

References

1. M. Bordone, B. Capdevila and P. Gambino, Phys. Lett. B 822, 136679 (2021).
2. M. Fael, K. Schönwald and M. Steinhauser, Phys. Rev. D 104, 016003 (2021).
3. M. Fael, K. Schönwald and M. Steinhauser, Phys. Rev. Lett. 125, 052003 (2020).
4. M. Fael, K. Schönwald and M. Steinhauser, Phys. Rev. D 103, 014005 (2021).
5. A. Alberti, P. Gambino, K. J. Healey and S. Nandi, Phys. Rev. Lett. 114, 061802 (2015).
6. P. Gambino, K. J. Healey and S. Turczyk, Phys. Lett. B 763, 60 (2016).
7. P. Gambino, M. Jung and S. Schacht, Phys. Lett. B 795, 386 (2019).
8. M. Bordone, M. Jung and D. van Dyk, Eur. Phys. J. C 80, 74 (2020).
9. A. Bazavov et al, ”Fermilab Lattice, MILC”, arXiv:2105.14019 (2021).

10. G. Martinelli, S. Simula and L. Vittorio, arXiv:2109.15248 (2021).
11. I. I. Bigi, M. Shifman, N. Uraltsev and A. I. Vainshtein, Phys. Rev. D 56, 4017–4030

(1997).
12. A. Bazavov et al, Phys. Rev. D 98, 054517 (2018).
13. S. Aoki et al, Eur. Phys. J. C 80, 113 (2020).
14. J. Chay, H. Georgi, and B. Grinstein, Phys. Lett. B 247, 399 (1990).
15. I. I. Bigi, N. Uraltsev, and A. Vainshtein, Phys. Lett. B 293, 430 (1992).
16. A. V. Manohar and M. B. Wise, Phys. Rev. D 49, 1310 (1994).
17. A. Czarnecki, K. Melnikov and N. Uraltsev, Phys. Rev. Lett. 80, 3189 (1998).
18. P. Gambino and C. Schwanda, Phys. Rev. D 89, 014022 (2014).
19. A. Alberti, T. Ewerth, P. Gambino and S. Nandi, Phys. Lett. B 870, 16 (2013).
20. A. Alberti, P. Gambino and S. Nandi, JHEP 01, 147 (2014).
21. T. Mannel, A. Pivovarov and D. Rosenthal, Phys. Rev. D 92, 054025 (2015).
22. M. Gremm and A. Kapustin, Phys. Rev. D 55, 6924 (1997).
23. T. Mannel and A. Pivovarov, Phys. Rev. D 100, 093001 (2019).
24. T. Mannel, S. Turczyk and N. Uraltsev, JHEP 11, 109 (2010).
25. BELLE Collaboration, Phys. Rev. D 104, 112011 (2021).
26. BELLE II Collaboration, arXiv:2205.06372 (2022).
27. F. Bernlochner, M. Fael, K. Olschewsky, E. Persson, R. van Tonder, K. K. Vos and M.

Welsch, arXiv:2205.10274 (2022).

118



Latest results on semileptonic and electroweak penguin decays at Belle II

M. Welsch on behalf of the Belle II Collaboration
Physikalisches Institut, Nußallee 12

University of Bonn, 53115 Bonn, Germany

The Belle II Collaboration presents four new analyses: The measurement of |Vub | from

B → πeνe decays with a fit to the differential q
2
spectrum, the determination of |Vcb | us-

ing a fit to the differential w distribution from B
0 → D

∗−
	
+
ν� decays, and the measurement

of q
2
moments in inclusive B → Xc	ν� decays. In all these analyses tag-side B meson is recon-

structed in a fully hadronic decay chain. The last result are branching fraction measurement
of B → K

∗
	
+
	
−

decays using an untagged approach.

1 Introduction

The Belle II Collaboration collected a data set corresponding to an integrated 189 fb−1 at the
Υ(4S ) resonance. The data is recorded with the Belle II detector and the SuperKEKB e+e−-
collider located at KEK in Tsukuba, Japan. This manuscript presents four new recent results
from the Belle II Collaboration.

2 Branching Fraction Measurements of B → πe+νe Decays and Determination of
|Vub |

In this analysis reconstructs the decays B0 → π−e+νe and B+ → π0 e+νe using hadronic tagging
provided by tagging algorithm implemented in the Full-Event-Interpretation 1. These decays
are considered the golden modes to measure the magnitude of the Cabibbo-Kobayashi-Maskawa
(CKM) 2,3 matrix element |Vub | in an exclusive approach.

B → πe+νe decays are reconstructed in channels with charged and neutral π candidates.
The number of signal and background events are determined with a maximum likelihood fit
of the missing mass squared m2

Miss = (p∗B sig
− p∗e − p∗π)

2 in three bins of the four-momentum

transfer q2 = (p∗B sig
− p∗π)

2. Here, p∗ denotes the four momentum in the center-of-mass of the

e+e−-collision. The four-momentum of the signal B is calculated from the momentum of fully
reconstructed tag-side B meson p∗B sig

= (
mΥ(4S)

2 ,−p∗B tag
).

In a next step, the unfolded yields are translated into partial branching fractions in bins of
q2. A χ2-fit of dB/dq2 to the measured partial branching fractions and to the Fermilab/MILC
lattice QCD constraints 4 is performed for each reconstruction channel individually and and the
combination of charged and neutral B modes. In the fit, the form factors are parameterized
using the BCL parameterization 5. The fit result for the combined fit is shown in Fig. 1. Table 1
lists the extracted |Vub | values. In addition, we report the total branching fractions B(B0 →
π−e+νe) = (1.43±0.27stat±0.07sys)×10−4 and B(B+ → π0 e+νe) = (8.43±1.42stat±0.54sys)×10−5
obtained by the sum of the partial branching fractions in the three q2 bins.
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Figure 1 – Resulting projections for the charged (left) and neutral (right) pion channel of the combined fit of the
differential branching fraction dB/dq2.

Table 1: Extracted |Vub | values by χ
2
-fits to dB/dq2 of B

0 → π
−
e
+
νe and B

+ → π
0
e
+
νe decays.

Decay mode |Vub | × 103 χ2/DOF

B0 → π−e+νe (3.71 ± 0.55) 0.16

B+ → π0 e+νe (4.21 ± 0.63) 0.02
Combined fit (3.88 ± 0.45) 0.32

3 Branching Fraction Measurements of B0 → D∗−�+ν� Decays and Determination
of |Vcb |

In this analysis, the decay B0 → D∗−�+ν� is reconstructed using a hadronic tagging approach.

A good understanding of the decay B → D∗�ν� is important for future measurements of R(D(∗))
and the precise exclusive determination of the CKM matrix element |Vcb |.

Events are reconstructed in a single decay chain, where the D∗ decays into a neutral D
meson and a charged pion π−. The D meson is reconstructed in the decay channel D → K+π−.

We measure a branching fraction of B(B0 → D∗−�+ν�) = (5.27±0.22stat±0.38sys)%. |Vcb | is
determined with a fit of the differential decay rate to the unfolded w spectrum. Here, w denotes
the product of B and D∗ four-velocities w = vBvD∗ = (m2

B + m2
D
∗ − q2)/(2mBmD

∗). The

differential decay rate is given by

dΓ

dw
=

η2EWG3
F

48π2 m3
D
∗(mB −m

D
∗)2g(w)F 2(w)|Vcb |2. (1)

The product g(w)F 2(w) is parameterized with R1(1), R2(1) and ρ2 in the CLN form factor
parameterization 6. The result of a χ2 fit of dΓ/dw is shown in Fig. 2. R1(1) and R2(1) are
constrained to external measurements 7 in the fit. A 2D scan of the χ2 function in the ρ2 and
ηEWF (1)|Vcb | plane is also shown in Fig. 2. With ηEW = 1.0066 8 and F (1) = 0.906±0.004stat±
0.0012sys

8 we obtain |Vcb | = (37.9± 2.7)× 10−3.

4 Measurement of q2 Moments in B → Xc�ν� Decays

We present measurements of the first to fourth raw and central q2 moments of B → Xc�ν� de-
cays as functions of lower q2 threshold from 1.5GeV2/c4 up to 8.5GeV2/c4. Lepton energy and
hadronic mass moments have been used to determine |Vcb | and parameters of the Heavy-Quark-

Expansion (HQE) up to O(1/m3
b) in a model independent way using a global fit. At higher order,
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Figure 2 – Result of the fit of the differential decay rate dΓ/dw (left) and 2D scan of the χ
2
function in the ρ

2

and ηEWF (1)|Vcb | plane (right).

the determination of the HQE is complicated by a proliferation of non-perturbative matrix ele-
ments. Ref. 9 outlines an alternative approach to determine |Vcb | from inclusive decays avoiding
this proliferation of HQE parameters by exploiting reparameterization invariance. However
reparameterization invariance is not retained by the lepton energy and hadronic mass moments.
Thus, the measurement of q2 moments is proposed.

Semileptonic decays are reconstructed in an inclusive approach without assuming exclusive
hadronic charmed resonances in the the B → X �ν� decay. The hadronic X system is identified
with the remaining charged particles and photons not used in the tag-side B meson and signal
lepton reconstruction. Figure 3 shows the reconstructed q2 spectrum.

Before calculating the moments, a calibration of the q2 spectrum q2reco → q2calib is applied to
correct for detector resolution and reconstruction efficiency effects. The remaining background
is subtracted directly in the calculation of the q2 moments by assigning a signal probability as
event weight wi(q

2). The raw moments are calculated as a weighted mean

〈q2n〉 =
∑

wiq
2
i,calib∑
wj

× Ccalib × Cgen. (2)

Here, Ccalib and Cgen are two additional correction factors correcting imperfections of the cal-
ibration procedure and for different selection efficiencies of the B → Xc�ν� components. The
measurement of the first raw moment 〈q2〉 are also shown in Fig. 3. The moments for the as-
sumed Xc model are show for comparison. We provide numerical results and covariance matrices
on HEPData.

Figure 3 – Reconstructed q
2
spectrum (left) and first raw q

2
moment 〈q2〉 (right).
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5 Branching Fraction Measurements of B → K∗�+�− Decays

The decay B → K∗�+�− involves a b → s transition mediated by a flavour changing neutral
current which is forbidden at tree level and thus, highly suppressed. The decay is sensitive
to new physics contributions, which might enhance or suppress the decay amplitude or modify
the angular distributions. The here reported branching fractions measurements are a first step
towards a measurement of R(K∗) at Belle II. Recent determinations of R(K∗) show tensions
with the SM expectation 10,11,12.

The analysis considers three decay modes: B0 → K∗0 (→ K+π−)�+�− and B+ → K∗+(→
K0

S π
+,→ K+π0 )�+�−. The second B meson in the Υ(4S ) decay is not explicitly reconstructed.

The number of signal decays is extracted from a 2D maximum likelihood fit to the beam-

constrained mass Mbc =
√√
s/4− p∗2B and the energy difference ΔE = (E∗B −

√√
s/2).

We measure B(B → K∗μ+μ−) = (1.28 ± 0.29+0.08
−0.07) × 10−6, B(B → K∗e+e−) = (1.04 ±

0.48+0.09
−0.09) × 10−6 and B(B → K∗�+�−) = (1.22 ± 0.28+0.08

−0.07) × 10−6 with the first and second
uncertainty being statistical and systematic, respectively.
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Rare and semileptonic heavy flavour decays at LHCb

F. Dettori a

Dipartimento di Fisica, Università degli Studi di Cagliari and INFN Sezione di Cagliari, Italy

A short summary of recent results by the LHCb collaboration in the field of rare and semilep-
tonic decays is presented. A point of view on the discussion on these and related measurements
that animated the Moriond QCD 22 conference is briefly recalled.

1 Summary of the presented results

1.1 B0
d,s → μ+μ− decays

The very rare B0
d,s → μ+μ− decays represent a fundamental Standard Model (SM) test: they

are flavour changing neutral currents (FCNC) and suppressed by helicity reasons to branching
fractions of 1 B(B0

s → μ+μ−) = (3.66±0.14)×10−9 and B(B0 → μ+μ−) = (1.03±0.05)×10−10.
The uncertainty on these values is almost entirely parametric, dominated by CKM matrix el-
ement values |V ∗tbVts|, linking this to Vcb and thus to the tension between its inclusive and
exclusive determination. Because of this, efforts have been done for different SM predictions by
using the correlation of ΔF = 1 rare decays with ΔF = 2 B mixing, and using experimental
ΔM values, yielding compatible results 2, namely B(B0

s → μ+μ−) = (3.62+0.15
−0.10) × 10−9 and

B(B0 → μ+μ−) = (0.99+0.05
−0.03) × 10−10. The second most important term in the uncertainty is

due to the meson decay constants, whose error greatly diminished in the past years thanks to
the effort of the Lattice QCD community 3. These decays are also sensitive from the experi-
mental point of view, due to the clean dimuon signature and high efficiency for muons of the
typical experiment. The LHC wide combination of the B0

s → μ+μ− measurements 4, obtained
a branching fraction value in mild tension (2.1σ) with the SM. Hence any new experimental
measurement is fundamental.

Since then, the LHCb experiment has performed the analysis of the full Run 1-2 data,
corresponding to 9 fb−1 of integrated luminosity5,6. In addition to a doubled statistics, the main
changes are: an improvement in several parts of the calibration, an improved measurement of
the ratio of hadronisation fractions 7, and the search for the B0

s → μ+μ−γ decay 8, sensitive
to new currents similar to those in which other b → s�� decays are showing tensions with the
SM (i.e. C9). Events are classified through the use of a multivariate operator trained against
combinatorial background. The signal yield estimation is performed through a dimuon invariant
mass fit including components for the three signals, combinatorial background, misidentified
background due to two body hadronic B decays and partially reconstructed background with
one or no misidentified tracks. The yields are converted to branching fractions normalising to
known B decays, B+ → J/ψK+ and B0 → K+π−. The results show a large B0

s → μ+μ−

peak corresponding to a branching fraction B(B0
s → μ+μ−) =

(
3.09+0.46+0.15

− 0.43− 0.11

)× 10−9, in good
agreement with the SM. A model dependent correction is also calculated to this decay, due to

aOn behalf of the LHCb collaboration
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the dependence of its lifetime on the assumed new physics 9, and amounts to an increase of
10.9% in the branching fraction in case of AΔΓ = −1 compared to the SM value of 1. No other
significant signal is seen and upper limits are set at 95% to B(B0 → μ+μ−) < 2.6 × 10−10

and B(B0
s → μ+μ−γ)mμμ>4.9GeV < 2.0 × 10−9, which represents the world’s first limit on the

B0
s → μ+μ−γ decay. Simultaneously, the effective lifetime of the B0

s → μ+μ− decay has been
measured yielding τμμ = 2.07±0.29±0.03 ps, a value outside the lifetimes of the light (AΔΓ = −1)
and heavy (AΔΓ = +1) mass eigenstates, but consistent with these values at 2.2 and 1.5 σ,
respectively.

1.2 B0
(s)→ pp̄ decays

A second FCNC search was performed on very rare baryonic modes. The B0
(s) → pp̄ decays

were searched using the full Run 2 data 10, normalising their branching fraction to B0 → K+π−

decays. The B0 → pp̄ was (re)-observed with large significance, and a branching fraction of
B(B0→ pp̄) = (1.27± 0.15± 0.05± 0.04)× 10−8 was measured. This combined with the Run 1
measurement yields a branching fraction of B(B0→ pp̄) = (1.27 ± 0.13 ± 0.05 ± 0.03) × 10−8.
No evidence of the rare B0

s→ pp̄ was seen and thus an upper limit of B(B0
s→ pp̄) < 4.37× 10−9

at 90% was set.

1.3 Search for B decays to four muons

Decays of B mesons to four muons are also very rare. The non-resonant decays are expected
in the SM with a branching fraction of order 10−10 and 10−12 for the B0

s and B0 mesons
respectively. Many extensions of the SM can give contributions orders of magnitude larger.
Using the full Run 1-2 statistics, superseding previous results, LHCb searched11 for non-resonant
B0

(s) → μ+μ−μ+μ−, axion mediated B → aa (including those with ma = 1GeV for the first

time), and B0
(s)→ J/ψ (μ+μ−)μ+μ− decays. Signal yields are converted to branching fractions,

normalising to the B0
s → J/ψ(μ+μ−)φ(μ+μ−) decay (B = (1.74 ± 0.14) · 10−8). The search is

performed in bins of the output of a BDT operator trained against combinatorial background.
After full particle identification, misidentified background was found to be negligible. No excess
above background expectation is found and upper limits are set at 95% with the CLs method
as B (

B0
s→ μ+μ−μ+μ−

)
< 8.6 × 10−10 and B (

B0→ μ+μ−μ+μ−
)
< 1.8 × 10−10, on the non-

resonant modes, and of similar magnitude for the other modes. These represent the first limits
on B0

(s)→ J/ψ (μ+μ−)μ+μ− decays and a factor 2 improvement on the non-resonant channels,
as well as the first search sensitive to B → aa decay with ma = 1GeV.

1.4 Measurement of the photon polarization in Λ0
b→ Λγ

In b → sγ decays the photon polarisation in the SM is predominantly left-handed (with devi-
ations ∝ m2

s/m
2
b), while in models beyond the SM the fraction of right-handed photons could

increase. The Λ0
b→ Λγ decay is particularly interesting thanks to the spin of the baryons: the

photon recoils against the Λ baryon, which is in turn polarised and the polarisation of which can
be measured in the weak Λ→ pπ− decay. The photon polarisation αγ can thus be measured from
the proton angular distribution. The LHCb analysis of this decay12 is based on 6 fb−1 data, trig-
gered by the hadrons or the photon. Again, a BDT based selection is trained and applied against
combinatorial background, while a small Λ0

b → Λη residual background is present. The proton
distribution as a function of the angle θp between the proton and the Λ in the Λ rest frame, is
described for the signal as dΓ

d cos(θp)
∝ 1−αΛαγ cos(θp) times an acceptance function. The Λ decay

parameters recently measured by BESIII 13 are used. The photon polarization, with all system-
atic uncertainties is measured both averaged and separated by charge as a measurement of CP
violation. Confidence intervals for these observables are computed using the Feldman-Cousins
method imposing the physical boundaries, obtaining αγ = 0.82+0.17

−0.26(stat.)
+0.04
−0.13(syst.), for the
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charge average, and α+
γ = −0.56+0.36

−0.33(stat.)
+0.16
−0.09(syst.), for the baryons and an upper limit of

α−γ > 0.56(0.44) at 90% (95%) CL for the antibaryons. This represents the first measurement of
the photon polarisation in Λ0

b→ Λγ decays, consistent with SM predictions and CP symmetry.
Constraints on Wilson coefficients obtained with the Flavio software 14 tightly constrain new
C7 currents: solving a two fold ambiguity with C ′7 currents.

1.5 Angular analysis of D0 → h+h−μ+μ− decays

As far as the charm sector is concerned, the first full angular analysis of very rare D0 →
h+h−μ+μ− decays was recently completed15 exploiting the full 9 fb−1 statistics. The coefficients
modelling this distribution are sensitive tests of the SM, particularly probing the interference
between short distance physics (and as such possible physics beyond the SM) and the long dis-
tance resonance contributions. The differential rate, expressed in terms of 9 angular coefficients,
is obtained, and both flavour averages and CP asymmetries are measured. All measurements
are found to be consistent with SM predictions (where present) and CP symmetry.

1.6 Λ0
b − Λ0

b production asymmetry at
√√
s = 7 and 8TeV

On the semileptonic side, Λ0
b → Λ+

c μν̄μX decays have been used to measure the production
asymmetry of Λ0

b versus Λ0
b baryons, fundamental for CP violation measurements 16. The mea-

surement is based on 3 fb−1 of pp data at
√√
s = 7 and 8TeV, and performed in rapidity and

transverse momentum bins. The results are obtained correcting the raw yield asymmetry Araw,
obtained from a to the Λ+

c invariant mass fit, as Araw = AProd+Adet+Aint+APID+Atrig. In this,
the interaction asymmetry Aint is calibrated using external measurements of the cross-sections
of proton and antiproton scattering on deuterium targets and a large Λ→ pπ control channel in
data, the detection asymmetry Adet mostly cancels by swapping magnetic field polarity, and the
particle identification APID and trigger Atrig asymmetries are calibrated from control channels
in data, A production asymmetry between Λ0

b and Λ0
b baryons is observed at 5.8σ significance,

at ∼ 1% level on average. Furthermore an evidence for a dependence on the rapidity is seen.
Different Pythia tunings are compared to data and they mostly overestimate the asymmetry,
only one Colour Recombination model predicts the correct low-pT behaviour 17.

2 Discussion and outlook

Legacy analyses of the Run 1-2 LHCb data are being presented now, at the eve of Run 3 data-
taking with a significantly upgraded detector. These will remain for the years to come and
as such do not necessarily follow the publication rhythm of previous ones. As an example the
current measurement of B0

d,s → μ+μ− decays will remain the LHCb legacy for some years,
eagerly awaiting the analogous measurements from the CMS and ATLAS experiments on their
full Run 1-2 data, and the combination that will follow. From a very rare decay search, this is
becoming a precision measurement, complemented by new observables and new “companion”
channels, such as the B0

s → μ+μ−γ decay.

In general, most of the very rare decays in beauty and charm are consistent with Standard
Model and are tightening considerably the space for any “obvious” new physics scenario. At
the same time they are all statistically limited and will be improved with Run 3 data, as well
as many other new observables, inaccessible in Run 1-2.

However in the field of b → s�� decays, some of them are showing consistent anomalies,
albeit none with a large significance by itself. It is possible that new phenomena beyond the
SM will only become visible as a combination of many different small discrepancies. These will
be evident possibly in the couplings of new operators or more probably in the modification of
known operators couplings. The discussion at this conference showed that in order to create
scientific consensus on this opint a global significance well beyond the standard “5σ rule” will
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be needed, as well as confirmation from as many experiments as possible. In this, the upcoming
measurements of the Belle II collaboration will be precious. Beyond that, the same couplings
should be measured in as many new observables as possible.

While caution on the results is important, a certain scepticism on the possibility of these
indirect methods to find new phenomena, seems to be present but unjustified. Whether a new
interaction, if discovered through indirect effects, will be confirmed by a presence of a new
particle(s) produced and detected at the LHC or future colliders, will not reside in the failure
or success of the model independent methods, but on nature: whether that particle is in the
accessible range for direct production or not, regardless of how early its indirect effects are
detected. After all, most of the known elementary particles have been detected earlier through
their indirect influence on precision measurements, than through their direct production.
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Lepton flavor universality and lepton flavor violation tests at LHCb
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Overview of b-hadron lepton flavor universality tests and lepton flavor violating B searches
performed at LHCb, with highlights on the most recent results.

1 Introduction

In the standard model (SM) of particle physics, the gauge bosons have the same couplings with
each of the three lepton families. This accidental symmetry, known as lepton flavor universality
(LFU), might not hold in physics processes beyond the standard model (BSM). LFU has been
validated in W and Z boson decays at percent and per mille level, respectively 1.

The b→ s�� and b→ c�ν transitions, where � represents either an electron, a muon or a tau,
allow for additional tests of LFU. In the SM, their decay rates are expected to be independent
from the lepton family, except for kinematic effects due to lepton masses, accurately assessable.
Any deviation from this behaviour would be a striking sign of lepton flavor non universal BSM
physics. These transitions, sensitive to intermediate virtual BSM particles, are also comple-
mentary, since b → s�� are flavor changing neutral current processes, proceeding only via loop
diagrams, while b→ c�ν are occurring at tree level.

Another striking signature of BSM physics would be the observation of a charged lepton
flavor violating process b → s��

′
, with � and �

′
indicating leptons of different families. In

fact, even though lepton flavor violation (LFV) has been proven in neutral leptons since the
observation of neutrino oscillations, LFV in the charged sector is negligible in the SM. However,
many extensions of the SM predict a significant enhancement of charged LFV decays.

2 Lepton flavor universality tests in b → s�� transitions

LFU tests in b→ s�� transitions have been performed measuring the ratios of branching fractions:

RHs =
B(Hb → Hsμ

+μ−)
B(Hb → Hse+e−)

, (1)

where Hb indicates a b-hadron and Hs an hadronic system with at least one strange quark. The
inclusion of charge-conjugate modes is implied throughout. Theoretical uncertainties on RHs

can be controlled at the percent level, given the fact that uncertainties on the form factors are
the same at numerator and denominator, apart from small and precisely calculable kinematics
effects. These measurements are typically performed in regions of the di-lepton invariant mass
squared q2, where different operators with potentially different BSM contribution are involved.
Since the b → sτ+τ− transition has not been observed, tests with tau leptons have not been
performed.
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Table 1: LFU tests in b → s		 transitions performed by the LHCb experiment.

RHs Decay mode q2 region LHCb measurement Compatibility Integrated

(� = e or μ) (GeV2/c4) (± stat. ± syst.) with SM luminosity

RK B+ → K+�+�− [1.1, 6.0] 0.846+0.042+0.013
−0.039−0.012 3.1σ 9 fb−1

RKs B0 → K0
s �

+�− [1.1, 6.0] 0.66+0.20+0.02
−0.14−0.04 1.5σ 9 fb−1

RK∗0 B0 → K∗0�+�− [0.045, 1.1] 0.66+0.11
−0.07 ± 0.03 2.1σ - 2.3σ 3 fb−1

RK∗0 B0 → K∗0�+�− [1.1, 6.0] 0.69+0.11
−0.07 ± 0.05 2.4σ - 2.5σ 3 fb−1

RK∗+ B+ → K∗+�+�− [0.045, 6.0] 0.70+0.18+0.03
−0.13−0.04 1.6σ 9 fb−1

RpK Λ0
b → p+K−�+�− [0.1, 6.0] 0.86+0.14

−0.11 ± 0.05 <1σ 4.7 fb−1

When selecting these decays, many candidates come from Hb → Hsψ(→ �+�−), where
ψ is a cc̄ resonance, the J/ψ being the most abundant. Resonant decays are not b → s��
transitions, so the corresponding q2 regions are excluded. However, they are used for calibration
and as normalization modes to reduce systematic uncertainties. In practice, LHCb measures the
double ratio between the rare and resonant modes. Integrated luminosity and Hb production
cross section cancel in the ratio, so only yields N and efficiencies ε have to be evaluated:

RHs =
B(Hb → Hsμ

+μ−)
B(Hb → HsJ/ψ(→ μ+μ−))

/
B(Hb → Hse

+e−)
B(Hb → HsJ/ψ(→ e+e−))

=
Nμμ

Nμμ
J/ψ

·
εμμJ/ψ
εμμ

·
N ee

J/ψ

N ee
· ε

ee

εeeJ/ψ
, (2)

where the apexes ee and μμ indicate the leptons in the final state and the index J/ψ identify
quantities related to the resonant modes.

In LHCb, electrons trigger selection is tighter than muons, because of the higher occupancy
of the electromagnetic calorimeter with respect to the muon detector. To cope with the lower
electron trigger efficiency, events triggered by the hadronic part of the decay or the rest of the
event are also used. In addition, electrons undergo bremsstrahlung and, despite a partial recovery
of the energy losses, the resolution of the b-hadron mass in the electron modes is considerably
larger than in the muon modes. This implies more abundant background contributions.

The selection of candidates, the strategies for evaluating yields, efficiency and systematic
uncertainties and the cross-checks are performed without looking at the value of RHs , to avoid
any bias. The selection efficiencies are evaluated from simulations, corrected and calibrated
using data control samples. The resonant mode yields are provided by fits to the high purity
selected samples. Efficiencies and resonant yields are inputs for the simultaneous fit to the rare
modes which provides directly the RHs measurements. All systematic uncertainties are included
in the fit via Gaussian constraints.

The single ratio rJ/ψ = B(Hb → HsJ/ψ(→ μ+μ−))/B(Hb → HsJ/ψ(→ e+e−)) is measured
to be consistent with one, even as function of relevant kinematic variables, as expected in the
SM 1. This is a powerful cross-check, since the reduction of uncertainties in the determination
of the efficiencies is not operating in the single ratio. Another cross-check is the measurement of
the double ratio RΨ(2S), defined replacing in Eq. 2 the rare decays with Hb → Hsψ(2s)(→ �+�−),
which must be consistent with 1. It allows to test efficiencies in a different kinematic region.

Among the LFU tests performed by LHCb in b→ s�� transitions, summarized in Table 1, the
most precise is RK

2, which uses all the data collected by the experiment and shows the largest
tension with the SM. The R∗0K measurement 3, performed in two different regions of q2, uses at
the moment only part of the available dataset. The measurement of RpK

4, also using only a
part of the dataset collected, despite being less precise, demonstrates the LHCb potential for
LFU tests in the baryon sector. The most recent measurements 5 are RKs and RK∗+ , involving
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the isospin partners of the decays used in RK and RK∗0 . The reconstruction of K∗+ → Ksπ
+

and Ks → π+π− implies lower efficiencies. However, the first observations of the B0 → K0
s e

+e−

and B+ → K∗+e+e− decays are obtained, with a significance of 5.3 and 6.0 standard de-
viations, respectively: dB(B0 → K0

s e
+e−)/dq2 = (2.6 ± 0.6 (stat) ± 0.1 (syst)) ·10−8 GeV−2c4

and dB(B+ → K∗+e+e−)/dq2 = (9.2+1.9
−1.8 (stat)+0.8

−0.6 (syst)) ·10−8GeV −2c4.
These LFU tests in b → s�� decays are generally compatible with the SM, but some inter-

esting tensions are observed. Since the dominant uncertainties are statistical, additional data
collected with the LHCb upgrade will improve the precision. In addition, measurements in other
q2 regions, the analysis of other b-hadrons decays and measurement of other properties like the
angular distributions of the particles, will help clarifying the nature of the observed tensions.

3 Lepton flavor universality tests in b → c�ν transitions

LFU tests in b→ c�ν transitions are performed measuring the ratio:

RHc =
B(Hb → Hcτ

+ν̄τ )
RHc = B(Hb → Hc�+ν̄�)

, (3)

where Hb indicates a b-hadron, Hc a hadron with at least one charm quark and � an electron or a
muon. In LHCb, only muons have been considered so far at the denominator, and the τ has been
reconstructed in his muonic decay τ+ → μ+νμν̄τ or hadronic decay τ+ → π+π−π+(π0)ν̄τ . In the
former case, the two decays at numerator and denominator in Eq. 3 are measured simultaneously.
In the latter case, LHCb measures KHc = B(Hb → Hcτ

+ν̄τ )/B(Hb → Hcπ
+π−π+) to reduce the

systematic uncertainties, and extracts RHc using B(Hb → Hcπ
+π−π+) and B(Hb → Hc�ν̄μ) as

external inputs. Since the neutrinos are not reconstructed, their missing energy degrades the
b-hadron invariant mass reconstruction. For this reason, these analyses relies on simultaneous
template fits on a set of discriminating variables distributions to extract the signal component.

The results of the LFU tests in b→ c�ν transitions performed by LHCb are listed in Table 2.
All measurements are in general compatible with the SM, and there are nice prospects for im-
proving their precision with more data. The combined measurements of RD∗+ with the muonic 6

and hadronic7 tau decays provides an intriguing compatibility of 3.4 standard deviation with the
SM. The variety of b-hadron species produced at the LHC has been exploited, measuring for the
first time RJ/ψ

8, using B+
c → J/ψτ+ντ decays, and more recently RΛ+

c

9, using Λ0
b → Λ+

c τ
−ν̄τ

decays. This baryonic measurement is of particular interest because of the half-integer spin of
the initial state and different form factors with respect to the other RHc measured. Another
complementary aspect is that it could couple to different kind of BSM physics. The template fit
allows to observe Λ0

b → Λ+
c τ
−ν̄τ with a significance of 6 standard deviations. The measurement

of RΛ+
c
turns out to be limited by the poor knowledge of the external inputs.

Table 2: LFU tests in b → c	ν transitions performed by the LHCb experiment.

RHc Decay mode LHCb measurement Compatibility Integrated
(± stat. ± syst. ± ext.) with SM luminosity

RJ/ψ B+
c → J/ψτ+ντ 0.71± 0.17± 0.18 2σ 3 fb−1

muonic τ−→μ−ν̄μντ

RΛ+
c

Λ0
b → Λ+

c τ
−ν̄τ 0.242± 0.026± 0.040± 0.059 1σ 3 fb−1

hadronic τ−→π−π+π−(π0)ντ

RD∗+ B̄0 → D∗+τ−ν̄τ 0.336± 0.027± 0.030 2.1σ 3 fb−1
muonic τ−→μ−ν̄μντ

RD∗+ B̄0 → D∗+τ−ν̄τ 0.291± 0.019± 0.026± 0.013 1.1σ 3 fb−1
hadronic τ−→π−π+π−(π0)ντ
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4 Searches for lepton flavor violating B decays

LHCb searches for lepton flavor violating b-hadron decays, summarized in Table 3, include final
states with an electron and a muon 10,11,12 or with a tau and a muon 13,14. No signal has been
observed, so the CLs method is used to set upper limits, constraining BSM theories predicting
LFV. Thanks to the abundance of data collected at LHC, they are either the most constraining
ever set or comparable to previous ones. Further improvements are foreseen, considering that
not all analysis have used the whole dataset and that additional decays can be explored.

The recent search 12 of B0 → K∗0e∓μ± and Bs → φe∓μ±, has been performed exploiting
the full data sample available. The B0 → K∗0e+μ− and B0 → K∗0e−μ+ decays are treated
independently, to account for different backgrounds and potentially different BSM effects. As
commonly done in these searches, B0 → J/ψ(→ μ+μ−)K∗0 and Bs → J/ψ(→ μ+μ−)φ are
used as normalization channels. No signal is observed, but the upper limits on B0 decays are
improved by about two order of magnitudes and the limit on the Bs decay is the first ever set.

Table 3: Limits set by the LHCb experiment on LFV B decays.

Decay Limit (90% C.L.) Integrated luminosity

B0 → eμ 1.0 · 10−9 3 fb−1

Bs → eμ 5.4 · 10−9 3 fb−1

B+ → K+e+μ− 7.0 · 10−9 3 fb−1

B+ → K+e−μ+ 6.4 · 10−9 3 fb−1

B0 → K∗0e∓μ± 9.9 · 10−9 9 fb−1

B0 → K∗0e+μ− 6.7 · 10−9 9 fb−1

B0 → K∗0e−μ+ 5.7 · 10−9 9 fb−1

Bs → φe∓μ± 1.6 · 10−8 9 fb−1

B0 → τμ 1.2 · 10−5 3 fb−1

Bs → τμ 3.4 · 10−5 3 fb−1

B+ → K+τμ 3.9 · 10−5 9 fb−1
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Significant and consistent tensions between the SM and experimental measurements in
b → s	+	− transitions have been observed in the last decade. In this context, we present
the first study of non-minimal flavour violating MSSM scenarios contributing to the relevant
Wilson coefficients that can address the observed anomalies using the public codes SuperIso
and MARTY. We present an exploration of the available 28-dimensional parameter space in the
case of the pMSSM augmented with NMFV contributions using the Mass Insertion Approxi-
mation, and compute the relevant Wilson coefficients for flavour anomalies. We calculate the
full one-loop analytical contributions of the general MSSM to Wilson coefficients, together
with the anomalous muon magnetic dipole moment (g − 2)μ. We show that, after imposing
theoretical constraints on the flavour violating parameters we can find scenarios in agreement
with the experimental measurements that can address at the same time the tensions in flavour
observables and in (g − 2)μ. This work indicates the interest of NMFV MSSM scenarios in
the context of flavour anomalies.

1 Introduction

In the last decade, evidence for New Physics (NP) in b→ s�+�− transitions has been brought to
light by a series of measurements of a coherent set of observables presenting 2−3σ level tensions
with the Standard Model (SM) in several decays (see e.g. 1,2). In particular, the latest update
by the LHCb collaboration 3 of RK presents a persistent 3.1σ tension with the SM, which is an
evidence of lepton flavour universality violation.

The most prominent and interesting feature of this coherent set of anomalies is that they
can all be explained by a single −25% shift in the C9 Wilson coefficient with respect to its SM
value 4,5,6.

There are numerous candidate NP models for the explanation of said anomalies amongst
which the well-known and still promising Minimal Supersymmetric Standard Model (MSSM).
The full 105-dimensional parameter space of the MSSM has not yet been completely explored
due to obvious computational difficulties. Instead, some simplified models with (much) less
parameters have been studied in the context of the flavour anomalies like the constrained MSSM
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(5 free parameters) or the phenomenological MSSM (19 free parameters), and were shown to
not be able to perform the required C9 shift 7,8. Also, a large part of the parameter space of
these models has already been excluded at the LHC or elsewhere 9.

In this contribution, following our previous work 10,11, we first present the Non-Minimal
Flavour Violating MSSM (NMFV-MSSM) 12 through the Mass Insertion Approximation (MIA)
approach 13 and show that this model can explain the flavour anomalies using the publicly
available code SuperIso 14. We then use the also publicly available code MARTY 15,16 in the full
NMFV-MSSM to extract the Wilson coefficients and show that this model can simultaneously
explain the flavour anomalies and (g − 2)μ.

2 The NMFV-MSSM in the MIA

To construct the NMFV, one must relax the Minimal Flavour Violation hypothesis present in the
pMSSM to allow for flavour violating entries in the sfermion mass matrices. This leads to new
Flavour Changing Neutral Current processes at 1-loop that are absent otherwise in the pMSSM.
First we make use of the Mass Insertion Approximation to study these new contributions.

The MIA allows to express all relevant quantities (e.g. Wilson coefficients) in terms of the
flavour violating off-diagonal entries in the squared sfermion soft-breaking mass matrices. The
Mass Insertions (MI) are usually defined for any sfermion f̃ by:

δf̃ij =
(M2

f̃
)ij√√

(M2
f̃
)ii(M2

f̃
)jj

(1)

where M2
f̃
is the mass matrix associated with f̃ .

The MI parameters can then be considered as new additional free parameters to the pMSSM.
To be consistent with constrains from the Kaon sector, we allow flavour mixing only between
the second and third generations. In addition we consider the MI parameters only in the squark
sector as the slepton one plays little to no role in the anomalies.

We perform a random uniform sampling over the 28 dimensional free parameter space of
this model for which the ranges can be found in 11. We obtain the associated pMSSM spectra
from Softsusy 18 and discard those with a charged lightest supersymmetric particle. We then
compute the relevant Wilson coefficients for the flavour anomalies using SuperIso and the MIA
contributions in 19,20.

In Figure 1, the distributions for the relevant Wilson coefficients are shown. We can see
in Figure 1a that turning on the MIA contributions leads to an oyster-shaped spread of the
pMSSM distribution in the (C7, C9) plane. In Figure 1b a constrained close-up distribution in
the (δC9, δC7) plane is shown, together with the global best fit patches from 5. Since the mass
spectra are computed in the pMSSM, we have imposed constraints on the MI parameters to
avoid scenarios with tachyonic particles or broken vacuum stability. The explicit constraints can
be found in 11.
After imposing the constraints, we can see that, in our sample, the NMFV model is able to
propose several scenarios that fit the B-anomalies whereas the pMSSM cannot. These results
are a promising evidence of the ability of supersymmetric models to fit the anomalies.

3 The full NMFV-MSSM

We perform a uniform random scan over the free parameters of the model (a detailed list of
the considered parameters and ranges can be found in 11). The mass spectra are obtained from
SPheno 22,23. Using the spectra as input, we obtain the full one-loop NMFV contributions to
the Wilson coefficients and (g − 2)μ from MARTY 15,16. The results are shown in Figure 2.
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(a) (b)

Figure 1: (a) : Obtained distributions in the (C9, C7) plane shown at the scale μb. The blue points correspond
to NMFV scenarios, while the red ones are the corresponding pMSSM points (i.e. with the MIA contributions
turned off).
(b) : Constrained distribution of (δC9, δC7) in the pMSSM (red) and the NMFV (blue), where δCi(μb) =
CNP

i (μb)− CSM
i (μb). The orange patches represent the 1σ best-fit region.

(a) (b) (c)

Figure 2: (a): Combined distribution of δC7 and δCμ
9 . The δC7 best fit region is shown in green.

(b): Distribution of δ(g − 2)μ. We consider only scenarios with a positive shift and show the 1σ best-fit region
from 21 in orange.
(c): Variation of the relative absolute mean value of (g − 2)μ and C9 as a function of the relative slepton mass
scale.

Our sample is more reduced than in the MIA case, as the sampling efficiency did not go
beyond 0.05%, therefore introducing some bias in the sparticle mass distributions considered.
However, we can still see in Figure 2a an important spread of the distribution in the (δC9, δC7)
plane, but this particular sample explains only partly the flavour anomalies. The 42-dimensional
parameter space of the NMFV is very challenging to explore. This points towards the need for
building better tools for exploring highly dimensional and unconstrained parameter spaces to
explore such complex models.

As stated before, our study does not consider NMFV effects in the slepton sector. Further,
our sample contains electroweak-scale charged slepton masses which implies significant contri-
butions to (g− 2)μ. In Figure 2b, the numerical results are presented. As expected, it is easy to
address (g − 2)μ alone. Furthermore, as is shown in Figure 2c, the slepton mass scale has little
to no influence on C9, therefore one can find suitable NMFV scenarios that fit both anomalies.

Finally let us say that all scenarios presented here are hardly excluded by direct searches
as of now. Firstly because many of them present an extremely degenerate neutralino/chargino
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mass spectrum with Δm(χ±1 , χ
0
1) ≤ 1 GeV which is experimentally challenging to constrain.

Secondly because the recast from the simplified models considered for the experimental limits
is a non trivial task 24,25, which goes beyond the scope of this study. All presented scenarios are
however compatible with the model independent limits present in 9.

4 Conclusion

We presented how NMFV models can help to explain the b → s�� and the (g − 2)μ anomalies
using first the Mass Insertion Approximation and then the complete analytical contributions
in the full model. This preliminary exploration of the NMFV parameter space indicates the
necessity of continuing to investigate such models in the future, while additional lepton flavour
violating observable measurements are expected. We refer the interested reader to our full work
in 11 for more details.
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Interplay between the RD(∗) anomaly and the LHC
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The current discrepancy in RD(∗) = BR(B̄ → D(∗)τ ν̄)/BR(B̄ → D(∗)	ν̄) where 	 = e, μ may
imply a new particle with the mass around the order of TeV. Therefore it is well motivated to
test those scenarios at the large hadron collider (LHC). Thanks to the size of the discrepancy
and the analysis based on the effective field theory (EFT), the variety of the possible new
physics candidates is limited. We focus on the charged Higgs (H−) and leptoquark (X)
possibility and discuss the collider physics.

1 Introduction

The lepton flavor universality is one of the most important predictions of the standard model
(SM), however, a new physics often interacts differently depending on the flavor. In the B̄ →
D(∗)τ ν̄ decay, the uncertainty in the theoretical prediction mainly stems from the Cabbibo-
Kobayashi-Maskawa matrix element, Vcb and B̄ → D(∗) meson transition form factors. Thanks
to the recent both theoretical and experimental developments, the more dedicated form factor
parameterization and their determination is now possible1,2. Since taking the ratio (almost)
cancels the uncertainty in the former (latter), it is expected that RD(∗) is a good window to access
the new physics. It has been almost 10 years since the astonishing deviation was firstly reported
by the BaBar experiment which is followed by the LHCb and Belle experiments. However,
recently the world average has been coming closer to the SM prediction, the significance of the
deviation is still more than 3-4 σ due to the reduced uncertainties. The current experimental
world average (WA)3 and the SM prediction2 are summarized as

R
WA(SM)
D = 0.339± 0.030 (0.248± 0.001), R

WA(SM)
D∗ = 0.295± 0.014 (0.289± 0.004), (1)

and the lepton flavor universality among e and μ is confirmed at O(1)%.

It is known that the modification in the tauonic mode is necessary if the deviation is taken
as a hint for the new physics. Within the SM the tree level W boson exchange describes the
B̄ → D(∗)τ ν̄ transition and the required size of the shift in RD(∗) is 10–20%. Because of the
magnitude of the shift, we can safely focus on the operators up to dimension 6 and then the
variety of the possible new mediator particles is limited. See Ref.4 for a recent review. Once
we assume the new particle couples to the left handed neutrino, only two categories of the
scenarios are available. One is a charged Higgs(H−) and the other is a leptoquark (X). In
this proceedings, we will discuss the LHC phenomenology of the those scenarios. Since the
interactions to enhance the RD(∗) automatically generates τν final state we mainly focus on the
τν(+b) signature.
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Figure 1 – The impact of the τν + b search on the charged Higgs with mH− = 250GeV(left) and mH− =
400GeV(right). See the main text for the detail.

2 Charged Higgs

It is well known that the charged Higgs explanation of the discrepancy easily enhances the decay
width of the B−c → τ ν̄ decay5,6,7. The upper limit on BR(B−c → τ ν̄) ≤ 30(10)% is derived from
the lifetime of the Bc meson8 and the LEP data9, respectively. However, it was pointed out
that the large charm mass uncertainty and energy dependence of the fragmentation function
relax the bound as large as BR(B−c → τ ν̄) ≤ 60%10. Recently the reevaluation in Ref.11 found
BR(B−c → τ ν̄) ≤ 63% based on the Bc lifetime .

Testing the charged Higgs scenario at the LHC is easier than that for the other scenarios
since the larger coupling is necessary to enhance RD∗ compared to the other scenarios due to
small coefficients.a In Ref.13 authors reinterpreted the bound on the heavy resonance reported by
the CMS to derive the constraint on the charged Higgs scenario based on the fast simulation. It
was found that the result with 36fb−1 can already exclude the explanation with mH− ≥ 400GeV
where the data is available. In light of the relaxed bound from the Bc decay, Ref.

14 revisited the
light mass window 180GeV≤ mH− ≤ 400GeV with the τν constraint based on Run 1 data, the
stau constraint and low mass di-jet constraint at the LHC. However, it turned out that this mass
region is difficult to fully cover the interesting parameter region even at the high luminosity LHC.
More recently it is shown that requiring an additional b-tagged jet in a low mass τν resonance
search, which is not performed experimentally, can enhance the signal to back ground ratio15.
In a conventional τν resonance search, the W boson tail consists of a dominant background. By
the requiring the additional b-jet, we can suppress the valence quark contribution. For instance
ug → W ∗b → τν + b contribution is suppressed by the factor of |Vub|2. Furthermore the j → b
miss-tagged contribution in gu → W ∗j → τν + j is suppressed by the small miss tagging rate
of O(10−3). As a result, the huge background reduction of a factor of O(100) is observed while
the signal reduction is found to be of a factor.

In fig. 1, the sensitivity with the current luminosity and the projected sensitivity with the
HL-LHC are shown in blue solid and dashed lines on the RD vs RD∗ plane. The charged Higgs
mass is assumed to be 250 (400)GeV on the left (right) panel. The area above the line can be
probed and the dashed line is omitted on the right since the line almost degenerates with the
SM prediction. The world average of the RD(∗) data at 1, 2 and 3σ are shown by the red solid,
dashed and dotted contours. The grey shaded region is out of the prediction within the model.
The SM prediction is indicated by a yellow star, and the horizontal magenta solid (dashed) line
corresponds to BR(Bc → τν) = 63 (30)% as a comparison.

The figure shows that the collider prospect with 139 fb−1 of the data can cover the broader
range and judge the 1σ explanation of the anomaly within the model.

aSee, Eq. (2.4) of Ref.12 for instance.
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Figure 2 – The impact of the τν and τν + b searches on the R2 leptoquark scenario where mR2 = 2TeV(left) and
mR2 = 4TeV(right) are assumed. See the main text for the detail.

3 Leptoquark

There are three types of the leptoquarks, X = R2, S1 and U1 which can explain the discrepancy.
The charge assignment under the SM gauge symmetry (SU(3)c, SU(2)L, U(1)Y ) is given as
(3, 2, 7/6) for R2, (3̄, 1, 1/3) for S1 and (3, 1, 3/2) for U1, respectively.

Different from the charged Higgs case, a leptoquark predicts the non resonant τν signature
and the high pT region is sensitive to the new physics effect since the smaller background
contribution is expected there. The significant leptoquark mass dependence is pointed out even
with the t-channel mediator because the large momentum exchange which corresponds to the
large Mandelstem variable, t is necessary to generate the high pT leptons16. Furthermore it is
shown that selecting the negatively charged τ can improve the sensitivity. This is because that
the density of the up quark is larger than that of down quark. Also the additional b-tagged
helps to enhance the sensitivity to leptoquark scenarios by 30-40%17. It is noted that the τ τ̄(+b)
final state also provides the similar sensitivity18.

In the following we focus on the R2 leptoquark scenario as a demonstration. The scenario
predicts CS2 = +4CT at the leptoquark mass scale where CS2 and CT are Wilson coefficients of a
scalar and tensor operators which describes the b→ cτ ν̄ transition. In fig. 2, the constraint and
prospect in τν and τν + b modes are shown with mR2 = 2TeV(left) and mR2 = 4TeV(right).
The regions outside the blue and red lines can be probed with the τν and τν + b signature,
respectively, where the solid and dashed lines correspond to the prospect based on 139fb−1 and
3ab−1 of the data. The magenta line shows the bound with the previous CMS result with 36fb−1

derived in Ref.16. It is noted that the CMS found the smaller event number compared to their
expectation, and hence it results in the stringent constraint. The darker and lighter gray shaded
regions are constrained by BR(Bc → τν) ≤ 0.6 and BR(Bc → τν) ≤ 0.3. The RD and RD∗

anomalies are explained at 1σ in the blue and green shaded regions, respectively. The combined
fits at 1 and 2σ are shown in orange and yellow, respectively.

It is found that the LHC sensitivity of the τν search is marginal with the Run 2 full data to
probe the RD(∗) explanation depending on the mass, while that of the τ±ν + b search is enough
to probe the 1σ parameter region in both mR2 = 2TeV and mR2 = 4TeV cases. Therefore, it is
concluded that requiring an additional b-jet is significant to test a leptoquark scenario in light
of the RD(∗) anomaly. The study for the other leptoquark scenarios can be found in Refs. 16,17.
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4 Conclusion

In this proceeding we discussed the LHC phenomenology of the viable solutions to the notorious
RD(∗) anomaly. We showed that additional b-tagging in a τν resonance search can improve the
sensitivity to a possible new physics explanation for the discrepancy. The remaining low mass
charged Higgs window which recently revived thanks to the relaxed BR(Bc → τν) bound can be
probed by looking for the event with τν and an additional b-tagged jet. We see that the collider
probe can provide the more powerful tool for the scenario with the Run 2 data. Also requiring
an additional b-tagged jet helps to enhance the sensitivity to the leptoquark scenarios. As a
demonstration we discussed the R2 leptoquark solution and found that the additional b-tagging
is crucial to test the scenario with the current amount of the data.
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Highlights from Long-Lived Particle Searches at ATLAS

Julia L. Gonski, on behalf of the ATLAS Collaboration
Nevis Laboratories, Columbia University, 136 S Broadway, Irvington, NY 10533

The latest results of long-lived particle (LLP) searches from the ATLAS Experiment at the
Large Hadron Collider are presented. Analyses are presented with a focus on detector subsys-
tem needed to discern the LLP signature from Standard Model background, and the custom
reconstruction requirements for sensitivity. Results are contextualized with updated summary
plots for key new physics candidates, along with notes for future LLP searches.

1 Introduction

The search program for beyond the Standard Model physics with the Large Hadron Collider
(LHC) is designed to cover new particle hypotheses that are theoretically well-motivated, dis-
cernible with collider detector technologies, and in phase space that is not well-covered by other
experiments. Long-lived particles (LLPs) satisfy all of the above criteria, where the lifetime can
naturally emerge from reduced phase space for a decay due to nearly degenerate mass spectra,
or small couplings between parent and daughter particles. Existing mass limits for new physics
are in many cases invalid if the candidate has a lifetime that is non-prompt on the scale of LHC
detectors, making these searches crucial for thorough coverage of BSM possibilities. However,
the uniqueness of LLP signatures requires the novel and highly customized use of ATLAS 1

detector signals for a sensitive analysis. The location of an LLP decay in the detector depends
on its lifetime, which can theoretically span many orders of magnitude, thus ideally the decay
is reconstructible at any radial value within the detector. Recent results from ATLAS LLP
searches are presented here in radial order of the subsystem that is used to provide its signal.

2 New Search Results

2.1 Displaced Heavy Neutral Leptons

A search is presented for long-lived and thus displaced heavy neutral leptons (dHNLs) 2. This
signature emerges from a massive right-handed sterile neutrino that can potentially explain the
neutrino mass hierarchy and baryon asymmetry.

Copyright 2022 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.
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Figure 1 – 95% confidence limits on |U |2
vs. mN in the Majorana case 2.

The dHNL N is produced in the weak interaction
W → N �, and the N then decays with some lifetime into
two oppositely-charged leptons and a neutrino. The final
state of this process is one prompt lepton, used to trigger,
and an opposite sign dilepton displaced vertex. The N
mass is reconstructed using the four vectors of the daugh-
ter leptons and neutrino. Displaced lepton efficiency is
aided by the use of large-radius tracking (LRT), an ad-
ditional algorithm that runs over inner detector hits not
included in standard tracks. This allows for the recogni-
tion of hit patterns that do not necessarily coincide with
the beamline, enhancing efficiency for displaced tracks and
thus displaced leptons. The background to this process is
dominated by random track crossings, and is estimated in
the signal region (SR) (mN < 20 GeV) with a fully data-
driven process of generating toy mN values from the shuf-
fling of leptons from control region (CR) events (mN > 20
GeV). No signal is observed in the unblinded SR data, and
the results are interpreted in the weak-like dimensionless
mixing angles |Uα|2, where α refers to the lepton flavor,
for both Majorana and Dirac mass scenarios. Figure 1
shows the resulting 95% CL exclusion contours of |U |2 as
a function of mN . This result provides an improvement of
the existing limit on |Uμ|2, the first limits from ATLAS on
|Ue|2, and the first limits on multi-flavor mixing scenarios
motivated by neutrino flavor oscillations.

2.2 Pixel dE/dx

A search is presented for events with tracks that have anomalously high energy deposition
(dE/dx) in the inner detector, which come from a new heavy charged particle with a rela-
tivistic β that is measurably less than 1 3. Innovative use of dE/dx measurements in the
pixel detector allow for reconstruction of the track mass through momentum measurement and
parameterization of the Bethe-Bloch equation. A track in the pixel detector is built from
clusters of hits, and its dE/dx value is the average of the ionization measurement across all
clusters in the track. The value of the crucial analysis variable dE/dxcorrect is obtained from
dE/dx through a two step procedure. First, the highest energy clusters are removed from the
track, to mitigate the effect of the Landau tail. Then the relationship with respect to parti-
cle βγ is calibrated to known mass examples from the SM using data from low pileup runs.

Figure 2 – The observed mass distri-
bution in an analysis SR, along with
expected background and signals 3.

SRs for the search are built by selecting for central (|η| <
1.8) isolated tracks with high pT (> 120 GeV) and large
dE/dxcorrect (> 1.8 MeV g−1 cm2), along with high Emiss

T (>
170 GeV) from the lightest supersymmetric particle (LSP) in
the final state. The background estimation is toy-based, where
the track mass spectrum in the SR is obtained by drawing a
value of (1/pT, η) from the kinematic CR, selecting its dE/dx
value according to its η from the dE/dx CR, and finally calcu-
lating track mass using momentum and βγ. The resulting toy
mass distribution is validated to data in orthogonal selections
with low track pT and high track η. Unblinded distributions
of data and expected background can be seen in Figure 2. The
largest excess is observed in dE/dx > 2.4 MeV g−1 cm2 cor-
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responding to 3.6 (3.3) σ local (global) significance. A cross check of candidate tracks with
time-of-flight variables from the tile calorimeter and muon spectrometer was consistent with β
= 1, therefore not consistent with the LLP hypothesis. Results are interpreted spanning a variety
of masses and lifetimes for new SUSY particles, as shown on the summary plot in Figure 4.

2.3 Non-Pointing Photons

Figure 3 – 95% confidence level limits on the
Higgs to two NLSP BR as a function of NLSP
lifetime 4.

A search is presented for photons which come from
the decay of an LLP and thus are late with respect to
the bunch crossing (delayed) and do not point back to
the primary interaction point on the beamline (non-
pointing) 4. The process studied here is the decay of
a Higgs boson to two next-to-lightest supersymmetric
particles (NLSP), followed by the NLSP decay to an
LSP and a photon. The final state photons can be
separated from background using precise information
from the liquid argon (LAr) electromagnetic calorime-
ter, which can provide a timing measurement with
∼200 ps of resolution for energy deposits above ∼10
GeV. Its segmentation also allows for the computa-
tion of pointing, which is defined as the distance in z
between the primary vertex and the extrapolation of the photon trajectory back to the beamline.

The SR is constructed to select events with photons that have high timing, high pointing,
and Emiss

T from the final state LSPs. Further selections are made that separate the SR into
high and low bins of the NLSP to LSP mass splitting, which dictates the final state photon
kinematics. The background estimation is fully data-driven due to the non-Gaussian tails in
these sensitive analysis variables. The timing shape in the SR is predicted from an admixture of
two templates taken from CRs, one enriched in real photons and one enriched in fake photons.

No excess of data over the estimated background is found in the SR. As a result, limits are
set on the branching ratio (BR) of the Higgs boson to two NLSP process. An example is shown
in Figure 3, as a function of the LSP lifetime. This is the most sensitive analysis region, with
high mass splitting, allowing for a BR exclusion down to 1%.

2.4 Displaced CalRatio Jets

A search is presented for displaced jets that come from s-channel production of an exotic hidden
sector scalar mediator, which decays into two LLPs that decay to fermions 5. The signature
in the detector is that of jets that are narrow, trackless, and have an anomalously low ratio of
electromagnetic to hadronic calorimeter energy deposits (so-called CalRatio) jets. Signal jets
are selected based on this energy ratio, along with the outputs from a jet-level neural net (NN)
and event-level boosted decision tree to reject cosmic rays, beam-induced background, and SM
multijet processes. A novel adversary is added to the neural net training to remove the effect of
mismodeling in QCD simulation. The observed data in the SR is found to be compatible with
the estimated background. The theoretical interpretation covers mediator masses between 60
GeV and 1 TeV, including the case in which the mediator is the 125 GeV Higgs boson, and LLP
masses between 5 and 475 GeV. Excluded phase space from this search is shown in the context
of other recent hidden sector analyses in Figure 4.

2.5 Dark Photon Lepton-Jets

A search is presented for highly collimated SM fermions known as a lepton-jet that come from the
decay of a light neutral LLP that is a dark photon candidate 6. Events are selected through cus-
tom reconstruction algorithms which distinguish between muonic and calorimeter dark photon
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jets (DPJs). Muonic DPJs are reconstructed by clustering of MS-only tracks, with a deep NN
trained over low-level detector info to distinguish them from cosmic ray backgrounds. Calorime-
ter DPJs select jets with a low ECAL energy fraction and employ a convolutional NN trained
with η/φ maps for background rejection. The background estimation is fully data-driven using
the ABCD method over variables unique to the two different flavor channels. No excess in the
data is found, and the first ATLAS exclusions are set for electron flavor dark photon decays, as
well as for dark photon masses below 0.1 GeV.

3 Conclusions

Several new results from LLP searches at ATLAS have been presented. They represent both
the improvement of existing limits on key new physics candidates, as well as several first results
in previously unexplored phase space. Summary plots of hidden sector (SUSY) searches have
been updated to include the displaced CalRatio jet (pixel dE/dx) result, shown in Figure 4.

Figure 4 – 95% confidence limits on the Higgs BR as a function of s cτ for a H → ss Hidden Sector process
(left) 7, and constraints on the gluino mass-vs-lifetime plane, where contours from the pixel dE/dx and stable
charged particle search are extrapolated to the stable regime with a straight line (right) 8.

The landscape for ATLAS LLP searches will expand starting with LHC Run 3 data-taking in
2022. The large-radius tracking algorithm introduced in Section 2.1 will be used by default in all
future data reconstruction. Additionally, it will be integrated into the ATLAS high-level trigger
(HLT) chain, allowing for the construction of new displaced lepton triggers that run over the LRT
track collection and can provide significant efficiency gains, particularly for lower pT objects.
These advances, coupled with the continuing exploration of theoretically interesting phase space,
will continue to drive the importance and efficacy of the ATLAS LLP search program.
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Highlights from searches at CMS

Lisa Benato on behalf of the CMS Collaboration
Institut für Experimentalphysik, Universität Hamburg, Germany

A selection of the latest CMS results is presented. Searches for new physics are performed
with Run 2 data and target new unexplored phase spaces, exploit new techniques and aim at
non-conventional signatures.

1 Introduction

The search program of the CMS experiment 1 comprises a large variety of signatures. In this
report, we present a selection of new results that improve the constraints to new physics by
targeting new phase-spaces, benefitting from theory inputs; by exploiting new techniques, that
allow a significant gain in sensitivity; and by probing challenging signatures, that require a non-
conventional usage of the detector. The analyses use full Run 2 data and regard searches for
heavy leptons, anomalous production of exotic particles in events with forward protons, hadronic
resonances and long-lived particles.

2 Probing new phase spaces: heavy leptons

2.1 Search for a Z ′ decaying to heavy Majorana neutrinos

The neutrino mass and the CP violation are two experimental facts unexplained by the standard
model (SM). Both can be addressed by extending the SM to a left-right gauge group SU(3)C ×
SU(2)L × SU(2)R × U(1)B−L: its spontaneous symmetry breaking naturally embeds parity
violation, and hence CP violation. In this model, additional W±

R and Z ′ bosons are predicted,
together with heavy right-handed Majorana neutrinos N(e,μ,τ), that allow left-handed neutrinos
to achieve mass with a seesaw mechanism. This search 2 probes a heavy Z ′ decaying to a pair of
N(e,μ), that in turn decay to a charged lepton and a W±

R → qq̄′. The final state consists of two
leptons (ee or μμ) and jets, and it is reconstructed in multiple kinematic scenarios, considering
both boosted (when mN�

<< mZ′) and resolved regimes. In the former case, the W±
R hadronic

decay is reconstructed as a large-cone jet; in the latter, standard jet cone sizes are used. Limits
are presented as a function of the Z ′ and N� reconstructed masses. Due to the inclusion of the
boosted regime, significant improvements have been achieved. A Z ′ mass of 4.4 TeV is excluded
in the μμ channel, while mZ′ = 3.8 TeV is excluded in the ee channel.

2.2 Search for Majorana neutrinos and Weinberg operator in the μμ final state

The origin of the neutrino mass can be probed by considering a very peculiar signature that
has been studied for the first time at a hadron collider. Specifically, in this analysis 3, a search
for a heavy Majorana neutrino is performed by considering a neutrinoless t-channel production.
The very same Feynman diagram can be realized with a dimension-5 Weinberg operator, that
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modifies the neutrino propagator and provides neutrino mass without adding new fields. This
process is analogous to a neutrinoless double β decay, but with μ (instead of electrons). In both
models, the final state consists of two same sign muons and VBF jets. Dedicated studies allow
to identify high-pT μ. The t-channel has a high mass sensitivity that significantly extends the
limits to heavy Majorana neutrinos up to mN = 23 TeV. The main backgrounds are non-prompt
leptons and the electroweak WW production. The best signal-to-background discriminating
variable, which is sensitive to color structure, is the ratio between the scalar energy sum of the
VBF jets and the leading muon momentum. An effective Majorana mass in the context of the
Weinberg operator effective field theory is excluded up to m�� = 10.84 GeV and a lower bound
on the theory scale of 4.71 TeV is set. These are the first constraints being set for this process.

2.3 Search for heavy composite Majorana neutrinos

The mass hierarchy of fermions can be addressed by composite-fermion scenarios, in which
fermions have a substructure that appears at a scale Λ. Excited states (q∗, �∗, N∗) interact with
SM fermions either via gauge interactions, that are dimension-5 and include gauge bosons fields,
or via contact interactions, that are dimension-6, involve only fermionic fields, and are dominant
at the LHC energy scales. A unitarity constraint is applied to optimize the parameters of the
searh towards higher scales Λ. In this analysis 4, a charged lepton is produced in association
with a Majorana neutrino N�, that decays to two quarks and a second lepton (either via a
W or with contact interaction). The final state consists of two high-pT leptons (ee, μμ), and
one large-cone jet. The most discriminating signal-to-background variable is the invariant mass
m(��J) of the three particles, that is larger in signal. The improvement of the analysis strategy
and the unitariry constraint allow to exclude a compositeness scale Λ = 6 TeV, and Majorana
neutrino masses larger than m(Ne) = 5.2 TeV (e channel) and m(Nμ) = 5.4 TeV (μ channel).

2.4 Search for vector-like leptons decaying to third generation fermions

Violations of the lepton flavour universality, that have been observed in R(D∗), R(K) mea-
suremenets, can be addressed by leptoquarks U . In this analysis 5, the electroweak production
of vector-like leptons VLL (N , E) in the context of the 4321 model is considered. The VLLs
decay to third generation SM fermions (b, t, τ , ντ ) via the leptoquark U . The search probes
a large multiplicity of final states, that are categorized in terms of the number of identified τ
leptons (0, 1, 2 τ), and that include at least 4 b jets plus additional light jets produced in the de-
cays of t quarks. A graph neural network 6 classifies signal against tt̄ and multijet backgrounds.
An obserbed excess of 2.8σ is consistent with a VLL hypothesis.

3 Probing new techniques: forward protons and hadronic resonances

3.1 Search for anomalous exclusive Z/γ +X production in forward proton spectrometer

A model-unspecific search 7 is performed with the CMS-Totem Precision Proton Spectrome-
ter (PPS), an array of movable tracking detectors located in the forward regions of the CMS.
PPS measures proton trajectories and infers their momentum loss ξ = Δp/p via the horizontal
displacement of the scattered proton and the properties of the accelerator optics. Two pro-
ton trajectory reconstructions are performed, either by using low and high-granularity tracker
detectors (pixels and strips, respectively), or by using pixel detectors only. The former ap-
proach provides better resolution but lower efficiency, while the latter has worse resolution
but a larger signal efficiency. The search targets a generic particle X produced in association
with a vector boson V (either a Z or a photon). The search variable is the missing mass

m2
miss =

[
(P in

p1 + P in
p2 )− (PV + P out

p1 + P out
p2 )

]2
, which measures the momentum imbalance be-

tween the incoming protons and the outcoming protons plus the V boson. The dominant back-
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ground consists of a V associated to random coincidence pileup proton, and it is estimated by
mixing simulations with pileup protons taken from data. The excellent mmiss resolution (2%)
allows to cover a range 0.6 − 1.6 TeV of the mX mass. No excesses are observed. This is the
first LHC result achieved with the mmiss technique.

3.2 Search for diboson resonances with a multi-dimensional fit

The hierarchy problem of the Higgs mass can be addressed by adding warped extra dimensions,
or larger gauge symmetry groups. In the former case, new spin-0 (radions) and spin-2 (gravitons)
heavy particles are predicted; in the latter, spin-1 (W ′ and Z ′) heavy particles are predicted.
These heavy particles, X, can decay to a pair of SM electroweak bosons (SM W and Z, denoted
as V ), or a V boson and a Higgs boson (H). In this search8, all-hadronic decays of the boson pairs
are probed, X → V V → qq̄qq̄, X → V H → qq̄bb̄. A dedicated categorization classifies events
produced with the VBF mechanism against Drell-Yan and gluon fusion X production. Since X
is heavy, the pairs of quarks qq̄(bb̄) have a large Lorentz boost, hence they are reconstructed as
large-cone jets. The DeepAK8 9 algorithm is used to categorize the final state as a W , Z and H
decay. The search is performed as a 3D bump hunt. The 3D plane is defined by the mass of the
leading jet mj1 , the second-leading jet mj2 , and the invariant mass of the two jets mjj . Signal
is resonant in the three variables, that represent respectively the reconstructed mass of each
V or H boson, and the mass of X. The dominant multi-jet background is non resonant, and
each background event is modeled with a Gaussian kernel built from generator-level kinematical
distributions, adjusted to the detector resolution. The large Run 2 integrated luminosity, the
new jet tagger, the VBF categorization improve previous limits on these models. This analysis
sets the most stringent limits on spin-1 V ′ resonances (4.8 TeV). Two excesses are observed at
mjj =2.1 TeV and 2.9 TeV, both corresponding to a local (global) significance of 3.6σ (2.3σ).

3.3 Search for paired dijets

This analysis 10 searches for paired dijet resonances. A resonant dijet pair production is moti-
vated by the diquark model, where a diquark Suu decays to a vector-like quark χ, which decays
to a quark-gluon pair: uu → Suu → χχ → (ug)(ug). A non-resonant dijet pair production is
motivated by R-parity violation SUSY scenarios, in which a top squark t̃ decays into quarks:
pp → t̃t̃ → (d̄s̄)(ds). In both cases, the final state consists of four jets. In the former model,
the 4-jet mass m4j is the most discriminating variable, since it reconstructs the nominal mass
of Suu. In the latter model, the average 2-jet mass m̄jj = (mj1 +mj2)/2 reconstructs the mass
of the top squark. The search is performed in bins of the variable α = m̄jj/m4j , that gives a
measurement of the boost of each jet pair. A bump-hunt approach is used to identify excesses
over a smoothly falling background. This analysis sets the first LHC limits on a paired dijets
resonant production, excludes diquark masses of m(Suu) < 7.6 TeV and extends the limits on t̃.
Excesses are observed, and they are located at m(Suu) = 8.6 TeV for the resonant search, with
a local (global) significance of 3.9σ (1.6σ), and at m(t̃) = 0.95 TeV for the non-resonant search,
with a local (global) significance of 3.6σ (2.5σ).

4 Non-conventional signatures: long-lived particles

4.1 Search for long-lived particles decaying to displaced muons

The hierarchy problem of the Higgs mass can be also tackled with more exotic models, such as
the hidden Abelian Higgs model, that foresees the existence of a dark Higgs HD and long-lived
dark photon ZD, or such as simplified heavy scalar models, in which scalars Φ decay to long-lived
particles X. In both cases, at least one of the long-lived particles (LLPs) decays to a pair of
muons: H(Φ) → ZDZD(XX) → μμ̄f f̄ . This search 11 for displaced muons relies on dedicated
triggers that make no use of tracker information and remove constraints on the beam spot. Three
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reconstruction strategies are used: when combining tracker and muon system information, better
momentum resolution is achieved, but the reconstruction efficiency decreases with displacement;
when using only the muon system, the momentum resolution is worse, but the approach recovers
efficiency at higher displacement; when combining the two previous strategies, associating the
two reconstructions when possible, signal efficiency is enhanced in the intermediate displacement
range. Each reconstruction strategy is optimized to achieve a strong background suppression.
The multi-categorization enhances sensitivity to a wide lifetime range cτ of the LLP (ZD or X).
This analysis sets the best exclusion limits for cτ <∼ 1 mm, and cτ >∼ 60 cm. A dark photon
is excluded in the mass range between 20 and 60 GeV, when the Higgs boson decays to ZDZD

with a branching fraction of 1%.

4.2 Search for long-lived particles producing showers in the muon system

The Twin Higgs model predicts the existence of a dark sector that communicates with the SM
via the Higgs portal. A Higgs boson can decay to long-lived dark scalars S, that decay back
to SM fermions f ∈ (d, b, τ): H → SS → ff̄f f̄ . In this search 12, hadronic decays of the
fermion pairs f are considered. When the lifetime of the LLP is long (cτS0 > 1 m), the S
decays in the CMS muon system. The forward muon system consists of gas muon detectors
and steel as passive material, hence it can act as a sampling calorimeter. The hadronic decay
of an S produces showers of hits in the muon chambers, that are identified as a cluster. The
background induced by punch-through jets is suppressed by vetoing the inner sectors of the
muon chambers. Pileup jets inducing showers are suppressed by using time information with
respect to the LHC collision. No excesses have been observed and limits can be compared to a
previous publication 13. This search achieves the beat sensitivity for cτ >∼ 10 m. This is the
first CMS analysis targeting this signature.
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Search for exotic heavy resonances at ATLAS and CMS

Francesco Guescini, on behalf of the ATLAS and CMS Collaborations a

Max-Planck-Institut für Physik,
Föhringer Ring 6, 80805 München, Germany

The ATLAS and CMS Collaborations have recently released new results from their searches
for physics beyond the Standard Model of particle physics. This presentation provides an
overview of the latest resonance searches performed by the two collaborations with their full
LHC Run 2 datasets. No evidence of physics beyond the Standard Model has been observed.
Limits on various benchmark models have been improved since previous publications with
partial datasets.

1 Introduction

The ATLAS 1 and CMS 2 Collaborations have recently further expanded the reach of their
searches for physics beyond the Standard Model of particle physics. New results have been
released which make use of the full Run 2 datasets of proton-proton collisions produced by the
Large Hadron Collider 3 (LHC) at a centre of mass energy of

√
s = 13 TeV. Depending on the

status of the detectors, these correspond to 126–139 fb−1 of data, which is almost four times
as large as what was used in previous analyses. Thanks also to refined analysis techniques, the
limits of the respective searches has been pushed even farther. A selection of recent analyses
from the two collaborations is presented here.

2 ATLAS

2.1 X →WZ → �ν�′�′

This search 4 targets the resonant production of WZ boson pairs with a fully leptonic final state
and Drell-Yan or Vector Boson Fusion (VBF) production mechanisms. A fit of the WZ invariant
mass distribution is performed simultaneously for signal and control regions. The results are
interpreted in the context of the Heavy Vector Triplet (HVT) model and considering different
boson and fermion couplings. Limits on the HVT W ′ mass are set at 2.40 TeV (model A),
2.50 TeV (model B) and 340 GeV (model C) depending on its couplings.

aCopyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. CC-BY-4.0 license.
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2.2 tt̄H/A→ tt̄tt̄

A search for (pseudo-)scalar Higgs production decaying to tt and produced in association with
two top quarks 5 has been performed. The benchmark model adopted is the two-Higgs Doublet
Model. The analysis uses two Boosted Decision Trees, to discriminate final states with four top
quarks from the background and to tell apart the SM production from the signal. Limits on the
cross section of the process are set in the range of 14–6 fb for heavy Higgs boson masses between
400 GeV and 1 TeV.

2.3 Pair-produced leptoquarks

The search for pair-produced leptoquarks6 uses a Neural Network (NN) to separate signal events
from background events. A simultaneous fit of the NN output score is performed for the signal
and control regions. Both scalar and vector leptoquarks are considered, each type having its
dedicated NN. Limits are set on the leptoquark mass as well as given as a function of the mass
and their branching fraction. Lower limits on the mass of 1980 GeV and 1710 GeV have been
found for two different coupling scenarios of vector leptoquarks decaying to second-generation
leptons.

2.4 X → HH combination

The ATLAS Collaboration has recently released the combination of its analyses targeting the
resonant production of Higgs boson pairs 7. The gluon-gluon fusion production mechanism is
considered, while the final states are bb̄γγ, bb̄τ+τ− and bb̄bb̄. The bb̄γγ final state has the smallest
branching ratio but it is also the cleanest. Using a MultiVariate Analysis (MVA) this channel
gives the strongest limit in the low mass region. For the bb̄τ+τ− final state both all-hadronic
and semi-leptonic final states are considered in an MVA. It has the best performance in the
medium mass region. The bb̄bb̄ final state has the largest branching ratio. Thanks to the use of
boosted objects and jet substructure, this analysis dominates the limits at high masses. Limits
are set in the 595–1.1 fb range for HH resonance mass values between 251 GeV and 3 TeV. The
limits are shown in Figure 1 (left).

2.5 Vector-like T quark → Ht all-hadronic

This analysis looks for the production of a single vector-like top (VLT) quark decaying into
a Higgs boson and a top quark with an all-hadronic final state 8. A mix of jet substructure
techniques and a deep neural network (DNN) is employed to tag the H and t candidates. A
simultaneous fit of the Ht mass distribution is performed for the regions corresponding to signal,
normalisation and validation. The corresponding limits are provided as functions of the VLT
mass, coupling, width and branching fraction. Mass values below 1.7 TeV are excluded for VLT
with widths above half their mass. The results are shown in Figure 1 (right).

3 CMS

3.1 Vector-like T quark → Zt→ νν + all-hadronic top

The CMS Collaboration has also updated its VLT search, targeting the Zt channel with an
invisible Z and an all-hadronic top quark decay 9. The resolved, partially merged and merged t
decay are considered. Six independent regions are defined based on the top quark decay modes
and the presence of forward jets. A simultaneous fit of the Zt transverse mass distribution in all
these regions is then performed. Limits are provided as a function of the VLT mass and width.
Mass values below 1.1 TeV are excluded for a VLT width of a tenth of its mass.
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Figure 1 – Combination of the limits on the Higgs boson pair production 7 (left) and limits on the vector-like top
quark coupling as a function of its mass and width 8 (right) as obtained from the ATLAS Collaboration.

3.2 W ′ → �ν

This search targets events characterised by a single charged-lepton and missing transverse mo-
mentum 10. Both the electron and muon channels are considered. A veto is set on a second
charged-lepton. The analysis is quite versatile and its results can be interpreted in a number of
different models, such as the Sequential Standard Model (SSM), split Universal Extra Dimen-
sions, R-parity violating SUSY and composite Higgs models among others. A lower limit on the
SSM W ′ boson mass is set at 5.6 TeV.

3.3 X → Y + jet → 3 jets

The CMS Collaboration has performed a series of searches targeting the two-step cascade decay
of heavy resonances. In this case, a heavier resonance decays to a jet and a second resonance,
with the latter then producing two bosted jets 11. The benchmark model adopted assumes the
first resonance to be a Kaluza-Klein gluon (GKK) and the second a radion (φ, in this analysis).
Limits on the cross section are set in the plane given by the mass of the first resonance and the
ratio of the masses of the two resonances, as shown in Figure 2 (left). When compared to the
reinterpreted results from the dijet analysis, the limits on GKK are extended by around 1 TeV.

3.4 X → YW →WWW all-hadronic

This instance of cascade decay search targets all-hadronic final states of three W bosons 12. In
this case the first heavy resonance is interpreted as a Kaluza-Klein gauge boson (WKK), while
the lighter resonance is a radion (R, in this analysis). The analysis considers both the resolved
and merged topologies of the second resonance decay. A DNN is used to classify the large-radius
jets as WKK or R. The invariant mass distribution of the two-jet and three-jet events are fitted
simultaneously. The results are combined with those of the one-lepton channel described below.

3.5 X → YW →WWW one-charged-lepton

Similarly to the all-hadronic channel, the search for two-step cascade decay events of three W
bosons in the final state is performed in the one-charged-lepton channel 13. In this case, the first
W produced is assumed to decay leptonically. The radion is still assumed to decay to hadrons
with resolved or merged topologies. The same DNN as above is used for the classification of
jets. The invariant mass distribution of the WKK and R candidates is fitted simultaneously.
The results are presented as limits in the plane of the WKK and R masses, as shown in Figure 2
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Figure 2 – Limits on the two-step cascade decay resonance production and branching fraction with three jets in
the final state 11 (left) and three W bosons 13 (right), measured by the CMS Collaboration.

(right). The combination of the two analyses extends the one-charged-lepton results by around
500 GeV.

4 Conclusions

Recent results from resonance searches performed by the ATLAS and CMS Collaborations with
the full LHC Run 2 datasets show no evidence of physics beyond the Standard Model. Compared
to the previous publications, the limits on the production cross section and branching fraction
of various benchmark models have been extended. This is achieved thanks to the four times as
large dataset and the use of improved analysis techniques.

References

1. ATLAS Collaboration, 2008 JINST 3 S08003.
2. CMS Collaboration, 2008 JINST 3 S08004.
3. L. Evans and P. Bryant (editors), 2008 JINST 3 S08001.
4. ATLAS Collaboration, Search for Resonant WZ → �ν�′�′ Production in Proton-Proton

Collisions at
√
s = 13 TeV with the ATLAS Detector, ATLAS-CONF-2022-005.

5. ATLAS Collaboration, Search for tt̄H/A → tt̄tt̄ production in the multilepton final state
in proton-proton collisions at

√
s = 13 TeV with the ATLAS detector, ATLAS-CONF-

2022-008.
6. ATLAS Collaboration, Search for pair-produced scalar and vector leptoquarks decaying

into third-generation quarks and first- or second-generation leptons in pp collisions with
the ATLAS detector, ATLAS-CONF-2022-009.

7. ATLAS Collaboration, Combination of searches for non-resonant and resonant Higgs boson
pair production in the bb̄γγ, bb̄τ+τ− and bb̄bb̄ decay channels using pp collisions at

√
s =

13 TeV with the ATLAS detector, ATLAS-CONF-2021-052.
8. ATLAS Collaboration, Phys. Rev. D 105 (2022) 092012.
9. CMS Collaboration, JHEP 05 (2022) 093.

10. CMS Collaboration, arXiv:2202.06075.
11. CMS Collaboration, arXiv:2201.02140.
12. CMS Collaboration, arXiv:2112.13090.
13. CMS Collaboration, arXiv:2201.08476.

152



Recent dark matter results from the GAMBIT collaboration

M.J. White on behalf of the GAMBIT Community
School of Physical Sciences, University of Adelaide,

Adelaide SA 5034, Australia

In this proceeding, I present the results of a recent global fit of an effective field theory of
dark matter, performed using the Global and Modular Beyond-the-Standard Model Inference
Tool (GAMBIT). A Dirac fermion dark matter candidate is assumed to interact only with
Standard Model quarks and gluons, through a general set of operators up to mass dimension
7. The results provide a reasonably up-to-date summary of our knowledge of possible WIMP
interactions.

1 Introduction

The nature of dark matter remains a mystery, despite abundant observational evidence for its
gravitational interactions. The hypothesis that dark matter is comprised of weakly-interacting
massive particles (WIMPs) continues to receive much attention, partly due to the fact that it can
naturally explain the cosmologically-observed abundance, and partly because it is amenable to
several experimental probes in the near future. There are a number of UV-complete explanations
of WIMP dark matter, but it is useful to develop relatively agnostic ways of comparing constraints
from cosmological, astrophysical and particle physics measurements.

A popular approach for doing so has long been to construct effective field theories (EFTs) of
WIMP candidates interacting with Standard Model (SM) particles. Such theories are valid at
energy scales well below a cut-off scale Λ at which the UV-physics is expected to be resolved, and
one can proceed by enumerating all allowed higher dimensional operators that extend the SM
with SM-DM interactions. This has the advantage of making minimal assumptions about the
UV physics and, moreover, is accurate for low velocity environments such as direct and indirect
DM detection experiments. Once one considers higher energy DM probes such as the ATLAS
and CMS experiments of the Large Hadron Collider (LHC), however, a detailed investigation of
the EFT validity is essential.

In this proceeding, I summarise the results of a recent global fit of a DM EFT, obtained using
the Global-and-Modular beyond-Standard Model Inference Tool (GAMBIT) 1,2. The open-source
GAMBIT code is divided into a series of modules that implement statistics calculations and
sampling algorithms 3, theoretical physics calculations 4, and experimental likelihoods from
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particle physics, astrophysics and cosmology experiments 5,6,7,8. Recent innovations include a
new system for automatically generating code from the Lagrangian density of a beyond-Standard
Model physics theory 9. A recent survey of GAMBIT physics results can be found in Ref. 10.

2 EFT details

The DM EFT considered in the GAMBIT study is built on the assumption that the WIMP, χ,
is a Dirac fermion gauge-singlet. The interaction Lagrangian for the theory can be written as

Lint =
∑

a,d

C(d)
a

Λd−4 Q(d)
a , (1)

where Q(d)
a is the DM-SM operator, d ≥ 5 is the mass dimension of the operator, C(d)

a is the
dimensionless Wilson coefficient associated to Q(d)

a and Λ is the scale of new physics, which can
be approximately identified with the mass of the mediator of the DM-SM interactions. The full
Lagrangian density for the theory is

L = LSM + Lint + χ
(
i/∂ − mχ

)
χ . (2)

Hence, the free parameters of the theory are the Wilson coefficients {C(d)
a }, the WIMP mass

mχ and the scale of new physics Λ. Note that, below the weak scale, the appropriate EFT has
the Higgs, W , Z and top quark integrated out, whilst that above the electroweak scale includes
them, and the two EFTs must be appropriately matched in our study given that we apply both
low energy and high energy constraints. For sufficiently large Λ, the low-energy phenomenology
is dominated by the lowest dimension operators, and we thus limit the study to the case d ≤ 7.
Even then, the full space of operators is too large to realistically be explored in a global fit,
and we make various simplifying assumptions. These include dropping dimension 6 operators
that feature leptons (instead only including those with quarks), dropping operators that are
products of DM and Higgs currents and dropping dimension 7 operators that have derivatives
acting on DM fields. A full list of the operators included in the study (and the justifications
for the omission of others) is provided in the original paper 1. Our code includes various effects
arising from the renormalisation group running of the Wilson coefficients, including the mixing
of different operators and threshold corrections that occur when the energy scale drops below
the mass of one of the quarks. Our analysis makes use of the code DirectDM v2.2.0 11,12.

3 Scan details

We perform various scans using the differential evolution scanner Diver v1.4.0 3. In order to be
able to neglect QCD resonances in the process χχ̄ → qq̄, we restrict ourselves to mχ > 5 GeV.
We also require Λ > 20 GeV in order to have a large separation of scales between Λ and the
hadronic scale. We furthermore impose the bound |C(d)

a | < 4π on all Wilson coefficients, and
require Λ > 2mχ in order to ensure that the EFT is valid for calculations of the WIMP relic
abundance. Different upper bounds on mχ and Λ are applied for different scans.

A long list of experimental constraints is applied, including:

• direct dark matter detection constraints from the most recent XENON1T analysis, LUX
2016, PandaX 2016 and 2017 analyses, CDMSlite, CRESST-II and CRESST-III, PICO-60
2017 and 2019, and DarkSide-50. Our scans include nuisance parameters for the relevant
astrophysical and nuclear uncertainties;

• the Planck measurement of the DM relic abundance;
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• the Pass-8 combined analysis of 15 dSphs after 6 years of Fermi-LAT data, targetting
gamma ray production via dark matter annihilation;

• constraints on the solar capture of dark matter based on the 79-string IceCube search for
DM annihilation in the Sun;

• cosmological constraints on DM annihilation in the early universe derived from the Planck
TT,TE,EE+lowE+lensing likelihoods, as well as the BAO data of 6dF, SDSS DR7 MGS,
and the SDSS BOSS DR12 galaxy sample;

• searches for monojet events performed by the ATLAS and CMS experiments. The validity
of the EFT is taken into account by modifying the missing energy distribution for /ET > Λ
with either a hard cut-off or a continuous form factor suppression. Different scans are
performed for different assumed conditions.

4 Results

In Figure 1, we show the profile likelihood distribution in the mχ–Λ plane for a scan that only
includes dimension-6 operators, and which assumes that the LHC likelihood is capped at the
value of the background-only hypothesis (which tests the exclusion potential of the LHC monojet
searches). The shaded region is excluded by the EFT validity condition, whilst the white star
shows the best fit point. There is much viable paramter space, and the key features of the plot can
be understood by thinking about three different qualitative regions of Λ. For the highest Λ values,
the EFT is valid for all experiments, but most experiments are insensitive to the DM physics.
The constraints in this region are driven by the relic density requirement and its interplay with
the perturbativity bound on the Wilson coefficients. For lower Λ values (comparable to LHC
energies), there are strong LHC constraints on light WIMPs, resulting from the ATLAS and
CMS monojet exclusions. For even lower Λ values, the EFT becomes invalid at the LHC, and
the LHC constraints therefore disappear by construction. This has an interesting implication.
For a WIMP mass of less than approximately 100 GeV, Λ � 200 GeV, meaning that the LHC
should be sensitive to the UV physics, and one should hope to observe direct evidence of the
DM-SM mediator.
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Figure 1 – Profile likelihood in the mχ–Λ plane when considering only dimension-6 operators and capping the LHC
likelihood at the value of the background-only hypothesis. The white contours indicate the 1σ and 2σ confidence
regions and the best-fit point is indicated by the white star. For details see text.
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5 Conclusions

The GAMBIT community have performed a global fit of a dark matter effective field theory.
Assuming that DM consists of a Dirac fermion interacting with SM quarks and gluons, much
viable parameter space remains, and there are interesting experimental implications for the next
decade of collider and dark matter direct and indirect search experiments.
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Effective field theory treatment of N = 4 supersymmetric Yang-Mills
thermodynamics

Ubaid Tantarya, Jens O. Andersen, Qianqian Du, and Michael Strickland

Department of Physics, Kent State University,
800 E Summit St, Kent, USA

At finite temperature the free energy density of N = 4 supersymmetric Yang-Mills can be
calculated using resummed perturbation theory through the order λ5/2. Effective field theory
methods provide a useful alternative approach to streamline these calculations. In this pro-
ceedings contribution, I review recent work with my collaborators where we used effective field
theory methods to calculate the free energy density of N = 4 supersymmetric Yang-Mills in
four spacetime dimensions through second order in the ’t Hooft coupling λ. At this order the
contributions to the free energy density come from the hard scale T and the soft scale

√
λT .

The contribution from the scale T enters through the coefficients in the effective Lagrangian
obtained by dimensional reduction and the effects of the scale gT can be calculated using
perturbative methods in the effective theory.

1 Introduction

One of the motivations to study the thermal properties of N = 4 supersymmetric Yang-Mills
in four dimensions (SYM4,4) is that, at finite temperature, the weak-coupling limit of this
theory has many similarities with quantum chromodynamics (QCD). At large-Nc one can make
use of the AdS/CFT correspondence to obtain the strong coupling result.1 In a recent paper
my collaborators and I were able to compute the free energy density in the opposite, weak-
coupling regime through O(λ2) using resummed perturbation theory using techniques developed
by Arnold and Zhai in quantum chromodynamics (QCD).2,3 In a followup work we used effective
field theory (EFT) methods to reproduce the perturbative expansion of the free energy through
the same order.4 The advantage of using EFT methods is that they can be more straightforwardly
extended to higher orders in the gauge coupling. We based our EFT calculations on the methods
developed by Braaten and Nieto to calculate the thermodynamics of QCD through O(λ5/2).5

2 Supersymmetric Yang-Mills theory

The SYM4,4 theory can be obtained by dimensional reduction of SYM1,D in D = Dmax = 10
with all fields being in the adjoint representation of SU(Nc). The Lagrangian that generates

aPresenter
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the perturbative expansion for SYM4,4 in Minkowski-space can be expressed as

LSYM4,4 = Tr

[
−1

2
G2

μν + (DμΦA)
2 + iψ̄iDψi − 1

2
g2(i[ΦA,ΦB])

2

−igψ̄i[α
p
ijXp + iβ

q
ijγ5Yq, ψj ]

]
+ Lgf + Lgh + ΔLSYM , (1)

with ΦA ∈ (X1, Y1, X2, Y2, X3, Y3), where X and Y denote scalar and pseudoscalar fields, re-
spectively, and all fields are in the adjoint representation.2,4

3 Dimensional reduction and EFT technique

The calculation of SYM4,4 thermodynamics requires two types of dimensional reduction: (1) the
equivalence between ten-dimensional SYM1,10 and four-dimensional SYM4,4 upon dimensional
reduction, and (2) the additional dimensional reduction of SYM4,4 to three dimensions that
occurs at high temperatures. The latter is based on the old idea that static properties in
(3+1)D field theory can be expressed in terms of an EFT in three spatial dimensions written in
terms of the bosonic zero modes.

The construction of the SUSY-EFT involves writing down the partition function in the full
theory and then integrating out non-static modes to obtain the partition function in (electric)
SUSY-EFT

ZSYM4,4 =

∫
Dη̄DηDψ̄iDψiDAa

μDΦa
A e

−
∫ β

0
dτ

∫
d3xLSYM4,4 , (2)

ZESYM =

∫
Dη̄DηDAa

0DAa
iDΦa

Ae
−fEV−

∫
d3xLESYM , (3)

where the partition functions contain fields in full and effective theory, respectively, and fE is
the coefficient of the unit operator. LESYM is given by the most general Lagrangian that can be
constructed from the fields Aa

i , A
a
0, and Φa

A. Through the order in the t’Hooft coupling required
one has

LESYM =
1

2
Tr

[
G2

ij

]
+Tr[(DiA0)(DiA0)] + Tr[(DiΦA)(DiΦA)] +m2

ETr[A
2
0] +m2

STr[Φ
2
A]

+hETr[(i[A0,ΦA])
2] +

1

2
g23Tr[(i[ΦA,ΦB])

2] + Lgf + Lgh + δLESYM , (4)

where A0 = taAa
0, ΦA = taΦa

A, (DiA0)
a = ∂iA

a
0 + gEf

abcAb
iA

c
0, and Ga

ij = ∂iA
a
j − ∂jA

a
i +

gEf
abcAb

iA
c
j is the nonabelian field strength with gauge coupling gE and fabc are the structure

constants.

4 Parameters of the effective theory

In this section, I briefly outline the procedure to determine the parameters of the effective theory
to the order λ needed to calculate the free energy to order λ2.

4.1 Coefficient of unit operator

fE is the coefficient of the unit operator and can be interpreted as the contribution to the free
energy from the hard scale T . The hard or unresummed contributions are calculated in the
full SYM4,4 theory. For the unresummed (hard) contributions we do not need to consider the
thermal masses of the gluons, fermions, or scalars. As a result, we can calculate all the hard con-
tributions using SUSY dimensional reduction from SYM1,10 to SYM4,4, requiring dramatically
fewer Feynman diagrams. I will only list the contribution from the 3-loop diagrams because
they possess an uncancelled divergence and outline its systematic treatment.
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Figure 1 – One-, two-loop, and three-loop diagrams contributing to the SYM1,10 free energy density.

Fhard
2 = −dA

(
π2T 4

6

)[
3

4ε
+

9

2
log

Λ

4πT
+
3

2
γE + 3

ζ ′(−1)
ζ(−1) +

15

4
− log 2

](
λ

π2

)2

. (5)

The remaining pole is cancelled by the counterterm δfE for the coefficient of the unit operator
fE . At the order required, the counterterm is a polynomial in mE , mS , gE , hE , and g3. We find

δfE = − dANc

4(4π)2ε
g2E

[
m2

E + 6m2
S

]
. (6)

The final result (Fhard
0 + Fhard

1 + Fhard
2 − TδfE) for the renormalized unit operator fE is

fE(Λ)T = −dAπ2T 4

6

{
1− 3

2

λ

π2
+

[
3 log

Λ

4πT
+

39

16
+

3

2
γE +

3

2

ζ ′(−1)
ζ(−1) −

1

2
log 2

](
λ

π2

)2
}
. (7)

4.2 Mass parameters

We calculate the coefficient m2
E and m2

S of the terms Aa
0A

a
0 and Φa

AΦ
a
A in the ESYM lagrangian

to one-loop order. Their physical interpretation is that they give the contribution to the static
screening masses from the hard scale T .

4.3 Coupling constants

Simply substitute Aa
0(x, τ) →

√
TAa

0(x) and Φa
A(x, τ) →

√
TΦa

A(x) in the full theory and com-

pare
∫ β
0 dτLSUSY with the effective theory, LESYM to yield: g2E = g2T , g23 = g2T and hE = g2T.

5 Calculations in the effective field theory

In the EFT technique the soft contribution is obtained by performing two-loop perturbative
calculations in the effective theory. Denoting the contribution from the soft scale

√
λT by fM ,

we have fM = − logZESYM
V . There is an ultraviolet divergence in the two-loop contribution

Figure 2 – The one- and two-loop soft contributions to the SYM4,4 free enrgy.
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Figure 3 – The entropy density S normalized by the Sideal in SYM4,4 as a function of the t ’Hooft coupling λ.

which requires renormalization, cf. renormalization of fE . The divergence is cancelled by the
counterterm δfE = − dANc

4(4π)2ε
g2E

[
m2

E + 6m2
S

]
and the total soft contribution is found to be

fM = −dAπ2T 3

6

{
(3 +

√
2)

(
λ

π2

) 3
2

+

[
−3 log Λ

4πT
− 81

16
− 9

√
2

8
− 21

8
log 2 +

3

2
log

λ

π2

](
λ

π2

)2
}
.

(8)
Adding Eqs. (7) and (8), we obtain our final result4

F0+1+2 = (fE + fM )T = −dAπ2T 4

6

{
1− 3

2

λ

π2
+ (3 +

√
2)

(
λ

π2

) 3
2

+

[
−21

8
− 9

√
2

8
+

3

2
γE +

3

2

ζ ′(−1)
ζ(−1) −

25

8
log 2 +

3

2
log

λ

π2

](
λ

π2

)2
}

. (9)

This is the complete result for the free energy through order λ2 for general Nc. It is in agreement
with the result found earlier using resummed perturbation techniques.2

6 Conclusion and Oulook

In this work, I reviewed the computation of the SYM4,4 thermodynamic functions to O(λ2)
using EFT techniques. The final result, presented in Eq. (9), confirms our previous result2 and
extends our knowledge of weak-coupling SYM4,4 thermodynamics to include terms at O(λ2)
and O(λ2 log λ). With the O(λ2) and O(λ2 log λ) coefficients in the SYM4,4 free energy, we
then constructed a large-Nc Padé approximant that interpolates between the weak- and strong-
coupling limits. Fig. 3 summarizes our findings. The next term in the weak-coupling expansion
will be of order λ

5
2 and is the highest order that can be obtained using purely perturbative

calculations. Computation of this term is a work in progress.
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Revival of the Search for QCD Instanton Processes

M. Schott
Institute of Physics, Johannes Gutenberg University

Mainz, Germany

Instanton induced processes could shed light on the question of baryogenesis, the unexplained
matter-antimatter asymmetry of the universe and are believed to play a fundamental role in
explaining much of the QCD long-distance behaviour. The direct experimental observation
of instanton-induced processes, would therefore be a major breakthrough in modern particle
physics. In the most recent past and several new theoretical developments on the prediction
of Instanton cross sections and signatures as well as strategies for an experimental search have
been developed and published. In this contribution, an overview of these developments are
discussed and their implications for a potential first observation at the LHC are presented.

1 Introduction

Instanton processes are known already in non-relativistic quantum mechanics, where they de-
scribe tunneling transitions of finite action. This concept can be extended to Yang-Mills theories,
where detailed reviews can be found in Ref. 1,2. The non-Abelian nature of Yang-Mills theories
implies non-contractable loops in the space of its gauge fields, leading to a non-trivial vacuum
structure. The topology of a Yang-Mills vacuum is depicted in Figure 1 by the energy density
of the gauge field as a function of the Chern-Simons number NCS , describing the topological
charge of a system. In analogy to the quantum-mechanical example, Instantons describe tunnel-
ing transitions in Minkowski spacetime between classically degenerate vacua, which only differ
by their winding number by one unit, i.e. ΔNCS = 1. Here, an instanton solution is not only
localized in time, but also in space, i.e. it has a certain spatial extension.

The question if Instantons and therefore such topological fluctuations can be directly ob-
served in high-energy experiments 3 was already raised in the 1980s in the context of the
electroweak theory 4,5,6. Later, the focus switched to QCD instanton-induced hard-scattering
processes in deep-inelastic scattering 7,8, which are calculable from first principles within the
Instanton-perturbation theory 9. However, up to now, no evidence for the existence of QCD In-
stanton process has been observed even though their existence is core prediction of the Standard
Model. Their observation would be a first proof of the non-trivial vacuum-structure of QCD
and a new way to study chiral symmetry breaking.
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topology of a Yang-Mills vacuum; energy density of the
gauge field (y-axis) vs. winding number NCS (x-axis).

Instanton

p

u

d

s

g

d

g

u

s

p

_

_

_

Figure 2 – Dominant Feynman diagram of a QCD In-
stanton processes in proton- proton collisions.

2 Cross Sections at the LHC

A first calculation of the QCD Instanton cross section at the LHC was published in 2019 10,11,
using the optical theorem. The cross section falls exponentially with the mass of the Instanton,
mI , which is a measure of the size of the energy barrier between two vacua. The fully hadronic
cross section in proton-proton collisions at a center of mass energy of 13 TeV, range from 6.3 mb
for Instanton masses of 20 GeV, over 40.8 μb for mI =50 GeV to less than 80 nb for Instanton
masses larger than 100 GeV. While the falling characteristic of the Instanton cross section is
theoretically well understood, large theoretical uncertainties on the absolute normalization of
the cross-section up to three orders of magnitude are expected. A second complication arises
from the fact that the cross section diverges for small values of αs, i.e. low energies, where the
predicted cross section rises beyond the inclusive proton-proton cross-section. Hence predictions
below a minimal Instanton mass of roughly 20 GeV should not be trusted.

3 How to search for QCD Instantons

Even though large uncertainties are associated to the inclusive Instanton production cross sec-
tion, their decay and therefore their experimental signature are well understood and follow
directly from the underlying theory. It can be interpreted as the creation of a pseudo particle
with a certain mass mI . In contrast to a typical resonance, the pseudo-particle has a continues
(steeply falling) mass spectrum and decays via the creation of a quark-antiquark pair of differ-
ent chirality for each kinematically accessible flavour, Nf in association with a number ng of
additional gluons (Figure 2). The main process for an experimental search is therefore given by:

g + g →
Nf∑
f=1

(qfR + q̄fL) + ngg

For low Instanton masses, e.g. in the 50 GeV range, an isotropic decay into up to 5 quarks,
5 anti-quarks as well as 5-10 gluons is expected. The number of gluons is assumed to be Poisson
distributed around ng, which depends on mI and varies between 5 and 13 over the broad range
10 GeV< mI < 4 TeV. As a consequence, QCD Instanton-induced scattering processes produce
soft bombs: very high-multiplicity spherically symmetric distributions of relatively soft particles
10,12.

While the Instanton will decay into all accessible quark flavors, it is not well understood, how
to define the lower mass mI which is necessary that the decay into heavy quarks is allowed. Most
recently it was argued that at least an Instanton mass of 50 GeV is required to open the decay
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channel into bottom quarks 13. The most striking feature of QCD Instanton decays is certainly
the chirality violation in the final state, as always one right-handed quark and one anti-particle
of the left-handed quark has to be produced for each accessible flavor for each positive ΔNCS = 1
transition. However, the chirality violation aspect is difficult to study experimentally. Further
characteristic signatures are events with a large number of reconstructed tracks, which might be
partly displaced due to the existence of heavy quarks in the final state, as well as the isotropy
of all final state particles in the rest-frame of the Instanton. The latter aspect can be described
by several experimental event shape observables, e.g. the event-sphericity S.

The dominant background to Instanton induced processes are generic QCD reactions, start-
ing from“underlying event” processes over di-jet to multi-jet production. Since the Instanton
cross-section is falling more steeply than cross-sections for high energetic QCD processes, a
search for Instanton induced events at moderate masses between 20 and 40 GeV might be most
promising 12. Figure 3 shows the expected differences in the event-sphericity S for signal and
various background processes. The largest challenge pose multiple parton interactions (MPI) as
they also lead to a high track multiplicity and spherical events. Since data is used to determine
the phenomenological parameters that describe MPI in modern event generators, it cannot be
ruled out that at least part of the Instanton process have been already included in event genera-
tor tunes and thus“tuned away”. Potential solutions to this challenge is the usage of the distinct
chirality signatures of instanton decays or the displacement of tracks due to heavy quarks. How-
ever, chirality is currently not considered modern parton shower models, so the development
of corresponding experimental techniques is not viable. Another way to distinguish between
Instanton processes and MPI are the spatial correlations between final state objects, which are
expected for MPI events but not for Instanton decays.

An alternative approach was recently suggested, aiming for a pomeron induced production
of Instantons 14, which have a significantly better signal to background ratio. Experimentally
those events could be selected by using large rapidity gaps together with a detection of a leading
forward proton with a beam momentum fraction close to one and no activities in the forward
calorimeters. Background processes would be significantly suppressed, as MPI di-jet events will
be accompanied by the color flow created by the parton cascade. Figures 3 14 shows also the
expected transverse sphericity distribution for signal and background events with large rapidity
gaps.
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4 Conclusion

While a first calculations for Instanton induced cross-sections has become available, and alter-
native prediction would be highly welcome. Similarly, so far only the Sherpa3.0 MC generators
includes the decay and hadronization for QCD Instanton processes. Also here more MC event
generator predictions would be necessary to be able to estimate the model dependence of the
Instanton decay, in particular the handling of color-reconnection and hadronization. The most
striking feature of QCD Instantons is certainly the chirality violation, which implies the devel-
opment of hadronization models which preserve the corresponding information. Despite missing
more theory tools, first experimental searches at the LHC can be conducted with the avail-
able data, maybe already allowing for a first hint towards the observation of Instanton induced
processes.
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Precision measurements of the lepton-charge and forward-backward Drell-Yan
asymmetries to enhance the sensitivity to broad resonances of new gauge sectors

F. Giuli
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We study the impact of future measurements of lepton-charge and forward-backward asym-
metries in Drell-Yan processes in regions of transverse and invariant masses near the SM
gauge bosons peaks to improve the PDF uncertainties. We study the implications on W

′
and

Z
′
searches following the reduction of PDF uncertainties within the generalized Sequential

Standard Model and the 4-Dimensional Composite Higgs Model. We find that the sensitivity
to the BSM states is greatly increased with respect to the case of base PDF sets, thereby
enabling one to set more stringent limits on (or indeed discover) such new particles.

1 Introduction

Parton Distribution Functions (PDFs) represent one of the main sources of theoretical system-
atic uncertainties in hadronic collisions. They influence the potential of experimental searches
for discovering or setting exclusion bounds on heavy Beyond the Standard Model (BSM) vec-
tor bosons, affecting the experimental sensitivity to test various BSM scenarios. As shown in
Ref. 1 new approaches have been proposed to improve valence quarks PDFs. They are based
on combining high-precision measurements of Neutral Current (NC) and Charged Current (CC)
Drell-Yan (DY) asymmetries in the mass region close to the W,Z poles. It has been demon-
strated that the NC forward-backward asymmetry AFBis sensitive to the charged-weighted linear
combination (2/3)uV + (1/3)dV of up- and down-quark distributions 2, while the CC lepton-
charge asymmetry AW is sensitive to the difference uV − dV .
The complementary constraints provided by these two quantities on linearly independent com-
binations of uV and dV quarks PDFs has been illustrated by a quantitative “profiling” using the
xFitter fitting framework 3. Two different projected luminosity scenarios have been thoroughly
examined, namely for the LHC Run 3 (300 fb−1) and the High-Luminosity LHC (HL-LHC, 3000
fb−1), and it has been demonstrated how the constraints form the AFBand AW combination can
improve the relative uncertainties on PDF by ∼ 20% in the region of invariant/transverse mass
spectra between 2 and 6 TeV, where evidence of Z

′
and W

′
states with large widths could be

observed.
This proceeding summarises the results of Ref. 4, where the impact of improved PDFs using the
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afore-mentioned method on the the experimental sensitivity of forthcoming W
′
and Z

′
searches

at the LHC, focusing on scenarios characterised by multiple W
′
and Z

′
broad resonances and

by interference effects of the heavy bosons with each other and with SM gauge bosons in the
CC and NC channels, has been analysed.

2 The 4-Dimensional Composite Higgs Model

We decided to take the 4-Dimensional Composite Higgs Model (4DCHM) realization 5 of the
minimal composite Higgs model depicted in Ref. 6. This model is characterized by the following
two parameters: the coupling of the new resonances gρ and the compositeness scale f , with the
resonance mass scale being M ∼ fgρ

7. Three charged W
′
bosons (Wj with j = 1, ..., 3) and five

neutral Z
′
bosons (Zi with i = 1, ..., 5) are contained in the 4DCHM scenario. Of these, the W1

and Z1, Z4 do not couple to leptons and light-quarks, while W3 and Z5 are too heavy to give
non-negligible contributions.
This study exploits the strong interference effects between the BSM resonances themselves and
between the BSM and SM states, which are responsible for the presence of a statistically signif-
icant depletion of events that appears below the Breit-Wigner (Jacobian) peaks in the invariant
(transverse) mass distribution in the NC (CC) process. As already demonstrated in Refs. 8,9, the
significance of the depletion of events in a a manner similar to that for the excess of events of the
peaks can be defined, and it can be used to extract model-dependent exclusion/discovery limits
in the parameter space of a given model. In the following section, such limits from the analysis
of both the peak or the dip are presented, for the two specific 4DCHM benchmarks described
in Table 1. All these results are based on the assumption that the width of the neutral and
charged resonances is fixed to ΓX/MX = 20% (with X = Z

′
,W

′
).

Table 1: Parameters for the benchmarks A and B and their heavy gauge bosons masses.

Benchmark f [TeV] gρ MZ2 [TeV] MZ3 [TeV] MW2 [TeV] MW3 [TeV]

A 3.9 1.2 5.16 5.56 5.56 6.62

B 1.5 2.2 3.39 3.45 3.45 4.67

3 Results in the neutral gauge sector

The limits on the model parameter space for the LHC Run 3 with centre-of-mass energy
√
s =

13 TeV and 300 fb−1 of integrated luminosity are shown in Figure 1. The results for both the
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Figure 1 – Exclusion and discovery limits at 300 fb−1 for the peak (left) and for the dip (right) for Z′ resonances
with ΓZ′/MZ′ = 20%. The short (long) dashed contours give the boson mass MZ2 (MZ3 	 MW2) in TeV.
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peak and the dip in the multi-resonant profile are illustrated, on the left- and right-hand side
respectively. The contour plots for the masses of the gauges bosons, MZ2 (short-dashed curves)
and MZ3 
 MW2 (long-dashed curves) are also given. It can be seen how the sensitivity to the
dip is much higher than the one from the peak in the region characterized by large f and small
gρ. This is related to the fact that Z2 and Z3 are very close in mass for small f values, thus the
interference effects accumulate in a confined region below the peak, resulting in a narrow, well
pronounced dip. Instead, at large f , these BSM resonances are well separated in mass and the
interference effects are spread over a wider invariant mass interval, resulting in a less pronounced
and broader dip. As expected, the amelioration of the PDF error due to the profiled PDFs is
critical in the former model’s parameter region and marginal in the latter, with the overall result
that the dip selection is vastly more constraining than the peak one.
Similarly, Figure 2 shows the limits on the model parameters space for the HL-LHC stage with
an integrated luminosity of 3000 fb−1 and

√
s = 14 TeV. In this setup, the peak of benchmark A

would still be below the experimental sensitivity, while the peak of benchmark B, if the improved
PDFs are employed, would be right below the 2σ exclusion. When exploiting the depletion of
events in the dip below the peak, the sensitivity on the model increases remarkably. Furthermore,
the improvement on the PDF also has a very large impact particularly in the region of small
f and large gρ. Taking into account the reduction of PDF uncertainty, benchmark A would be
now at the edge of the 5σ discovery, while the sensitivity on benchmark B would almost reach
3σ.

4 Results in the charged gauge sector

Figure 3 shows the limits on the model parameter space for the LHC Run 3 with
√
s = 13 TeV

and an integrated luminosity of 300 fb−1. It is clear from the plots that the CC channel provides
more stringent limits on the 4DCHM, as the production cross section if higher for charged gauge
bosons than for the neutral ones. However, since we are dealing with a single boson resonance,
the interference effects which generate the dip are now weaker. The sensitivity to the dip
significantly exceeds that of the peak only in the large-f region, with small improvement due
to the reduction of PDF uncertainty. In this setup, the peaks of the two benchmarks still
remain below 2σ. In contrast, exploiting the depletion of events below the Jacobian peaks, both
benchmarks would reach a 3σ significance.
The limits on the model parameter for the HL-LHC stage with an integrated luminosity of
3000 fb−1 and

√
s = 14 TeV are shown in Figure 4. We note a significant improvement in the
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Figure 4 – Exclusion and discovery limits at 3000 fb−1 for the peak (left) and for the dip (right) for W ′ resonances
with Γ/M = 20%. The short (long) dashed contours give the boson mass MZ2 (MZ3 	 MW2) in TeV.

sensitivity to the model from the analysis of the dip in comparison with the analysis of the peak
for the region with large values of the compositeness scale f . In the complementary region,
the signal of the peak generally has a larger significance, particularly for discovery purposes.
The analysis of the dip, however, can be competitive in drawing exclusions, especially when
the profiled PDFs are employed. In this setup, the two benchmarks A and B are both within
HL-LHC reach, particularly so in the presence of profiled PDFs.
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53 Avenue des Martyrs, 38026 Grenoble, France

We discuss Contur’s different modes by studying a leptophobic Top-Colour (TC) model. We
use, for the first time, higher order calculations for both the signal (NLO) and the background
(up to NNLO). We compare the results between the different approaches of Contur. Further-
more, we compare these results to the ones coming from a direct search.

1 Introduction

Among the many goals of the Large Hadron Collider (LHC) is to search for physics Beyond
the Standard Model (BSM). However, in its first two runs, no clear signals of New Physics
were seen. Nevertheless, hundreds of measurements were published. Thus, an interesting ap-
proach would be to use these already existing measurements to test at what significance the
new theoretical ideas are already excluded. A toolkit that was designed to exactly do this is the
Constraints On New Theories Using Rivet (Contur) toolkit 1,2. The idea behind Contur is that
BSM models implemented in Monte Carlo event generators can be compared to cross section
fiducial measurements at particle level in a model independent way. It uses the hundreds of
measurements already included in the Rivet 3 (Robust Independent Validation of Experiment
and Theory) repository to constraint the phase space of the BSM model.

2 Different modes of Contur

The default mode of Contur is used to look for striking deviations from the Standard Model
(SM). In this scenario, Contur sets the SM background to the data. It then adds the signal
to the data and checks whether there is a room for the BSM signal within the uncertainties
of the data. The second, more complete approach, that can be performed by Contur is when
the SM model predictions for the measurements that we are interested in are included. In this
case, the SM background is set to be equal to the SM predictions. Contur then adds the signal
on top of the SM theory prediction and compares the result to the data within uncertainties.
Finally, Contur can also be used in the so-called “expected limit” mode. Here, the central value
of the measurement is shifted to lie exactly on the simulated SM prediction while keeping the

aSpeaker

169



uncertainties of the measurement. The exclusion limits are then evaluated in the same way as
in the previous case.

3 Signal and background calculation

In this case study, the signal comes from a leptophobic TC model 4. This model has an addi-
tional SU(3) symmetry under which only the third generation transforms. The first and second
generations then transform under the original SU(3) symmetry. To prevent the bottom quark
from being as massive as the top, an additional U(1) symmetry associated with a Z ′ boson is
considered. The two SU(3)s and U(1)s are then broken down to the SU(3)C and U(1)Y of the
SM, respectively. As suggested by the name of the model, the Z ′ does not couple to leptons.
Furthermore, it does not couple to the second generation quarks. The two input parameter
of this TC model are the mass of Z ′ (MZ′) and the ratio of the two U(1) coupling constants
(cot θH). However, using the decay width of the Z ′ boson (ΓZ′), one can work with ΓZ′/MZ′

instead of cot θH
5. We perform two calculations of the signal, one with Herwig at LO including

all the two to two processes, with the Z ′ boson either in the s-channel or as an external outgoing
leg, and one with the PBZpWp package at NLO only considering the Z ′ to tt̄ final state 6.

The partonic tt̄ cross section at NLO accuracy reads:

σab(μr) = σ1;1(αSα) + σ2;0(α
2
S) + σ0;2(α

2) + σ3;0(α
3
S) + σ2;1(α

2
Sα) + σ1;2(αSα

2) + σ0;3(α
3) (1)

The indices a and b represent the power in αS and αEW , respectively. For our analysis, we
simulate the SM QCD tt̄ background (σ2;0) and the NLO QCD correction to it (σ3;0) using
the hvq package 7. We also calculate the electroweak (EW) SM tt̄ production (σ0;2), the NLO
QCD correction to it (σ1;2), and the interference between QCD and EW SM top-pair production
(σ1;1) using PBZpWp. Furthermore, we include, only at 13 TeV, a sample of QCD corrections
to σ2;0 up to NNLO accuracy obtained with the ttJ MiNNLO package 8. Finally, using the dijet
package 9, we simulate the ATLAS inclusive jet and dijet cross section measurement 10 at NLO
accuracy.

4 Results

Starting with the default mode of Contur, we show in Figure 1 results using the data as back-
ground in the the MZ′ versus the cot θH plane. While we use PBZpWp to calculate the signal
at NLO in Figure 1a, in Figure 1b we use Herwig to simulate it inclusively at LO. The strongest
sensitivity in both cases come from the various top measurements at low masses, the ATLAS
fully hadronic measurements for masses between 2 and 3 TeV, and the jet measurements at high
masses. It is visible that stronger limits are obtained in the Herwig case. This is due to the fact
that at LO, not only the tt̄ final state is included, but also the uū and dd̄ final states.

In Figure 2 we only use the PBZpWp signal and we vary the background. This is performed
in the MZ′ versus ΓZ′/MZ′ plane. The limits in Figure 2 (top left), where the background is set
to the data only for measurements where we have simulated predictions, are similar but slightly
weaker than in Figure 2 (top right), where the background is simulated at NLO accuracy. This
is due to the fact that the SM predictions agree reasonably with the data, but overshoot it in
some regions of the phase space. Furthermore, in Figure 2 (bottom left), where the background
is set to be equal to the NNLO predictions where available and to NLO elsewhere, the limits are
slightly stronger than the ones in the top right panel of Figure 2. The reason is that at NNLO
the scale uncertainties are reduced. Finally, in the bottom right part of Figure 2, we show the
expected limits using the NNLO and NLO theory predictions.

The numerical results of Figure 2 are summarised in Table 1 together with the most stringent
limits coming from a direct resonance search 11. As explained above, we see that the limits are
stronger with increasing precision. We also see that with Contur one can explore areas of the
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Figure 1 – Exclusion limits for the leptophobic TC model in the MZ′ versus the cot θH plane. The coloured
blocks in the legend shows the breakdown into the most sensitive analysis pool for each scan point. The 95%
CL (solid red) and 68% CL exclusion (dashed red) contours are superimposed, using the default mode of Contur
(background = data). (a): the tt̄ signal is obtained at NLO accuracy using the PBZpWp POWHEG package. (b):
the signal is obtained using Herwig (inclusive LO).

CMS 	+Emiss
T +jet ATLAS 	+Emiss

T +jet ATLAS e+Emiss
T +jet

ATLAS μ+Emiss
T +jet ATLAS jets CMS Hadronic tt̄

ATLAS Hadronic tt̄ ATLAS 	1	2+Emiss
T ATLAS 	1	2+Emiss

T +jet

Table 1 – Exclusion limits on MZ′ obtained in this analysis. The last column shows the most stringent limits
coming from a direct CMS search.

Excluded MZ′ [Tev]

ΓZ′/MZ′ [%] Data as bgd. NLO as bgd. NNLO as bgd. CMS

1 2.29 2.35 2.50 3.80

10 3.17 3.22 3.55 5.25

30 4.01 4.04 4.53 6.65

50 4.54 4.61 5.19 -

phase space that are not accessible in direct searches. However, in the TC case, we see that the
limits from the direct search are stronger than the ones obtained with Contur. One reason is the
fact that Run 2 measurements with full luminosity where not yet added to Rivet. Another reason
could be the difference in the binning between searches and measurements. While searches allow
for empty bins when drawing the exclusions, measurements require at least some events to be
in each bin.

Summary

We performed an analysis using the different modes of Contur. We validated the previous ap-
proach employed with Contur (Data = SM) and used, for the first time, higher order calculations
for both the signal (NLO) and the background (up to NNLO). This analysis shed light on both
the pros and cons of a Contur like approach. A wide range of BSM models can be rapidly
checked using this toolkit and exclusion limits can be derived in regions of the parameter space
that were not studied before. In the TC model case, the direct searches were more efficient than
our analysis. However, for models with more free parameters and more complex phenomenology,
or even for unexplored models, the Contur approach is expected to be much more competitive.
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Associated squark-electroweakino production with NLO+NLL precision a
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Motivated by the increased precision expected from LHC Run 3, equally accurate theory pre-
dictions are mandatory. As supersymmetry mass limits increase, predictions can be improved
by threshold resummation. We examine the effects of including next-to-leading logarithms on
associated squark-electroweakino production at the LHC and find a significant reduction in
the uncertainty of factorisation and renormalisation scale dependence and a modest increase
in the total cross section.

1 Introduction

Supersymmetry (SUSY) is a prominent extension of the Standard Model (SM) and will be fur-
ther investigated in the upcoming LHC Run 3. The Minimal Supersymmetric Standard Model
(MSSM) addresses some open questions in the SM, as it protects the mass of the Higgs boson
from radiative corrections, predicts the unification of strong and electroweak forces at high scales,
and also includes Dark Matter candidates. Since light SUSY particles are excluded by direct
searches at the LHC and if squarks and gluinos are found to be too heavy to be produced in pairs,
the associated production of a squark or gluino with an electroweakino becomes important. The
semi-strong production of one strongly and one electroweak-interacting superpartner offers cross
sections of intermediate size and a larger available phase space due to having a typically lighter
electroweakino in the final state. However, current mass limits also imply that in any SUSY pro-
duction process, the kinematic configuration approaches the production threshold. This results
in large threshold logarithms ruining the convergence of the perturbative series, so that they
must be resummed. Soft-gluon resummation accounts for these logarithms to reduce otherwise
fairly large theoretical uncertainties. Precise predictions of strong1–5 and electroweak6–10 SUSY
processes beyond NLO have been achieved in the last decade. We briefly review the threshold

aMS-TP-22-14
bSpeaker
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resummation formalism that can be used for such precision calculations in section 2 and illus-
trate their main effects in section 3 for squark-electroweakino production. We summarize our
work in Section 4.

2 Soft gluon resummation

After the cancellation of soft and collinear divergences between real and virtual corrections, large
logarithms will remain near the threshold region due to the different phase spaces.11,12 Since
these logarithms spoil the convergence of fixed order calculations, the emission of soft gluons up
to all orders must be included. To do this, the computation must factorize both dynamically,
by using eikonal Feynman rules, and kinematically, by transforming into Mellin space. Then,
the large logarithms depend on the Mellin variable N and the hadronic differential cross section
dσAB/dM

2 in the conjugate N -space depends on the invariant mass M , parton densities fi/h
and partonic cross section σab,

13

M2dσAB

dM2
(N − 1) =

∑
a,b

fa/A(N,μ2
F ) fb/B(N,μ2

F ) σab(N,M2, μ2
F , μ

2
R) . (1)

The soft and collinear gluon radiation is embedded in the Sudakov form factors G. In par-

ticular, for squark-electroweakino production G
(2)
ab→ij includes the process-dependent modified

soft anomalous dimension which is closely related to the topologically similar production of
tW .15 Then, the partonic cross section, depending on both the factorisation scale μF and the
renormalisation scale μR, is expressed in an exponential form scaled by the hard function H,

σRes.
ab→ij(N,M2, μ2

F,R) = Hab→ij(M
2, μ2

F,R) exp
[
LG

(1)
ab (N)︸ ︷︷ ︸
LL

+G
(2)
ab→ij(N,M2, μ2

F,R)︸ ︷︷ ︸
NLL

+ . . .
]

(2)

truncated at next-to-leading logarithmic order (NLL). Since squark-electroweakino production
involves only one colour basis tensor, we dropped the irreducible colour representation index.14

To consistently include these logarithms, we subtract the resummed cross section σRes. expanded
to O(α2

s),
σab = σNLO

ab + σRes.
ab − σExp.

ab . (3)

This avoids double counting of O(α2
s) contributions that are already fully contained by the

complete next-to-leading order calculation σNLO. Due to singularities in the N -space cross
section returning from Mellin space by an inverse transformation, a distorted integration contour
following the principal value procedure and minimal prescription is required.16,17

3 Squark-electroweakino production at next-to-leading logarithmic accuracy

In Fig. 1 we focus on the scale variation of the total cross section for a pMSSM-11 scenario
with mq̃ = 1TeV, mχ̃0

1
= 0.5TeV and mg̃ = 3TeV.18 The uncertainty bands are determined by

the seven-point method, varying the factorisation and renormalisation scales independently by
factors of 2 around the central scale μ0 = (mq̃+mχ̃)/2, with relative factors of 4 excluded, which
means 1/2 ≤ μR/μF ≤ 2. For large scales, the logarithms become dominant and the expansion
σExp. approaches the NLO σNLO. We observe that the resummation does not significantly
increase the cross section at the central scale, but it reduces the scale uncertainty. For different
scenarios with heavier superpartners the logarithms have an effect on the total cross section at
central scale (cf. Fig. 2). Across several scenarios we observed that the relative scale uncertainty
improved from about 20% at LO to 10% at NLO and finally at NLO+NLL below 5%.

In Fig. 2 we first show the invariant mass distribution on the left. As the invariant mass M in-
creases, we approach the threshold region M2/s→ 1, and the NLL corrections contribute signifi-
cantly more to the differential cross section. This behaviour is captured by the NLL+NLO/NLO
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Figure 1: Profile of the renormalisation and factorisation scale dependence of the total cross section in the process
pp → ũLχ̃

0
1 at

√
S = 13TeV. The plots cover μF,R ∈ (0.1 − 10)μ0 (reversed in panels 2 and 3) with the central

scale μ0 = (mq̃ +mχ̃)/2. The bands show the scale uncertainties from the seven-point method.

(a) Invariant mass distribution. (b) Total cross section by the squark mass mũL
.

Figure 2: For the process pp → ũLχ̃
0
1 at

√
S = 13TeV we show the mass dependence of the cross section. The

lower panels show relative scale uncertainties and (NLO+NLL)/NLO K-factors.

K-factors shown in the lower panels of the figure. The lower panels also display the relative
seven-point scale uncertainty, where the scale is varied around a central scale choice of μ0 = M .
The second figure shows the total cross section at μ0 = (mq̃ +mχ̃)/2. While the central cross
section values are enlarged by 50% from LO to NLO, the additional increase from NLL resum-
mation reaches only about 6% in the mass ranges observable at the LHC in the near future.

Fig. 3 displays the uncertainties from the MSHT20, CT18 and NNPDF40 parton distribution
functions. While the uncertainty is of about 5% for 1TeV squarks, it increases up to 10% to
15% for squark masses of 3TeV. The central cross section values obtained with the MSHT20
and CT18 sets agree consistently. The NNPDF40 predictions are a few percent lower, but still
in reasonable agreement within their uncertainty intervals.

4 Summary

We have presented a threshold resummation calculation with NLO+NLL accuracy for the as-
sociated production of a squark and an electroweakino at the LHC. By matching fixed order
and resummed predictions, we have consistently combined the resummation of large logarithms,
which appear close to threshold, with NLO results. The NLL resummation increased the NLO
cross sections for central scales by up to 6% and reduced the scale uncertainty to ±5%. Our
calculation adds squark-electroweakino production to existing slepton pair, electroweakino pair
and electroweakino-gluino production in the public code Resummino (resummino.hepforge.org).
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Figure 3: Relative PDF uncertainties at 90% confidence level for the total cross sections of the process pp → ũLχ̃
0
1

at
√
S = 13TeV and NLO+NLL.
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Standard model highlights at CMS
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An overview of recent vector boson and top physics measurements is presented. These results
use a

√
s = 13TeV proton-proton collision data set recorded in 2016–2018 with an integrated

luminosity of up to 138 fb−1.

1 Introduction

The physics programme of the CMS experiment 1 at the LHC covers a broad range of standard
model (SM) measurements spanning production cross sections over many orders of magnitude.
These proceedings summarise recent results in the areas of vector boson and top physics. Unless
stated otherwise, the following analyses use a proton-proton (pp) collision data set with a center-
of-mass energy of

√
s = 13TeV and integrated luminosity of 138 fb−1.

2 WW production in double-parton scattering

Processes involving double-parton scattering (DPS), with two hard interactions in a single pp
collision, provide insight into the internal proton structure, including correlations between the
constituent partons. A simple model for DPS assumes that the two parton-parton interactions
are uncorrelated. This allows the cross section for a DPS process involving interactions A and
B to be written as:

σDPS
AB =

n

2

σAσB
σeff

, (1)

where n is unity if A and B are the same process, and two otherwise. The factor σeff can be
associated with the square of the transverse inter-parton distance.

The first observation of WW production from DPS using same-charge electron-muon and
dimuon events is reported2, with a significance of 6.2 standard deviations. Compared to opposite-
charge production, this process has the advantage that the corresponding single scattering
process is highly suppressed, requiring two additional partons in the final state. Multivari-
ate classifiers are used to distinguish signal from background, with maximum likelihood fits to
the output of these classifiers used to measure the signal cross section. This is found to be
0.16±0.02 (stat)±0.02 (syst)±0.02 (model) pb, from which a measurement of σeff = 12.2+2.9

−2.2mb
can be derived. This value is consistent with previous measurements.

3 Drell–Yan forward-backward asymmetry

The forward-backward asymmetry AFB in the Drell–Yan production of electron and muon pairs
is measured 3 as a function of the dilepton invariant mass, for masses larger than 170GeV. The
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asymmetry is in the cross section for events with cos θ > 0 (forward), where θ is the angle between
the negatively charged lepton and initial-state quark, and events with cos θ < 0 (backward).
The high-mass region probed in this analysis is expected to have a value of AFB ≈ 0.6 in the
SM, and is particularly sensitive to contributions from new physics. In contrast with previous
measurements based on event counting, AFB is extracted via a template fit to distributions of
the reconstructed cos θ and the dilepton rapidity.

The asymmetry is measured in several bins of the dilepton mass, with an inclusive measure-
ment giving AFB = 0.599 ± 0.05 (stat) ± 0.07 (syst), in agreement with the SM prediction. A
measurement of the difference in the value between the dielectron and dimuon channels is found
to be compatible with zero at the level of 2.4 standard deviations.

4 Vector boson scattering

The measurement of VV′ → VV′ scattering processes, where V = γ, W, or Z, are of significant
interest at the LHC as a probe of electroweak symmetry breaking. The first observation of
opposite-charge WW electroweak production in association with two jets has been reported 4,
using events with two leptons (electrons or muons). The observed signal has a significance of 5.6
standard deviations. The main background is from tt̄ production, which is suppressed by a veto
on events containing identified b jets. The remaining contribution is calibrated via dedicated
control regions in data. The signal is extracted from a fit to the output of a deep neural network
(DNN) discriminator in the eμ channel, and bins in dijet invariant mass and rapidity difference
in the ee and μμ channels. A fiducial cross section of 10.2 ± 2.0 fb is measured, in which the
statistical uncertainty is dominant. This is in agreement with the SM prediction of 9.1± 0.6 fb.

A search for the exclusive γγ → WW and γγ → ZZ production in a final state with jets
and forward protons has also been performed by the CMS and TOTEM Collaborations 5, using
100 fb−1 of pp data. The forward protons are reconstructed with the Precision Proton Spec-
trometer (PPS), a set of detectors located ≈ 210m from the interaction point. The jets are
required to have pT > 200GeV, with substructure techniques exploited to enrich the selection
with merged jets from boosted W or Z decay. Since the final state is fully reconstructed, im-
proved signal sensitivity is achieved by requiring the invariant mass and rapidity of the diboson
system is compatible between the direct and PPS measurements, as shown in Fig. 1 (left). No
evidence of a signal is found, and limits are placed on anomalous quartic gauge couplings that
would enhance the production in this channel.

5 Measurement of the top quark pole mass

At hadron colliders the top quark mass mt can be measured directly via the reconstruction of
the top quark final state, subject to uncertainties in the modelling within Monte Carlo (MC)
event generators, or alternatively the pole mass can be determined from the comparison of
differential cross section measurements to fixed order theory predictions. CMS has reported 6 a
measurement using the latter approach, in which the observable ρ is measured in tt̄+jet events,
where

ρ =
2m0

mtt̄+jet
. (2)

The factor m0 is fixed to 170GeV, and mtt̄+jet is determined using various kinematic constraints
combined with a DNN regression to improve the resolution on ρ. The ρ distribution is unfolded to
parton level, given in Fig. 1 (right), using a fit that exploits several final state, jet multiplicity,
and DNN discriminator bins. From this, mt is determined via a fit of next-to-leading order
predictions to be 172.94± 1.27 (fit+PDF+extr)+0.51

−0.43 (scale)GeV, using the ABMP16NLO PDF
set.
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Figure 1 – Matching in dijet mass and rapidity for simulated signal events 5 (left), and the unfolded distribution
of ρ, described in the text, compared to NLO predictions 6 (right).

6 Differential ttbar cross sections

The measurement of differential cross sections for tt̄ production using events with two oppositely
charged leptons has been reported7. Distributions of kinematic observables of the tt̄ system, the
top (anti)quark and their decay products are measured, as well as the number of additional jets
in the event. Cross sections, unfolded to either particle or parton level, are measured for one,
two, or three variables simultaneously, and compared to NLO and NNLO predictions. Significant
differences between measurement and prediction are observed in regions of some distributions.
For example, Fig. 2 (left) gives the two dimensional measurement in pT(t) and m(tt̄).

7 tt̄+V production

The cross section for tt̄ production in association with a W boson has been measured 8. Com-
pared to other tt̄V processes, tt̄W is dominated by quark-initiated production and is subject to
large NLO electroweak corrections. The analysis targets final states with two or three charged
leptons. The background containing non-prompt leptons is estimated from data by extrapolation
from regions with loose requirements on the lepton identification. The signal is extracted from a
fit to a neural network discriminator in the two lepton channel, and the tri-lepton invariant mass
in the three lepton channel. The measured cross section is 868+40

−40 (stat)
+52
−50 (syst) fb, compared

to the SM prediction of 592+155
−96 (scale)+12

−12 (PDF) fb, which is computed with NLO QCD and
electroweak corrections. These values agree within two standard deviations.

A search for tt̄ production in association with a boosted Z or Higgs boson decaying to bb̄ has
also been performed 9. The analysis uses a final state consisting of a single electron or muon, ≥5
jets, ≥2 b-tagged jets, and a boosted wide jet with pT > 200GeV. A DNN is used to distinguish
between the two signal processes and the main backgrounds. The data are binned as a function
of the boosted jet pT, the Z/H mass and the DNN score. Signal strengths, relative to the SM
predictions, are measured as μtt̄Z = 0.65+1.05

−0.98 and μtt̄H = −0.33+0.87
−0.85. Limits are also set on the

signal cross sections in bins of p
Z/H
T , with the limits for pT > 450GeV being the most stringent

to date. In addition, the fit to the analysis observables is used to place constraints on possible
new physics contributions in an effective field theory framework. Eight dimension-six operators
are considered, with constraints, given in Fig 2 (right), determined on one operator at a time,
with the others fixed to zero, and with the other operators allowed to vary simultaneously.
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Figure 2 – Differential tt̄ cross section measurement in pT(t) and m(tt̄) 7 (left), and limits on effective field theory
operators in the tt̄Z/H search 9 (right).

8 Summary

These proceedings have summarised recent results from the CMS Collaboration on double-parton
scattering, vector boson scattering, the top quark mass, and top-quark pair measurements, also
in association with a W, Z, or Higgs boson. The majority of these measurements are found
to be in agreement with standard model predictions. The restart of LHC collisions for Run 3
promises significant improvement to these and other measurements.
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Jet and photon physics in ATLAS and CMS

M. LeBlanc, on behalf of the ATLAS and CMS collaborations

Experimental Physics Department, Organisation Européenne pour la Recherche Nucléaire (CERN),
F-01631 Prévessin Cedex, France – CH-1211 Genève 23, Geneva, Switzerland

Differential cross-section measurements of jet and photon production and jet substructure
observables are multi-faceted physics analyses that can be used to probe the strong coupling
and proton structure, to test new theoretical predictions and to improve non-perturbative
models. This contribution presents highlights from new measurements by the ATLAS and
CMS collaborations at the LHC.

1 Introduction

Differential cross-section measurements of jet and photon production and jet substructure ob-
servables are multi-faceted physics analyses that are used to probe the strong coupling (αS) and
proton structure, test new theoretical predictions, and improve non-perturbative models. The
range of physical scales probed by such measurements can span orders of magnitude, from the
highest-energy interactions produced by the LHC to the softest emissions within jets that are
sensitive to models of hadronisation. Several new jet and photon cross-section measurements
from the ATLAS 1 and CMS 2 collaborations at the LHC are summarized in these proceedings.

2 CMS inclusive jet cross-section measurement

The CMS Collaboration has recently published a double-differential measurement of the inclusive
jet cross-section in early Run 2 data3 for anti-kt jets with radius parameters R = 0.4 and R = 0.7
in bins of transverse momentum (pT) and absolute jet rapidity (|y|). Jets within the central
detector region (|y| < 2.0) are selected if their pT is greater than 97 GeV.

Copyright 2022 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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The use of different jet radii for such measurements results in data that are sensitive to
different QCD effects: R = 0.4 jets are more sensitive to fragmentation effects producing out-
of-cone radiation, while R = 0.7 jets receive larger non-perturbative corrections due to multi-
parton interactions (MPI). In both cases, large uncertainties related to the choice of Parton
Distribution Functions (PDFs) are observed for events with high-pT jets, indicating sensitivity
of the measured data to the high-x gluon PDF. The availability of complementary measurements
with multiple jet radii will benefit future QCD studies such as PDF fits and Monte Carlo tunes.

The measured data are compared to fixed-order QCD predictions of the inclusive jet cross-
section at next-to-leading-order (NLO) and next-to-next-to-leading-order (NNLO) in order to
simultaneously fit PDFs (at NLO), extract αS (at NNLO and NLO) and/or top quark mass mt

(at NLO). These extractions also include inclusive deep inelastic scatting cross-section data from
HERA and top quark pair production triple-differential cross-section data previously measured
by CMS 4. The extracted value of αS at NNLO is αS = 0.1170 ± 0.0019 (NNLO), where the
uncertainty is dominated by fit-related contributions.

The measured data are demonstrated to provide additional sensitivity to the high-x gluon
PDF. This reduces systematic uncertainties in a simultaneous fit for αS and mt at NLO, com-
pared to a previous CMS study that fit only top cross-section data. A third study presented in
this result also constrains possible contributions from BSM effects simultaneously with PDFs
and αS , providing an interpretation in terms of limits on four-quark contact interactions in a
Standard Model Effective Field Theory.

3 ATLAS diphoton differential cross-section measurement

Diphoton production is a critical background for precision Higgs physics, and provides a com-
plementary handle on QCD dynamics with colourless probes. The ATLAS collaboration has
recently published a differential cross-section measurement of isolated photon pairs 5.

The non-prompt photon background from jets is estimated using a Poisson likelihood fit
in uncorrelated isolation and identification observables for each photon, in each analysis bin.
Systematic uncertainties related to this fit are the dominant source throughout most of the
analysis. The uncertainty for extreme values of certain observables (e.g. at large mγγ) remains
statistically limited. The small but non-negligible background of photon production from un-
correlated pile-up interactions is also estimated with a data-driven approach, using tracking and
calorimeter-pointing information from converted photons.

The measured data are compared to several predictions including fixed-order calculations
from Nnlojet (NNLO) and DIPHOX (NLO) as well as to updated predictions from the
Sherpa Monte Carlo generator (v2.2). The binning of the measurement is extremely fine,
made possible by the excellent detector resolution of ATLAS and the large Run 2 dataset statis-
tics. Good agreement is observed between the data and predictions with the highest theoretical
precision. The Nnlojet predictions tend to provide the best description of regions dominated
by perturbative QCD effects, while the Sherpa predictions provide a good description of re-
gions sensitive to collinear and soft emissions due to the inclusion of QCD resummation effects
through the parton shower (PSD).

4 CMS jet angularities cross-section measurement

The CMS Collaboration has recently published a differential measurement of generalized jet
angularities 6. These jet substructure observables are measured in both dijet and Z+jet events,
providing measurements in samples with different admixtures of quark and gluon jets.

Predictions from several MC generators are also compared to the measured data, and many
aspects of the jet definitions are varied (jet radius, soft-drop grooming 7, charged vs. all jet
constituents, etc.). The description of the measured data by the various MC generators is
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found to strongly depend on the quark/gluon composition of the underlying samples. The three
IRC-safe observables measured in this study are compared to new QCD predictions with next-to-
next-to-leading-logarithmic analytical resummation in the Z+jets sample 8. Agreement between
the measured data and theoretical predictions is found to depend on the angular weighting
parameter β used to construct angularity observables. The agreement is found to be best for
the jet thrust (β = 2), while the description of the Les Houches Angularity is poorer (β = 0.5).
This is likely attributable to the LHA’s sensitivity to emissions in the core of jets, which has
been previously noted in phenomenological studies 9.

ATLAS and CMS have both recently made measurements of jet substructure observables us-
ing only charged jet constituents 10,11, often alongside measurements using the charged+neutral
constituents 12,13. While colinear safety is sacrificed by such measurements, the increased pre-
cision and detector resolution can be significant. This charged-particle-based approach should
particularly be considered in measurements intended for use in MC tuning studies (Figure 1).
Some measurements made only with charged particles have nevertheless been compared to the-
oretical predictions by making additional MC-based hadronisation corrections 14 (Figure 2).

(a) (b) (c)

Figure 1 – Comparisons between charged- vs. all-particles measurements of generalized jet angularities by CMS
(a,b) and the soft-drop jet rg by ATLAS (c).

(a) (b)

Figure 2 – Comparisons between unfolded data and analytical predictions, corrected for differences between the
all- vs. charged-particles pictures. Data are reproduced from a measurement of generalized jet angularities by
CMS (a) and a measurement of the Lund jet plane by ATLAS, with calculation by Lifson et al. (b).
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5 ATLAS b-fragmentation measurement

Improved understanding of b-fragmentation will benefit many physics studies at the LHC, partic-
ularly in the precision top and Higgs sectors. The ATLAS Collaboration has recently published
a measurement of b-hadron fragmentation 15. This measurement studies the exclusive decay of
B-mesons via B± → J/ΨK± inside of jets with pT between 50− 100 GeV.

The transverse (prelT ) and longitudinal (z) momentum profiles of the B± decay are compared
to a wide variety of MC predictions. Data in the large-z region are particularly sensitive to the
hadronisation model and tune used in simulation. At small-z, the data are found to be sensitive
to gluon splitting and large differences are observed between HERWIG parton shower models.

6 Concluding remarks

Several recent measurements by the ATLAS and CMS Collaborations have been summarized,
which probe diverse aspects of perturbative and non-perturbative QCD at the LHC. The un-
folded data have been made publicly available via the HEPData platform. Implementations of
each analysis are also available in the Rivet package for use in future PDF fits, MC tunes and
QCD studies.
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Charm quark hadronisation studies in pp collisions with ALICE

J. Wilkinson, on behalf of the ALICE Collaboration
GSI Helmholtzzentrum für Schwerionenforschung GmbH,

Planckstraße 1, 64291 Darmstadt, Germany

In this contribution, the latest results for measurements of charm baryons in proton–proton
collisions at

√
s = 5.02 and 13TeV are presented. The production yields of Λ+

c , Ξ
0
c , Ω

0
c , and

Σ0,++
c are shown along with their yield ratios to D0 mesons, and observations about charm

hadronisation with respect to previous results from lepton colliders are discussed. Further
differential measurements are shown of the Λ+

c /D
0 yield ratio as a function of charged-particle

multiplicity. For the first time, the production of Λ+
c is presented in pp collisions down

to pT = 0, and the total charm production cross section and relative charm hadronisation
fractions in p–Pb collisions are computed.

1 Introduction

Heavy quarks (charm and beauty) have masses much larger than the characteristic energy scale
of QCD interactions, ΛQCD. Due to this, they are typically produced in hard scattering pro-
cesses with large Q2, meaning that their production can be described well using perturbative
QCD (pQCD) calculations. Typically the production of heavy-flavour hadrons is factorised into
three main components: the parton distribution functions (PDFs) that describe the momentum
distributions of quarks in the colliding hadrons; the partonic interaction cross sections to pro-
duce the heavy quarks; and the fragmentation functions, which describe the hadronisation of
quarks to specific species. The non-perturbative fragmentation functions are determined from
experiment in e+e− and e−p collisions, and are assumed to universally define the hadronisation
ratios of charm hadron species in other collision systems. Hadron-to-hadron production ratios
are particularly sensitive to changes in the hadronisation mechanisms, since the contributions
from the PDFs and scattering cross sections cancel out, making charm baryon measurements
an important tool in testing the assumptions of the factorisation approach.

Recent measurements by the ALICE Collaboration of the production of D mesons showed
that the strange and non-strange meson-to-meson yield ratios D+

s /D
0 and D+/D0 are flat as

a function of pT
1, meaning that there are no momentum-dependent modifications to charm

meson hadronisation. The ratios are also in line with the expected values from previous e+e−

measurements. In contrast, the Λ+
c /D

0 yield ratios in pp and p–Pb collisions at
√
sNN =

5.02 TeV are significantly higher than the e+e− measurements for pT < 10GeV/c and exhibit a
decreasing trend towards high transverse momentum 2. In addition, MC calculations tuned to
hadronisation ratios from e+e− collisions, such as PYTHIA with the Monash tune 3, are unable
to reproduce the measurements in pp collisions. Instead, additional hadronisation mechanisms
must be considered in order to describe the data. This implies that the previously assumed
universality of fragmentation as the main hadronisation process in the factorisation approach
does not hold true for baryon production. In order to fully characterise these effects in hadronic
colliders, it is important to make precise measurements of further charm baryon states with
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the widest possible momentum coverage, as well as measuring differentially in terms of other
observables such as the event multiplicity.

2 Results

The baryon-to-meson yield ratio Λ+
c /D

0 is presented down to pT = 0 in p–Pb collisions at√
sNN = 5.02 TeV, and for the first time in pp collisions at

√
s = 5.02 TeV, in Fig. 1 (left).

In both collision systems, the measurements in the interval 0 < pT < 1GeV/c, indicated by
the open circles, were performed in the channel Λ+

c → pK0
S, with candidates reconstructed from

their decay tracks using the KFParticle package 4 and machine learning selections applied using
the XGBoost gradient boosting algorithm 5. The measurements for pT > 1GeV/c are from
combined measurements of the decay channels Λ+

c → pK0
S and Λ+

c → pKπ in both collision
systems 2. A non-flat distribution is evident in both systems as a function of pT, and there is a
hint of a hardening in the pT spectrum in p–Pb collisions with respect to pp. In the right panel,
the pp measurements are compared with model calculations. Models tuned to hadronisation
ratios from e+e− collisions, such as PYTHIA with the Monash tune 3 and HERWIG 6 are unable
to describe either the shape or the magnitude of the Λ+

c /D
0 yield ratio in pp collisions. Models

including additional hadronisation effects provide a better description of the results, for instance
the Catania model 7, which considers quark coalescence in addition to fragmentation; PYTHIA
calculations with enhanced colour reconnection beyond the leading order 8; and the SH + RQM
model 9, which is a statistical hadronisation approach including feed-down from yet-unmeasured
resonant charm baryon states.
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Figure 1 – ALICE measurements of the Λ+
c /D

0 baryon-to-meson yield ratio at
√
sNN = 5.02 TeV. Left: Com-

parison of pp and p–Pb collisions 2, including preliminary measurement of the interval 0 < pT < 1GeV/c. Right:
Comparison between Λ+

c /D
0 in pp collisions with models 3,6,2,8,7,9.

The Σ0,++
c baryon states are potential contributors to the prompt cross section of Λ+

c

baryons, as they decay strongly and are indistinguishable from prompt production. These states
are expected to be suppressed with respect to Λ+

c due to the relative rarity of spin-1 diquark
states produced in collisions. Measurements of Σ0,++

c production are shown in Fig. 2, in partic-
ular the middle panel which shows the Σ0,++

c /D0 production cross section, and the right panel
which shows the feed-down contribution from Σ0,++

c to Λ+
c

11. A significant increase, by a factor
of approximately 10, is seen in the Σ0,++

c /D0 ratio with respect to the Monash tune of PYTHIA,
while models with coalescence effects and statistical hadronisation with additional baryon states
describe the data well. The fraction Λ+

c (← Σ0,++
c )× 3/2 is also significant, with a pT-integrated

value of 0.38 ± 0.06(stat.) ± 0.06(syst). This implies that a sizable proportion of the measured
prompt Λ+

c originates from the decays of heavier resonant states, and notably the PYTHIA
predictions with enhanced colour reconnection appear to overestimate this contribution.
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Figure 2 – Measurements of (left) Λ+
c /D

0, (middle) Σ0,++
c /D0, and (right) contribution of Σ0,++

c feed-down to
the prompt Λ+

c cross section in pp collisions at
√
s = 13 TeV 11.

The potential role of strangeness in the hadronisation processes may be considered by mea-
suring Ξ0,+

c and Ω0
c baryons. Both have been measured in pp collisions at

√
s = 13 TeV, and as

an example the Ω0
c/Ξ

0
c ratio is shown in the left panel of Fig. 3. As the branching ratio of the

decay channel Ω0
c → Ω−π+ is not yet experimentally known, the Ω0

c cross section is not corrected
for the branching ratio. This baryon-to-meson yield ratio is underpredicted by two orders of
magnitude by PYTHIA calculations using the Monash tune, and by one order of magnitude for
PYTHIA including beyond-leading-order colour reconnection. The Catania model in this case
comes closest to describing the data, but while the non-strange baryons were described well by
the coalesence + fragmentation case, for Ω0

c/Ξ
0
c adding an extra contribution of feed-down from

resonant baryon states better describes the data.

Differential measurements of baryon and meson production in terms of the charged-particle
multiplicity are shown in Fig. 3 (right). While a significant modification of the pT distribution
of the Λ+

c /D
0 yield ratio has been observed between low- and high-multiplicity pp collisions at√

s = 13 TeV 10, the pT-integrated Λ+
c /D

0 yield ratio spanning three orders of magnitude in
multiplicity show no significant dependence on the event multiplicity. This further implies that
the collision system dependence of the overall Λ+

c /D
0 yield ratio between leptonic and hadronic

collisions is not simply related to the number of charged particles produced, but rather addi-
tional hadronisation processes on top of vacuum fragmentation must be considered for hadronic
collisions.
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Figure 3 – Left: BR(Ω0
c → Ω−π+) × σ(Ω0

c)/σ(Ξ
0
c) baryon-to-meson yield ratio in pp collisions at

√
s = 13 TeV.

Right: pT-integrated Λ+
c /D

0 yield ratio as a function of charged-particle multiplicity, comparing results from pp,
p–Pb and Pb–Pb collisions in ALICE with Au–Au collisions at STAR.
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The measurement of all ground-state charm hadron species in a broad pT range allows the
total charm production cross section to be derived at mid-rapidity with minimal dependence on
models, as shown in Fig. 4 (left) as a function of collision energy. The total cc̄ cross section was
computed for the first time in p–Pb collisions at

√
sNN = 5.02 TeV and shown as the open blue

circle, along with previous ALICE measurements12 in pp collisions at
√
s = 2.76, 5.02, and 7TeV

shown as solid points. The results are compared with pQCD calculations under the FONLL and
NNLO schemes, and the ALICE measurements are consistently seen to lie at the upper edge of
the theory uncertainty bands. The cross section can also be split into the individual contributions
from hadron species to give the relative hadronisation fractions, f(c → Hc), including the first
measurement of the f(Ξ0

c). The measurements in pp collisions 12 and preliminary measurements
in p–Pb collisions are shown in the right panel of Fig. 4, in comparison with measurements in
e+e− and e−p collisions. The two hadronic collision systems are consistent with one another,
but a significant enhancement of Λ+

c and depletion of D0 production are seen with respect to
leptonic collisions.
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Figure 4 – Left: Total charm production cross section at mid-rapidity in pp and p–Pb collisions as a function
of collision energy. Right: Relative hadronisation fractions of ground-state charm hadron species measured by
ALICE in pp and p–Pb collisions, compared with e+e− and e−p collisions.

Looking to the upcoming Run 3 of the LHC and beyond to ALICE 3, the higher rates of
data taking and upgrades to detector systems will allow the precision and pT coverage of charm
baryon measurements to be greatly improved as well as experimental access to new species, e.g.
multi-charm baryons such as Ξ++

cc .
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Jet substructure in pp collisions with ALICE

Ezra D. Lesser, on behalf of the ALICE Collaboration
UC Berkeley, Department of Physics, 366 Physics North, Berkeley, CA 94720-7300, USA

Jet substructure observables have been used by experiments at the Large Hadron Collider
(LHC) as instruments to search for new physics as well as to study perturbative and non-
perturbative processes in quantum chromodynamics (QCD). Some observables are infrared
and collinear safe and thus easily comparable to first-principles calculations, while others of-
fer direct insight into specific physical phenomena such as the quark-gluon plasma formed
in heavy-ion collisions. The high-precision capability of the ALICE tracking system allows a
unique opportunity at LHC energies to measure tracks with low transverse momentum, per-
mitting high precision access to the softer components inside jets with an excellent angular
resolution. We present some recent charged-particle jet substructure measurements in pp col-
lisions with ALICE, including the generalized jet angularities, the angular jet axes differences,
and the direct observation of the dead-cone effect in QCD using the primary Lund Plane.
These results provide new insights into the evolution of jets by comparing ALICE measure-
ments to predictions from different event generators and perturbative QCD calculations.

1 Introduction

In high-energy particle collisions, hadron jets are a direct consequence of quantum chromody-
namics (QCD). These jets form from an initial hard (high Q2) parton scattering, followed by
a scale evolution culminating in hadronization near ΛQCD. Jets can be experimentally defined
from a set of measured tracks by using a jet reconstruction algorithm, such as a sequential
recombination algorithm, along with a chosen resolution (radius) parameter. Jet substructure
observables are then calculated from the jet’s individual constituents, allowing characterization
of the jet’s internal radiation pattern. Some observables are constructed to enable direct calcu-
lations from first-principles QCD, permitting direct tests of theory. Jet substructure observables
can additionally be tuned to explore nonperturbative processes such as hadronization.

Jet “grooming” procedures can be used to remove soft, wide-angle radiations and enhance
perturbative calculability. One of the most popular grooming procedures is known as soft drop1,
which first reclusters jet constituents using the Cambridge-Aachen algorithm 2, producing a tree
data structure that follows the expected angular ordering of emissions in QCD. One can then
iterate through this tree, trimming away the outermost branches until the soft drop grooming
condition, min(pT1, pT2)/(pT1 + pT2) > zcut (ΔR12/R)β , is satisfied, where R is the jet radius,
pT1 and pT2 are the transverse momenta of two branches at a particular vertex, ΔR12 is their
distance in the rapidity-azimuth plane, and zcut and β are user-defined parameters.

In these proceedings, each of the following three sections highlights a recent measurement
of jet substructure carried out by ALICE using data recorded at the LHC from pp collisions at√
s = 5.02 or 13 TeV. In particular, Sec. 2 reviews the recent ALICE measurements of the jet

angularities, Sec. 3 shows recent ALICE measurements of the jet axis differences, and Sec. 4 dis-
cusses the first-ever direct measurement of the dead-cone effect in QCD. Jets were reconstructed
using charged-particle tracks and the anti-kT algorithm 3 with E-scheme recombination.
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2 Groomed and ungroomed jet angularities

One interesting set of jet substructure observables is the generalized jet angularities λκ
α, with

λκ
α ≡

∑
i

(
pT,i

pT,jet

)κ (
ΔRi

R

)α

≡
∑
i

zκi θ
α
i , (1)

where i runs over the jet constituents, R is the jet radius, ΔRi is the distance from constituent
i to the jet axis in the rapidity-azimuth plane, and κ and α are continuous, tunable parameters.
These observables are infrared- and collinear- (IRC-)safe when κ = 1 and α > 0, allowing direct
calculations from perturbative QCD (pQCD). By varying the angular weighting with α as well
as the fragmentation bias with R, one can probe different regions of emission phase space.

ALICE has recently measured 4 the jet angularities λκ=1
α both with and without soft drop

grooming for R ∈ {0.2, 0.4} and α ∈ {1, 1.5, 2, 3}. Agreement within about 40% is observed with
respect to PYTHIA8 Monash 20135 and Herwig 7 (default tune)6 Monte Carlo (MC) generators,
with noted improvement in the groomed with respect to the ungroomed case. This reflects upon
the MC parton shower and fragmentation models, which improve when nonpertubative effects,
under less stringent control in the phenomenological approach, are reduced in the grooming step.

Comparisons were also carried out between ALICE data and predictions from Soft-Collinear
Effective Theory (SCET) 7,8. Nonperturbative corrections were handled in two separate and
independent ways. One method was convolution with a nonperturbative shape function 9 F (k),

F (k) =
4k

Ω2
α

exp

(
− 2k

Ωα

)
with

dσ

dpT dλα
=

∫
dk F (k)

dσpert

dpT dλα

(
λα − k

pTR

)
, (2)

where k is an integration parameter with units of momentum, pT is the jet transverse momentum,
Ωα = Ω/(α − 1), and Ω is an unknown but presumably universal parameter with units of
momentum. This smearing is also followed by a folding to correct for charged-particle jet effects.
Figure 1 shows comparisons to theoretical predictions with four different values Ω. Smaller
values on the order of 0.2−0.4 GeV/c give the best agreement to the measured spectra. As α is
increased and the wider-angle constituents are correspondingly more strongly emphasized, the
curves are pushed into the nonperturbative region, and divergence is observed at low λα, while
the perturbative region remains relatively well-described.

ALI-PUB-495615

Figure 1 – Example comparison of the ungroomed jet angularities with different values of α ∈ {1.5, 2, 3} to
NLL′ SCET calculations convolved with different amounts of smearing with a nonperturbative shape function 4.
Distributions are normalized to the perturbative region, right of the vertical dashed line, which uses Λ = 1 GeV.
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3 Jet axis differences

The axis of a jet can be defined in different ways. A standard technique is to use E-scheme
recombination, where the 4-vectors of each constituent are summed to obtain the jet 4-vector.
One could also follow this approach only using the constituents that survive soft drop grooming.
Yet another way is the Winner-Take-All (WTA) method, where the jet is first reclustered into a
tree data structure using the Cambridge-Aachen algorithm and then traversed through following
the hardest splitting, with the final constituent defining the jet’s axis. Measuring the difference
between these different jet axis definitions is an IRC-safe way to observe the influence of soft,
nonperturbative radiation, and the observable is also sensitive to PDFs and TMDs 11.

Measurements of the jet axis differences, ΔRaxis, have been carried out by ALICE using the
three different definitions above with varying grooming settings. The distributions reveal that
the jet axis differences between the standard and groomed axes are strongly correlated, with
the distributions spanning a range much smaller than R. The WTA axis, however, tends to be
less strongly aligned with the standard or groomed axes, suggesting that pT tends to be more
broadly distributed in the jet, rather than collimated along a single axis.

PYTHIA8 and Herwig 7 are largely able to reproduce these trends, with agreement observed
within about 20% for these observables. MC predictions for the WTA differences more closely
match ALICE data than the standard-to-groomed ones. Comparisons to NLL′ predictions,
using charged-particle jet corrections from either MC, also show excellent agreement within
uncertainties; an example is given in Fig. 2.

ALI-PREL-502366

Figure 2 – Example comparison of the WTA with standard and soft drop axes. Theory curves are normalized to
the perturbative region, right of the vertical dashed line. Good agreement is observed between data and NLL′

calculations in both regions, demonstrating good behavior of the calculations within the given uncertainties.

4 Dead-cone effect in QCD

The dead-cone effect in QCD is the expected suppression of gluon radiation within an angle
m/E from an emitting parton 12. Effects can be observed by comparing jets initiated by a
heavy-flavor quark with respect to u-, d-, and g-dominated inclusive jets. A direct measurement
is challenged, however, by the need to identify gluon radiation separately from secondary effects
and to determine the dynamic direction of the quark throughout its parton shower.

ALICE has recently performed the first direct measurement of this effect 13 by employing
the Cambridge-Aachen algorithm to reconstruct the primary Lund plane for both inclusive and
D0-tagged jets, and then projecting onto the angular axis and taking the ratio between them,

R(θ) =
1

ND0 jets

dnD0 jets

d ln(1/θ)

/
1

N inclusive jets

dninclusive jets

d ln(1/θ)

∣∣∣∣
kT,Eradiator

. (3)
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When compared to the light-quark / inclusive limit, significant suppression is seen at small
angles, with the suppression also decreasing with Eradiator. This effect is also seen in PYTHIA8
and SHERPA MC generators, which is expected. Figure 3 shows the ALICE measurement.

ALI-PUB-493419

Figure 3 – First direct observation of the dead-cone effect in QCD 13 using D0 versus inclusive jets in different
bins of Eradiator. Small angle suppression corresponds to a dip in the shaded red regions at larger ln(1/θ).
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We present a new approach to jet definition alternative to clustering methods, such as the
anti-kT scheme, that exploit kinematic data directly. Instead the new method uses kinematic
information to represent the particles in a multidimensional space, as in spectral cluster-
ing. After confirming its Infra-Red (IR) safety, we compare its performance in analysing
gg → H125GeV → H40GeV H40GeV → bb̄bb̄, gg → H500GeV → H125GeV H125GeV → bb̄bb̄ and
gg, qq̄ → tt̄ → bb̄W+W− → bb̄jjlνl events from Monte Carlo (MC) samples, specifically, in
reconstructing the relevant final states, to that of the anti-kT algorithm. Finally, we show that
the results for spectral clustering are obtained without any change in the parameter settings
of the algorithm, unlike the anti-kT case, which requires the cone size to be adjusted to the
physics process under study.

1 Introduction

In particle physics laboratories, when particles, at very high energies, collide, an interesting
and complex phenomena happens, the parton shower. Immediately after the collision, partons
(quarks and gluons), carrying lots of energy start interacting, producing more and more particles.
Eventually, they lose some of their energy and combine themselves into hadrons, which are some
of the particles that we are able to capture with detectors. Unfortunately, we do not have any
access to what happens during the parton shower, but just to the final states particles, the ones
that can be detected. One way to study what originated the shower is to cluster the particles
trying to understand which jet they belong to, i.e. which is the common particle ancestor of
each group.
Our main goal was to try improving the results obtained by the standard algorithms that
physicists used for more than twenty years, such as anti-kT , kT and Cambridge-Aachen. In
order to tackle the problem we embraced Machine Learning (ML), which is becoming more and
more popular nowadays. The model that we decided to develop is called Spectral Clustering.

195



Figure 1 – The left white plot shows the particles in the event as points on the unrolled detector barrel. The
colour of each point indicates the jet it is assigned to, filled circles are b-jets. The three grey plots show the first
6 dimensions of the embedding space.

2 Spectral clustering

Spectral clustering is quite a common model for clustering, used in many different fields, such
as movie suggestion and social networks, but it is a novelty for particle physics. In this section
we will present the key steps and the main concept of the algorithm adapted to our problem.
The very first step is to create a graph (an object with nodes, the particles, and edges, links
between the nodes) and to encode the information of this graph into a symmetric matrix, the
Laplacian, where all the rows and columns represent the particles, while the entries give the
information of the connection between them. The next step is to perform the eigen decomposi-
tion, which returns as many eigen vectors and the number of particles. With these eigen vectors
we create the embedding space, a multidimensional space in which we project all the particles.
It is interesting to see, fig. 1, that particles that belong to the same jet tend to align. This is a
clear indication of the necessity of defining a new distance measure, the angular distance:

d(t)i,j = s(t)i,j arccos(
m(t)i ·m(t)j
||m(i)i||||m(t)j ||) (1)

where m(t)i,m(t)j are the particles’ vectors in the new space, and s(t)i,j is a factor, whose values
are in the range [0, 1] that ensures the Infra-Red and Collinear safety. This means that, ones the
particles are embedded in the new space, all the pairwise angular distances are computed and
the pair with the smallest distance is chosen to be merged: the two particles are removed from
the set, replaced by the production of them, where the new particle carries a four-momentum
equal to the sum of the two particles’ four-momentum. All the steps (create the graph, embed
the particles in the new space and merge the best pair) are repeated until a certain condition is
met, i.e. the mean angular distance between all the particles reaches a certain threshold.

3 Results

To evaluate the behaviour of the spectral clustering method four datasets are used:

• Light Higgs : a SM-like Higgs boson with a mass 125GeV decays into two light Higgs
states with mass 40 GeV, which in turn decay into bb̄ quark pairs. The process is gg →
H125GeV → H40GeV H40GeV → bb̄bb̄

• Heavy Higgs: a heavy Higgs boson with a mass 500GeV decays into two SM-like Higgs
states with mass 125 GeV, which in turn decay into bb̄ quark pairs. The process is gg →
H500GeV → H125GeV H125GeV → bb̄bb̄

• Top: a tt̄ pair decays semileptonically, i.e. one W± decayse into a pair of quark jets jj and
the other into a lepton-neutrino pair lνl. The process is gg, qq̄ → tt̄→ bb̄W+W− → bb̄jjlνl

The two measurements chosen to quantify the performance of the algorithms are the jet multi-
plicity and the mass peak.
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3.1 Jet multiplicity

For all the events, the hard scattering produces four partons in the final states, which means that
there are four jets that generate the shower. In clustering particles, ending up with four different
clusters is a sign of good performance. We can appreciate the fact that spectral clustering
obtained very well results, even outperforming the standard algorithms for the Top case, fig. 2.

Figure 2 – Jet multiplicities for the anti-kT and CA (for two cone radius choices) and spectral clustering algorithms
on the Light Higgs, Heavy Higgs and Top MonteCarlo samples. For all such datasets, spectral clustering performed
at least as good as the other algorithms, obtaining the best results for the Top case.

3.2 Mass peak

The second measurement is the mass peak. Once the jets have been reconstructed, we look at
the constituents of these jets and sum all their momenta to measure the overall invariant mass of
the jets. A good algorithm centres the mean value to the the invariant mass of the particle that
generated the shower, with a sharp distribution, i.e. a small invariance. From fig. 3, we can see
that, for the Heavy Higgs case, spectral clustering performs as well as the standard algorithms,
with sharp mass distribution centred at the right mean value.

Figure 3 – Three mass selections are plotted for the Light Higgs dataset. From left to right we show: the invariant
mass of the 4b-jet system, of the 2b-jet system with heaviest with lightest invariant mass. Three jet clustering
combinations are plotted as detailed in the legend. The spectral clustering algorithm is consistently the best
performer in terms of the narrowest peaks being reconstructed and comparable to anti-kT /CA.
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4 Strengths and limits

The great thing about spectral clustering, unlike most ML algorithms which work with black
boxes, is that we have the total control over all the operation performed, which allows us to
interact directly with the model, understanding in details all the steps.
The performance of ML models is also dictated by some tuneable parameters. Spectral cluster-
ing has just seven parameters and a grid search has been done in order to find the best set. What
we found was that just a subset of these parameters actually had an impact on the performance
of the model, i.e. some of them do not need to be tuned. Furthermore, we have been able to
understand the exact role of each of these parameters in the model, which allow us to change
them accordingly to what we require.
Unfortunately, the biggest limit of spectral clustering is the speed. Performing the eigen de-
composition of such big matrices is time and memory consuming, even more if it is required to
do this operation at each time step. Looking at fig. 4 we can see that the complexity order of
spectral clustering is about one order higher than the näıve implementation of kT .

Figure 4 – The run time of spectral clustering compared to a näıve implementation of generalised kT (without
the performance refinements), on datasets of varying size. Simple fits are shown for each dataset in logarithmic
scale. This shows that spectral clustering runs in just over O(n3).

5 Coming next

Currently, we are working on creating an API, similar to FastJet. In this way, anyone who is
curious about it and want to explore this new algorithm can easily download the code and use
it immediately. Moreover, we are putting lots of effort on speeding it up, in order to make it at
least competitive, in terms of speed, to the näıve versions of the standard algorithms. Finally,
we are investing deeper all the properties of the embedding space, trying to understand whether
there might be a more suitable way of merging, maybe even reconstructing the tree step by step.
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Precision phenomenology is of paramount importance to the Large Hadron Collider (LHC)
physics program. A key element of LHC phenomenology is to understand the omnipresent
production of jets. Prime examples are multi-jet rates which provide a unique possibility
for probing Quantum Chromodynamics (QCD). Advances in amplitude computations and
subtraction methods allow to study the phenomenology of higher-multiplicity final states
like three-jet rates through next-to-next-to-leading order in QCD (NNLO QCD). This article
summarizes previous results, for further detail we refer to the full article 1.

1 Ratios of three-to-two jet rates

Multi-jet final states are produced abundantly at hadron colliders and provide a testing ground
to study Quantum Chromodynamics (QCD). At high energy the strong coupling is small which
allows to use perturbation theory to predict production rates for multi-jet final states. Higher-
order corrections are required to achieve accurate and precise results. Ratios of jet rates are a
particular type of observable suitable to study perturbative QCD, and to extract the only free
parameter of massless QCD, αs. To be explicit, if dσn(μR, μF ) denotes the differential cross-
section for the production of n jets (where each jet is subject to some jet definition criteria), we
are interested in the ratio

R3/2(X,μR, μF ) =
dσ3(μR, μF )/dX

dσ2(μR, μF )/dX
, (1)

where X denotes a kinematic quantity. This ratio is expected to be sensitive to the additional
partonic splitting in dσ3 and thus to the coupling αs itself

R3/2(X) ∼ αs . (2)

A measurement of this quantity allows in turn to extract a value of αs.
Automated NLO QCD 2,3,4,5,6,7, NLO EW 8,9,10 and parton-shower matched 11,12,13,14,15 cal-

culations for multi-jet production are available in the literature. For low multiplicity, i.e. two
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Figure 1 – Two and three-jet rates as functions of the leading jet transverse momentum pT,1. The upper panels
show absolute predictions for different perturbative orders, the lower the same relative to NLO QCD. The colour
bands correspond to 7-point scale variation.

jets, NNLO QCD calculations are the state-of-the-art 16,17,18. The computation of second-order
corrections to higher multiplicity processes like three-jet production has been a major accom-
plishment of recent years. The large number of kinematic scales in five-particle kinematics leads
to a significant increase of complexity of necessary two-loop amplitudes compared to four parti-
cles. Analytical expressions for the two-loop amplitudes could only be obtained due to advances
in integration-by-parts (IBP) and amplitude reconstruction techniques based on finite fields, as
well as improved representations of master integrals 19.

All amplitudes required for three-jet production have been evaluated in the leading-colour
approximation 20 and have been used in this form for all existing three-jet computations. The
contribution of the two-loop finite remainder to the cross-section is thus approximated in the
same manner. The scale dependence can be predicted with full colour dependence from lower
order matrix elements. For definiteness, in the computations presented in this article the two-
loop finite remainder has been approximated as:

R(2)(μ2
R) = 2Re

[
M†(0)F (2)

]
(μ2

R) +
∣∣F (1)

∣∣2(μ2
R) ≡ R(2)(s12) +

4∑
i=1

ci ln
i

(
μ2
R

s12

)
,

R(2)(s12) ≈ R(2)l.c.(s12) .

Here ci can be expressed in terms of full-colour tree and one-loop matrix elements. Required
IR-stable one-loop amplitudes (up to six particle kinematics) can be readily obtained from
automated tools like OpenLoops 2 21.

Besides the availability of the required amplitudes, the handling of real radiation contribu-
tions and their combination with virtual corrections is necessary. The computations presented
in this article have been performed with the Stripper subtraction framework 22,23,18. The pro-
duction of jets is particularly challenging for subtraction methods because a large number of
infrared limits needs to be handled. A high degree of automation and efficiency is required to
tackle the large amount of partonic channels and phase space integrations.

2 Numerical results

The numerical results for three-jet production at NNLO QCD have been obtained for 13 TeV
proton-proton collisions in the main article 1. For the PDF the NNPDF31 24 set has been
employed and the renormalization μR and factorization μF scale have been set to ĤT =∑

partons pT (parton). We define the fiducial jet phase space by requiring at least two or three jets
passing the requirement of pT (j) ≥ 60 GeV and |y(j)| ≤ 4.4, as well as HT,2 = pT (j1)+pT (j2) ≥
250 GeV.

In figure 1 we show the differential cross-section for the leading jet pT,1. On the left and
central pane we show different perturbative orders for the two- and three-jet cross-section respec-
tively. The NNLO QCD perturbative corrections are visibly smaller than the NLO corrections
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and lead to a significant reduction of the scale uncertainty. On the right hand side in figure 1
we show the corresponding ratio R3/2(pT,1). The NLO corrections to this ratio are large and
negative and about 50% with respect to LO. The NNLO corrections are small, about 1-5% with
respect to NLO, and flat. The dependence on the renormalization and factorization scale is
drastically reduced from about 10% to below 3%.

3 Strong coupling constant measurements from R3/2 ratios and event-shapes

Measurements of R3/2 ratios at the LHC with different center of mass energies have been used
to extract the value of αs

25,26,27,28. Commonly the ratios are double differential, one dimension
to separate the events of very different hardness, and one observable with sensitivity to the
additional splitting in the three-jet rate. A particular example 28 is the ratio

R3/2(HT , y
∗, φmax) =

dσ3(HT , y
∗, φ12 < φmax)

dσ2(HT , y∗)
(3)

The parameter φ12 is the azimuthal difference between the two leading jets. At least three jets
are required to fill the phase space φ12 < π and at least four jets for φ12 < 2/3π. By dialing the
parameter φmax we access matrix elements of different multiplicity and this property can be used
to extract αs from theory data comparisons. Close to the edges at φ12 = π and φ12 = 2/3π one
is particular sensitive to soft wide-angle emissions requiring resummation of the corresponding
arising logarithms.

More sophisticated observables which can be constructed from multi-jet final states have
been studied at the LHC. An example is the transverse-energy-energy-correlator (TEEC) which
is defined as

1

σ

dΣ

d cosφ
≡ 1

σ

∑
ij

∫
dσ

dx⊥,idx⊥,jd cosφij
x⊥,ix⊥,jdx⊥,idx⊥,jδ(φ− φij) (4)

with x⊥,i = E⊥,i/
∑

k E⊥,k (E⊥ =
√

E2 − p2z which is invariant under boost along the z-axis)
and the azimuthal opening angle Δφij between a pair of jets. This correlator has been measured
in experiment and utilized to extract the value of αs in recent measurements by ATLAS 31,32.
A limiting factor of the extraction is the scale dependence of the fixed-order predictions which,
so far, have been obtained at NLO QCD. The inclusion of NNLO QCD correction is important
to make this type of measurement more competitive with other measurements.

More generally, many event-shape observables measuring the departure from di-jet like events
can be used for the extraction of αs. Those which have a dominant contribution from three-jet
rates like Thrust or Sphericity (see ref. 29 for a review and ref. 30 for an recent experimental
measurement) profit from NNLO QCD corrections. Event-shapes separate kinematic regions, so
that regions which are subject to large corrections from soft and collinear radiation are separated
from well resolved configurations where perturbation theory can be applied. In those regions
perturbative calculations might be used to extract the value of αs.

4 Conclusion

Second-order QCD corrections to three-jet production rates at hadron colliders will allow to
reduce theoretical uncertainties in a plethora of phenomenological multi-jet studies at the LHC.
Ratios to two-jet rates enhance the sensitivity to the additional partonic splittings and reduce
sensitivity to the PDF, offering a unique opportunity to extract the strong coupling constant
from LHC data. We presented basic R3/2 ratios at NNLO QCD and discussed future applications
to the transverse energy-energy correlator and event-shapes in general.
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Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany
Karlsruhe Institute of Technology, 76344 Eggenstein-Leopoldshafen, Germany

Durham University, Durham, DH1 3LE, UK
CERN, 1211 Geneva 23, Switzerland

Zhejiang University, Hangzhou, 310027, China

We report on our recent calculation of the differential rapidity distribution for the Drell-Yan
(DY) production at N3LO. The calculation is based on the qT -subtraction method, suitably
extended to this order for quark-antiquark initiated Born processes. Our results display size-
able QCD corrections at N3LO over the full rapidity region and provide a fully independent
confirmation of the recent results for the total Drell-Yan cross section at this order.

1 Introduction

The CERN Large Hadron Collider (LHC) is a precision machine to test the Standard Model
(SM) and demands equally precise theoretical predictions, in particular in view of the absence
of striking signals for beyond the Standard Model phenomena. Among the most important
precision processes at the LHC is Drell-Yan lepton-pair production through neutral current Z/γ∗

or charged current W± exchanges. Its large production and clean signature in the experiment
allow a precision test of the SM and strong constraints on the parton distribution functions
(PDFs) of the hadrons. The DY is also used to calibrate the detector and monitor the LHC
luminosity. Furthermore, it is also the main background for many new physics searches.

The Drell-Yan process further plays a special role in the development of modern precision
theory calculations in particle physics. From the fixed-order computations of theoretical side in
pure QCD, the DY total cross section at next-to-next-to-leading order (NNLO) was calculated
20 years ago 1,2; The DY NNLO rapidity distribution was also available more than ten years 3;
The first fully differential distribution at NNLO was computed by several groups 4,5; The first
N3LO cross section mediated via an off-shell photon was finished two years ago6, and the fiducial
predictions at N3LO for DY was available early this year 7. For mixed QCD-EW, there is also
great progress, for example, the NNLO mixed QCD-EW corrections were available recently 8,9.
From the experimental side at the LHC, the ATLAS, CMS, and LHCb collabrations 10,11,12 have
performed the precision measurements for DY production which are differential in di-lepton
invariant mass, the rapidity, the transverse momentum, angular coefficients, forward-backward
asymmetry, and so on.

In this proceeding, we briefly discuss our recent and the first computation of di-lepton
differential rapidity distribution for the DY production mediated via an off-shell photon at
N3LO 13. It was observed that the scale uncertainty band of N3LO is not within the band of
NNLO, similarly as observed for the total cross section. Our method is based on QT subtraction
generalized to N3LO, which will be described in detail below. The method shown below can

203



be generalized to W± productions directly, for which we already have some preliminary results.
We leave their detailed results for the future publication and only discuss the results for DY
production mediated via an off-shell photon below.

2 QT subtraction at N3LO

The qT -subtraction method5,14 was originally developed for processes with color-less final states.
The key idea is that the most singular phase space configurations are in the small qT region of
the color-less system, and can be isolated using an artificial parameter qcutT . For DY production
at N3LO, the double differential cross section in invariant mass Q and rapidity y is divided into
the unresolved (resolved) region, in which qT is bounded by qcutT from above (below),

d2σ
(3)
V

dQ2dy
=

∫ qcutT

0
dqT

d3σ
(3)
V

dqTdQ2dy
+

∫
qcutT

dqT
d3σ

(2)
V+J

dqTdQ2dy
, (1)

where the superscript (3) or (2) mean N3LO and NNLO seperately. In the resolve region, we
must have at least an extra jet radiation to generate non-zero qT in addition to production of
the photon. Therefore, this region reduces to a computation for V + J at NNLO, and it has
been known for several years 15,16. For the current computation, we use the event generator
NNLOJET 15,17 to compute the resolve region. The unresolved region is well understood from
the development of qT resummation. At leading power of the qT , the unresolve region can be
factorized as

d4σ

dQ2d2qTdy
=

∫
d2b

(2π)2
e−iqT ·b

∑
q

σV
LO

E2
CM

[∑
k

∫ 1

x1

dz1
z1
Iqk (z1, b)fk/h1

(x1/z1)

×
∑
j

∫ 1

x2

dz2
x2
Iq̄1j (z2, b)fj/h2

(x2/z2)S (b) + (q ↔ q̄1)

]
Hqq̄1

(
1 +O

(
q2T
Q2

))
, (2)

where q1 = q for neutral current DY (γ∗/Z) production, q1 = q′ for charge current DY (W±)
production, x1 =

√
τey , x2 =

√
τe−y, τ = (q2T + Q2)/E2

CM, ECM is the center of energy of the
proton system. All related ingredients are already known to N3LO. The hard function H has
been known to N3LO for some time 18,19,20. Very recently, the soft function S 21,22 and the
matching kernel I 23,24 were also available to N3LO. With all these devolepments, we managed
to obtain the results for the differential rapidity distribution at N3LO.

3 Results

Before presenting our final results for rapidity distribution, we first check if the systematic uncer-
tainty from omitting the qT higher-power contributions is under control. The combined results
with different qcutT in Table 1 are identical within numerical errors, it implies that the systematic
uncertainty from omitting the qT higher-power contributions is under control. Also shown in
Fig. 1 in dashed lines are the inclusive predictions from 6, decomposed into different partonic

Table 1: Total cross section with N3LO only using different qcutT for γ∗ production

qcutT (GeV) unresolved(fb) resolved(fb) combined(fb) analytic(fb)

0.5 177.37(10) −185.40(41) −8.02(42)
0.63 169.12(8) −177.10(35) −7.98(36)
0.79 152.96(7) −161.28(30) −8.31(31) −8.03 6

1 132.15(6) −140.47(26) −8.32(27)

204



Figure 1 – Inclusive N3LO QCD corrections to total
cross section for Drell-Yan production through a vir-
tual photon.

Figure 2 – Di-lepton rapidity distribution from LO
to N3LO. The colored bands represent theory uncer-
tainties from scale variations. The bottom panel is
the ratio of the N3LO prediction to NNLO, with dif-
ferent cutoff qcutT .

channels. We observe an excellent agreement at small-qT region with a detailed comparison
given in Tab. 2. We present total cross sections at small qcutT value (0.63 GeV) and results from
fitting the next-to-leading power suppressed logarithms with qcutT extrapolated to zero. This
agreement provides a fully independent confirmation of the analytic calculation 6, and lends
strong support to the correctness for our qT -subtraction-based calculation. We are now ready
to present our result for the differential rapidity distribution.

Table 2: Inclusive cross sections with up to N3LO QCD corrections to Drell-Yan production through γ∗.

Fixed Order σpp→γ∗(fb)

LO 339.62+34.06
−37.48

NLO 391.25+10.84
−16.62

NNLO 390.09+3.06
−4.11

N3LO 382.08+2.64
−3.09

6

N3LO only qcutT = 0.63 GeV qcutT → 0 fit 6

qg −15.32(32) −15.34(54) −15.29
qq̄ + qQ̄ +5.06(12) +5.05(12) +4.97

gg +2.17(6) +2.19(6) +2.12
qq + qQ +0.09(13) +0.09(17) +0.17

Total −7.98(36) −8.01(58) −8.03

The bottom panel of Fig. 2 shows the ratio of N3LO rapidity distribution to the previously
known NNLO result 3. As can be seen, the corrections are about −2% of the NNLO results
and are flat over a large range of the rapidity. There is only minimal overlap between the scale
uncertainty bands at large yγ∗ . Three values of qcutT are examined in the bottom panel to test
the numerical stability. We observe that the qcutT dependence is smaller than the numerical error,
that justifies to use predictions with qcutT = 1 GeV in the top panel.

4 Summary

In this proceeding, we briefly describe the computational setup and show the first result of the
di-lepton rapidity distribution for DY production through off-shell photon exchange at N3LO
in perturbative QCD. Since the N3LO corrections are largely rapidity-independent, their effect
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will cancel out in the normalized rapidity distribution, which can thus be expected to be de-
scribed theoretically to sub-per-cent accuracy, thereby meeting the precision requirements of the
experimental measurements for normalized distributions in the DY production 10,11. To apply
our results in precision phenomenology, one needs to supplement them by contributions from Z
boson exchange and Z-photon interference. They give rise to new subprocesses which are in-
frared finite in the small qT limit, and therefore one can apply the N3LO QT subtraction method
without further modification. Moreover, the N3LO QT subtraction method shown above can be
directly generalized to W± productions which we already obtained some preliminary results.
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In these proceedings we study various sources of theoretical uncertainty in the Drell–Yan p��T
spectrum focussing on the p��T � 100GeV region. We consider several perturbative aspects
related to the choice of the scale setting adopted in resummed calculations, and we assess their
impact on the theoretical prediction both for the differential p��T spectrum and for the N3LO
fiducial cross section. For both quantities, we find the results obtained with the different setups
to be compatible with each other within the quoted uncertainty, highlighting the robustness
of the theoretical prediction. In all cases, the experimental LHC data for the p��T spectrum is
well described by our calculation.

1 Introduction

The theoretical description of the Drell–Yan p��T spectrum is among the most challenging tasks
in collider physics at present, due to the outstanding accuracy reached by the experimental
measurements. In a recent article 1, we have presented the state of the art, N3LO calculation
of the fiducial Drell–Yan cross section and its leptonic distributions such as p��T , also studying
the effect of the inclusion of QCD resummation of large logarithms of M��/p

��
T , with M�� being

the Drell–Yan pair invariant mass. Our findings indicate that a first-principle calculation using
perturbative QCD methods describes well the experimental data for the differential p��T distri-
bution measured in the regime M�� ∼MZ , with the exception of the very small p��T region where
a phenomenological modelling of non-perturbative effects is needed.

The high accuracy of the theoretical calculation requires a careful estimate of the associated
uncertainties, which are below ±5% for p��T � 100GeV. In these proceedings we briefly review the
calculation of Ref.1 and we discuss various sources of theoretical uncertainty that are relevant for
the description of the Drell–Yan p��T spectrum. We focus our discussion on aspects particularly

† Speaker.
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relevant in the p��T � 100GeV region: the resummation of logarithmic corrections and the
matching of resummation with the fixed order prediction.

The prediction of Ref. 1 for the differential p��T spectrum is based on a combination of a
resummed calculation at N3LL (including constant terms up to O(α3

s)) obtained with RadISH2,3,4

with the NNLO calculation obtained with NNLOJET5,6,7. The formulation adopted in the RadISH
code is based on a momentum-space formalism and does not introduce any modelling of non-
perturbative effects. Instead, the Landau singularity is regularised by freezing the running of
the strong coupling constant at scales of the order of 0.5GeV and that of the parton distribution
functions (PDFs) at the extraction scale of the set adopted, which in this case corresponds to
1.65GeV 8. We will comment further on the prescription used to freeze the PDFs below. This
prescription leads to effects in the calculation in the first two bins of the p��T distribution where
non perturbative (NP) dynamics becomes relevant. In this region a realistic modelling of NP
corrections is therefore necessary.

In the following, we study the impact on the theoretical uncertainties of various sources of
higher-order corrections, related to the central scale setting used in our predictions.

2 Computational setup

Throughout this note, we will consider proton–proton collisions at a centre-of-mass energy√
s = 13TeV, and we adopt the NNPDF4.0 parton densities 8 at NNLO with αs(MZ) = 0.118,

whose scale evolution is performed with LHAPDF 9 and Hoppet 10, correctly accounting for heavy-
quark thresholds. We set the central factorisation and renormalisation scales to μF = μR =√
M��

2 + p��T
2
. We adopt the Gμ scheme with the following EW parameters taken from the

PDG 11: MZ = 91.1876GeV, MW = 80.379GeV, ΓZ = 2.4952GeV, ΓW = 2.085GeV, and
GF = 1.1663787 × 10−5GeV−2. We consider a fiducial volume 12 in which the leptonic invari-
ant mass window is constrained to be 66GeV < M�� < 116GeV and the lepton rapidities are
confined to |η�± | < 2.5. The transverse momenta of the two leptons are required to satisfy
|
p �±

T | > 27GeV.

3 Resummation scheme and scale setting for the O(α3
s) constant terms

We start by discussing the impact of the choice of the strong coupling scale in the O(α3
s) constant

terms in the resummation formula. Here we deliberately use a very schematic and simplistic
language to introduce how they arise in the resummed calculation. An appropriate discussion
of these terms and their structure within the RadISH framework is reported in Ref. 13, where
the scale setting adopted in Ref. 1 is discussed in detail. Schematically, one can parametrise the
perturbative logarithmic counting for the resummed cumulative cross section considered here as

C(αs(M��), αs(μ)) exp{
2∑

i=−1
αi
s hi+2(αsL) + . . . }, (1)

where αs ≡ αs(M��) and L denotes the large logarithms which are resummed in the p��T � M��

regime. The function C(αs(M��), αs(μ)) encodes constant contributions that survive in the
p��T → 0 limit. It admits a perturbative expansion in powers of the strong coupling αs, which
is needed up to three loops (O(α3

s))
14,15,16,17 in order to achieve, together with the functions

hi(αsL), the accuracy of the predictions of Ref. 1 in the regime αsL ∼ 1 and αs � 1.

We first turn our focus on the scale of the coupling constant in the perturbative expansion
of C(αs(M��), αs(μ)). At each order O(αi

s) this receives contributions both from terms evaluated
at αi

s(M��) and from terms evaluated at αi
s(μ), where the scale μ � M�� is of the order of the

transverse momentum of the QCD radiation probed in the p��T → 0 limit. The precise value of this
scale depends on the resummation formalism. Within RadISH this is set as μ ∼ kt1, with kt1 being
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the transverse momentum of the hardest initial-state radiation, while in an impact-parameter
approach this is set as μ ∼ 1/b, with b being the impact parameter (see e.g. Refs.18,19,20). These
two scales are of the same order and are related by a Bessel integral transform 3.

In a direct QCD formulation of p��T resummation, the separation of terms evaluated at
αi
s(M��) and those evaluated at αi

s(μ) specifies the so-called resummation scheme 19, and only
the combination of both factors in Eq. (1) is resummation-scheme invariant. More precisely, if
we denote by C(i) the O(αi

s) term of the perturbative expansion of C(αs(M��), αs(μ)), only the
combination of C(i) and hi+2(αsL) is resummation-scheme invariant. Consequently, a change in
the renormalisation scale in the O(α3

s) constant terms C(3) will affect the form of the correction
α3
sh5(αsL) in Eq. (1), which is a genuine N4LL correction and hence beyond the perturbative

accuracy of the calculation discussed here.

The prediction presented in Ref. 1 evaluates the O(α3
s) terms with αs(M��); it is however

possible to evaluate the terms of hard-virtual origin in C(3) at αs(M��), while those of soft and/or
collinear origin are evaluated at μ ∼ kt1 � M��. The difference between the two prescriptions
is, as explained above, subleading in the perturbative order of the calculation. As such, one
expects it to be compatible within the quoted perturbative uncertainties.

A study of the difference between the two scale settings in the RadISH+NNLOJET prediction
was presented in Ref. 13. The difference between the two scale settings is shown in Fig. 1 (left),
where the blue, hatched band represents our default setup used in Ref.1, and the green, solid band
shows the result with the constant terms of soft and/or collinear origin evaluated at the scale
μ = kt1 (labelled with μ �= M�� in the plot) up to O(α3

s). The uncertainties are still estimated
as outlined in Ref. 1. In particular, this prescription includes a very conservative estimate of the
matching uncertainty, which is obtained by taking the envelope of the uncertainty bands obtained
with four different matching schemes, for a total of 36 variations (9 scale variations per scheme).
This conservative approach is taken given the level of precision that is reached by the perturbative
calculation. Fig. 1 shows that the change in the scale μ leads to a distortion of the spectrum
in such a way that it becomes softer at small p��T and slightly harder for p��T > 10GeV. The
resulting distribution in Fig. 1 is still compatible with the data and with our default setup within
uncertainties, in line with the fact that it corresponds to a subleading logarithmic correction.
An exception is the region between [20, 40]GeV where the central value of the green band lies
outside the error band (blue) of our default setup, suggesting that one may adopt a slightly more
conservative error estimate that includes the central curve of the green band in the envelope
that defines the theory uncertainty.

4 Evolution of parton densities and freezing

We now briefly discuss how the freezing of the parton densities at the extraction scale of
1.65GeV 8 impacts our prediction. As an alternative prescription, instead of freezing the parton
densities at Q0 = 1.65GeV, we evolve backward from this scale down to 0.5GeV taking correctly
into account the charm-quark mass threshold. This ensures that possible small artefacts related
to the freezing of the parton densities are pushed to the very small p��T region. Fig. 1 (right)
shows the comparison of the default setup of Ref. 1 to the prediction obtained with the above
treatment of the parton distribution functions, that we label as hybrid in the plot. As it can
be appreciated from the figure, the freezing only modifies the prediction for this setup at very
small p��T values, in a way that is fully compatible with our estimate of the theory uncertainties.

5 The resummation scale

Finally, we discuss another relevant aspect in the scale setting used in the RadISH calculations,
which concerns the value of the hard scale of the process, of the order of M��. This hard scale
is set to M��/2 in the RadISH predictions of Ref. 1. An associated variation of this perturbative
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Figure 1 – Left panel: fiducial p��T distribution at N3LO+N3LL in the default scale setup of Ref. 1 (blue, hatched)
and evaluating the O(α3

s) constant terms of soft and collinear origin at μ = kt1 (green, solid). See Ref. 13 for
a more detailed discussion. Right panel: Fiducial p��T distribution at N3LO+N3LL in the default scale setup of
Ref. 1 (blue, hatched) and using the hybrid evolution for the parton densities below the extraction scale (brown,
solid).

scale (as well as of the other perturbative scales) is encoded in the estimate of the perturbative
uncertainties. In the RadISH formalism, this scale enters in the form of a resummation scale Q.
This can be introduced by decomposing the resummed logarithm L as 21,13

L = L̃+ ln
M��

Q
, (2)

and re-expanding L about L̃ while neglecting subleading (N4LL) corrections. This is motivated
by the fact that in the p��T → 0 limit one has L̃� ln M��

Q . A variation of the scale Q (commonly by
a factor of two about its central value) then probes the size of subleading logarithmic corrections
in the uncertainty estimate. At the same time, the logarithm L̃ is switched off for p��T � Q with
a smooth deformation 21,13 that introduces power corrections of order (p��T /Q)p−1 (we choose
the parameter p = 6) in the p��T differential distributions. These facilitate the matching of the
resummed result to the fixed order calculation and appear only at subleading orders with respect
to the nominal result, that is at O(α4

s). In this way, the scale Q also takes the role of the scale
at which resummation effects are switched off in the p��T distribution. Choosing Q = M�� as a
central scale implies that a variation of Q in the assessment of the theory uncertainty will induce
residual resummation effects up to p��T ∼ 2M��, which is a rather high scale. For this reason, our
default setup is to vary Q about its central value M��/2, above which QCD is well described by
fixed-order perturbation theory.

Nevertheless, in the following we study the difference between the two scale settings. For this
reason, in Fig. 2 we show the comparison between the RadISH+NNLOJET prediction using either
Q = M��/2 (our default, given by the blue, hatched band) or Q = M�� (given by the red, solid
band) as a central scale. In the latter, we also adopt the hybrid treatment of the evolution of
parton distribution functions (PDFs) discussed above, to avoid any interplay between the PDFs
freezing scale and the perturbative prediction in the small p��T region. The uncertainties in the
red band of Fig. 2 are estimated as done in Ref. 13, by performing scale variations within three
matching schemes a that ensure that the resummation is switched off at p��T ∼M��. We observe
that the prediction with Q = M�� as a central scale receives a shift in the upward (downward)

aIn this case, due to the high resummation scale, we only consider the three matching schemes involving a
matching factor (see Ref. 13). The corresponding uncertainty thus consists of 27 variations.
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Figure 2 – Fiducial p��T distribution at
N3LO+N3LL in the default scale setup of
Ref. 1 (blue, hatched) and setting the central
value of the resummation scale at Q = M��

(red, solid). The green-dashed curve indi-
cates the central prediction with Q = M��

and μ �= M��.

direction for p��T > (<) 10GeV. Moreover, the perturbative uncertainty grows with this different
resummation scale, and the prediction remains compatible with the experimental data.

Finally, it is instructive to adopt the three modifications to our default setting discussed in
this note together. That is, we use μ �= M�� as outlined in the previous section together with
Q = M�� in our prediction. The result is displayed by the dot-dashed light-green line in Fig. 2,
and it is entirely within the (red) uncertainty band of the Q = M�� result as one would expect
from a subleading effect.

6 Impact on the fiducial cross section

As a last step, we also discuss the impact of the different scale setting discussed in this note on the
fiducial cross section at N3LO+N3LL presented in Ref.1. This reference quotes 726.2(1.1)+1.07%

−0.77% pb

for the fiducial cross section within symmetric cuts, compatible with the N3LO result of 722.9(1.1)
+0.68%
−1.09% ± 0.9 pb, computed in the same article. The central value of the N3LO+N3LL cross sec-
tion obtained within the setup shown in the green band of Fig. 1 (left) (namely with μ �= M��)
is 725.0(1.1) pb, while the central value corresponding to the red band of Fig. 2 is 723.8(1.1) pb.
Both values are well within the scale uncertainty of the N3LO+N3LL calculation performed in
Ref. 1, which confirms the robustness of this prediction for the fiducial cross section.

7 Conclusions

In these proceedings we have discussed the dependence of the RadISH+NNLOJET predictions of
Ref. 1 upon different choices for the perturbative scale setting. We observed that all setups yield
results which are compatible with each other within the quoted uncertainties. This indicates
that the latter uncertainty is reliable, although a more conservative estimate could be envisaged
by taking into account the spectrum of variations considered here. All of our predictions agree
well with the experimental LHC data, possibly with the exclusion of the very small p��T region,
which requires a careful assessment of non-perturbative effects.

We have also examined the impact of the different setups on the fiducial cross section at
N3LO+N3LL, finding in all cases that the effect of the different scale choices is well within the
perturbative uncertainty band obtained in Ref. 1, highlighting its robustness.
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Mixed strong–electroweak corrections to the Drell–Yan process

L. Buonocore

Physik Institut, Universität Zürich, CH-8057 Zürich, Switzerland

Precise predictions for hard scattering processes at the LHC usually require the inclusion
of NNLO corrections in QCD and NLO in EW. To match the accuracy target expected for
the measurements of the Drell-Yan process, it may be required to consider even higher-order
radiative contributions, such as the mixed QCD-EW corrections. We report on the first
complete calculation of such corrections to the neutral current Drell-Yan process. In particular,
we discuss the comparison of the exact two-loop virtual amplitude with its approximation by
a pole expansion and show phenomelogical results in the region of high invariant masses of
the lepton pair system.

1 Introduction

The production of a dilepton pair through the Drell-Yan mechanism is a crucial process for the
precision physics programme at the LHC. The rather clean leptonic signature and the relivately
large production rates in the region around the heavy weak boson resonance allow to extract
with high accuracy fundamental electro-weak (EW) parameters. Recent measurements of the W
mass 1 and of the electro-weak mixing angle 2 starts to compete with previous results from LEP
and Tevraton and a sub permille precision target is expected by the end of the high-luminosity
phase. The region of high invariant masses of the lepton pair system is of similar importance
as it may disclosure New Physics effects. Recent analyses 3,4 show the potential of the LHC
experiments to probe the TeV region with an accuracy of order O(1%).

This motivates the theoretical effort to compute higher-order radiative corrections, both
in fixed- and all-order (resummed) calculations. At hadronic colliders, the dominant effects
come from the strong interactions. From this respect, the Drell-Yan process is one of the most
advanced: N3LO QCD corrections to fiducial cross sections have been recently computed 5 and
matched to the N3LL resummation of the vector boson transverse momentum6. EW corrections
are characterised by a smaller coupling, α ≈ α2

s in the so called “physical” counting. Nonetheless,
they are not negligible and can be further enhanced in some relevant region of the phase space,
as at high invariant masses of the produced lepton pair system.

Considering a general expansion into two coupling constants of the hadronic differential
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Drell-Yan cross section

dσ =
∑
i,j

dσ(i,j), (1)

where dσ(0,0) ≡ dσLO is the Born contribution, also mixed effects arise. In this class of radiative
corrections, the dominant contribution is given by the term dσ(1,1), which, assuming the “phys-
ical” counting, is parametrically of the order of the N3LO QCD correction. From now on we
refer to it as the mixed QCD-EW correction.

The evaluation of the relevant two-loop virtual amplitudes represents the major bottleneck
for the computation of the mixed corrections. For the charged current Drell-Yan (CC-DY) proc-
cess, in fact, the two-loop mixed amplitude is still not available. We have provided results 7 for
the transverse momentum distribution of the charged lepton approximating the virtual contribu-
tion by its expansion around the resonant peak, i.e. relying on the Pole Approximation (PA) 8,9.
Recently, thanks to the progress in multi-loop techniques, the two-loop virtual amplitude for
the neutral current Drell-Yan (NC-DY) for massive leptons have been computed 10. We have
then completed the calculation of the full set of mixed corrections for this process in the case of
bare massive muons 11a. Hence, we are in the position of assessing the quality of the PA by the
direct comparison with the exact result for the NC-DY case. This will be addressed in Sec. 2.
In Sec. 3, we then move on presenting preliminary new results for the high-energy tail of the
invariant mass distribution in NC-DY, before giving our conclusions.

2 Virtual corrections and pole approximation

In order to compare the exact result for the two-loop virtual amplitude with the one in PA, we
introduce a finite perturbative coefficient, called the hard-virtual function H(1,1), defined as

H(1,1) =
2Re

(
M(1,1)

fin M(0,0)∗
)

|M(0,0)|2 , (2)

where M(1,1)
fin corresponds to a finite remainder of the amplitude after a suitable subtraction of

the infrared poles 7,11. The hard virtual coefficient is then multiplied by the Born differential

cross section to get the hadronic contribution, dσ
(1,1)
H = H(1,1)dσLO.

Our main results are summarised in fig. 1. Beside a comparison between the exact (blue

curve) and the approximate (orange curve) dσ
(1,1)
H for two key observables, the invariant mass

of the lepton pair system (left panel) and the transverse momentum of the charged lepton (right
panel), we show in the lower panel the relative importance of such term with respect to the
full mixed correction. We observe that the PA approximation captures the bulk of the exact
result, with deviations of O(10− 20)% in the resonant region. Thanks to a suitable reweighting
procedure 7 the PA provides a reasonable description of the virtual corrections also in the off-
shell region at high invariant masses. We notice that, at variance with the case of the invariant

mass distribution, the dσ
(1,1)
H term represents a very small fraction of the full mixed correction

at high transverse momenta of the charged lepton and, hence, the difference between the PA
and the exact result is negligible. This region is indeed dominated by configurations in which
an on-shell Z recoils against an hard jet.

In conclusion, we find that the pole approximation represents a powerful tool to analyse the
impact of the virtual corrections. This is extremely valuable in the absence of the exact calcu-
lation, as for the case of the CC-DY process. Beyond the case of the distribution of transverse
momentum of the charged lepton, this motivates the study of other relevant observables, as the
transverse mass, which we leave to future work.

aVery recently an independent calculation has appeared for dressed electrons 12 which makes use of a different
two-loop virtual amplitude 13.
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Figure 1 – Invariant mass distribution of the di-muon system (left) and transverse momentum distribution of the
positevely charged muon (right) for

√
s = 14TeV proton-proton collisions 11. The mixed correction is displayed

in the top panel with the two-loop virtual amplitude computed exactly (blue) and approximated in PA (orange).

The deviation from the exact result of the dσ
(1,1)
H term approximated in PA is shown in the middle panel in

percentage. In the bottom panel the relative importance of the dσ
(1,1)
H with respect to the full mixed correction

is reported.

3 Results at high invariant masses

Virtual EW corrections are enhanced in the region of high invariant masses of the lepton pair
system by large Sudakov logarithms. Assuming a complete factorisation of QCD and EW
corrections, one would expect non-negligible mixed effects in the high energy tail of the invariant
mass distribution. It is therefore of great interest to assess the impact of the mixed QCD-EW
corrections and to what extent the factorisation ansatz reproduces the exact result. To this aim,
we consider the following factorised approximation of the mixed corrections

dσ(1,1),fact

dmμμ
=

dσ(1,0)

dmμμ
× dσ

(0,1)
qq

dmμμ
×

(
dσLO
dmμμ

)−1
(3)

given by the product of differential NLO QCD and NLO EW K-factorsb. In Fig. 2 we show
preliminary results for di-muon invariant masses up to the TeV region. The backward (left)
and forward (right) directions are defined according to the Collin-Soper angle, and the bands
correspond to the standard 7-point scale variation. Focusing on the middle panel, in which the
effects of the mixed corrections are shown relatively to the reference prediction given by the
additive combination of NNLO QCD and NLO EW corrections (labelled NNLO QCD+EW),
we observe, as expected, rather large O(2 − 5%) negative effects at few TeVs. Furthermore,
our results show that the factorised approximation (gray curve) gives a good description of the
exact correction (green curve). This points towards the fact that QCD corrections and Sudakov
EW logarithms largely factorise, as also recently observed for the case of dressed electrons 12.

4 Conclusions

The theoretical description of the Drell-Yan process has reached a very mature phase with the
inclusion of N3LO QCD radiative corrections. Thanks to the recent progress in multi-loop calcu-
lations, also the computation of the mixed QCD-EW correction to the neutral current Drell-Yan
process has been completed. By a direct comparison with the exact two-loop virtual correction,
we have shown that the Pole Approximation gives a good description of the full result in the

bThe EW K-factor does not include photon induced processes 7.
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Figure 2 – Invariant mass distribution of the di-muon system in the backward (left) and forward (right) region for√
s = 13TeV proton-proton collisions3. In the top panel, predictions including an increasing radiative content are

shown: NNLO QCD (blue), NNLO QCD+EW (orange) and the “best” NNLO QCD+EW+MIX which includes
the mixed correction. In the middle panel, the relative impact of the full mixed correction (green) and of the
factorised ansatz (gray) with respect to the NNLO QCD+EW is reported. In the bottom panel NLO EW and
NNLO QCD K-factor are shown.

resonance region, thus confirming previous results obtained for the charged current case using
the same approximation. In addition, we have discussed the impact of the mixed corrections at
high invariant masses of the lepton pair system. We find relatively large negative corrections
which are in line with what expected on the basis of a factorisation of QCD corrections and
large Sudakow logarithms. Further phenomenological studies to assess the implications of the
mixed corrections to the Drell Yan process are ongoing.
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The vector boson transverse momentum distributions
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The transverse momentum dependent distributions (TMD) are an essential part of the fac-
torization theorems in vector boson production. They are non-perturbative, double scale
dependent functions that asymptotically match onto collinear parton distributions functions
(PDF). Once TMD are expressed using PDF, one observes that they are sensitive to the choice
and quality of PDF sets (PDF bias). A solution to this problem is found and discussed. Nev-
ertheless the main source of error on vector boson spectra still comes from PDF uncertainty
propagation.

The motion of quarks and gluons inside a hadron affects the transverse momentum de-
pendent cross sections in Drell-Yan (DY), semi-inclusive deep inelastic scattering (SIDIS) and
semi-inclusive annihilation (SIA). The factorized differential cross sections of these processes, dσ,
reveals that the partons inside a hadron organize themselves into spin (in)dependent distribu-
tions called TMD, f a. For the unpolarized processes when vector boson transverse momentum,
qT , is fixed and qT � Q, with Q the hard energy scale, one finds1,2

dσ

dQ2dydq2T
=

∑
i,j

∫
d2b eib·qTσ

(0)
ij f1,i←h1(x1, b;μ, ζ1)f1,j←h2(x2, b;μ, ζ2), (1)

with q the vector boson momentum, b =
√
b2 ≥ 0 the transverse distance Fourier conjugate to

qT , Q
2 ∼ q2 and σ

(0)
ij the perturbatively calculable partonic cross sections. The TMD fi,j depend

on the mass and rapidity scales μ and ζ that obey the corresponding evolution equations, and
they are, by definition, non-perturbative. All scales dependence can be collected into factors
using the so called ζ-prescription,3

dσ

dQ2dydq2T
=

∑
i,j

∫
d2b eib·qTσ(0)Hij(Q,Q)R(b;Q,Q2)f1,i←h1(x1, b)f1,j←h2(x2, b), (2)

where Hi,j(Q,μ = Q) is the perturbatively calculable hard factor, R(b;μ = Q,
√
ζ1ζ2 = Q2) the

evolution kernel, and fi,j the scale independent part of TMD. The ζ-prescription is the only one

aIn the talk I associated each TMD to a jelly candy, which can be extracted from a bag (the hadron) and
distinguished one from the other using an appropriate observable. This analogy motivates the front picture.
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which can achieve this type of factorization formula and it also ensures a high convergence of
the perturbative series. The evolution kernel R is valid universally for DY, SIDIS and SIA and
it is flavor independent. All flavor dependence can be collected inside the TMD,

f1,f←h(x, b) =
∑
f ′

fNP
f←h(x, b)

∫ 1

x

dy

y
Cf←f ′(y,LμOPE , as(μOPE)) ff←h(x/y, μOPE) (3)

being Cf←f ′ a perturbatively calculable Wilson coefficient and ff←h a collinear PDF. In eq. (3)
the limit

lim
b→0

f1,f←h(x, b) =
∑
f ′

∫ 1

x

dy

y
Cf←f ′(y,LμOPE , as(μOPE)) ff←h(x/y, μOPE)

holds. The function fNP
f←h(x, b) collects non-perturbative flavor dependent contributions beyond

the PDF ones and so it represents the original ingredient of TMD with respect to standard
resummation. Because fNP

f←h(x, b) depends on two variables one has to use a large number of
experimental results (at very different values of Q) to extract it on a relevant portion of the
(x, b) plane. While several groups are taking on this challenge, mine has observed that the flavor
dependence of fNP

f←h(x, b) is essential to achieve an agreement among different PDF sets.4 In

other words if one neglects the flavor dependence of fNP
f←h one finds a strong PDF set sensitivity

of the χ2 of the fit. This issue is actually a PDF bias, as the collinear non-perturbative physics
issues can affect strongly the extractions of multidimensional distributions.

A major part of the study performed in ref.4 concerns understanding the source and amount
of errors in the TMD extractions, using the public code artemide5,6 which includes all theoret-
ical necessary inputs. The statistically relevant errors come from experimental data and PDF
replicas, while scale errors indicate the expected contributions from higher order perturbative
calculations. The experimental uncertainty is evaluated by generating pseudo-data.7 The repli-
cas of the pseudo-data are obtained adding Gaussian noise to the values of data points and
scaling uncertainties if required. The noise parameters are driven by experimental correlated
and uncorrelated uncertainties. The uncertainty due to the collinear PDF is accounted for by
using each PDF replica as input and including 1000 replicas. In our previous studies8–10 it has
been concluded that the NNLO perturbative inputs11–15 account reasonably for the theoretical
part, and not much improvement is expected by the 3-loops contributions that have been recently
calculated.16–20 An update of the code including these new inputs is nevertheless in progress.
The perturbative inputs considered here for TMD are at next-to-next leading order (NNLO),
(i.e. all coefficients and anomalous dimensions at order α2

s and the cusp anomalous dimension
at order α3

s) and considered PDF sets are CT18,21 HERA20,22 MSHT20,23 NNPDF31.24 The
PDF values and their evolution are taken from the LHAPDF.25 In order to speed up the analysis
a first study is performed on a reduced set of DY data, which are the most sensitive to TMD
and finally the complete data sets are included, confirming the results.

The PDF and experimental errors are evaluated with the method of replicas on different
PDF sets. The evidence of the PDF bias has appeared re-examining the SV19 extraction.9

There, firstly, for each PDF set it is evaluated the error generated by its 1000 replicas24 keeping
fNP fixed. Then fitting fNP for each PDF replica, the same conclusion is reached: the inclusion
of the PDF uncertainty produces a broader, more realistic band for the TMDPDF. It has been
also interesting to observe that in each set, most of the PDF replicas (more than 75%) have
χ2/Npt > 2, while the central replica describes the data with χ2/Npt ∼ 1 and this occurs whether
or not we fit fNP for each replica. The issue is common to all set of data. The main consequence
of this fact is that a reweighing of replicas cannot be an solution for improving our analysis.

The observed PDF bias is highly reduced introducing a flavor dependent ansatz for the fNP.
In ref.4 this consists of

ff
NP = exp

(
−(1− x)λf

1 + xλf
2√

1 + λ0x2b2
b2

)
, (4)
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with λf
1,2 > 0 and λ0 > 0. The model has a Gaussian shape at intermediate b followed by

an exponential asymptotic fall at b → ∞. The factor λ0 accompanying x2 is common to
previous SV19 extraction (that found x = 2.05± 0.25) and follows the general pattern of b
power corrections to TMDPDF ∼ (xb)2, suggested in ref.29 In order to keep a low number of
parameters the parameters λ1,2 are taken to be flavor dependent while λ0 is universal for all
flavors. The u, d, ū, d̄ and sea cases are distinguished among each other and the sea made of
(s, s̄, c, c̄, b, b̄) flavors obtaining a total of 11 free parameters. The final χ2 for each PDF set are
1.12 (MSHT20), 0.91 (HERA20), 1.21 (NNPDF31), 1.08 CT18. The spread of χ2 value among
replicas is also highly reduced. Nevertheless the PDF error is still actually the main source of
uncertainty. As an example we show the LHCb case in fig. 1 taken from the supplementary
material of the original paper,4 where more details are also provided. In tab. 1 the fitted
parameters show a substantial agreement among different sets of PDF, within uncertainties. We
have checked that the recent results of fiducial distributions at CMS30 (see also the talk of B.
Bilin in the electro-weak session of Moriond 2022) and LHCb31 at s =

√
13 TeV are correctly

predicted using the settings of this work (and will be shown in future publications).

Table 1: The values of the NP parameters obtained in the fit.

Parameter MSHT20 HERA20 NNPDF31 CT18

λu
1 0.12+0.12

−0.04 0.11+0.07
−0.07 0.28+0.12

−0.10 0.05+0.09
−0.05

λu
2 0.32+1.84

−0.22 8.15+2.09
−3.51 2.58+1.37

−2.05 0.9+0.84
−0.71

λd
1 0.37+0.09

−0.10 0.44+0.09
−0.31 0.40+0.10

−0.22 0.29+0.11
−0.22

λd
2 1.7+2.4

−1.6 0.11+1.14
−0.11 1.1+2.4

−1.0 4.7+5.0
−4.4

λū
1 × 100 0.37+2.51

−0.27 11.6+7.1
−7.6 8.8+10.1

−8.6 0.94+8.14
−0.85

λū
2 56.+6.

−12. 6.5+5.5
−6.4 13.+28.

−6. 56.+4.
−22.

λd̄
1 × 100 0.12+0.18

−0.02 35.+6.
−15. 9.8+9.4

−9.5 0.12+0.86
−0.02

λd̄
2 1.1+2.4

−1.0 0.05+0.09
−0.05 6.1+16.7

−1.6 0.37+2.20
−0.26

λs
1 0.11+0.07

−0.10 0.49+0.45
−0.15 0.25+0.15

−0.12 0.012+0.006
−0.011

λs
2 5.1+3.3

−3.4 5.2+7.7
−5.0 3.0+4.3

−3.0 9.1+4.2
−4.5

λ0 29.+53.
−10. 339.+156.

−212. 181.+39.
−133. 24+73.

−11.

c0 × 100 4.36+0.31
−0.31 3.27+1.23

−0.52 2.61+0.97
−0.61 4.39+0.41

−0.44

Figure 1 – Example of the data description at high energy. Left panel: the ratio dσexperiment/dσtheory for Z-boson
production by the LHCb26–28 experiment with two different sets of PDF. The red band is the EXP-uncertainty.
The light-green band is the PDF-uncertainty. The blue band is the combined uncertainty. Only the filled bullets
are included into the fit. More plots on Drell-Yan experimental results can be found in ref.4
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Standard Model soft QCD at CMS and ATLAS

Gábor I. Veres on behalf of the CMS and ATLAS Collaborations
Eötvös Loránd University, Department of Atomic Physics,
Pázmány Péter sétány 1/A., 1111 Budapest, Hungary

Recent results from the ATLAS 1 and CMS 2 Collaborations will be summarized on various
measurements related to soft QCD processes. Those include double parton scattering in dif-
ferent final state channels, diffraction and rapidity gap distributions, lepton pair production
via photon fusion, strange hadron production as a function of mass and transverse momentum
in heavy ion collisions, and particle correlations. The latter type of results include collective
effects, elliptic flow of strange particles, long-range correlations in photonuclear PbPb colli-
sions, and Bose-Einstein correlations in pp events.

1 Soft QCD at the LHC

The LHC is an ideal facility to study hard scattering, large momentum transfers and perturba-
tively computable final states in QCD. However, soft interactions represent an area of research
that is less precisely understood quantitatively, both from the experimental and from the phe-
nomenological side, in some cases also exhibiting qualitatively new features. Besides, in order
to correctly interpret various results at high pT , radial and elliptic flow dynamics in heavy ion
collisions, cosmic ray air shower data, and a large variety of backgrounds to hard processes, one
needs to improve the understanding of soft QCD phenomena. Recent experimental contribu-
tions to those processes by the ATLAS and CMS Collaborations will be discussed below, mainly
concerning double parton scattering, parton showers and multi-particle final states, collective
dynamics, rapidity gaps and photonuclear processes a.

2 Double parton scattering

Proton-proton interactions at the LHC may involve the scattering of multiple partons, which
can be revealed by studying various correlations between final state particles or jets. One of
the promising channels to study double parton scattering (DPS) is the final state with four
low-pT jets. The inclusive distributions sensitive to DPS contributions can be described by the

aCopyright 2022 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license

221



CMS  (13 TeV)-142 nb

 S [rad]Δ
0 0.5 1 1.5 2 2.5 3

M
C

/D
at

a

1

2

3

 S
 [a

.u
.]

Δ
dN

/d

2−10

1−10

1

10

30 GeV≥
T,2,3,4

50 GeV, p≥
T,1

p

Data KT Onshell+CP5
P8 - CP5 KT Offshell+MRW
P8 - CDPSTP8S1-4j KT Offshell+PBTMD

 DPS Sensitivity←
0.4
0.6
0.8

1
1.2
1.4
1.6

Ex
p 

/ O
bs Total uncertainty

0.8
1

1.2

Ex
p 

/ O
bs

0 0.5 1 1.5 2 2.5 3
) [rad]

1
 (Z,jφΔ

0.8
1

1.2

Ex
p 

/ O
bs

0 0 5 1 1 5 2 2 5 3
0

0.2

0.4

0.6

0.8

1

 [1
/ra

d]
)φΔ

d(
σd

σ1

Data
/ndof: 3.10)2χMG5_aMC (NLO) + PY8 CP5 (

/ndof: 44.51)2χMG5_aMC (NLO) + PY8 CP5 MPIOFF (
/ndof: 0.74)2χMG5_aMC (NLO) + PY8 CDPSTP8S1-WJ (

/ndof: 6.57)2χMG5_aMC (NLO) + H7 CH3 (
/ndof: 0.62)2χSHERPA (

/ndof: 5.70)2χMADGRAPH (LO) + PY8 CP5 (

CMS
 (13 TeV)-135.9 fb 1 jet≥ Z + →pp

Figure 1 – Left: Distribution of the measured ΔS observable (the angular difference between the harder and
softer jet pairs) in 4-jet pp events compared to different SPS+DPS KaTie (KT) and PYTHIA-8 (P8) models. The
distributions are normalized to the region where a small DPS contribution is expected 3. Right: area-normalized
distributions of Δφ between the Z boson and the leading jet for Z ≥ 1 jet events, compared to various models 4.

linear combination of templates representing single parton scattering (using Monte Carlo model
predictions) and the DPS contributions (derived from single jet data). The CMS experiment has
considered the azimuthal angular difference between the harder and softer jet pairs, ΔS, since
DPS leads to a significant decorrelation between those angles (low ΔS values). As the left panel
of Fig. 1 shows, the CDPSTP8S1-4j tune of PYTHIA8, obtained by fitting the underlying event
parameters to DPS-sensitive distributions at 7 TeV, fits the new 13 TeV data well, including
the low ΔS region 3. Several other observables were studied, such as the azimuthal angular
difference between jets with the largest η separation, Φij , with the conclusion that PYTHIA
models involving leading order 2 → 2 processes overestimate the decorrelation in data, and
calculations (like KaTie) with higher order matrix elements perform better 3. The effective DPS
cross section, σeff was also extracted and compared to earlier results. The sensitivity of this
extraction to the underlying event, parton shower model, and parton distribution functions is
small when including higher order matrix elements, and calculations with next-to-leading-order
and higher-multiplicity matrix elements provide more precise predictions. Leading order 2→ 2
models overestimate the 4-jet cross sections at low pT and high |η|.

DPS can also be studied in the Z+jets final state, reconstructing the Z boson from its
dimuon decay. Sensitive observables include the angular difference (ΔΦ), and the pT -imbalance
between the Z and the leading jet (or dijet), and the pT -imbalance between the leading and
sub-leading jet 4. The ΔΦ distribution between the Z and the leading jet is shown on the
right panel of Fig. 1 with model comparisons, normalized to the same integral. The shape of
this distribution is correctly described by most models, where the purple markers illustrate the
importance of the DPS contribution, obtained from fits to various sets of soft QCD data, in
the MG5 aMC+PY8 CP5 model. However, the same model overestimates the spectrum of the
pT -imbalance between the Z and the leading jet in the region of small imbalance 4, where the
single proton scattering contribution is dominant.

3 Diffraction and exclusive final states

The CMS Collaboration has also studied the pomeron exchange process in proton-lead collisions
at 8.16 TeV, using a selection of events with forward rapidity gaps5. A large gap with no particles
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EPOS-LHC MC samples. For the PPb case (left) the rapidity gap, ΔηF , is measured from η = 3 and no particles
are present within 3 < η < 5.19, while for the Pp + γp case (right) the gap is measured from η = −3 and no
particles within −5.19 < η < −3. The bottom panels show the ratio of the three generators to data 5.

or energy deposits detected in the proton-going direction corresponds to a pomeron-Pb topology
with the dissociating nucleus, and a large gap in the Pb-going hemisphere indicates that the
proton has exchanged a pomeron or a photon with the Pb nucleus that (at least apparently) sur-
vived the collision intact. The preliminary results on the rapidity gap distribution, presented in
Fig. 2, show that most of the considered models (HIJING, EPOS-LHC and QGSJET-II) greatly
underestimate the data, while EPOS-LHC reproduces the shape of the gap size distribution
reasonably well. These discrepancies can be due to the sizeable contribution of photoproduction
in ultra-peripheral proton-lead collisions that produce a similar final state to diffractive events.

Lepton pairs can be produced at the LHC via photon fusion, while one or both colliding pro-
tons remain intact, tagged by the ATLAS Forward Proton Spectrometer or the CMS-TOTEM
Precision Proton Spectrometer. The poorly known rapidity gap survival probability is one of
the motivations of this measurement, with the dominant background coming from independent
pp collisions (Drell-Yan process). Two same-flavor opposite-charge acoplanar leptons are re-
quired in the proton-tagged events, excluding the Z and quarkonia invariant mass regions 6.
The ATLAS Collaboration has recently measured the dilepton acoplanarity, invariant mass and
rapidity distributions in these events with at least one surviving beam proton, shown on Fig. 3.
The measured yield is decomposed into contributions from muon and electron pairs, and proton
dissociation (on one side), using Monte Carlo models (HERWIG 7 and LPAIR4.D single diffrac-
tion), and these contributions are illustrated by colored stacked histograms on Fig. 3. The
observation of these processes exceed 5 standard deviations for both lepton flavors. The mea-
sured fiducial cross sections are 11.0±2.6(stat.)±1.2(syst.)±0.3(lumi) fb for electron pairs and
7.2±1.6(stat.)±0.9(syst.)±0.2(lumi) fb for muon pairs. The CMS experiment has also detected
earlier 8 and 12 such events, respectively, above 110 GeV invariant dilepton mass 7.

4 Radial and elliptic flow, two-particle correlations

Strangeness content and mass of hadrons play an important role in the dynamics of heavy ion
collisions, pointing to a radial flow effect. One of the observables to study radial flow is the
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Figure 3 – Distributions of dilepton acoplanarity All
φ (left), invariant mass mll (center) and rapidity yll (right).

Events with 70 < mll < 105 GeV are vetoed. The total prediction comprises the signal and combinatorial
background processes, where p∗ denotes a dissociated proton. The simulated predictions are normalized to data
to illustrate the expected signal composition. The first (last) bin includes underflow (overflow). 6

nuclear modification factor, i.e. the ratio of hadron pT distributions measured in AA (pA) and
pp events. A recent result on pPb collisions confirmed a strong mass ordering and species-
dependence of these ratios for K0

s , Λ, Ξ and Ω hadrons8. It was also shown that the EPOS-LHC
model includes, but overestimates this mass-dependence.

Strange particles in the final state of heavy ion collisions also exhibit an azimuthal angle
asymmetry (collective elliptic flow), measured via two- and multi-particle correlations. Prelim-
inary results on K0

s and Λ flow in pPb and PbPb collisions confirm that such collective effects
are already strong in the pPb collision system 9.

ATLAS has measured long-range correlations and non-zero elliptic and triangular flow coeffi-
cients even in photonuclear processes in ultra-peripheral PbPb collisions10, requiring a one-sided
energy deposit in the Zero Degree Calorimeter and rapidity gaps, and charged particle pairs sep-
arated by 2 < |Δη| < 5.

Correlations of identical particle pairs with very small momentum difference are subject to
Bose-Einstein quantum effects, and reveal the size of the particle production source. Recent
results in pp collisions show that the effective source size R increases approximately as the cube
root of the charged particle multiplicity, saturating around 3.35 fm for very high values 11. At
the same time, the R parameter and the correlation strength decrease with the pair average pT .

To summarize, high precision and large data samples at the LHC open(ed) the way to
qualitatively new type of soft QCD measurements, and can improve our understanding of the
dynamics of the strong interaction.
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Flow harmonics in heavy-ion physics at ATLAS and CMS

T. Bold
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This paper summarises recent measurements of flow harmonics from the ATLAS and CMS
experiments at LHC. Measurements of the flow of heavy-flavour hadrons in Pb-Pb collisions
by CMS are discussed. The observed flow for c hadrons are found to be similar to inclusive
charged-particles flow. In contrast, the b hadrons are found to exhibit weaker flow, and in
particular the flow of Υ states is consistent with zero. The ATLAS experiment reported
the measurement of high-pT jets flow in Pb-Pb collisions. Significant values of v2 and v3 are
observed and follow the trend defined by the initial-collision geometry. The ATLAS experiment
also measured flow in photo-nuclear collisions. A signal for v2 and v3 is found to resemble
that in p− p collisions however the magnitudes are slightly smaller. The measurement of the
vn−pT correlation for Pb-Pb and Xe-Xe is also reported with relation to the nuclear geometry.

1 Introduction

At the LHC the necessary conditions, energy and density, are met for a quark-gluon plasma
(QGP) state to be created in Pb-Pb collisions. The QGP phase is understood to resemble a
fluid system whose dynamics are governed by the relativistic hydrodynamics. Among several
predictions of hydrodynamics is the appearance of long-range (in rapidity) azimuthal correla-
tions in a number of observed particles. This phenomenon is called an azimuthal flow and is
customarily characterised by the Fourier decomposed dN/dφ distribution:

dN/dφ ∝ 1 +
∑
n

vn cos(n(φ−Ψn)), (1)

where the vn are so called flow coefficients and Ψn is the n-th symmetry plane angle - so called
event plane angle. The flow coefficients vn are an important tool that allows to characterise
properties of the QGP. Non-zero flow coefficients were observed for small collision systems as
well and thus alternative (to the hydrodynamical evolution phase) explanations are proposed.
Combining the flow coefficients with other quantities allows to shed light on the initial-state
conditions of the collision.

Both ATLAS 1 and CMS 2 experiments conduct a rich program of flow measurements.

2 Flow harmonics of heavy quarks

Due to masses of charm and bottom quarks being higher than the QGP temperature their
production is constrained to the initial hard scatterings. It is known, via momentum spectra
suppression measurements 3,4, that the heavy quarks interact with the QGP and thus flow sig-
nal should be observed. That was indeed confirmed experimentally, for instance in Ref. 5 by
measuring the azimuthal modulation of muons from decaying c, b-hadrons. The CMS Collabo-
ration measured flow of the D0 meson by correlating it with all charged hadrons 6. The D0 was
reconstructed via the decay to π+ + K− (and respective charge conjugates for D̄0). Figure 1
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Figure 1 – (left) Flow harmonics of D0 as a function of centrality by CMS6. (right) Flow harmonics of Υ(1S)/(2S)
as a function of centrality by CMS 8.

(left panel) shows the second order flow harmonics integrated over the D0 momentum. A clear
and strong signal is observed reminiscent of that for inclusive charged hadrons (dominated by
flow of light quarks in the QGP). The ratio of the two- and four-particle correlations allows to
probe a second moment of the underlying vn distribution. For D0 it was found largely com-
patible with the light hadrons thus confirming the c quarks flow with the QGP. However, hints
of deviations are seen in the central and peripheral collisions. Models that include collisional
energy loss tend to better describe the data. The flow of D0 and D̄0 was also compared in
search of strong electric fields 7. The CMS Collaboration also measured the flow of Υ(1S)/(2S)
states via decay to μ+μ− pairs 8. Those states are of high interest in the QGP measurements
because of their binding energy being comparable to the QGP temperature (sequentially lower
for heavier states), therefore, serving as a natural thermometer of the QGP. The initial b-quark
distributions being produced in initial hard scatters are similar to those of c-quarks. Smaller
flow signal was observed for inclusive b-hadrons as compared to the inclusive c-hadrons 5. The
CMS Collaboration has not observed flow for Υ(1S) states as a function of centrality nor in
the all centralities integrated values. Given the observation of nonzero v2 for J/Ψ, the v2 for Υ
compatible with zero indicates a different QGP interaction of these bound states.

3 Jets flow

For high momentum particles from jets the flow measurements are a window to path-length
dependence of partonic energy loss in the QGP. Recently ATLAS measured v2, v3, v4 coefficients
of jets9. They are valuable inputs to constrain modeling of path-length dependence of the energy
loss and initial geometry fluctuations. The jets yields were obtained in bins of the azimuthal
angle relative to the n-th event plane and fit with the ∝ 1+ 2vn cos(nΔφ) functional form. The
jet yields were corrected for energy scale and then unfolded independently in bins of Δφ and
centrality. Obtained flow harmonics are shown in Figure 2 as a function of centrality and jet pT.
Significant values of v2 were measured and follow the eccentricity of the collisions initial stage as
a function of centrality. Also non-zero values of v3 were observed for the first time. The v4 were
found to be compatible with zero within uncertainties. A falling trend as a function of jet pT
is observed in data as predicted by the LIDO transport model 10, including elastic jet-medium
and radiative processes.

4 Flow in photo-nuclear collisions

The observation of non-zero flow harmonics in heavy-ion collisions, then p-ion collisions prompted
similar studies even in smaller collision systems. Whereas in case of the p − e no signal was
observed, the flow was observed in p− p. The features of vn in pp were qualitatively similar to
those in heavy-ion collisions, thus led to a suggestion that in high-multiplicity p− p a droplet of
the QGP is created and evolves like fluid. This interpretation is however a subject of debate in the
field. To test the minimal conditions of the collectivity, the ATLAS experiment measured flow in
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.

photo-nuclear events 11. Specific Pb-Pb collisions with high impact parameter and dissociation
of one lead-nuclei were tagged by vetoing the presence of the spectator neutrons. It was done
by requiring no signal in one of the two ATLAS Zero Degree Calorimeters and also the presence
of the pseudorapidity gap. The high-multiplicity events are rare in such collisions and thus they
were collected by a dedicated high-multiplicity trigger. Measured v2 and v3, compared to those
in p−p and p-Pb collisions are shown in Figure 4. Values observed in photo-nuclear collisions are
smaller at similar multiplicities of charged particles, however they are distinct from zero. The
trend of the pT dependence is also similar when compared to other collision systems pointing
to possible similarities in the evolution. The Color Glass Condensate theory predictions 12 can
qualitatively describe the data as well.

5 Correlation of mean transverse momentum of charged particles [pT] and vn

The derived variable, correlation of the flow harmonics and mean transverse momentum of
charged particles, [pT] (that can be thought of as 0-th flow harmonics) was recently measured
by ATLAS for several collision systems13. It is quantified by the Pearson’s like ρ coefficient with
the modifications eliminating impact of limited per-event particle statistics 14. It was found in
simulations that this coefficient is insensitive to the details of the hydrodynamical model15 of the
system evolution and directly probes the initial conditions of the collision. This feature makes
it an ideal tool for understanding the initial conditions in the small systems. In larger-nuclei
collisions, the strengths of the correlation probes the initial collision geometry. In particular, in
most central collisions it it sensitive to the nuclei shape. A comparison of the ρ coefficient for
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Figure 4 – Comparison of v2 − [pT] correlation ρ2 in Xe-Xe and Pb-Pb collisions and modeling with varied initial
geometry 16.

the second harmonics is shown in Figure 4 for Pb-Pb (spherical shape) and Xe-Xe (no-spherical
shape) collisions. It is compared to modeling results in which the Xe nuclei shape was varied (γ
parameter in parametrisation R(θ, φ) = R0(1 + β[cos γY2,0 + sin γY2,2] - where Y are spherical
harmonics and other are free parameters) 16. Model predictions match the data for a specific
value of the parameter indicating a triaxial Xe nuclei shape. It is a first use case of high-energy
data for imaging the structure of the atomic nuclei shape.

Summary

The ATLAS and CMS Collaborations at the LHC expanded a variety of flow harmonic mea-
surements. In particular, the evolution of b−, c−hadrons in the QGP and the energy loss of
high momentum hadrons were investigated. The onset of the QGP in small systems was inves-
tigated by flow measurements in photo-nuclear events. Also a very precise assessment of initial
conditions in Xe-Xe collisions was obtained through the flow related observables.
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Heavy-ion and fixed-target physics at LHCb

Saverio Mariani, on behalf of the LHCb collaboration
Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Firenze,

via Giovanni Sansone 1, Sesto Fiorentino (FI), Italy

In parallel to the study of proton-proton collisions, LHCb is developing a unique heavy-
ion programme and is pioneering beam-gas fixed-target physics at the CERN LHC. In this
document, a selection of some recent results from both programmes is presented.

1 Introduction

The LHCb experiment1 at CERN, originally designed for heavy flavour physics studies in proton-
proton (pp) collisions, is a single-arm spectrometer instrumenting the pseudorapidity region
η ∈ [2, 5]. Leveraging on the forward acceptance, complementary to the other experiments
operating at the CERN LHC, and on the excellent particle reconstruction and identification
performance, the LHCb physics reach has progressively evolved and also embraces now a heavy-
ion and a fixed-target programme. Figure 1 summarises the ion samples that have been collected
in the LHC Run2, from 2015 to 2018. In collider mode, proton-lead (pPb) collisions in the
forward (backward) configuration, i.e. with the proton (the lead) beam entering from the vertex
detector, give access to x values down to O(10−6) (up to O(10−1)). Lead-lead (PbPb) data were
also acquired in the 60 - 100% centrality range, limited because of the hardware saturation due
to the high track density in the forward region. Such a limitation will be reduced by half already
with the ongoing upgrade of the experiment and is expected to be completely removed in the
future thanks to the installation of more granular tracking detectors.

By injecting gases in the LHC beam-pipe, LHCb has also operated since 2015 in fixed-target
mode2, collecting samples with proton and lead beams impinging on gaseous targets. The high-x
and moderate Q2 regime, poorly explored by previous experiments, can now be precisely probed
in different collision systems. From 2022, the physics opportunities accessible to the fixed-target
programme will be further extended3 by confining the gas in a 20-cm-long cell upstream of the
LHCb nominal interaction point4. The gas pressure will be increased by up to two orders of

Figure 1 – Heavy-ion samples collected by LHCb in its (left) collider and (right) fixed-target mode.
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magnitude for the same gas flow as in Run2 and heavier noble gases like krypton and xenon
or non-noble species such as hydrogen, deuterium or oxygen could be injected. Owing to the
separation between the beam-beam and beam-gas interaction regions, LHCb could be the only
experiment operating at the same time in collider and fixed-target modes at two energy scales.

2 The LHCb heavy-ion programme

Leveraging on its unique characteristics, LHCb is carrying out a rich programme of heavy-ion
interest. Among the most recent results, one example for collision system is discussed here.
The possible b quark hadronization via coalescence is probed in pp collisions at

√
s = 13 TeV by

measuring the B0
s-to-B

0 production ratio5 as a function of the detector multiplicity. Coalescence
is expected to increase with the density of the produced particles, maximum at low transverse
momentum, and can be thus efficiently addressed by LHCb. Both hadrons are reconstructed
in their common decay mode B0

(s)→ (J/ψ→ μ+μ−)π+π−. Left and middle Figure 2 show the
final-state invariant mass distributions in two intervals of the number of tracks reconstructed in
the vertex detector (VELO) and, by eye, an increase in the strangeness production is observed.
The production ratio, obtained by correcting the fitted B0

s and B0 yields by the respective ef-
ficiencies, is illustrated in the right. The measurement is found to be consistent with previous
estimations from e+e− colliders at low multiplicity and increases at larger values. Being the
production ratio only dependent on the b-quark hadronization, such a result qualitatively hints
at the occurrence of hadronization mechanisms other than fragmentation.

Figure 2 – Measurement of the B0
s-to-B

0 production ratio in pp collisions. The left and middle plots show the
invariant mass distributions for the J/ψπ+π− candidates in two intervals of the number of reconstructed tracks
in the VELO detector and an evident enhancement of the strangeness production can be seen. The right plot
presents the result of the measurement for the cross-section ratio as a function of the multiplicity.

Hadronization of the c-quark has been recently probed by measuring the Λc-to-D
0 ratio

in peripheral PbPb collisions6 at
√
sNN = 5.02 TeV. The results, obtained considering the

Λc→ pK−π+ and D0→ K−π+ final states, are shown as a function of the transverse momentum
in Figure 3 compared (left) to theoretical models and (right) to a previous pPb LHCb measure-
ment 7. While the model including the color reconnection mechanism is found to well describe
the data for pT > 3 GeV/c, a disagreement with the statistical hadronization one is found.
The measurement with PbPb data, flat as a function of the number of participants, confirms
the previous LHCb findings and the difference with respect to the results from mid-rapidity
experiments. This supports the evidence of a dependence of the Λc-to-D

0 ratio on the rapidity.

LHCb is also providing unique inputs to the study of cold nuclear matter effects, for example
with the recent measurement of the nuclear modification factor of neutral pions in forward and
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Figure 3 – Measurement of the Λc-to-D
0 ratio as a function of the transverse momentum compared to (left)

theoretical models and to (right) a previous LHCb measurement with pPb data.

backward pPb collisions8. The π0 → γγ yields are measured in pPb collisions in the (left)
backward and (right) forward configurations and in reference pp samples. The resulting nuclear

modification factor, RpPb =
1

208
·dσpPb/dpT
dσpp/dpT

, is shown as a function of the transverse momentum

in Figure 4 compared to nuclear PDF (nPDF) theoretical models. The results, affected by an
uncertainty below 6%, will significantly contribute to constrain the models. Forward results are
found to be well described by nPDF models but overestimated from the color glass condensate
one; the backward measurement indicates a small excess over nPDF expectations.

Figure 4 – Measurement of the neutral pions nuclear modification factor as a function of the transverse momentum
with (left) backward and (right) forward pPb collisions compared to theoretical models.

3 The LHCb fixed-target programme

A measurement motivated by cosmic rays physics has also been recently performed by fixed-
target LHCb. By injecting helium, the antiproton production in pHe collisions is measured,
providing a crucial ingredient to constrain the flux of antiprotons in space originating in cosmic
rays spallation on the interstellar medium, mainly composed of hydrogen and helium. The
description of this process, background to dark matter decay or annihilation searches, currently
limits the interpretation of the antiproton flux data collected by orbital experiments. After the
first measurement ever of prompt antiproton production in pHe performed by LHCb in 20189,
the antihyperon decay contributions are addressed in a new analysis10 with two complementary
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approaches. The dominant term, Λprompt → pπ+, is reconstructed in the detector with no
use of particle identification (PID) information. The ratio of the measured cross-section with
the previous LHCb result gives RΛ = σ(pHe→ (Λprompt→ pπ+)X)/σ(pHe→ p̄promptX). An
inclusive approach is also followed exploiting the LHCb excellent PID performance and impact
parameter resolution. All antiprotons are reconstructed, selected and distinguished between
promptly and decay-produced with a template fit to the pHe data impact parameter distribution.

The ratio RH = σ(pHe→ HX→ pX)/σ(pHe → p̄promptX), with H = {Λ,Σ−,Ξ+
,Ξ

0
,Ω

+},
is obtained by correcting the two antiproton yields by the respective efficiencies. Figure 5
illustrates the RH result as a function of the transverse momentum, in excess with respect to
the predictions from all theoretical models. The RΛ/RH ratio is also compared to the EPOS-
LHC11 prediction, expected to be much more reliable for this quantity since it only depends on
the s-quark hadronization. The observed consistency confirms the validity of the two approaches.
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Figure 5 – Measurement of (left) the RH ratio as a function of the transverse momentum compared to the
predictions of the most widely used theoretical models, all found to largely underestimate the quantity. The right
plot compares the RΛ/RH measurement with the EPOS-LHC prediction, expected to be more reliable since only
related to the s-quark hadronization, and an overall consistency is observed.

4 Conclusions

In parallel to the study of pp collisions, LHCb is developing a full and unique heavy-ion pro-
gramme, constraining theoretical models in poorly explored kinematic regions. Since 2015,
LHCb is also pioneering fixed-target physics at LHC, addressing several fields of interest beyond
those of its conception. In this document, four measurements exemplifying the LHCb unique
contributions in different collision systems are presented. With the ongoing and the future up-
grades of the experiment, the programmes will be boosted, further widening the LHCb physics
reach. LHCb is evolving more and more to a general purpose forward experiment.

References

1. LHCb collaboration, JINST 3, S08005 (2008).
2. S. Mariani, CERN-THESIS-2021-313.
3. A. Bursche et al, LHCb-PUB-2018-015, (2018).
4. LHCb, CERN-LHCC-2019-005, (2019).
5. LHCb, arXiv:2204.13042 (2022).
6. LHCb, LHCb-PAPER-2021-046, in preparation.
7. LHCb, JHEP 02, 102 (2019).
8. LHCb, arXiv:2204.10608 (2022).
9. LHCb, Phys. Rev. Lett. 121, 222001 (2018).
10. LHCb, LHCb-PAPER-2022-006, in preparation.
11. T. Pierog et al, Nucl Phys B 196, 102 (2009).

234



Constraining charm transport in the QGP and the spatial diffusion coefficient
with ALICE

S. Trogolo - on behalf of the ALICE Collaboration

Experimental Physics Department, CERN, Switzerland

Heavy quarks are a very suitable probe to investigate the quark–gluon plasma (QGP) created
in heavy-ion collisions since they are produced in the early stages of the collision. Mea-
surements of charm-hadron production in nucleus–nucleus collisions are useful to study the
properties of the in-medium charm-quark energy loss via the comparison with theoretical
predictions. Models describing the heavy-flavour transport and energy loss in an hydrody-
namically expanding QGP require a precise modelling of the in-medium hadronisation of heavy
quarks, which is investigated via the measurement of prompt D+

s mesons and Λ+
c baryons. In

addition, the measurement of the azimuthal anisotropy of strange and non-strange D mesons is
discussed and this provides information about the degree of thermalisation of charm quarks in
the medium. A systematic comparison of experimental measurements with phenomenological
model calculations provides an important constraints to the charm-quark diffusion coefficient
Ds in the QGP.

1 Introduction

Heavy quarks (charm and beauty) are mainly produced in the initial stages of the collisions
via hard-scattering processes and hence in shorter timescales (τHF ≈ 0.05–0.1 fm/c) compared
to the QGP formation time 1 (τQGP ≈ 0.3 fm/c). Therefore they experience the full system
evolution and interact with the medium constituents via elastic and inelastic processes.

The nuclear modification factor (RAA) of hadrons containing heavy quarks, which is de-
fined as the ratio between the transverse momentum (pT) spectrum in nucleus-nucleus collisions
(dNAA/dpT) and the pT-differential cross section measured in pp collision (dσpp/dpT) scaled by
the average nuclear overlap function (〈TAA〉), is used to inquire the properties of the in-medium
parton energy loss. The comparison of the results with the measurements of light-flavour hadrons
as well as with theoretical predictions gives insight into the dependence of the energy loss on the
colour-charge and quark-mass. Furthermore, strange-to-non-strange yield ratio measurements
provide information on possible modification of the hadronisation in Pb–Pb collisions 2, where
the enhancement of strangeness production with respect to pp collisions and possible coalescence
mechanisms could play a role, in addition to simple hadronization via fragmentation.

The measurement of the azimuthal anisotropies in the production of HF hadrons provides
further insights into the interaction of heavy quarks with the QGP and the initial condition of
the system. The anisotropities are quantified by the magnitude of the Fourier coefficients vn
= 〈cos[n(ϕ − Ψn)]〉, where ϕ is the azimuthal angle of the particle and Ψn is the angle of the
initial state symmetry plane for the nth harmonic. In particular, the second (v2) and third (v3)
harmonic coefficients quantifies the so called elliptic and triangular flow respectively.
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Figure 1 – (left) Average RAA of prompt D0, D+, and D*+ in the 0–10%, 30–50%, 60–80% centrality class of
Pb–Pb collisions and in p–Pb collisions at

√
sNN = 5.02 TeV; (right) v2 coefficient of charged pions, prompt

non-strange D mesons, electrons from beauty-hadron decays, J/ψ mesons, and Υ mesons as a function of pT for
Pb–Pb collisions at

√
sNN = 5.02 TeV in the 30–50% centrality class compared with the TAMU model.

2 Analysis technique and data sample

In ALICE, open charm hadrons are measured at midrapidity (|y| <0.5) via the decay channels
D0 → K−π+, D+ → K−π+π+, D*+ → D0π+, D+

s → φπ+, and Λ+
c to either pK−π+ or pK0

s .
Fits to invariant mass distributions 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. In some cases, machine
learning techniques, namely Boosted Decision Tree (BDT), are used to further improve the
background rejection.

The results reported here are obtained by analysing the Pb–Pb data collected by ALICE
at
√
sNN = 5.02 TeV. Collisions are divided into centrality classes and the recorded integrated

luminosities are 130.5 ± 0.5 μb−1 and 55.5 ± 0.2 μb−1 for central (0–10%) and semicentral
(30–50%) collisions, respectively 3.

3 Results

The RAA of prompt non-strange D mesons, measured in central and semicentral collisions,
is shown in Fig. 1 (left panel) compared with the results in peripheral (60–80%) Pb–Pb and
in p–Pb collisions 4,5. An increasing suppression from peripheral to central Pb–Pb collisions
as a function of pT is visible. The Rp−Pb is compatible with unity, which indicates that the
suppression observed in Pb–Pb collisions is due to final state effects, as in-medium energy loss
and is related to an increase of the medium density, size, and lifetime. The RAA of prompt
D0 was measured down to pT = 0 in Pb–Pb collisions for the first time and this allowed the
calculation of the pT-integrated RAA, as reported in Ref. 3. The result is lower than unity,
while the measurement performed in p–Pb collisions is compatible with unity. This could be
explained by the nuclear shadowing effect, that is larger in Pb–Pb than in p–Pb, but also via
new hadronization mechanisms in a deconfined medium, as the coalescence.

The right panel of Fig. 1 shows the v2 coefficient of prompt non-strange D mesons measured
in semicentral Pb–Pb collisions. The result is compared with that of charged pions, electrons
from beauty-hadron decays, J/ψ and Υ mesons and with the prediction from the TAMU model6.
The ordering of the v2 coefficient with the mass of the hadron, at low pT, and the number of
constituent quark, at intermediate pT, is an indication of the thermalisation of heavy quarks and
of the hadronisation with flowing light quarks, respectively. At high pT, instead, a similar v2 is
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Figure 2 – Top panels: D+
s /D

0 pT-differential production ratios in the 0–10% (left panel) and 30–50% (middle
panel) centrality intervals in Pb–Pb collisions and in pp collisions (right panel) at the same centre-of-mass energy
compared with theoretical calculations based on charm-quark transport in a hydrodynamically expanding QGP
and on statistical hadronisation. Bottom panels: D+

s /D
0 pT-differential double ratios (Pb–Pb/pp), in the 0–10%

(left panel) and 30–50% (right panel) centrality intervals, compared with theoretical calculations.

observed for all particles and it confirms the path-length dependence of the in-medium energy
loss.

A quantitative analysis of the agreement between the data, namely the RAA and the flow
coefficients, and the predictions from theoretical models, based on the charm transport in the
medium, allowed to constrain the spatial diffusion coefficientDs in the range 1.5-4.5, as discussed
in Ref. 3. More details on the prompt non-strange D mesons production and flow results as well
as on the role of collisional and radiative processes in the energy loss and on the hadronisation
via recombination are presented in Refs. 3,7.

The pT-differential ratio D+
s /D

0 measured in the 0–10% and 30–50% centrality class in
Pb–Pb collisions at

√
sNN = 5.02 TeV and in pp collisions at the same centre of mass energy

is shown in the top row of Fig. 2. In the bottom row of Fig. 2 the pT-differential double
ratios (D+

s /D
0)Pb−Pb/(D+

s /D
0)pp are shown. The results hint at a larger D+

s /D
0 in Pb–Pb

with respect to pp collisions and are described by models which include the enhancement of
strangeness content in the QGP and hadronisation via coalescence. Similarly, the Λ+

c /D
0 ratio

(see Ref. 9) shows a hint of enhanced ratio in Pb–Pb compared to pp collisions which can be
due to an interplay between the radial flow from the medium expansion and the hadronisation
via coalescence. A detailed discussion of the results on D+

s and Λ+
c production can be found in

Refs. 8,9.

The non-prompt D0 RAA was measured for the first time in Pb–Pb collisions 11 down to
pT = 1 GeV/c and a suppression is observed for pT > 5 GeV/c. Fig. 3 shows the ratio with
respect to the prompt D0 RAA and it is larger than unity for pT > 5 GeV/c with a significance
close to 4σ. This is a further indication of the parton mass dependence of the in-medium energy
loss 10. The results are described by models which implement the energy loss via collisional and
radiative process as well as the hadronisation via coalescence in addition to the fragmentation.

4 Conclusion

ALICE performed precise measurements in the heavy-flavour sector with the Run 2 Pb–Pb data
sample. In particular, the charm-meson production was measured down to pT = 0 for the first
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Figure 3 – Non-prompt to prompt D0 mesons RAA ratio as a function of pT in the 0–10% central Pb–Pb collisions
at

√
sNN = 5.02 TeV compared to theoretical models.

time and the precision of the pT-differential yields of charm-strange meson and charm baryons
was increased. These results point to a charm-quark interaction with the medium constituents
via collisional and radiative processes. Furthermore, it was possible to investigate the beauty
production via the first measurement of the non-prompt D0 in Pb–Pb collisions and this result
is a confirmation of the predicted quark-mass dependence of the in-medium energy loss.

The measurement of the anisotropic flow of D mesons with higher precision leads to an
improved constraint of the charm-quark spatial diffusion coefficient. Moreover, this result indi-
cates that charm quarks can be thermalized with the medium and participate to the collective
expansion. In addition, the comparison with theoretical models implementing different hadro-
nisation mechanisms indicates that charm-hadron production in heavy-ion collisions occurs via
fragmentation and coalescence.

During the LHC Run 3, ALICE is expected to perform even more precise measurements
thanks to the improved precision of the upgraded detectors and to the larger data sample.
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Light nuclei and hypernuclei production with ALICE

S. Kundu - on behalf of the ALICE Collaboration
Experimental Physics Department, CERN, Switzerland

The first measurements of event-by-event antideuteron fluctuations and its correlation with
produced antiprotons in high energy heavy-ion collisions are reported to discern two different
production models (statistical hadronization model (SHM) and coalescence model) for light
nuclei in heavy-ion collisions. The results are compared to the available SHM and coalescence
model estimations in order to understand the antideuteron synthesis in high energy heavy-ion
collisions. In addition, latest measurements of hypertriton production yields in p–Pb collisions
are also reported and compared to different model predictions to understand the hypernuclei
production mechanism in small collision systems.

1 Introduction

Light nuclei production in heavy-ion collisions has been studied extensively for the last two
decades to understand nucleosynthesis. This wealth of measurements are still not able to clarify
the nuclei production mechanism in heavy-ion collisions. The formation of light nuclei in heavy-
ion collisions is explained by two models conceptually very different: the statistical hadronization
model (SHM) and the coalescence model. In the SHM, nuclei are produced from a locally
thermally equilibrated source, while in the coalescence model nuclei are formed from the binding
of constituent nucleons which are close in momentum phase space and position. Both of these
models give a similar prediction of light nuclei production yields in both small collision systems
(pp, p–Pb) and heavy-ion collisions. This calls for new experimental observables that can discern
different production models for light nuclei. Moreover, the production yield of loosely bound
hypernuclei has good discrimination power between the two production models in small collision
systems due to the large size of hypernuclei compared to the size of the system produced in pp
and p–Pb collisions.

In this contribution, first measurements of the event-by-event antideuteron (d) (bound state
of an antiproton (p) and an antineutron (n)) fluctuations and the correlation between measured
p and d in Pb–Pb collisions at

√
sNN = 5.02 TeV 1 are reported to distinguish between the two

formation scenarios of light nuclei in heavy-ion collisions. Antiparticles are used throughout the
analysis to reject the contamination from secondary deuterons coming from spallation processes
in the beam pipe. In addition, recent results of hypertriton (a bound state of a proton, a
neutron and a Λ baryon) production in p–Pb collisions at

√
sNN = 5.02 TeV 2 are also presented

to disentangle different production models for hypernuclei in small collision systems.

2 Event-by-event antideuteron fluctuations

It has been proposed in a recent theory study 3 that the higher order cumulants of the d multi-
plicity distribution and the Pearson correlation between the produced numbers of p and d can
be used to distinguish between the SHM and the coalescence model. Higher order cumulants κm
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(m < 4) of the d multiplicity distribution and the Pearson correlation coefficient (ρp̄d̄) between

p and d can be expressed as

κ1 = 〈n〉, (1)

κm = 〈(n− 〈n〉)m〉, (2)

ρp̄d̄ = 〈(np − 〈np〉)(nd − 〈nd〉)〉/
√
κ2dκ2p, (3)

where n, 〈n〉, and m are the event-by-event particle numbers, event average of particle numbers
and order of the cumulants, respectively. The 〈nd〉 (〈np〉) and κ2d (κ2p) are the first and second
order cumulants of the multiplicity distribution of d (p). The d multiplicity distribution in the
grand canonical ensemble (GCE) of the SHM is expected to follow the Poisson distribution. The
characteristic of the Poisson distribution is that all the higher order cumulants of the distribution
are equal to the mean (κ1) of the distribution. On the other hand, in a simple coalescence
picture the multiplicity distribution of d is expected to deviate from the Poisson baseline 3. By
definition, the coalescence of independently fluctuating initial p and n also leads to a negative
Pearson correlation between produced p and d. The ρp̄d̄ is also sensitive to any kind of initial
correlation between p and n. On the contrary, one does not expect any correlation in the GCE
based SHM as antibaryons are produced independently from the thermal source. However, in
the canonical ensemble (CE) of the SHM 4 a negative correlation between the produced p and d
can appear due to the conservation of the net-baryon number on an event-by-event basis. In the
CE of the SHM model the strength of the ρp̄d̄ depends on the size of the correlation volume Vc

in which the net-baryon number is conserved. All of these characteristics of the SHM and the
coalescence model have been tested in order to shed light on the nuclei production mechanism
in heavy-ion collisions.

Measurements presented here are carried out using the minimum bias Pb–Pb collision events
collected during the 2015 LHC run at

√
sNN = 5.02 TeV. Events are further classified into

different centrality classes based on the measured amplitude distribution in the V0A and V0C
counters 5. The d and p are identified using the specific energy loss measured in the Time
Projection Chamber (TPC)6 and the velocity measured by the Time-Of-Flight (TOF)7 detector.
The d is selected in 0.8< pT < 1.8 GeV/c in order to keep the overall d purity above 90%, whereas
the p selection is restricted to exactly half of the pT range of d according to the coalescence
mechanism. The purity of the selected p sample is above 95%. Measured cumulants are corrected
for the d and p reconstruction efficiencies and their event-by-event fluctuations assuming a
binomial distribution of the detector response 8. The efficiency-corrected results are further
corrected for the centrality bin width effect 9 to suppress the initial volume fluctuations which
arise from the fluctuations of the number of participant nucleons in collisions.

The left panel of Fig. 1 shows the ratio of the second to the first order cumulant for the
d multiplicity distributions in different centrality classes 1. The measured κ2/κ1 ratio of the d
multiplicity distributions in all collision centralities are found to be consistent with unity within
uncertainties as expected from a Poisson distribution. Measurements are compared with the
two coalescence model calculations: Model A assumes full correlation among p and n, while
Model B assumes completely independent fluctuations of p and n. Both coalescence calculations
overestimate the measurements and predict a deviation larger than 1% from the Poisson base-
line. However, measurements are consistent with the calculations using the CE based SHM. In
contrast to the cumulant ratio of net-proton fluctuations, the κ2/κ1 of d multiplicity distribution
proves insensitive to the size of the correlation volume due to the fact that only a small fraction
of the total antibaryon number is carried by d. However, the Pearson correlation coefficient
between the number of measured d and p are expected to be more sensitive to the correlation
volume and can be used to constrain Vc.

The right panel of Fig. 1 shows the Pearson correlation coefficient between measured p and
d. The observed small negative correlation value of ρp̄d̄ suggests that there are O(0.1%) less

p observed than in an average event where at least one d is produced. Results are compared
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Figure 1 – Second order to first order cumulant ratio (left panel) of the d multiplicity distribution, and Pearson
correlation between measured p and d as a function of collision centrality in Pb–Pb collisions at

√
sNN = 5.02

TeV. Statistical and systematic uncertainties are represented by bars and boxes, respectively. Measurements are
compared with calculations from the coalescence model with two different initial conditions and CE version of
the SHM for two different baryon number conservation volumes.

to the coalescence and CE based SHM model calculations. The coalescence model A which
predicts a positive correlation of ρp̄d̄ is ruled out by our measurements. The coalescence model
B qualitatively reproduces the negative ρp̄d̄ but quantitatively underpredicts the strength of the
correlation. On the other hand, the CE based SHM also predicts a negative correlation between
p and d due to the baryon number conservation on a event by event basis. The magnitude of
ρp̄d̄ is sensitive to Vc as shown in the right panel of Fig. 1. Therefore, the results are fitted with

the CE based SHM to extract Vc. Surprisingly, the obtained correlation volume 1.6 dV/dy fm3

(the volume of the fireball per unit of rapidity) is smaller compared to those describing a similar
measurement of proton yields and net-proton number fluctuations 10. This suggests an earlier
formation of the correlation among protons and antiprotons compared to that among protons
and light nuclei.

In summary, these measurements show a good sensitivity to the different kind of nucle-
osynthesis models and present a severe challenge to the current understanding of antinuclei
production in heavy-ion collisions at the LHC energies. Present measurements of the d number
fluctuations and ρp̄d̄ can be used for the further development of the SHM and the coalescence
model. With the upcoming high statistics Run3 data it will be possible to extend the event-
by-event fluctuations measurements to heavier antinuclei and to higher order cumulants and
correlation coefficients of the antinuclei multiplicity distributions which are expected to be more
sensitive to details of the nucleosynthesis process in heavy-ion collisions.

3 Hypertriton production in p–Pb collisions

Although the SHM and the coalescence model predict similar production yields of light and
hyper nuclei in heavy-ion collisions, the measurement of the production yield of a large bound
state in small collision systems is considered as a good testing ground of nucleosynthesis models.
One of such states is the hypertriton (3ΛH). The 3

ΛH state has a small Λ separation energy of
few hundreds of keV and a large root-mean-square radius of ∼ 4–5 fm 13 which is much larger
than the hadron emission radius (1–2 fm) estimated with the femtoscopic technique in p–Pb
collisions 14. In the coalescence model calculation, the ratio of nucleus size to source size directly
influences the nuclei yield 13, whereas the finite nuclei size does not enter in the existing SHM
calculations 12. Therefore, the 3

ΛH yield predicted by the coalescence model calculations is more
suppressed compared to the SHM expectations.

The results presented here are based on p–Pb collision events at
√
sNN = 5.02 TeV collected
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during the 2013 and 2016 LHC run. The 3
ΛH candidates are reconstructed from the invariant

mass distribution of their charged decay daughters 3He and π−. Decay daughters are identified
using the TPC detector. Identified daughter tracks are then used to reconstruct the 3

ΛH decay
topology which is further used in a sophisticated Machine Learning algorithm to select the final
3
ΛH candidates. More details about the analysis procedure can be found in Ref. 2.

Figure 2 shows the 3
ΛH to Λ yield ratios in Pb–Pb collisions 11 and p–Pb collisions 2. Mea-

surement is consistent with both the SHM 12 and coalescence model 13 expectations in Pb–Pb
collisions where the produced system size is larger compared to the size of the 3

ΛH. However, at
low charged particle multiplicity or small collision system this observable shows a good discrim-
inating power between the two nucleosynthesis models. Taking into account the uncertainties
of the measurement as well as the model uncertainty, the 3

ΛH/Λ ratio in p–Pb collisions is com-
patible with the 2-body (deuteron-Λ) coalescence but a deviation of 2 σ is observed between
the data and the 3-body (proton-neutron-Λ) coalescence calculation. On the other hand, SHM
model calculations are more than 2.8 σ away from the data point in p–Pb collisions. However, it
is yet to be seen if the improved SHM model calculations (including S-matrix approach 15, par-
tial chemical equilibrium 16) which include interactions among hadrons will be able to solve this
discrepancy. Furthermore, with upcoming high statistics Run3 data, a precise measurements of
3
ΛH production in pp and p–Pb collisions will allow us to distinguish between the two production
models in small collision systems.

ALI-PUB-495326

Figure 2 – 3
ΛH/Λ yield ratio as a function of charged

particle multiplicity in p–Pb collisions at
√
sNN =

5.02 TeV and Pb–Pb collisions at
√
sNN = 2.76

TeV. Statistical and systematic uncertainties are
represented by bars and boxes, respectively. Mea-
surements are compared with the CE based SHM
and the coalescence model expectations.
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Photoproduction of vector mesons in ultra-peripheral heavy-ion collisions
with ALICE

Valeri Pozdniakov on behalf of the ALICE Collaboration
CERN, Geneva, Switzerland

The cross sections of J/ψ coherent photoproduction were measured in Pb–Pb ultra-peripheral
collisions (UPCs) with the ALICE detector both at forward and central rapidities. The mea-
surements are compared with available QCD-based models and are found to be in agreement
with calculations incorporating moderate nuclear gluon shadowing. The coherent J/ψ pho-
toproduction as a function of |t| is measured for the first time providing a constrain for the
transverse gluonic structure at very low Bjorken-x.
Preliminary results on exclusive and dissociative J/ψ production in p–Pb UPCs are presented.
The ρ0 coherent photoproduction cross section in ultra-peripheral Xe–Xe collisions is mea-
sured for the first time and the results are compared with model predictions.

1 Introduction

Ultra-peripheral collisions (UPCs) of heavy ions, where the collision impact parameter is larger
than the sum of ion radii, offer a tool to investigate photonuclear reactions. The photon fluxes
of both heavy ion beams grow with the square of the nuclear charge, resulting in a large cross
section of photon-induced processes. The physics of vector meson photoproduction and two-
photon interactions in UPCs is described in the papers1.

Photoproduction in UPCs can proceed either on nuclei as a whole (coherently, meson trans-
verse momentum pt 
50 MeV/c) or on a nucleon (incoherently, pt 
500 MeV/c). The process
of the coherent heavy quarkonium photoproduction depends on the gluon distribution functions
(nPDF) of the nuclei. At low values of Bjorken-x, nPDFs are expected to be suppressed with
respect to free proton PDFs, this is the so-called parton (gluon) shadowing phenomenon2.

Vector meson photoproduction was studied by the STAR and ALICE Collaborations in Au–
Au and Pb–Pb UPCs in a wide range of center-of-mass energies

√
sNN from few tens of GeV to

few TeV3.
In this paper, we present the results of UPCs measurements of the coherent J/ψ photo-

production cross section; |t|–dependence of the coherent J/ψ photoproduction; exclusive and
dissociative J/ψ production in p–Pb UPCs and the ρ0 coherent production in Xe–Xe UPCs.

2 ALICE detector

A detailed description of ALICE is given elsewhere4. Only the sub-detectors relevant to vector
meson photoproduction measurements are shortly described below:

243



• Muon Spectrometer (MS) reconstructs large rapidity (-4< η <-2.4) muons from J/ψ de-
cays. It consists of a composite absorber, a large dipole magnet and ten planes of tracking
stations. Four tracking stations located behind a muon absorber are used for muon iden-
tification and triggering;

• Inner Tracking System (ITS), a six-layer silicon vertex detector, and the Time-Projection
Chamber (TPC) to measure final state particles from J/ψ and ρ0 decays at mid-rapidity.
The TPC also measures dE/dx used for particle identification;

• trigger detectors - Silicon Pixel Detector (SPD) of ITS, forward scintillator detectors (V0,
AD) and trigger chambers of MS.

Dedicated UPCs triggers use the SPD or MS hits and veto on any activity in V0 and AD.

3 Coherent photoproduction of J/ψ

Charmonium photoproduction proposes a powerful tool to study poorly known gluon shadowing
effects at the scale of the interaction four-momentum transfer Q2 ≈ (MV /2)

2 corresponding to
the perturbative regime. The measurement of the rapidity dependence of the cross section may
also constrain the evolution of the parton distribution in models.

The rapidity-differential cross section of the coherent J/ψ production were measured5 by
ALICE in Pb–Pb UPCs at

√
sNN = 5.02 TeV (Fig. 1) and compared to the model calculations

(see the reference for the details). These measurements provide stringent constraints on nu-
clear gluon shadowing models and are found to be in an agreement with models incorporating
moderate shadowing.
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Figure 1 – (from reference5) Cross section of the
coherent J/ψ production in Pb–Pb UPCs. The er-
ror bars (boxes) show the statistical (systematic)
uncertainties.
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Figure 2 – (from reference6) The coherent J/ψ
photoproduction cross section as a function of
|t|-variable with model predictions.

4 |t|-dependence of the coherent J/ψ production

The event variable |t| (square of 4-momentum transfer to the target nucleus) is related to the
gluon distribution in a plane transverse to γ–ion collision line, that is the measurement of the |t|-
dependence of coherent J/ψ photoproduction provides information about the spatial distribution
of gluons. The cross section for coherent J/ψ production was measured as a function of |t| (see
Fig. 2) with the Pb–Pb UPCs data taken at

√
sNN = 5.02 TeV.
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The measured dependence differs from a calculation based on the Pb nuclear form factor
and is closer to the shape expected with QCD dynamical effects included as a shadowing or
saturation.

5 Exclusive and dissociative J/ψ photoproduction in p–A collisions

According to LO QCD calculations, the cross section of exclusive J/ψ photoproduction off a
proton scales with the square of the gluon PDF in the target proton. At high γ-proton energies,
a slowing down the growth of this cross section would signal that non-linear terms of QCD
calculations have to be taken into account. Such behavior can hint to gluon recombination
which is often referred to as gluon saturation. Another possible scenario of γ-proton scattering
is diffractive photoproduction off protons with associated proton dissociation. In that case a
single J/ψ is produced together with small invariant mass remnants of the dissociated proton
which are separated from the J/ψ by a rapidity gap. Thus a ratio of the scattering amplitudes
between the different initial configurations of the target proton can be measured. It is expected
that at high energies the ratio of dissociative to exclusive cross sections should vanish due to
the onset of gluon saturation at small x.

The ALICE measured both exclusive and dissociative cross sections (not shown here) at√
sNN = 8.16 TeV and their ratio is presented in Fig. 3 together with model calculations7.
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photoproduction cross sections.

8− 6− 4− 2− 0 2 4 6 8

y

0

50

100

150

200

250

300

) 
(m

b)
0 ρ

 X
e+

X
e+

→
(X

e+
X

e 
y

/dσd

ALICE data

CCKT

GMMNS
GKZ
STARlight

 = 5.44 TeVNNsXe UPC −ALICE Xe

ALI−PUB−496199

Figure 4 – (from reference8) Cross section for the
coherent ρ0 photoproduction in Xe–Xe UPCs.

6 The ρ0 coherent photoproduction Xe–Xe UPCs

The large cross section of the ρ0 vector meson photoproduction offers an opportunity to study
the approach of the so-called black-disc limit of QCD with a semi-hard scale. The coherent
production of a ρ0 off a nucleus allows to study of gluon shadowing which is expected to be
atomic number (A) dependent and sensitive to nuclear shadowing effects and to the black-disc
approach at QCD semi-hard scale.

The coherent ρ0 photoproduction cross section in Xe–Xe collisions at
√
sNN = 5.44 TeV was

measured8 (Fig. 4) by ALICE. The A-dependence of this process was obtained with HERA γ–p
and LHC γ–Pb data (see reference8 for details).

Models based on the Gribov-Glauber approach (GKZ) with hadronic degrees of freedom and
on partonic level (CCKT) both provide a fair description of Pb–Pb and Xe–Xe data as it is seen
in the Figure.
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7 Summary and outlook

The cross sections of coherent J/ψ photoproduction at forward and midrapidity measured in
Pb–Pb UPCs suggest moderate gluon shadowing in nuclei. The exclusive photoproduction cross
section of J/ψ off proton is measured in p–Pb UPCs in the γp mass interval 40 < Wγp < 550
GeV. The cross section of coherent ρ0 production in Xe–Xe UPCs is measured and compared
with the models.

High luminosity LHC during foreseen Runs 3/4 and continuous readout of the data by ALICE
will bring enormously increased statistics, in particular for vector meson photoproduction.
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Recent results on central exclusive production with the STAR detector at RHIC

T. Truhlar, for the STAR collaboration

Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague,
Brehova 78/7, Prague 115 19, Czech Republic

We report on the measurement of the central exclusive production process pp → ph+h−p in
proton-proton collisions at

√
s = 200 and 510 GeV with the STAR detector at RHIC. At these

energies, the process is dominated by a double Pomeron exchange mechanism. The charged
particle pairs were reconstructed from the tracks in the central detector of STAR, the Time
Projection Chamber and the Time of Flight systems. The pairs were identified using the
ionization energy loss and the time of flight method. Furthermore, the diffractively scattered
protons, moving intact inside the RHIC beam pipe after the collision, were measured in the
Roman Pots system allowing full control of the interaction’s kinematics and verification of
its exclusivity. Differential cross sections for centrally produced π+π−, K+K−, and pp̄ pairs
measured within the STAR acceptance at

√
s = 200 GeV are presented together with the

preliminary results on the measurement of the same physics process at higher
√
s = 510 GeV.

1 Introduction

Measurement of Central Exclusive Production (CEP) 1 through the Double Pomeron Exchange
(DIPE) allows us to study strong interaction described by the quantum chromodynamics and to
look for hadronic production of glueballs, bound states consisting of only gluons. CEP through
DIPE is a process, where each colliding proton“emits” a Pomeron. The Pomerons fuse and
produce a neutral central system with quantum numbers of vacuum. Furthermore, the central
system is well separated from outgoing intact protons by rapidity gaps.

Despite the fact that CEP is topologically very simple, it is theoretically very complex and
rich in phenomena. The cross section of CEP is a combination of resonance and continuum
production adding in quadrature. Hence, significant interference effects between resonance and
continuum production are presence. Furthermore, there may be significant rescattering (ab-
sorption) effects via additional interaction between the protons and/or hadron and proton. A
generic diagram of CEP with resonance and continuum production is shown in Fig. 1.

Figure 1 – A generic diagram of central exclusive production of two hadron as a combination of continuum and
resonance production.
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The data from the STAR experiment at the Relativistic Heavy Ion Collider (RHIC), gives
an unique opportunity to perform such studies since the DIPE is expected to be dominant CEP
mechanism at RHIC energies 2. This was confirmed by the most recent results of the CEP
in proton-proton collisions at

√
s = 200 GeV 2, the highest center-of-mass energies at which

DIPE has been measured with the detection of the outgoing protons. The detection of the
forward-scattered protons with the measurement of the central system allows full control of the
interaction’s kinematics and verification of its exclusivity. At STAR experiment 3, all particles
in the final state are fully measured. The central system is measured in the Time Projection
Chamber (TPC) and in the Time of Flight (TOF) systems and the forward-scattered protons
are measured in the Roman Pot detectors 4.

2 Data sample and event selection

In 2015 and 2017, the STAR experiment collected proton-proton collision data at
√
s = 200

and 510 GeV, respectively. About 622 (560) million CEP event candidates were triggered in
2017 (2015). The next paragraphs describe the selection criteria used to select a sample of CEP
events at

√
s = 510 GeV. Although the selection criteria used at

√
s = 200 GeV are similar,

their detailed description can be found here 2.

The CEP events were triggered by requiring signals in at least one Roman Pot station in
lower or upper branch on each side of the interaction point and requiring lack of signals in the
other branches to reduce pile-up events, or events involving proton dissociation. In the TOF,
2− 10 hits were required to ensure at least two in-time tracks in the TPC. Moreover, a veto on
signals in both the Beam-Beam Counter and the Zero Degree Calorimeter detectors was imposed
to ensure the pseudorapidity gaps characteristic to CEP events.

In the offline analysis, only events with exactly one forward-scattered proton on each side of
the interaction point were selected. The protons were further required to have all eight silicon
planes used in the proton reconstruction and to have transverse momenta inside a fiducial region,
as listed in the legend of Fig. 2 (right), to ensure high geometrical acceptance and good track
quality.

Next, the information of the central system was checked. Only events with exactly two
opposite-charged TPC tracks matched with two TOF hits, originating from the same vertex,
were selected. To ensure high geometrical acceptance for the central tracks in the entire fiducial
phase space, further criteria were applied: a cut on the z−position of the vertex (|z-position
of vertex| < 80 cm) and a cut on pseudorapidity of central tracks (|η| < 0.7). In addition,
tracks reconstructed in the TPC had to satisfy track quality cuts – number of hits used in track
reconstruction (> 25) and number of hits used for determining the ionization energy loss (> 15).

Then, the exclusivity criterion (pmiss
T < 100 MeV) was used to ensure exclusivity of the event.

The pmiss
T is defined as the absolute value of sum of the transverse momenta of all measured

particles. Due to the conservation of the momentum, the pmiss
T should be equal to zero for CEP

processes.

Finally, the particle identification was done based on combined information from the TPC,
the ionization energy loss of the particle, and from TOF (m2

TOF), where the m
2
TOF is the squared

invariant mass of a particle type (π,K, and p). After applying all the selection criteria mentioned
above, 62077 π+π−, 1697 K+K−, and 125 pp̄ CEP event candidates were selected.

3 Results

In Fig. 2 (left), the differential cross-section for CEP of π+π− as a functions of the invariant
mass of the pair is presented with Monte Carlo model predictions available at that time. Since
these models can generate only continuum production, they cannot fully describe the data.
Figure 2 (right) shows the invariant mass distribution of selected π+π− pairs at

√
s = 510
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Figure 2 – Left: Differential cross-section as a function of invariant mass of π+π− pairs at
√
s = 200 GeV. Right:

The acceptance corrected invariant mass spectrum of exclusively produced π+π− pairs at
√
s = 510 GeV.

GeV with GRANIITTI 5 prediction. GRANIITTI is a Monte Carlo event generator for high
energy diffraction based on recent phenomenological models 6,7,8. It calculates invariant mass
spectra assuming both continuum and resonance contributions. Hence, it takes into account
significant interference effects. In addition, significant rescattering (absorption) effects via ad-
ditional interaction between the protons and/or hadron-proton are also embedded. The new
tune GRANIITTI v. 1.080 includes CEP resonance couplings also tuned to the STAR CEP
results at

√
s = 200 GeV. The following resonances were included in GRANIITTI calculation:

f0(500), ρ(770), f0(980), φ(1020), f2(1270), f0(1500), f2(1525), and f0(1710). To be able to
compare the results with GRANIITTI predictions, the results at

√
s = 510 GeV were corrected

using acceptance corrections obtained from pure single particle STAR simulation and were nor-
malized such that area under the distribution is equal to one. The invariant mass distribution
of π+π− pairs shows expected features: a drop at about 1 GeV, possibly due to the quantum
mechanical negative interference of f0(980) with the continuum contribution, and a peak consis-
tent with the f2(1270). Shown error bars represent the statistical uncertainties only and natural
units are used.

Figure 3 depicts the invariant mass distribution of π+π− pairs differentiated in two regions of
Δϕ, where different Pomeron dynamics is expected. The Δϕ is the difference of azimuthal angles
between the forward protons. A suppression of f2(1270) and an enhancement at low invariant
mass in Δϕ < 90◦ are seen. Figure 4 illustrates invariant mass distributions of selected K+K−

and pp̄ pairs measured within the STAR acceptance. The invariant mass of K+K− pairs shows
a peak at about 1.5 GeV, possible f2(1525), and a strong enhancement at low invariant mass,
possible f0(980) or φ(1020). The invariant mass distribution of pp pairs does not show any
resonances. In general, GRANIITTI can describe shapes of all presented distributions.

4 Summary

Recent results on the CEP π+π−, K+K−, and pp̄ pairs measured within the STAR acceptance
at
√
s = 200 and 510 GeV have been presented. These are currently the highest center-of-

mass energies at which the DIPE has been measured with the detection of the forward-scattered
protons that allows full control of the interaction’s kinematics and verification of its exclusivity.

The results confirm features seen in previous experiments even though new features are seen,
like the peak at about 1 GeV in the distribution of K+K− pairs at

√
s = 510 GeV, where there

are still ongoing studies. The new Monte Carlo event generator, GRANIITTI, is able to describe
the shape of the presented data suggesting significant role of resonance production.
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Figure 3 – Acceptance corrected invariant mass spectra of exclusively produced π+π− pairs in two regions of the
difference of azimuthal angles of the forward-scattered protons: Δϕ > 90◦ (left) and Δϕ < 90◦ (right). Error
bars represent the statistical uncertainties.
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News from the strong interactions program of NA61/SHINE

Wojciech Brylinski
for the NA61/SHINE Collaboration

Faculty of Physics, Warsaw University of Technology,
ul. Koszykowa 75, 00-662 Warszawa, Poland

NA61/SHINE (SPS Heavy Ion and Neutrino Experiment) is a fixed-target experiment oper-
ating at the CERN SPS accelerator. The main goal of the strong interactions program of
NA61/SHINE is to study the properties of the phase transition between confined matter and
quark-gluon plasma by performing a two-dimensional scan in beam momentum and size of
collided nuclei. Within this program, collisions of different systems (p+p, p+Pb, Be+Be,
Ar+Sc, Xe+La, Pb+Pb) over a wide range of beam momenta (13A–150(8)A GeV/c) have
been recorded.
This contribution discusses the latest results on hadron production in p+p, Be+Be, Ar+Sc
and Pb+Pb reactions measured by NA61/SHINE. In particular, the results include charged
kaons and pions spectra, higher-order moments of multiplicity and net charge distributions.
The presented data are compared with the predictions of different theoretical models as well as
the results from other experiments. Finally, the motivation and plans for future NA61/SHINE
measurements are discussed.

1 Introduction

SPS Heavy Ion and Neutrino Experiment (SHINE)1 is a fixed-target experiment operating at the
Super Proton Synchrotron (SPS) at the European Organization for Nuclear Research (CERN).
The main physics motivation of the NA61/SHINE experiment is to study the properties of
the phase transition between hadronic matter and quark-gluon plasma. Within this program,
NA61/SHINE performed a two-dimensional scan in collision energy (13A–150(8)A GeV/c) and
system size (p+p, Be+Be, Ar+Sc, Xe+La, Pb+Pb).

The NA61/SHINE detector is a multi-purpose spectrometer optimised to study hadron pro-
duction in various types of collisions. The main subdetectors of the whole setup are the Time
Projection Chambers. Two Vertex-TPCs (VTPCs), located in the magnetic field, together with
two large volume Main-TPCs (MTPCs) are main tracking devices and are able to register a
large number of particle tracks (up to 1500 in central Pb+Pb collisions). Four smaller TPCs:
GAP-TPC and 3 Forward-TPCs (FTPCs) are located along the beam axis. Such setup provides
excellent capabilities in charged particles momenta measurement and allows for the particles
identification complemented by the information from the Time-of-Flight (ToF) detectors. The
last detectors on the beamline are Projectile Spectator Detectors (MPSD and FPSD), which
measure the energy of spectators. This information is used to determine the centrality in A+A
collisions with a very good accuracy. Beam particles are measured by an array of beam detec-
tors. They are used for the beam trajectory measurement as well as the identification of beam
particles.
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2 Study of the onset of deconfinement

The Statistical Model of the Early Stage (SMES) 2 predicts several signatures of the first order
phase transition between the hadron gas and the quark-gluon plasma. In the transition region,
constant temperature and pressure in the mixed-phase and an increase of the number of internal
degrees of freedom are expected.

The energy and system-size dependence of K+/π+ ratio at mid-rapidity is presented in
Figure 1 (left). The results were obtained using data collected by NA61/SHINE: p+p 3, Be+Be
4, Ar+Sc (preliminary) as well as NA49: Pb+Pb5. The visible structure for Pb+Pb and Au+Au
data (so-called horn) in K+/π+ ratio was predicted by SMES as the signature of the onset of
deconfinement. The presented results were compared with dynamical and statistical models
(see middle and right pannel of Figure 1). The dynamical models that do not include the phase
transition (EPOS 6, UrQMD 7 and SMASH 8) describe the data for small systems (p+p and
Be+Be), but fail to describe the data for heavier systems (Ar+Sc and Pb+Pb). On the other
hand, the PHSD 9 model which includes the phase transition agrees with the data for heavier
systems and overestimates results for the data for smaller systems. Both statistical models which
were taken into consideration – with (SMES 10) and without (HRG 11) phase transition included
– overestimate the K+/π+ ratio especially for small systems.
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Figure 1 – System-size (described by the average number of wounded nucleons 〈W〉) and energy dependence of
K+/π+ ratio compared with other experiments (left) as well as dynamical (middle) and statistical models (right).

3 Search for the critical point

The expected signature of the critical point (CP) is a non-monotonic dependence of various
fluctuations measured in the NA61/SHINE system size – energy scan. A special interest is
devoted to the fluctuations of conserved charges (electric, strangeness or baryon number)12,13,14.
In order to compare the fluctuations in systems of different sizes, one should use the quantities
which are insensitive to the size of the system. Such quantities are called intensive quantities
and can be obtained by the division of cumulants κi of the measured distribution, where i is the
order of the cumulant. For second, third and fourth order cumulants, intensive quantities are
defined as: κ2/κ1, κ3/κ2 and κ4/κ2. Figure 2 shows the system size and energy dependence of
second, third and fourth order cumulant ratio of negatively charged hadrons in p+p, Be+Be and
Ar+Sc collisions. So far, there is no clear evidence of the critical point, however more detailed
studies are needed.

Proton intermittency is another possible tool that can be used to search for critical point. In
the proximity of CP a local power-law fluctuation of the baryon density should be manifested.
It can be searched for by studying the scaling behaviour of second factorial moments, F2(δ) =
〈 1
M

∑M

i=1
ni(ni−1)〉

〈 1
M

∑M

i=1
ni〉2

with the cell size or, equivalently, with the number of cellsM in (px, py) space of

protons at mid-rapidity 15,16,17. NA61/SHINE measures F2(M) using statistically independent
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Figure 2 – Preliminary results on the energy and system-size dependence of multiplicity fluctuations of negatively
charged hadrons.

points and cumulative variables. Preliminary results on F2(M) of mid-rapidity protons measured
in 0-20% most central Ar+Sc collisions at 150A GeV/c and 0-10% most central Pb+Pb collisions
at 30A GeV/c are presented in Figure 3. The intermittency index ϕ2 for a system freezing out
at the QCD critical endpoint is expected to be ϕ2 = 5/6 assuming that the latter belongs to the
3-D Ising universality class. F2(M) of protons for Ar+Sc at 150A GeV/c and Pb+Pb at 30A
GeV/c show no indication for power-law increase with a bin size.
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Figure 3 – Preliminary results on F2(M) of mid-rapidity protons measured in 0-20% most central Ar+Sc collisions
at 150A GeV/c (left) and 0-10% most central Pb+Pb collisions at 30A GeV/c (right).

4 Open charm measurements

The physics program of NA61/SHINE was extended by measurements of open charm production
in A+A collisions which is the main goal of NA61/SHINE beyond 2022 18. It was motivated by
three main questions:

• What is the mechanism of open charm production?

• How does the onset of deconfinement impact open charm production?

• How does the formation of quark-gluon plasma impact J/ψ production?

The mean multiplicity of charm quarks 〈cc̄〉 produced in a full phase space in heavy-ion collisions
is not yet known and has to be measured in order to answer these questions. The acceptance
of the NA61/SHINE detector is large enough to extrapolate the measurements to the full phase
space with relatively small uncertainties. This unique feature makes NA61/SHINE the only
experiment which is able to perform such measurement in the near future.
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To meet the challenges of the required spatial resolution of primary and secondary vertex
reconstruction, the detector was upgraded by a micro vertex detector. A Small-Acceptance
version of the Vertex Detector (SAVD) was successfully commissioned in December 2016 and
first pilot data were collected for Pb+Pb collisions at a beam momentum of 150A GeV/c. This
data allowed to validate the measurement concept and to perform the first direct observation of
open charm hadron production in collisions of nuclei at the SPS energies.
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Theoretical summary of Moriond 2022: QCD and high-energy interactions

Kirill Melnikov
Institute for Theoretical Particle Physics, Department of Physics, Karlsruhe Institute of Technology,

76128, Karlsruhe, Germany

I review theoretical talks presented at the session on QCD and high-energy interactions of the
Moriond 2022 conference.

1 Introduction

The 56th edition of Rencontres de Moriond held earlier this year was one the first in-person
conferences after almost two years of the pandemic isolation during which many interactions
were limited to an on-line format. In fact, this was the very first in-person conference for
me since a very long time. Although we all learned to appreciate the convenience of on-line
conferences and meetings, participants’ eagerness to talk to each other in person about physics
was clearly seen at Moriond.

Theory talks at “QCD and high-energy interactions” session of Moriond covered many areas
of contemporary particle physics often going beyond a conventional understanding of what “QCD
Moriond” is all about. This is a great feature of this conference as it emphasizes the unity of
particle physics, including its research goals and methodologies.

Particle physics is defined by big questions that it tries to answer. These questions are
well-known; they include unification of known interactions, an underlying cause of electroweak
symmetry breaking, origin of families, fermion masses and Yukawa couplings in the Standard
Model, an asymmetry between visible matter and anti-matter, nature of dark matter, role of
gravity and its connection to other known interactions etc.

It is well known that progress in addressing these questions has been quite slow and, clearly,
not for the lack of trying. However, continuous attempts to study them challenge experimental
and theoretical status quo in particle physics, and push the scientific frontier into unchartered
territories. As the result, cases are often encountered where things do not work as expected
and where tensions between theoretical expectations and experimental results become obvious.
Although we often refer to such cases as the “anomalies”, they are perhaps better viewed as the
“growing pains” needed to get to a new level of understanding of fundamental laws of Nature.
And, in spite of the fact that, time and again, a better mastery of the Standard Model, rather
than the discovery of physics beyond it, emerges as the result of painstaking investigation of the
anomalies, steady progress that is driven by points of content in particle physics is not to be
overlooked.

Current anomalies in particle physics naturally became the focus points of the conference,
with flavor anomalies, lepton non-universality and the muon anomalous magnetic moment dom-
inating the discussion. In addition, we heard about new theoretical developments in QCD, an
interplay between precision physics at the LHC and searches for physics beyond the Standard
Model, as well as complex aspects of QCD dynamics. I will briefly review all the different
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theoretical talks delivered at the QCD Moriond 2022 starting with the discussion of the muon
magnetic anomaly.

2 Muon magnetic anomaly

The puzzle of the muon anomalous magnetic moment has been with us for more than twenty
years by now1 and recently significant, O(4σ), discrepancy between theoretical predictions2 and
experimental measurements 1 has been confirmed by the first result 3 of the FNAL experiment.
The difference between measured and expected values athμ − aexpμ = 251(59) × 10−11 is quite
large. In fact, it is a factor of two larger than the four-loop QED contribution to aμ, more
than fifty percent larger than the one-loop electroweak contribution to aμ and is about twice as
large as the so-called hadronic light-by-light scattering contribution to aμ. On the contrary, it
is just about 3.5 percent of the hadronic vacuum polarization contribution to aμ, making good
understanding of ahvpμ a very important issue.

Given the many existing checks of the QED and electroweak contributions as well as ob-
vious difficulties with the theoretical description of low-energy hadron physics, current work
on resolving the discrepancy focuses on the hadronic vacuum polarization and on the hadron-
inc light-by-light scattering contributions to the muon magnetic anomaly. Although these two
hadronic contributions are mentioned in a single sentence, they are actually quite different.
Indeed, as noted above, the hadronic vacuum polarization contribution is large and needs to
be known to a few-percent precision whereas the hadronic light-by-light scattering contribution
is rather small and knowing it to about twenty percent precision is sufficient. This difference
between the two hadronic contributions is reflected in the way they are currently dealt with and
discussed.

Let us start with the hadronic vacuum polarization. For the past sixty years, the standard
way to compute it was to use the dispersion representation for the vacuum polarization function
relating it to the measured cross section of e+e− annihilation to hadrons. Using experimental
data for σ(e+e− → hadrons), the dispersion integral is calculated numerically leading to a precise
result for the hadronic vacuum polarization contribution to the muon magnetic anomaly. This
standard approach was discussed in great detail by Zhang 4.

Although there are various caveats and difficulties related to the computation of the disper-
sion integral, including reliability of data, consistency between various experiments and treat-
ment of radiative corrections, understanding its oder-of-magnitude is quite straightforward 5.
Indeed, all one needs to do is to account for three lightest spin-one hadronic resonances ρ, ω and
ϕ in the dispersion integral treating them as narrow peaks with known masses and branching
ratios to leptons. Supplementing their contribution to the dispersion integral with a contin-
uum contribution to accommodate physics beyond the center-of-mass energy of O(1) GeV, one
obtains the result 5 that accounts for about ninety percent of ahvpμ .

Of course, the problem with the hadronic vacuum polarization contribution is that it is
so large (ahvpμ ≈ 7000 × 10−11), that knowing it to ninety percent is insufficient. To match
the current experimental uncertainty, we need to understand it to better than a percent and
reaching this precision is very challenging. Figuring out how to do this in a controllable way
was the focus point of the practitioners of the dispersion-relations method in the past; these
efforts were reviewed by Zhang 4. In fact, in spite of a few open questions and tensions (e.g.
KLOE data vs. BABAR data), it does appear that no foreseeable modification of either data
or analysis methodology can shift ahvpμ beyond the estimated uncertainty (∼ 40× 10−11) 4.

However, although the most precise results for the hadronic vacuum polarization were tra-
ditionally obtained with the help of dispersion relations and experimental data, the situation
has changed in the past few years. Indeed, in 2020 the BMW collaboration published a lattice
computation of the hadronic vacuum polarization contribution to the muon magnetic anomaly
which is claimed to have a sub-percent precision. This calculation was presented by Szabo 6. In
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a remarkable twist of fortunes for SM physics, the new calculation is about 140× 10−11 larger,
than estimates of the hadronic vacuum polarization obtained with the dispersive method and,
although this shift represents just about 2% of the total hadronic vacuum polarization contri-
bution to the muon magnetic anomaly, it wipes out more than 50 percent (!) of the discrepancy
between theory and experiment reducing it to a meager O(2σ). Hence, if correct, this result will
be responsible for the major change in the muon magnetic anomaly story, forcing a prospective
“harbinger of New Physics” to become “a poster child of the Standard Model”.

However, we are not there yet since at this point there is no reason to trust the new lat-
tice computation more than the results of the dispersive approach. The challenge, therefore, is
to understand where and why the discrepancy between these two very different computations
comes from. This question can be addressed in several ways. First, the result of the BMW
collaboration should be confirmed or refuted by other lattice collaborations and this applies to
both the central value and the uncertainty estimate. Second, lattice and dispersive computa-
tions need to be compared. This is not easy because lattice operates in the Euclidean space
and, therefore, σ(e+e− → hadrons) cannot be computed on the lattice. However, it is clearly
possible to compute various moments of the hadronic vacuum polarization function using both
the dispersion method and lattice QCD, and to construct these moments in such a way that
contributions of particular energy intervals are strongly emphasized. If such a comparison is
performed systematically, it should allow us to eventually pinpoint the energy intervals that
are resposible for the discrepancy. This will be the most welcome development because such
an understanding will have important implications beyond the muon magnetic anomaly. For
example, both lattice and dispersive methods can be used to compute the fine structure constant
α(Mz) whose value is highly relevant for the precision electroweak fit.

Another contribution to the muon magnetic anomaly which for a long time was considered
to be the main “troublemaker” is the hadronic light-by-light scattering contribution. One of the
main reasons it got this status was a sudden change in the sign of this contribution that led
to its dramatic, overnight increase 7 from O(−100)× 10−11 to O(+100)× 10−11. Although the
sign issue was later clarified to be an isolated incident which, at its core, proves that the FORM
manual 8 is not an exciting read, the mistrust towards this contribution remained.

However, it has to be recognized that already since 2002 the hadronic light-by-light scattering
contribution has been estimated to be close to 100× 10−11, with an uncertainty of about 20 ×
10−11, which is about a half of the estimated uncertainty in ahvpν as discussed above. The point
of view that the hadronic light-by-light scattering contribution is actually fairly well understood
was presented in the talk by J. Green9 who discussed the new lattice computation of ahlblμ . Their

result, ahlblμ = 106(16) × 10−11, is in agreement with many earlier estimates of this quantity
obtained using a variety of phenomenological method. And, as a further illustration of the
remarkable consistency of theoretical predictions for ahlblμ , I cannot help but mention that its
central value is identical to the result 10 of the so-called “Glasgow consensus” by J. Prades,
E. de Rafael and A. Vainshtein, published already in 2009.

I would like to emphasize that the new lattice result reported in Green’s talk 9 is very
important as it provides further support to an understanding, that has been emerging for several
years by now, that presumptive lack of theoretical control of the the hadronic light-by-light
scattering contribution to the muon g − 2 cannot be the only reason for the discrepancy of the
muon magnetic anomaly. Whether the aμ puzzle will eventually be resolved by a big problem
in ahvpμ , or by a collection of small(ish) deviations in ahvpμ , ahlblμ and in the experimental value of
aμ which all work just in the right way, or by a New Physics contribution, is impossible to say
now and remains to be clarified in the future.
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3 Flavor physics

Given the fact that some of the most persistent and unusual discrepancies between theoretical
expectations and experimental results currently occur in flavor physics, talks on flavor physics
were an exciting part of the conference. The discussion of flavor physics started with an overview
talk on the current status of the anomalies by M. Neubert 11. Clearly, as with any anomaly, a
proper evaluation of the situation requires good understanding of the quality of the Standard
Model predictions, ideas about a possible explanation of the observed discrepancies by New
Physics and a good overview of how such ideas fit into a global picture of checks of the Standard
Model.

Two talks at the conference addressed the quality of the SM predictions in B-physics.
Capdevila reported12 a refined extraction of the CKM matrix element Vcb from inclusive semilep-
tonic B-decays into final states with charm quarks. The refinement described by Capdevila
comes from the inclusion of the recent N3LO QCD calculation of the partonic rate for b → c
transition 13 into a theoretical prediction for B → Xclνl decay rate computed within the heavy
quark expansion. If the N3LO QCD corrections are included into the analysis, the central value
of Vcb remains practically unchanged when compared to an earlier NNLO QCD analysis, but
the uncertainty in the extracted value is reduced by about twenty five percent.

This is both good and bad news. It is a good news because it shows that the extraction
of Vcb from inclusive B-decays is theoretically robust. However, it is also a bad news because
it leaves the discrepancy between exclusive and inclusive Vcb measurements unchanged, at the
level of one to three standard deviations.

Gubernari 14 discussed the Standard Model predictions for the exclusive B decays into a
strange meson (K,ϕ) and a lepton pair. Making accurate predictions for exclusive decays is
difficult in general; in case of B → Kl+l− and B → ϕl+l− decays , the problem is enhanced
because of the so-called charm loop contributions that are notoriously difficult to treat reliably.
By using a clever combination of the operator product expansion and dispersion relations, Gu-
bernari showed how to derive upper bounds on these complicated amplitudes. However, even
after this theoretical refinement, the significant tension between the SM predictions and ex-
perimental measurements remains. In particular, is does not appear that a large discrepancy
between measured and expected values observed in the distribution of the so-called P5 observable
can be attributed to the deficiencies of the SM predictions.

Given that the Standard Model predictions seem to be robust, it is important to discuss
flavor anomalies from the perspective of beyond the Standard Model (BSM) physics. There
were four theoretical talks on this subject and the unified message of these talks was that these
anomalies can certainly be early manifestations of New Physics which, so far, could have avoided
detection at the LHC in spite of the incredible amount of data collected there during the first
two runs. This is a reassuring message that emphasizes the complementarity of different ways
to probe Nature and the importance of low-energy physics as a path finder for the LHC.

The four talks on the BSM explanation of flavor anomalies showed that there are many
different ways to accommodate them in a consistent framework. Allanach presented a partic-
ular Z ′ model 15 that explains lepton non-universality, does not (significantly) spoil precision
electroweak fit and is practically unconstrained by the current searches for Z ′’s at the LHC.
Iguro16 pointed out that, due to relaxed constraints from the decay Bc → τν, the charged-Higgs
explanation of the RD∗ anomaly becomes possible and, if the charged Higgs boson is relatively
light 140 GeV < mH− < 400 GeV, there is no contradiction with the current LHC bounds. He
then noted that this explanation of the RD∗ anomaly can be tested at the LHC already with
the existing data provided that one uses the production of the Higgs boson in association with
a b-jet, gc̄→ H−(τντ )b, to suppress the large background from the Drell-Yan process pp→ τντ .

Boussejra17 pointed out that SUSYmodels with non-minimal flavor violation can also explain
flavor anomalies without getting into a conflict with other precision observables and the negative
results from LHC searches. Finally, Crivellin18 emphasized the importance of taking a high-level
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view on flavor and related anomalies since many of them can actually be linked to each other
within BSM models. To illustrate this point he presented a model that simultaneously explains
the so-called Cabibbo anomaly, the old Z → bb̄ anomaly and the τ → μνν anomaly which, at
first sight, do not need to be related.

It is well-known that B-physics observables are computed starting from an effective Hamil-
tonian which involves effective operators weighted with their Wilson coefficients. These Wilson
coefficients have particular values in the Standard Model, so that many of the flavor anomalies
can be thought of as differences in their measured and expected SM values. To explain an
anomaly with a BSM theory, it is essential to re-compute the Wilson coefficients of operators
in the effective Hamiltonian in a new theory. Although it is very well understood how to do
this, the bookkeeping is challenging. Santiago presented a tool, dubbed Matchmaker, which
allows one to automatically compute the Wilson coefficients by matching new BSM theory to
an effective field theory through one-loop 19. One can hope that the availability of such a tool
will be helpful for further exploration of the theory space using experimental data on B-decays.

4 Dark matter

Dark matter was not the major focus of the QCD Moriond, but there were several talks on this
exciting topic. White described 20 a comprehensive global fit for a Dirac fermion dark matter,
that also showcased impressive capabilities of the GAMBIT program 21. White’s message was
that although significant parts of the parameter space can be excluded, the Dirac DM is still a
viable option.

Rolbiecki pointed out22 that it is possible to use the monojet signature to improve constraints
on electroweakino dark matter in a situation where mass splittings between electroweakinos are
small. A standard experimental analysis to explore such a scenario employs the monojet signa-
ture. However, as Rolbiecki explained, stronger constraints are obtained by recasting searches
for squarks and gluinos, where “jets + missing energy” signatures are also studied, into bounds
on the electroweakino DM.

Finally, Ruderman 23 described a new mechanism of how the dark matter density can be
generated in the early Universe. He pointed out that, in case there is an interaction term in
the Lagrangian between three dark matter particles and one Standard Model particle, a new
collision term appears in the Boltzmann equations that forces DM density to grow exponentially.
This new mechanism changes the famous relation between the DM equilibrium density and the
annihilation cross section between dark matter particles, so it is useful to be aware of the fact
that there are cases where such a relation does not hold and a very different mechanism for
producing the DM density is at play.

5 Collider physics

Development of theoretical methods that can be used to describe hard scattering processes at
colliders has accelerated in recent years 24. In particular, the appearance of robust subtraction
and slicing schemes for higher-order perturbative computations, as well as advances in technolo-
gies for computing multi-loop amplitudes, resulted in a number of impressive results for basic
collider processes obtained recently. Some of these results were presented at QCD Moriond.

Perhaps the best-known process that occurs at a hadron collider is the Drell-Yan process
pp→ l1l2+X. Depending on the final state, it is facilitated by a neutral or by a charged current.
Studies of the Drell-Yan processes are very important for the LHC phenomenology; they include
such physics topics as properties of Z and W bosons, parton distribution functions, calibration
of the detectors, searches for BSM physics and more.

It is therefore not surprising that theoretical studies of these processes are extremely ad-
vanced. Just how advanced they are became evident from the three talks on the cutting-edge
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computations of higher-order perturbative corrections to the Drell-Yan process. Yang 25 de-
scribed the calculation of N3LO QCD corrections to the rapidity distribution of a vector boson,
while Rottoli 26 presented a computation of fiducial cross sections of the Drell-Yan processes at
the same perturbative order. Finally, Buonocore 27 discussed the calculation of mixed QCD-
electroweak corrections to the neutral-current-mediated dilepton production both at the reso-
nance and in the high-invariant mass region of a dilepton pair. The bottom line of these tour
de force computations seems to be that various observables in the Drell-Yan process can be
described with an astounding precision of about 1-2 percent.

It is worth pointing out that N3LO QCD corrections to observables in the DY processes
turned out to be not much smaller than the NNLO QCD ones 25,26 and, therefore, larger than
expected. This fact was already noted when calculations of N3LO QCD corrections to the total
cross sections of Z and W production at the LHC appeared 28,29. The explanation of why this
happens is probably multi-facet. At least partially, it may be attributed to the fact that NNLO
QCD corrections to the Drell-Yan processes are probably smaller than they should be because
of accidental cancellations between contributions of different partonic channels. Another reason
can be that parton distribution functions at N3LO QCD are not yet known.

Clearly, it is important to go beyond admiring the technical wizardry behind these computa-
tions and to figure out how to use higher precision of theoretical predictions to learn more about
physics. Although full appreciation of the opportunities that the new results 25,26,27 open up is
still to come, first glimpses of what can be expected could already be seen at the conference. For
example, Schott 30 pointed out that a very competitive value of the strong coupling constant,
αs(mZ) = 0.1185± 0.0015, can be obtained from the transverse momentum spectrum of the Z
bosons. In fact, Schott’s analysis does not include all available perturbative corrections to the
Z-boson transverse momentum distribution so that, in principle, it can be be further refined if
necessary.

Another interesting opportunity, described by Scimemi 31, is to use data on the Drell-Yan
process, together with high-precision theoretical predictions, to extract transverse-momentum
dependent (TMD) parton distribution functions. These functions are needed to descirbe the
p⊥-distribution of a vector boson at very low p⊥ where tiny transverse momenta of colliding
quarks cannot be neglected. Scimemi pointed out that because of the factorization theorems,
there is an intimate relation between TMD PDFs and regular PDFs which implies that any
uncertainty intrinsic to collinear PDFs gets transferred to an uncertainty in TMD PDFs. He
also argued that it is very important to account for flavor dependences of TMD PDFs in the
global fit and that if one does that, the consistency of TMD PDFs extracted from various data
sets significantly increases.

It is intuitively clear that the availability of more precise SM results should allow for stronger
constrains on BSM contributions to basic hard processes such as Drell-Yan, and Giuli32 described
an example of this in his talk. He considered the case of a heavy and relatively broad resonance
contributing to the dilepton spectrum and pointed out that it is difficult to detect it using
conventional bump-hunting methods. He then pointed out that one can observe shape modifi-
cations in the dilepton invariant mass distribution caused by a broad resonance provided that
there is a good control of parton distribution functions at high values of the Bjorken x, and
that high-precision QCD predictions for the dilepton invariant mass spectrum are available. He
argued that by including data on the charge asymmetry and the forward-backward asymmetry
into a simultaneous fit for high-x parton distribution functions and a prospective resonance
contribution to the dilepton invariant mass spectrum, reach for broader and heavier resonances
improves.

LHC physics requires good understanding of final states with QCD jets and there were a
few talks at QCD Moriond that described recent advances in this endeavor. Poncelet reported33

on a computation of NNLO QCD corrections to 3-jet production at the LHC. This is a very
impressive result that further highlights an enormous technical progress that occurred in the
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field of perturbative QCD in recent years. Without a doubt, this tour de force calculation,
one of the most complicated calculations in perturbative QCD ever performed, will find many
phenomenological applications in the future, including the determination of the strong coupling
constant and refined studies of jet dynamics.

Definition of jets requires certain prescriptions to combine energies of various particles into
directional energy flows; these prescriptions are known as “jet algorithms”. Over time jet al-
gorithms evolved 34 from experimentally-convenient but theoretically-problematic seed cone al-
gorithms to modern ones, such as e.g. the anti-k⊥ algorithm, which is practically impeccable
from both the experimental and theoretical points of view. However, even if a great solution is
available, one can always try to do better. In this spirit, Cerro discussed 35 a new algorithm for
clustering hadrons into jets based on machine learning methods. A few examples were shown
which demonstrated that in certain cases the new algorithm outperforms the conventional ones.
It is clear that many more studies are needed before this algorithm will get close to becoming as
widely accepted as the anti-k⊥ one, but it will be interesting to watch how this story develops
further.

Dreyer 36 discussed resummation of the so-called non-global logarithms for QCD observables
at lepton colliders. Non-global logarithms represent a particular class of enhanced contributions
to observables that appear if radiation to certain phase-space regions is restricted. The problem
of the resummation of non-global logarithms is known to be rather difficult but significant
simplifications occur if it is studied in the large-Nc limit. In fact, in this case, resummation of
non-global logarithmic contributions at next-to-leading-logarithmic accuracy can be performed
using a relatively simple extension of the so-called Banfi-Marchesini-Smye equation 37. Progress
with the understanding of non-global logarithms and their resummation reported by Dreyer is
a welcome development since it is essential for designing parton showers with the next-to-next-
to-leading logarithmic accuracy.

We now change gears and talk about physics of top quarks which was also discussed in
theoretical talks at Moriond QCD. Top quark physics is a big part of the LHC research program
since the LHC is a top quark factory. This fact enables detailed studies of various processes
with top quarks, including searching for possible contributions of physics beyond the Standard
Model, and the exploration of top quark properties.

Jezo 38 pointed out that off-shell contributions to signatures that are used to identify top
quark pair production and study top quark properties may be important. Although the impor-
tance of these contributions – or lack of it – must depend on details of experimental analyses,
there is a theoretical aspect that is worth emphasizing. Indeed, the development of computa-
tional methods during the past decade resulted in a situation where, for many processes, it is
more straightforward (if not simpler) to provide predictions for pp→ bWbW+X final states than
to split them into double-resonant, single-resonant and non-resonant contributions. This fact
further implies that the relative importance of various contributions, including signal-background
interference etc., are decided by experimental constraints imposed on a single theoretical cal-
culation, and do not require complex, poorly justified constructions that were used earlier to
combine the different contributions.

However, it is not always possible to pursue this program since for certain final states com-
plete computations remain too complicated even with modern methods. According to Jezo, this
happens when W -bosons in top decays are allowed to decay hadronically. To make progress,
Jezo proposed to consider on-shell W -bosons since in the ΓW → 0 limit decay products of
W -bosons cannot interact with other parts of the process by QCD exchanges. Because of this,
a connection between corrections to fully-leptonic and semileptonic signatures in the off-shell
tt̄ production process arises and the computation of QCD corrections in the semileptonic case
simplifies enormously.

Devoto discussed a calculation of the tt̄ pair production at the LHC with the NNLO QCD
accuracy39. So far this calculation is performed for stable top quarks and in this limit it confirms
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earlier pioneering computations of Czakon et al. 40. This is a strong check on both calculations
because Devoto’s calculation employs a different method to combine separately-divergent real
emission contributions and virtual corrections. Another interesting point mentioned by Devoto
is that this computation will become part of a new release of a publicly-available program
MATRIX41 which is quite useful since so far there is no public program for calculating kinematic
distributions for top quark pair production in hadron collisions with the NNLO QCD accuracy.

I believe that when a typical participant of QCD Moriond thinks about measurements of
the top quark and the Higgs boson masses, collider, rather than cosmological, aspects of this
problem come to mind. However, it is well known that the precise knowledge of these masses
has very important implications for the stability of electroweak vacuum 42. Santos 43 reminded
us about this connection in his talk, albeit in a slightly different context. He pointed out that
under certain circumstances uncertainties in mt and mH may preclude an interpretation of the
signal of gravitational waves that originate in the course of the first-oder phase transition in
the early Universe. Santos’ observation provides yet another motivation for measuring the top
quark mass more precisely and advanced theoretical predictions for top quark production cross
sections and kinematic distributions play a particular important role in this endeavor.

We have seen yet another example of the creative use of high-precision theory in a talk by
Altakach44 where he discussed a possibility to constrain BSM physics by comparing fiducial cross
sections with high-precision predictions for signals and backgrounds. He considered a particular
model of New Physics where a Z ′ boson couples to quarks of the first and the third generations
but not to leptons. This Z ′ is also relatively broad so that it is not possible to discover it by
searching for a peak in the tt̄ invariant mass distribution. Altakach showed that by improving
theoretical predictions for the signal process and the various backgrounds, one indeed obtains
better bounds on the Z ′ mass. However, these bounds are still somewhat worse 44 than the
bounds on the parameters of this model that are obtained from dedicated experimental searches,
presumably because kinematic information, rather than just fiducial cross sections, is used there.

Moving beyond the top quark physics, Neuwirth45 reported on a study of NLO QCD correc-
tions to squark-gaugino production at the LHC supplemented with the soft gluon resummation.
He showed that the soft-gluon resummation, consistently combined with the NLO QCD compu-
tation, increases the cross section by about six percent and reduces the QCD scale uncertainty
to about 5 percent. Hopefully these results will be used to further constrain the parameter space
of supersymmetric models or, perhaps, help to infer properties of squarks and gauginos if they
are finally discovered.

6 Parton distribution functions

Predictions for hadron collider physics are impossible without knowledge of parton distribution
functions (PDFs). Learning about them requires complicated machinery that is usually managed
by highly-specialized collaborations. Two theoretical talks on the issue of PDFs’ extractions
which addressed unorthodox aspects of PDF physics were presented at Moriond.

Magni46 argued that LHCb data on Z+charm production show evidence of non-perturbative
component of the charm PDF in the proton. This, of course, is an interesting result; discussions
about whether or not there is an “intrinsic charm” in the proton have been going on since quite
a long time 47 so that a confirmation of this idea would be illuminating. However, at this point
it does not appear that a decisive conclusion about this matter is possible since the evidence
is rather weak, about one sigma 46. Moreover, the non-perturbative component by itself is not
large; according to the analysis by Magni 46 the intrinsic charm carries about one percent of
the proton momentum and (not surprisingly) the intrinsic-charm PDF is peaked at the large
x-values. Given all that, it can be expected that reaching a definite verdict on the issue of the
intrinsic charm in the proton will probably be difficult, but it is quite interesting that there are
attempts to make progress in that direction.
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Bertone 48 discussed uncertainties in the extracted value of the strong coupling constant
and parton distributions due to the imprecise knowledge of the anomalous dimensions and β-
functions as well as simplifications made in the renormalization group equations that allow one to
solve them analytically. Bertone finds that if PDFs are defined at low scales and then computed
at an electroweak scale by solving Altarelli-Parisi equations, such truncations may lead to errors
of a few percent. To be sure, percent-level uncertainties in PDFs are not unheard of but it is
clearly important to identify all sources of such uncertainties including pure theoretical ones.

7 Unorthodox topics

Often, it is not too difficult for an experienced person to predict topics which will be discussed at
a conference dedicated to QCD and high-energy interactions. This is a reflection of the fact that
the scientific progress is continuous, at least most of the time. However, at every conference there
are a few talks beyond the expected narrative and such talks often become some of the most
interesting ones simply because they are unexpected. A number of such talks were presented at
QCD Moriond this year.

Zanderighi 49 pointed out that one can find many things in the proton, including leptons
and photons. In a way, this observation should extend the notion of the complimentarity of
lepton and proton colliders – those of us who thought that LHC was colliding quarks and gluons
will probably have to think again! Of course, the fact that one can find electrons or photons
in a proton is not very surprising since, rhetoric aside, one simply talks about high-order QED
processes. What is perhaps unexpected is that rates of such processes are strongly enhanced
because of the kinematics of the quasi-collinear splittings. The result of such an enhancement
is that effects that could have been neglected completely become somewhat relevant and can
often be best described by using the notion of distribution functions of leptons and photons in
a proton.

Zanderighi explained 49 that one can determine photon and lepton PDFs from the known
structure functions measured in deep-inelastic scattering, and use this information to set up
theoretical description of QED-initiated processes retaining full information of the events’ kine-
matics, which is important for the LHC physics. She also showed a few examples where presence
of leptons and photons in the proton becomes somewhat of a game changer. For example, a
significant lepton component of the proton leads to additional contributions to leptoquark pro-
duction in proton proton collisions, and sometimes these contributions are large enough to affect
the exclusion limits in a significant way 49.

Schott 30 proposed to search for instantons at the LHC. Instantons are QCD field configura-
tions that describe a transition between two non-equivalent QCD vacua. It is expected that the
instanton-production process can manifest itself through a production of a spherically-symmetric
multi-particle final state with certain polarization features of final-state partons. Unfortunately,
it is very difficult to predict the production cross section for instantons in hadron collisions and
it is also hard to say if imprints of quark polarization can be observed in features of mesons
and baryons that are actually measured. At any rate, this unorthodox proposal is quite in-
teresting and it clearly provides a new motivation for many people 51 to think about an old
problem, namely how to observe quasi-classical solutions, present in non-abelian gauge theories,
experimentally.

Tantary 50 described a perturbative calculation of a free energy in N = 4 SUSY Yang-Mills
theory. Interestingly, this computation can be used to reconstruct the exact free energy function
since in this theory the free energy can also be computed in the non-perturbative regime using
gauge-gravity duality. Extrapolating between perturbative and non-perturbative regimes can
be done using Pade approximation. Higher-order perturbative computations, performed by
Tantary, show convergence towards the Pade result constructed using the information at lower
orders. Hence, we have an example of a theory where the free energy is known exactly, for any
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value of the strong coupling. It is an interesting question what, if anything, can be learned from
this result for thermodynamics of QCD plasma; at this point, I don’t think there are clear ideas
about this.

8 The future

It is peculiar that the very first theoretical talk at QCD Moriond provided an outlook on the
future of collider physics 52. Perhaps, this simply shows how urgent this matter is, as multi-
decade planning for future facilities is a commonplace in particle physics. Given this, it is
important to ask how to optimize the process of moving forward and to obtain the richest
outcome in terms of physics in the shortest amount of time. Franceschini 52 provided many
instructive examples and interesting considerations comparing the physics reach of different
colliders that are being discussed as potential successors to the LHC.
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Experimental Summary

J.F. Grosse-Oetringhaus

CERN, 1211 Geneva, Switzerland

This text serves as an introduction to the experimental results at Moriond QCD 2022. Instead
of attempting a full review of the results shown at the conference which could certainly not
reach the depth of reviews found in the literature, I give here an introductory text to guide
the reader on which proceedings to study in detail depending on their specific interest. Please
read the theoretical summary not to miss out on exciting theory developments presented at
this conference.

The 56th edition of Rencontres de Moriond QCD and High Energy Interactions conference took
place at the Italian resort of La Thuile during the week of March 19–26th. More than 100
participants, almost equally split between experimentalists and theorists, enjoyed an exciting sci-
entific programme, beautiful surroundings, and many in-person interactions that were especially
appreciated after two years of pandemic isolation.

Keeping with the tradition of Moriond, several new experimental results were presented by
the ALICE, ATLAS, Belle II, BES III, CMS, g-2, LHCb, NA61/SHINE, PHENIX, and STAR
collaborations, in addition to talks that reviewed the status of the continuous efforts to study Higgs
boson and electroweak interactions as well as physics of B-mesons, heavy ions and composite
multi-quark states. Conference participants had ample opportunities to discuss the latest results
and to debate cases where experimental measurements and theoretical predictions do not agree.

Higgs

Held 10 years after the Higgs discovery, the conference started with a review of how the Higgs
boson came of age - from an early exploration stage to a precision era 1. Precision results can
ultimately show if the Higgs is Standard Model (SM)-like or deviations exist. Among those
shown at the conference are significantly improved constraints on the Higgs-charm coupling 2,3

completing the coupling measurements to heavy quarks. While the uncertainties are still large,
a precise measurement will be possible at HL-LHC. Already the current precision allows one to
conclude that the Higgs-charm coupling is smaller than the Higgs-bottom coupling as expected
in the SM. Many detailed cross-section and property measurements have been shown 4 including
the CP structure of the top Yukawa coupling. Results on di-Higgs productions have been
shown 2,3 as well as first evidence for off-shell Higgs production 3. Exotic Higgs production
was reviewed 5 with numerous challenging analyses including a search for axion-like particles
producing collimated photons where - in line with the move from discovery to precision era
mentioned earlier - the standard H → γγ channel becomes a background.
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Top

Top physics has reached impressive precision with, for instance, relative uncertainties of the top
cross-section in the eμ channel of 2.4% and 0.28% for the top mass 6. Top-quark properties have
been extensively reviewed 7,8,6 including cross-sections differential in up to three simultaneous
variables. Single top production was used for a mass measurement 6 as well as to measure their
polarisation, which is found to be SM-like 8. New results involving associated top production 9

include the observation of tqγ production and the ratio of ttW+ and ttW− production. Several
searches were shown on flavour-changing neutral currents with top quarks 10.

W and Z Bosons

Many recent studies of W and Z bosons and their interactions were reported, including a new
result that resolved a mild tension with the SM from the LEP era in the W decay rates to
leptons11. An overview of multiboson production was given, including the observation of triple W
production at the LHC12,13. A first measurement of the W mass using forward rapidity data was
presented 14. The result is compatible with measurements at mid-rapidity and complementary
due to the fact that Parton Distribution Function (PDF) uncertainties contribute differently to
it than to mid-rapidity measurements.

Flavour Physics

Several sessions were devoted to flavour measurements and flavour anomalies including possible
lepton universality violations in B-decays, one of the most promising areas of new physics at
present 15. Precision measurement of mixing and CKM parameters were shown 16,17, including
the most accurate estimation of the CKM matrix angle γ, measured in a single experiment 16.
A new measurement of Vub

17 as well as the most precise measurement of the charm mixing
parameter yCP were presented 16. An interesting highlight was the largest CP violation ever
observed, obtained in B decays with phase-space region selections 16. New results on rare B0

(S)

decays 18 and on Bc production
19 have been presented as well as a clear measurement of the Λ0

b

production asymmetry 18.

New results on lepton flavour universality (LFU), reported at the conference, include the
measurement of RK , the ratio of the branching ratios of B+ → K+μ+μ− and B+ → K+e+e−,
which shows a 3.1σ discrepancy from the SM20. Interestingly, the ratio of the Drell-Yan forward-
backward asymmetry of di-muons and di-electrons shows a 2.4σ tension to unity which is the
value expected for LFU 7,11. Limits on lepton-flavour violation have been presented, also using
rare B0

(S) decays
20 and top-initiated processes 10.

Searches

A plethora of searches for new physics was presented. The overview figures 21,22 showing the
obtained limits give little justice to the tremendous experimental work that went into this effort.
In addition to traditional bump-hunting searches, the importance of new innovative analysis
concepts, including searching for anomalous energy losses, non-pointing tracks, delayed photons,
displaced jets, displaced collimated leptons and tagging missing mass with forward detectors were
highlighted. Among the results of many interesting searches presented at Moriond, a 3σ excess
above the SM in the number of highly ionising particles21 caused some excitement and discussion
indicating that further studies (and statistics!) are very much needed. SUSY searches in the
electroweak sector with a small excess in a Higgsino channel 23, as well as in the strong sector
with a focus on stops 24 have been reviewed. The dark sector was illuminated through special
detector signatures like trackless jets25 and searches for dark photons for example in the di-muon
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channel 26. A first application of forward roman pots to establish the four-momentum vector
of the missing energy (“missing mass”) was highlighted in a search for anomalous exclusive
Z/γ +X production 22. Various searches for heavy resonances were discussed including a four
top channel that is expected to be sensitive to heavy Higgs production 27. It is noteworthy
that leptoquark searches 22,3 were presented as an avenue to complement the information from
b anomalies. The reinterpretation of published limits to different final states has appeared in
several contributions as a powerful tool, for example monojet searches interpreted for long-lived
massive dark photons 25 and stop pair production interpreted for tt̄ + DM production 24.

QCD, Proton Structure and Shower Evolution

In order to perform precise QCD calculations, the fundamental input parameters used to describe
hadron collisions need to be well known. To this end, four new extractions of the strong coupling
constant αs were reported, based on data from ee 28, ep 29 and pp 30,31 collisions. Final PDF
sets using also DIS inclusive-jet and di-jet data were presented 29 which will be most likely the
legacy ones until a new ep collider will be built. The role of precision deep-inelastic scattering 29

and W/Z 11,13 data in constraining PDFs was clearly elucidated. Results from pPb collisions
constraining the nuclear PDF with Z and π0 were highlighted32,33. The first separate extraction
of the electric and magnetic nuclear form factor of the proton was presented 34.

In double-parton scattering, the first observation of WW 7 and triple J/ψ 35 production were
reported, in addition to new measurements of four-jet production 36.

The measurement of Λc production down to zero transverse momentum allowed to extract
the total charm cross-section in pp collisions 37. Interestingly, the fraction of charm quarks
hadronising into Λc is significantly above the ee baseline. Results on anti-Hyperon to p̄ produc-
tion in pHe collisions, which are important inputs to indirect DM searches with cosmic rays,
were also shown 33.

Jet substructure measurements provide a very detailed mapping of the shower evolution
through generalised angularities and allow for a detailed comparison to Monte Carlo genera-
tors 31,38. Such techniques were exploited to make the first direct observation of the dead-cone
effect, a suppression of small-angle gluon radiation around massive emitters 38.

Spectroscopy

More than 50 hadronic states have been discovered since the LHC has been turned on. This
trend continued at Moriond where the discoveries of several new states were presented, including
the same-sign doubly charmed T+

cc (ccūd̄) 39, the first charged hidden-charm tetraquark with
strangeness Z−cs (cc̄sū) 40 and the first isoscalar η1(1855)

40. The exploration of the χc1 (earlier
known as X(3872)) with the hope to reveal its molecular or tetraquark nature continues. To this
end, a new measurement of the production as a function of multiplicity in pp collisions provides
more insight 39. A hint of enhancement of the X(3872) with respect to ψ(2S) is seen in PbPb
collisions, which opens an interesting avenue as significant enhancements are expected in some
models in case of a molecular nature 32.

High-density QCD

Various new results were presented utilising heavy-ion beams to characterise the high-density
regime of QCD. The flavour-dependence of interactions of partons with the Quark-Gluon Plasma,
so called jet quenching, was studied using charm and beauty decays into muons. Furthermore,
Z-hadron correlations results assess the redistribution of the quenched energy 32. Exploiting
LHC as a γ collider with the γ cloud surrounding the Pb nucleus produced several new results
from γPb and γp collisions. These measurements constrain photoproduction of vector mesons 41
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and show that ridge structures, usually seen as evidence for collective phenomena 36, are also
present in these collisions, which can be interpreted as due to (nuclear) initial-state effects 42.

Studies of charmed hadron production and elliptic flow allowed to obtain the to-date best
constraint on the charm diffusion coefficient in the quark-gluon plasma and show that the charm
relaxation time is smaller than the medium lifetime, proving its thermalization at low transverse
momenta 43. By studying the abundant nuclei produced in heavy-ion collisions, the simple
coalescence model for antideuteron production in PbPb collisions was ruled out in favour of
calculations based on a statistical description 44.

Other new results include centrality bias studies 45,32, updates on the so-far inconclusive
searches for the critical point in the QCD phase diagram 46 and measurements in central ex-
clusive production in pp collisions 47. A toolkit to publish unbinned quantities caused a lively
discussion 48.

Anomalous Magnetic Moment

The current status of the measurements of the intrinsic magnetic moment of the muon was
reviewed. This is interesting due to a long-standing difference between theoretical calculations
and the experimental measurement. The latest experimental value presented shows a 1.5–4σ
discrepancy with the SM prediction, depending on the theoretical baseline 49. Reduced uncer-
tainties on measurements constraining the contribution of three- and four-pion production to
the hadronic vacuum polarisation50 cannot resolve the large discrepancy between the continuum
and lattice computations. Therefore, the observed discrepancy remains an open challenge for
the theory community.

Overall, exciting experimental results and developments in the theory of QCD and high-energy
interactions that remained somewhat hidden during the pandemic years were on full display at
Moriond, making the 56th edition of this conference a resounding success.
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Ježo, T. Exploring Contur beyond its default mode: a case study 169
Klasen, M. Exploring Contur beyond its default mode: a case study 169
Klasen, M. Associated squark-electroweakino production with NLO+NLL precision 173
Kundu, S. Light nuclei and hypernuclei production with ALICE 239
Landsberg, G. Higgs turns 10: the childhood story 3
LeBlanc, M. Jet and photon physics in ATLAS and CMS 183
Lesser, E. Jet substructure in pp collisions with ALICE 191

277



Mahmoudi, F. Explaining the b→ s�+�− anomalies in the non-minimal flavour violating MSSM 131
Mariani, S. Heavy-ion and fixed-target physics at LHCb 231
Massironi, A. Standard Model multibosons at CMS and ATLAS 69
May, S. Single top and rare top quark production (including FCNC searches) at ATLAS

and CMS
51

Melnikov, K. Theoretical summary of Moriond 2022: QCD and high-energy interactions 257
Mezzadri, G. Exotic states at BESIII 91
Mijovic, L. Higgs highlights at ATLAS 11
Mitov, A. NNLO QCD corrections for three-jet production 199
Monni, P. F. Theory uncertainties in the fiducial Drell–Yan cross section and distributions 207
Neuwirth, A. Associated squark-electroweakino production with NLO+NLL precision 173
Olgoso, P. Connecting Theory and Experiment via Effective Field Theory 27
Polci, F. Lepton flavor universality and lepton flavor violation tests at LHCb 127
Poncelet, R. NNLO QCD corrections for three-jet production 199
Pozdniakov, V. Photoproduction of vector mesons in ultra-peripheral heavy-ion collisions with

ALICE
243

Qin, Y. Associated production of top quarks at ATLAS and CMS 41
Re, E. Theory uncertainties in the fiducial Drell–Yan cross section and distributions 207
Rosner, C. Precision measurement of nucleon form factors in the time-like region at BES III 99
Rottoli, L. Theory uncertainties in the fiducial Drell–Yan cross section and distributions 207
Santiago, J. Connecting Theory and Experiment via Effective Field Theory 27
Santos, R. Gravitational waves and the Higgs mass 35
Schienbein, I. Exploring Contur beyond its default mode: a case study 169
Schott, M. Revival of the Search for QCD Instanton Processes 161
Scimemi, I. The vector boson transverse momentum distributions 217
Smizanska, M. B-physics results in ATLAS 79
Soares Lavra, L. Mixing and CPV in beauty and charm at LHCb 103
Strickland, M. Effective field theory treatment of N = 4 supersymmetric Yang-Mills

thermodynamics
157

Takahashi, Y. B-physics results at CMS 83
Tantary, U. Effective field theory treatment of N = 4 supersymmetric Yang-Mills

thermodynamics
157

Torrielli, P. Theory uncertainties in the fiducial Drell–Yan cross section and distributions 207
Trogolo, S. Constraining charm transport in the QGP and the spatial diffusion coefficient with

ALICE
235

Truhlar, T. Recent results on central exclusive production with the star detector at RHIC 247
Uhlrich, G. Explaining the b→ s�+�− anomalies in the non-minimal flavour violating MSSM 131
van der Linden, J. Top quark properties at ATLAS and CMS 45
Veres, G. Standard Model soft QCD at CMS and ATLAS 221
Welsch, M. Latest results on semileptonic and electroweak penguin decays at Belle II 119
White, M. Recent dark matter results from the GAMBIT collaboration 153
Wilkinson, J. Charm quark hadronisation studies in pp collisions with ALICE 187
Yang, T. Rapidity distribution in Drell-Yan production at N3LO 203
Zhang, Z. Dispersive approach to HVP for muon G-2 61
Zhu, H. X. Rapidity distribution in Drell-Yan production at N3LO 203

278



List of Participants

279



280



Family name First name Institution Country Email
Allanach Benjamin University of Cambridge UK B.C.Allanach@damtp.cam.ac.uk
Altakach Mohammad M. Inst. Theoretical Physics, Uni. Warsaw Poland maltakach@fuw.edu.pl

Augé Etienne Université Paris-Saclay France etienne.auge@universite-paris-saclay.fr
Barone Alessandro University of Southampton UK a.barone@soton.ac.uk

Becerril Gonzalez Hugo University of Illinois at Chicago USA hbecer2@uic.edu
Benato Lisa Hamburg University Germany lisa.benato@cern.ch

Bertone Valerio CEA Paris-Saclay France valerio.bertone@gmail.com
Bold Tomasz AGH Uni. Science and Technology Poland tomasz.bold@cern.ch

Bottalico Elia INFN Sez. Pisa Italy eliabottalico@gmail.com
Boussejra Mohamed A. IP2I France boussejra@ipnl.in2p3.fr

Brylinski Wojciech Warsaw Uni. Technology Poland wojciech.brylinski@cern.ch
Buonocore Luca University of Zurich Switzerland lbuono@physik.uzh.ch

Butter Anja Institut für Theoretische Physik Germany butter@thphys.uni-heidelberg.de
Capdevila Soler Bernat University of Turin, INFN  Torino Italy bernat.capdevilasoler@unito.it

Carrà Sonia University of Milan Italy sonia.carra@cern.ch
Cerro Giorgio University of Southampton UK g.cerro@soton.ac.uk

Crivellin Andreas PSI Switzerland andreas.crivellin@psi.ch
D'Enterria David CERN CH dde@cern.ch

de Wit Adinda UZH Switzerland adinda.dewit@cern.ch
Dettori Francesco Università degli Studi di Cagliari / INFN Italy francesco.dettori@cern.ch
Devoto Simone UNIMI Italy simone.devoto@unimi.it
Dobur Didar Universiy of Ghent Belgium ddidar@cern.ch
Dreyer Frederic University of Oxford UK frederic.dreyer@physics.ox.ac.uk

Emery-Schrenk Sandrine CEA Saclay IRFU/DPhP France sandrine.emery@cea.fr
Ferrari Pamela Nikhef Netherlands pamela.ferrari@cern.ch

Franceschini Roberto Rome 3 University Italy roberto.franceschini@uniroma3.it
Gilbert Andrew Northwestern University USA andrew.gilbert@cern.ch

Giuli Francesco CERN Switzerland francesco.giuli@cern.ch
Gonski Julia Columbia University USA julia.gonski@cern.ch
Green Jeremy Trinity College Dublin Ireland green@maths.tcd.ie

Grosse-Oetringhaus Jan Fiete CERN Switzerland jgrosseo@cern.ch
Gubernari Nico Siegen University Germany nicogubernari@gmail.com

Guescini Francesco Max-Planck-Institut für Physik Germany francesco.guescini@cern.ch
Gwenlan Claire University of Oxford UK claire.gwenlan@physics.ox.ac.uk

Hamity Guillermo The University of Edinburgh UK ghamity@ed.ac.uk
Iguro Syuhei KIT - TTP Germany igurosyuhei@gmail.com
Jezo Tomas Institute of Theoretical Physics, WWU Germany tomas.jezo@uni-muenster.de

Klima Boaz Fermilab USA klima@fnal.gov
Kundu Sourav CERN Switzerland sourav.kundu@cern.ch

Landsberg Greg Brown University USA landsberg@hep.brown.edu
LeBlanc Matt CERN Suisse matt.leblanc@cern.ch

Lesser Ezra University of California Berkeley USA elesser@berkeley.edu
Magni Giacomo Nikhef, VU Amstedam Netherlands gmagni@nikhef.nl

Mahmoudi Nazila Lyon University / IP2I France nazila@cern.ch
Maier Benedikt CERN Switzerland benedikt.maier@cern.ch

Malaescu Bogdan LPNHE, CNRS France malaescu@in2p3.fr
Mariani Saverio INFN, Sezione di Firenze Italy saverio.mariani@cern.ch

Marinissen Coenraad Nikhef and University of Amsterdam Netherlands c.b.marinissen@uva.nl
Massironi Andrea INFN Sezione di Milano-Bicocca Italy Andrea.Massironi@cern.ch

May Samuel Boston University USA samuel.james.may1@gmail.com
Melnikov Kirill KIT - ITT Germany kirill.melnikov@kit.edu

Meyer Andreas DESY Germany andreas.meyer@cern.ch
Mezzadri Giulio INFN - Sezione di Ferrara Italy gmezzadr@fe.infn.it

Mijovic Liza University of Edinburgh UK liza.mijovic@cern.ch
Neubert Matthias Johannes Gutenberg University Germany neubertm@uni-mainz.de

Neuwirth Alexander  WWU Münster / Th. Physics Germany a_neuw01@wwu.de
Onofre Antonio University of Minho/LIP/CFUMUP Portugal antonio.onofre@cern.ch

Pappagallo Marco I. INFN & University of Bari Italy marco.pappagallo@cern.ch

281



Pekkanen Juska University at Buffalo USA juska.pekkanen@cern.ch
Pietrzyk Bolek LAPP France bolek.pietrzyk@cern.ch

Pilkington Andrew Manchester Uni. UK andrew.pilkington@manchester.ac.uk
Polci Francesco LPNHE (CNRS/IN2P3) / CERN France francesco.polci@lpnhe.in2p3.fr

Pollard Chris University of Oxford UK cpollard@cern.ch
Poncelet Rene Cavendish Laboratory UK poncelet@hep.phy.cam.ac.uk

Pozdniakov Valeri CERN Switzerland Valeri.Pozdniakov@cern.ch
Qin Yang University of Manchester UK yang.qin@cern.ch

Rados Petar HEPHY Austria Petar.Rados@oeaw.ac.at
Ramasubramanian Niveditha IRFU, CEA France niveditha.ramasubramanian@stonybrook.edu

Ramos Pernas Miguel University of Warwick UK miguel.ramos.pernas@cern.ch
Rolbiecki Krzysztof University of Warsaw Poland krolb@fuw.edu.pl

Rosner Christoph Helmholtz-Institut Mainz Germany chrosner@uni-mainz.de
Rottoli Luca University of Zurich Switzerland lucar8li@gmail.com

Ruderman Joshua New York University USA ruderman@nyu.edu
Santiago José University of Granada Spain jsantiago@ugr.es

Santos Rui ISEL & CFTC Portugal rasantos@fc.ul.pt
Schott Matthias University of Mainz Germany mschott@cern.ch

Scimemi Ignazio Universidad Complutense Madrid Spain ignazios@ucm.es
Smizanska Maria Lancaster University UK maria.smizanska@cern.ch

Soares Lavra Lais Universite Clermont Auvergne France lais.soares-lavra@clermont.in2p3.fr
Stahl Andre G. CERN Switzerland andre.govinda.stahl.leiton@cern.ch

Steggemann Jan EPFL and ETHZ Switzerland jan.steggemann@epfl.ch
Suarez Indara Boston University USA isuarez@bu.edu
Szabo Kalman Forschungszentrum Juelich Germany k.szabo@fz-juelich.de

Takahashi Yuta University of Zurich Switzerland takahashi.yuta@gmail.com
Tantary Ubaid Kent State University USA utantary@kent.edu

ter Hoeve Jaco Nikhef / VU Amsterdam Netherlands j.j.ter.hoeve@vu.nl
Trogolo Stefano CERN Switzerland strogolo@cern.ch
Truhlar Tomas CTU FNSPE Czechia Tomas.Truhlar@fjfi.cvut.cz

van der Linden Jan KIT Germany jan.vdlinden@cern.ch
Veres Gabor Eötvös Loránd University Hungary gabor.veres@cern.ch

Wagner Wolfgang Bergische Universität Wuppertal Germany wagner@uni-wuppertal.de
Welsch Maximilian University of Bonn Germany mwelsch@uni-bonn.de

White Martin University of Adelaide Australia martin.white@adelaide.edu.au
Wiesemann Marius Max-Planck Institute for Physics Germany marius.wiesemann@cern.ch

Wilkinson Jeremy GSI Germany jeremy.wilkinson@cern.ch
Yang Tongzhi Universitaet Zuerich Switzerland toyang@physik.uzh.ch

Zanderighi Giulia Max Planck INstitute for Physics Germany zanderi@mpp.mpg.de
Zhang Zhiqing IJCLab France zhangzq@ijclab.in2p3.fr

282





Dépôt légal : octobre 2022 
Achevé d’imprimer : octobre 2022

www.copy-media.net
1 bis avenue de Guitayne - 33610 CANÉJAN 



Proceedings of the 56th Rencontres de Moriond


	Pages de 152982_IN_V0
	152982_IN_V0
	Page vierge
	Page vierge



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Sélection : toutes les pages
     Rognage : format fixe 8.268 x 11.693 pouces / 210.0 x 297.0 mm
     Retrait : non spécifié
     Normaliser (option avancée) : 'original'
      

        
     32
            
       D:20221005105009
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     No
     1665
     206
     None
     Up
     0.0000
     0.0000
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Uniform
     5.6693
     Right
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2 2.0c
     Quite Imposing Plus 2
     1
      

        
     0
     290
     289
     290
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Sélection : toutes les pages
     Rognage : format fixe 6.299 x 9.331 pouces / 160.0 x 237.0 mm
     Retrait : non spécifié
     Normaliser (option avancée) : 'original'
      

        
     32
            
       D:20221005112951
       671.8110
       Blank
       453.5433
          

     Tall
     1
     0
     No
     1665
     206
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Uniform
     5.6693
     Right
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2 2.0c
     Quite Imposing Plus 2
     1
      

        
     274
     290
     289
     290
      

   1
  

 HistoryList_V1
 qi2base





