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Summary of Working Group 5: Heavy Flavours

1. Introduction

The heavy flavour working group at DIS2019 is very much one of the related subjects referred
to in the full title of this workshop. The relationship to deep-inelastic scattering (DIS) differs
depending on the topic under consideration. Understanding the nature of bound states of quark
matter is one of the key facets of DIS. A plethora of states containing heavy quarks have been
discovered since the e™ e~ B factories began operation in 1999. Many of these states are considered
exotic due to the fact that they do not appear to be baryons or mesons; these discoveries of exotic
states have continued with LHCb and BESIII. Therefore, the first topic we will review, in Sec. 2,
is spectroscopy. Next, in Sec. 3, we will turn to the production of » and ¢ quarks in collisions,
particularly proton-proton, proton-nuclei and nuclei-nuclei, where much of the focus is now on
what can be learned about the quark-gluon plasma (QGP) from these interactions. The top-quark
is special in that its natural width is very much greater than the scale of quantum chromodynamics
(QCD), which results in it decaying before it can hadronise. Therefore, its production and decay
can shed light on both electroweak and QCD aspects of the standard model (SM); Section 4 is
dedicated to a review of recent top-quark physics results. Finally, we review some results related to
the decay of b and ¢ quarks in Sec. 5; several of these measurements may be shedding some light
on physics outside the SM, the quest for which is a goal of the DIS community.

Before we begin these summaries, we would like to note the one result presented that is not
a related subject, but actually a DIS measurement. The ZEUS Collaboration presented a measure-
ment of the inclusive ep — bbX cross section with the full HERA data sample corresponding to an
integrated luminosity of 380 pb~! [1]. The measured value is 11.4 + O.ngzg nb. Here, and else-
where in these proceedings, if two uncertainties are quoted, the first uncertainty is statistical and
the second is systematic. The measurement is in agreement with the predicted value of 7.5f§':? nb
from next-to-leading order (NLO) calculations [2]. The study also included differential cross sec-
tion measurements for the first time. To have such measurements appearing, even 12 years after
HERA was decommissioned, is a testament to the unique nature of the data set collected.

2. Spectroscopy

Spectroscopy with heavy quarks is an excellent place to test QCD, particularly in relation to ex-
otic forms of quark matter. The discovery of the so-called XY Z states, which do not fit the expected
pattern of pure ¢ or bb bound states, have led to alternate theories to describe their composition.
(For a recent review of the XYZ states see Ref. [3].) The question of whether these states are
tetraquarks (tightly bound states of two quarks and two antiquarks), di-meson molecules, or some
hybrid state of mesons and gluons has remained unresolved. The BESIII Collaboration has been
studying the relative branching fractions of the X (3872) with respect to X (3872) — J/yrnt ™
decay. The first observation of X(3872) — Jroxcl decays [4] may be indicative of a tetraquark
composition. The observation of X (3872) — wJ/y [5] confirms the significant isospin violation
observed in the decays of the X(3872). The BESIII Collaboration also reported the first observa-
tion of the Y (4220) decaying to open charm [6], in a manner consistent with the interpretation of
the Y (4220) as a DD1(2420) molecule [7]. There are two recent studies of the charged Z states
by LHCb Collaboration. The first study is an angular analysis of the decay B® — J/wK* 7w~ to
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Figure 1: Invariant mass spectrum of J/yp from Ag — J/wpK~ decays measured be LHCb [12]. Fits to
the three pentaquark states are shown along with the ZZ.LEMO thresholds.

determine whether the Z_ -like structures in the J/ w7z~ invariant-mass spectrum are the result of
high-mass K* resonances; the K* only hypothesis is excluded by more than 10c [8], where o is a
standard deviation, and the exotic structures confirmed in a model-independent manner. The sec-
ond study provides the first evidence of a Z_ structure in the decay B® — n.(18)x~K* [9] with
a mass and width of 4096 £ 2053 MeV and 152 £+ 581’22 MeV, respectively. Despite the huge
amount of information that has been accumulated about the XY Z states, their exact nature will only
be elucidated with the analysis of additional data. Fortunately, the prospects are good with BESIII
performing a scan of the e"e™ invariant mass interval between 4.2 and 4.6 GeV, more data to be
analysed and collected by LHCDb, and the start of Belle II [10].

The outstanding result on spectroscopy in 2019 has been the observation of the narrow states
in the J/yp invariant mass spectrum from Ag — J/wpK~ decays. Previously, LHCb had observed
that the J/yp invariant mass spectrum from these decays could only be well described when a
broad P.(4380) state and a narrow P.(4450)7 state are included [11]. These new states are inter-
preted as ccuud pentaquarks. A new analysis has been performed with a sample of Ag —J/ypK~
decays that is an order of magnitude larger than that previously analysed [12]. The analysis iden-
tifies a new narrow state, the P.(4312)", and that the originally observed P.(4450)" is composed
of two overlapping narrow states the P.(4440)" and P.(4457)". Figure 1 shows a fit to the J/yp
invariant-mass spectrum including these states. The masses of the states lie just below the sum of
the X and p°
However, to confirm the molecular interpretation, both a full partial-wave analysis to determine the

masses, which is strongly indicative of a molecular explanation for these states.

spin and parity of the states, as well as observation of isospin partners, are required; as such some
contribution to these states from a tightly bound five-quark state cannot be ruled out.

3. b and ¢ quark production

Before discussing the b and ¢ quark production, we will highlight an important measurement
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involving the production of strange baryons, specifically the determination of the A polarisation
by the BESIII Collaboration [13]. Exploiting a sample of 1.3 billion J/y mesons, a full angular
analysis of the process ete™ — J/y — AA allows the polarization to be determined for both A and
A separately. The previous measurements of the polarization are found to disagree with the new
measurement by (—17 4= 3)%, which means that all measurements that previously relied on these
parameters should be reinterpreted. Further, the difference between the polarisation parameters for
A and A provide a 1%-level test of CP violation in hyperon decays.

Many results for quarkonium production are available from RHIC and the LHC. The differing
centre-of-mass energy and pseudorapidity coverage of the experiments lead to complementarity
among the experiments. The initial states studied are: (i) pp, as a reference for pA and AA, as well
to better model production for pp analyses; (ii) pA as a means to investigate the transition between
cold to hot nuclear matter i.e. the effect of nuclear shadowing; and (iii) AA to study hot nuclear
matter and search for evidence of the QGP. The suppression of ¢¢ and bb state production has been
considered a key signature of the QGP [14]. There are many observations of suppression of char-
monium and bottomonium in AA collisions since the first suggestions from the NA50 experiment
[15]. Recent results have focused on testing models of onia production and understanding what, if
any, impact cold nuclear matter (CNM) effects have. For example, there are several measurements
comparing pPb and PbPb production rates [16, 17, 18], which confirm the suppression is unlikely
to be the result of CNM effects. Further, sequential suppression [19] between the J/y and y/(25)
is observed. Precise tests of the QGP using quarkonia are expected in the years ahead that will
hopefully allow a consistent model to be developed to describe all the measurements.

4. Top quark physics

The rate of ¢f pair production at the LHC is 8 Hz, when the collider is operating at an instan-

2s~! and a pp centre-of-mass of energy of 13 TeV. Therefore, the

taneous luminosity of 103 cm™
LHC is a top factory that is accumulating unprecedented samples to study top production (Sec. 4.1)
and the top quark properties, such as its mass, width, spin correlations and couplings (Sec. 4.2).
The wide array of measurements provide information across the electroweak and QCD sectors of

the SM, as well as probing for beyond-the-SM contributions.

4.1 Top production measurements

Figure 2 summarises the many measurements of top cross sections for pair production and
single top production reported by the CMS Collaboration, including measurements where addi-
tional particles are produced in association.! These measurements cover cross sections that span
five orders of magnitude, thus allowing precision tests of the theoretical predictions even of rela-
tively rare processes. We cannot cover all of these measurements, so we will focus on some recent
developments related to production of top-pairs and single-top in association with a vector boson.

The CMS Collaboration has recently reported measurements of pp — t7Z° production [20]
using a 13 TeV data sample corresponding to 77.5 fb~!. This process is directly sensitive to the

I'Similar plots compiled by the ATLAS Collaboration can be found at
https://atlas.web.cern.ch/Atlas/GROUPS/PHY SICS/CombinedSummaryPlots/.
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Figure 2: Summary of top pair, single-top and four top production cross section measurements and limits
presented by the CMS Collaboration. The measurements include those of top production associated with
other particles. Standard model predictions are shown as grey bands for comparison.

7% — 17 coupling. These measurements use decays that have three or four charged leptons in
the final state, which include an oppositely charged pair consistent with Z° — ¢T¢~ decay, as
well as b-tagged jets from the top-quark decay. The production cross section is measured to be
o(tfZ) = 0.95+0.05£0.06 pb. The samples are of sufficient size to allow differential cross
section measurements for the first time. These differential distributions are fit in the context of SM
effective-field theory (SMEFT) [21, 22] to obtain the most stringent limits to date on anomalous
couplings of the top to the Z° boson. Such a SMEFT interpretation has great potential to be applied
to other measurements of associated production such as t#W and tgW .

The ATLAS Collaboration has recently made measurements of the tW cross section using
a sample of 13 TeV collision data, corresponding to an integrated luminosity of 36.1 fb~! [23].
The final state is identified by the presence of two charged leptons and two b-tagged jets. The
differential cross section with respect to the bl mass is measured and to fully describe the data
away from the peak it is observed that the interference with the gg — tf — bb{~ V¢ v, process
must be accounted for. Recent NLO calculations at the parton level [24] have made this possible,
further the narrow top width approximation has to be relaxed to include the interference, which can
in turn be used to determine the top width, as we will describe in next section.

4.2 Top properties

Given the top mass is known to 0.2% [25] much more attention is now paid to determining its
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Figure 3: Relative deviation of A¢ in #7 events measured by the ATLAS Collaboration [28] to the generator
prediction from POWHEG + PYTHIAS. Several calculations, along with their uncertainties are shown, with
only the fixed-order calculation shown in green giving reasonable agreement.

other properties such as width, spin correlations and couplings. The differential tW cross section
[23] already discussed has allowed a direct determination of the top width [26] by using the interfer-
ence in the tails of the b¢ invariant mass distribution. The value obtained is 1.28 +=0.30 GeV, which
agrees with the SM prediction of 1.33 £0.29 GeV, and does not require the restrictive assumption
of the indirect determinations [27] that the branching fraction for t — bW ™ is 100%.

The spin correlations of the produced 7 pair at the LHC are preserved due to the top life-
time being very much less than the hadronisation timescale. Information about the correlation is
accessed in events where both W boson daughters of the #7 pair decay leptonically, by measuring
the azimuthal opening angle A¢ between the two leptons. The ATLAS Collaboration has reported
results using 13 TeV pp collision data corresponding to an integrated luminosity of 36.1 fb~! [28].
The distribution of A¢ is compared to several NLO generator predictions, which consistently un-
derestimate the size of the correlation (Fig. 3). However, a fixed order calculation [29, 30, 31]
agrees with the data within the large uncertainties related to the assumed scales in the calcula-
tion. Therefore, more experimental and theoretical work is required to assess whether the observed
enhancement maybe the result of possible beyond-the-SM physics.

The final top-physics topic we discuss is a proposal to measure the magnitude of the Cabibbo-
Kobayashi-Maskawa matrix element V,; using top decays [32]. This would be the first measure-
ment at the electroweak scale rather than that of the b-quark mass. All previous measurements of
V. use semileptonic b decays, which have a systematically limited precision of 2% [33] due to the
theoretical interpretation of the measurements. Furthermore, there has been long-standing tension
between measurements made in exclusive and inclusive b decays, so alternative methods are de-
sirable. The proposed method uses 7 pairs where 7 — bW~ — b0~ vy and t — bW+ — bgc. The
fraction of events with ¢ = b will be proportional to \Vcblz. Therefore, the experimental topology
is a lepton, a charm-tagged jet and three b-tagged jets. It is estimated that with a HL-LHC data set
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of 3000 fb~! a relative precision of 1 to 5% on |V,;| is possible, where the variation arises from
assumptions about the performance of the charm-tagging algorithm [34].

5. b and c decays

Our final topic is the study of weak decays of b and ¢ quarks, otherwise known as flavour
physics. The current focus in flavour physics is to make precision measurements of observables
that are potentially sensitive to physics beyond the SM. We review some recent measurements of
CP violation and tests of lepton universality. We also consider the interpretation of the observed
anomalies in B decays.

CP violation has been observed in the decays of s and b quarks for some time, further, the
amount of CP violation observed is described well by the Kobayashi-Maskawa mechanism [35] in
the SM. However, CP violation had not been observed in ‘up’-type quarks. CP violation is expected
to be very small in the SM but is most likely to be enhanced in singly Cabibbo suppressed (SCS)
decays [36]. The LHCb Collaboration reported the first observation of CP violation in charm meson
decay this year [37]. The LHCb Collaboration measures AAcp, which is the difference in direct
CP asymmetries measured separately in the SCS decays D° — n¥ 7~ and D° — K*K~, because
it is experimentally robust against asymmetries in the production and detection of the final state.
Combining all the data collected at 7, 8 and 13 TeV, as well as tagging the flavour of the D° using
the decay chains D** — D" and B — Du~ Vv, X, they measure AAcp = (—15.44+2.9) x 1074,
which differs from zero by more than 5o. Theoretical predictions based on light-cone sum rules
[38] lead to upper bounds for |[AAcp| which are roughly an order of magnitude smaller than the
experimental central value. Howerver, the large asymetry is so far consistent with SU(3)-flavor
analyses (see for example Ref.[39]). Only further measurements of CP violation in the charm
system, along with theoretical advances, will clarify whether new physics is being observed in
charm CP violation.

The other recent experimental advances have come from additional measurements of modes
in which the so called flavour anomalies have been observed: B — K*)¢*¢~ and B — D¥ 1~ v,.

Two of the anomalies are related to possible violations of lepton universality. The first are mea-
%(B—>K(*>/,L+u*)
&?(B—>K(*)e+e*) ’
the SM prediction by between 20 to 3¢ in different regions of ¢, the dilepton invariant mass,

surements of Ry = which have been observed to be consistently lower than

by the LHCb Collaboration [40, 41]. These processes are electroweak-penguin decays, whose
leading-order amplitudes proceed at loop level, hence, these observables are very sensitive to pos-
sible contributions from new physics. Until this year, measurements were only reported using
data samples collected at centre-of-mass energies of 7 and 8 TeV, which corresponded to an in-
tegrated luminosity of 3 fb~!. An updated measurement of Rx has been released with an addi-
tional 2 fb~! of data included, which was accumulated at 13 TeV [42]. The measured value is
Rk (1.1 < g% < 6.0 GeV?/c*) = 0.8467 00870016 which is 2.50 from the SM prediction. The
improvement in uncertainties has been compensated by a shift in the central value to leave the sig-
nificance of the observation almost unchanged. Further updates are eagerly anticipated using the
additional 4 fb~! of 13 TeV data for Rg and all 6 fb—! data for the updates to Rk to see if there
will be any evidence of greater than 30 departures from the SM. It is also worth noting that very
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Figure 4: Comparison of individual measurements, world average values and the theoretical predictions of
R(D) and R(D) [33].
recent results by the Belle Collaboration [43] are consistent with both LHCb and the SM, albeit

with larger error bars.

_ B(B-DW1V,)
— B(B-DWLV)
Figure 4 shows the current world average compared to the theoretical prediction. The average
disagrees with the SM by 30, but the most recent measurement from the Belle Collaboration [44],
which uses a semileptonic tag, agrees with the SM prediction within uncertainties. Therefore,

further measurements by Belle II and LHCb are required. It should be noted that these decays

The second set of measurements related to lepton universality are of R (D(*))

proceed at tree level, rather than the loop level of the electroweak penguins. Therefore, if there is
new physics contributing to this decay the mass scale of the particles involved must be close to the
electroweak scale & (1 TeV'), whereas the loop mediated processes are sensitive to much heavier
mass scales as well.

The third anomalous measurement is in the differential decay rate and angular distribution of
the decay B — K*u™ = [45], particularly the observable P! [46] where there is 3.40 discrepancy
with the SM prediction reported by the LHCb Collaboration. This anomaly appears more generally
across the landscape of exclusive B — K®)utu~ and By — ¢utu~— observables [47, 48]. The
LHCD analyses of b — syt~ angular distributions are yet to be updated with the 6 fb~! of data
collected at 13 TeV, and similar measurements have been reported by Belle [49], ATLAS [50] and
CMS [51]. From the theory point of view, predictions for these observables require a handle on
local and non-local form factors [52, 53]. These can be addressed systematically at low dilepton
invariant mass from light-cone sum rules with B-meson distribution amplitudes (DAs) [54, 55, 56,
57]. For that purpose, continuing efforts in the study of the B-meson DAs [58, 59] look promising.

Model-independent analyses, with lepton universality conserving and violating Wilson coeffi-
cients, in which all the anomalies taken together in both b — s/~ and b — ¢T~ V. decays, show
evidence for physics beyond the SM at the level of 70 [60]. Among the specific extensions of the
SM, those that contain vector leptoquarks are most promising to describe all the data coherently.
An example, from Ref. [61], is shown in Fig. 5, where all the anomalies are described consistently
with the introduction of a U(1) vector leptoquark.



Summary of Working Group 5: Heavy Flavours

ARp«
0.0 0.1 0.2
01 e ————
ook .SM ARp- ]
1::& —0.14 / ‘\ .
ARk / o ]
<] / ombined 1
a —02r w, ]
e “\ / ]
~ ' ]
4 -o03f N ]
_0.4L ]
ARD ]
[ | S P I P
-0.2 0.0 0.2 04 0.6
ARp
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of a model of U(1) vector leptoquarks [61].

Until there is undeniable statistical evidence for these discrepancies, there will be continued
debate about whether these measurements are providing the first collider-based hints of beyond-
the-SM physics. Fortunately, with the upgraded LHCb [62] and Belle II experiments [10] about to
collect unprecedentedly large samples of b decay, there is great potential for discovery in the years
ahead.

6. Conclusion

The study of heavy flavour physics is a vibrant topic with results probing the QCD, elec-
troweak physics and searching for physics beyond the SM. Furthermore, we have only been able to
highlight a handful of the many results presented during the working-group sessions due to concise
nature of this summary. This vibrancy within the community will continue, as the particle physics
community focusses more and more on precision measurements and searches for rare processes,
given the absence of the direct evidence for new physics at the TeV scale from the results reported
by ATLAS and CMS. The potential for discovery in flavour physics is great and we expect many
exciting ¢, b and ¢ decay results to be presented at future DIS workshops.
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