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1. Introduction

Heavy-flavor physics plays a leading role in many areas of collider phenomenology and pro-
vides us with powerful tools to handle perturbative and non-perturbative aspects of QCD.

Experimental measurements of cross sections for the production of heavy quarks and different
charmed and beauty hadrons, are extremely important to constrain both the structure of the proton
in various kinematic regions and fundamental parameters ofthe Standard Model (SM), such as
quark masses and couplings. Precision in the determinationof the parton distribution functions
(PDFs) of the proton is crucial for the interpretation of measurements in hadronic collisions. PDFs
represent a limiting factor in the accuracy of theory predictions for SM processes at the LHC.
In this workshop the H1, ZEUS, Tevatron, ATLAS, CMS, and LHCbexperiments presented novel
measurements which are of high importance for the determination of unpolarized PDFs. Moreover,
it has been reported about the progress going on on the theoretical side to reach the newstate-of-the-
art in high-order QCD calculations to determine fully differential cross sections for heavy-flavour
production at hadron colliders. Heavy-flavour production (in particular production of top-quark
pairstt̄) has the potential to impose clean constraints on PDFs (gluon) at largex, where they are
currently weak.

Heavy-flavour decays were also extensively discussed, in particular new measurements for the
B-meson decay and rare charm and beauty-quark decays were presented by the ATLAS, LHCb,
and Babar collaborations. Heavy-flavour decays are important to understand the flavour structure
of the SM. At the present time, the SM leaves many open questions about the flavour sector: the
origin of generation and masses, the mixing and disappearance of antimatter. Investigations on
charge and parity (CP) violations in hadronic final states and on rare decays of hadrons made
of heavy flavours, offer a powerful way to set constraints on new physics. Furthermore, heavy
quarks hadronize in various charmed and beauty hadrons witha large number of possible decays to
different final states. This increases the observability ofCP violation effects. Therefore, precision
measurements of heavy-flavour decays provide us with stringent tests of the Cabibbo-Kobayashi-
Maskawa (CKM) theory [1, 2].

A session of the workshop was dedicated to heavy-flavour production in heavy-ion collisions.
Heavy-flavour production in high-energy collisions of heavy ions and protons is an excellent probe
of the quark-gluon plasma (QGP) state of matter. Investigations of extreme conditions of QCD
matter at very high density and temperature open a way to understand the universe in a few mil-
lionths of a second after the Big Bang, and to set strong constraints on various model calculations
for heavy-flavour QGP interactions. New heavy-flavour production measurements in proton and
deuteron heavy-ion collisions were presented by the PHENIX, STAR, and ALICE collaborations.

Many future high-energy physics programs at colliders for the next years will be focussed on
the search for any possible signature of physics beyond the SM (BSM). All of the topics presented
in the heavy-flavour working group sessions of the DIS2015 workshop are extremely important in
this respect. Heavy-flavor physics will play a crucial role in achieving this goal. This was reflected
in all experimental and theoretical analyses presented, which triggered a large number of interesting
and lively discussions. In what follows, the studies presented in the heavy flavour working group
sessions are briefly summarized in chronological order.
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2. Heavy-flavour production in heavy-ion collisions

Heavy flavors are suggested as excellent probes to study the properties of the hot and dense
nuclear matter created in high-energy heavy ion collisionsin the Relativistic Heavy Ion Collider
(RHIC) and ALICE experiments. These measurements will be a key to understand evolution
of medium effects from proton-proton (pp) to heavy-ion collisions. S. Lim presented measure-
ments [3, 4] of the transverse momentumpT of leptons decaying from charmed/beauty hadrons in
deuteron + gold(d+ Au) collisions at the PHENIX experiment, and discussed severalmodel cal-
culations. Results in Fig.1(left) show suppression of the heavy-flavour pair production at forward
rapidity. Z. Ye presented recent results [5] on open heavy-flavor production through semi-leptonic
decay channels from the STAR experiment. The results show a strong suppression for the Non-
Photonic Electron (NPE) production at

√
sNN = 200 GeV in gold-gold(Au+ Au) collisions. In

Fig.1(right) Non-photonic electron azimuthal anisotropies are compared to different model calcu-
lations at

√
sNN = 200 GeV. D. Thomas presented measurements [6] of open heavy-flavour pro-

duction cross sections and their dependence on charged particle multiplicity in pp (
√

s= 2.76 TeV
and

√
s= 7 TeV) and proton-lead (p+Pb) collisions (

√
s= 5.02 TeV) at the ALICE experiment.

Differences between two-particle correlation distribution in high (0-20%) and low (60-100%) mul-
tiplicity in the (∆η ,∆φ) space, are shown in Fig.2(left), where a double-ridge structure is observed
in heavy-flavour decay electron azimuthal angular correlations in p+ Pb collisions. K. Kovarik
presented a theory talk in which theoretical predictions obtained with shower Monte Carlo pro-
grams are compared to different theories where fixed-order calculations are extended with next-to-
leading logarithms and to predictions using the General Mass Variable Flavour Number Scheme
(GM-VFNS). Results [7] are compared to recent measurementsof heavy-flavour production inpp
collisions at the ALICE experiment [8] in Fig.2(right). These findings are important to under-
stand theory uncertainty for the baseline processes beforestudying the heavy-quark suppression in
heavy-ion collisions.

3. B-physics and charm/beauty rare decays

Several presentations focused on the physics of the B-mesonand rare decays of charm and
bottom-quark decays. B-physics and heavy-flavour rare decays are extremely important as they
lead to interplays of the flavour sector and collider physics. Moreover, precise measurements
in the flavour sector set severe constraints on new physics. New measurements [9] of B-hadron
production with the ATLAS experiment were presented by J. Zalieckas. He showed studies of
B+

c → J/ψD(∗)+
s using

√
s = 7 and 8 TeV data collected in 2011 and 2012. The main results are

shown in Fig.3(left) where branching ratios seem to be generally well described by perturbative
QCD (pQCD) and are consistent with several other theoretical models such as QCD potential [10],
and Light-front quark model (LFQM) [11]. These results are found to be consistent with simi-
lar measurements [12] performed at the LHCb experiment. M. Chrzaszcz presented rare charm
and bottom decays measurements [14] usingpp collision data at the LHCb experiment. In par-
ticular, he discussed the angular analysis of theB0 → K∗0µ+µ− decays and results for a relevant
angular variable are shown in Fig.3(right). Neglecting thecorrelations between the observables,
the measurements seem to be in agreement with the SM predictions, although theP′

5 angular
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Figure 1: Left : Suppression of the heavy-flavour production at forward rapidity in d+Au collisions at
PHENIX. Right: Non-photonic electron azimuthal anisotropies in Au+Au collisions at STAR.
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Figure 2: Left : Two-particle correlation distribution in p+Pb collisions at ALICE. Right: Transverse-
momentum distributions of muons from heavy-flavour (charm and bottom-quark) decay produced in the
forward region at the LHC with

√
s= 7 TeV and compared to ALICE data.

observable exhibits a local tension with respect to the SM prediction at a level of 3.7σ . These
results have important implications on the limits on anomalous triple gauge bosons couplings.
New theoretical models for B-decays were discussed in M. Ahmady’s presentaion [15]. He dis-
cussed results obtained from anti-de Sitter Quantum Chromodynamics (AdS/QCD) and used to
calculate light cone distribution amplitudes forρ andK∗ vector mesons. In Fig.4(left) these distri-
bution amplitudes, utilized to calculate theB→ K∗µ+µ− differential decay width, are compared
to recent LHCb data. CP asymmetries between same-sign inclusive dilepton samplesl+l+ and

4



P
o
S
(
D
I
S
2
0
1
5
)
0
0
9

Heavy-flavour Physics Highlights Marco Guzzi

+πψJ/→+
cB

/BR+

s
DψJ/→+

cB
BR

1 2 3 4 5

ATLAS

+πψJ/→+
cB

/BR+

s
D*ψJ/→+

cB
BR

5 10
+

s
DψJ/→+

cB
/BR+

s
D*ψJ/→+

cBBR
1 2 3 4

Γ/±±Γ
0.2 0.4 0.6 0.8

ATLAS (Run 1)

LHCb (Run 1)

             model
QCD potential

QCD sum rules

RCQM

BSW

LFQM

pQCD

RIQM

]4c/2 [GeV2q
0 5 10 15

5’
P

-1

-0.5

0

0.5

1

preliminary
LHCb

SM from DHMV
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Figure 4: Left : The AdS/QCD prediction forB → K∗µ+µ− differential decay width.Center: Measure-
ments of CP asymmetry in neutral B mixing, including this measurement, recent LHCb result.Right:
Likelihood contours inφs−∆Γs plane. The blue and red contours show the 68% and 95% likelihood con-
tours, respectively (statistical errors only). The green band is the theoretical prediction of mixing-induced
CP violation.

l−l− (l = e,µ) from semileptonic B decays inϒ(4S) → BB̄ events have been measured [16] at
the BaBar experiment and presented by M. Chrzaszcz. These asymmetries are important probes
for CP and T symmetry violations. Results are shown in Fig.4(center) where the CP asymmetry is
ACP = (−3.9±3.5(stat.)±1.9(syst.))×10−3 and is consistent with the SM expectation. T. Nooney
presented results of new physics searches with B mesons at the ATLAS experiment [17]. In partic-
ular, she discussed the parameters ofBs → J/ψφ decay and showed that they are consistent with
the values predicted by the SM. Fig.4(right) shows the main results of this study, where the width
difference∆Γs of the twoB0

s andB̄0
s mesons is represented in terms of the CP violating phaseφs.

Many new physics models can significantly affectφs, therefore this observable is suitable to search
for BSM phenomena.

4. Charm and beauty quark production and exotic mesons

The charm and beauty-quark production process is going to become extremely important for
future precision programs at colliders. Differential cross sections for the production of charm and
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beauty-quark in QCD jets, or in association with vector bosons, are excellent probes of QCD fac-
torization and also have the potential to constrain PDFs of the proton, if such measurements are
sufficiently precise. The ATLAS, CMS, Tevatron, and HERA experiments presented several new
results for these observables. P. Gunnellini presented newresults for the measurement of four-jet
production including two b-quark jets at the CMS experiment[18] at

√
s= 7 TeV. The main results

of this analysis are shown in Fig.5(left), where the differential cross sections as a function of thepT

of the jet is compared to the SM calculation in different rapidity bins. The SM prediction is found
to be in good agreement with the data. P.T. Mastrianni showedrecent measurements beauty-quark
pair production associated with a vector boson at the CMS [19, 20, 21] experiment at

√
s= 7 TeV.

In particular he discussed the total inclusive cross section for pp→ Z(l l̄)+bb̄X process, illustrated
in Fig.5(right), and compared the experimental measurements to several theoretical QCD calcula-
tions at the NLO accuracy. Data and theory are in very good agreement within the uncertainties.
Measurements of open charm production in deep-inelastic electron-proton (ep) scattering (DIS) at

Figure 5: Left : Differential cross sections unfolded to the stable particle level as a function of the jet
transverse momenta at CMS 7 TeV.Right: Total inclusive cross section forpp→ Z(l l̄)+ bb̄X at CMS 7
TeV.

HERA provide important input for stringent tests of the theory of strong interactions. Moreover
these precise measurements provide a consistent determination of several important physical quan-
tities such as the charm contribution to the proton structure functions, the charm-quark massmc,
and allow us to obtain improved predictions forW andZ-production cross sections at the LHC.
Several new results from HERA have been presented in the current workshop. A combination of
differential D(∗)± cross-section measurements from H1 and ZEUS collaborations at HERA [22]
was presented by O. Behnke. Perturbative next-to-leading-order QCD predictions are compared
to the results for thepT spectrum of theD∗ in Fig.6(left). The predictions describe the data well

6
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within their uncertainties, although higher order calculations would be helpful to reduce the theory
uncertainty to a level more comparable with the data precision. Further improvements in the treat-
ment of heavy-quark fragmentation would also be desirable.M. Wing presented measurements
of D(∗) photoproduction at three different centre-of-mass energies from the ZEUS collaboration
at HERA [23]. The dependence on theepcentre-of-mass energy was presented for the first time.
Variations of the cross section with centre-of-mass energyare sensitive to the gluon PDF in the
proton, as different values of Bjorkenx are probed. The main results are shown in Fig.6(right)
where the normalisedD(∗) visible photoproduction cross sections as a function of theepcentre-of-
mass energy are compared to NLO QCD theory predictions. Measurements are in good agreement
with QCD predictions. B.K. Abbott presented for the first time a new measurement of the forward-
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Figure 6: Left : Differential D(∗)±-production cross section as a function ofpT(D) at HERA. The data
points are the combined cross sections.Right: NormalisedD(∗) visible photoproduction cross sections as a
function of theepcentre-of-mass energy at HERA.

backward asymmetry (AFB) in the production ofB± mesons inpp̄ collisions at the D0 experiment
during the Run-II of the Tevatron collider [24, 25]. He showed that D0 measured no significant
forward-backward asymmetry. The result forAFB(B±) = −0.0024± 0.0041(stat)± 0.0019(sys)
illustrated in Fig. 7(left), is compatible with zero. Locally, some tensions between data and the
MC@NLO [26] theory prediction are found. Nonzero asymmetries would indicate a preference
for a particular flavor, i.e., b quark or b antiquark, to be produced in the direction of the proton
beam. These measurements provide important constraints onthe production mechanisms of heavy
quarks at hadron colliders.

Searches of exotic states are going on at the LHC. In particular the existence of theX(3872)
resonance suggests the presence of its bottomonium counterpart Xb. J.M. Izen presented a study
in which searches forXb states with the ATLAS experiment [27] in final states including π+ π− ϒ
channel, are discussed. The main results are shown in Fig.7(right), in which exclusion limits for
the relative production rate of theXb state are given as a function of its mass.

5. Top-quark physics: production and properties

The top-quark physics sessions of the current workshop werevery active and triggered several
interesting discussions. New results were presented from both experimental collaborations and

7
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π+ π− ϒ, as a function of mass.

theorists. J. Wilson presented new results for the measurements of differential forward-backward
asymmetries as a function of rapidity∆y = yt − yt̄ and invariant mass of bottom- and top-quark
pair production at CDF Tevatron [28]. Recent measurements for theMtt̄ distribution forAFB are
illustrated in Fig.8(left) where these are compared to the POWHEG [29] theory prediction. It has
been recently found [30] that the NNLO QCD corrections to thetop-quark pair production cross
section are large (27% of the NLO) and when these are combinedwith the EW (25% of the NLO)
corrections, produce inclusiveAFB ≈ 10%. The plot in Fig.8(right), presented by A. Mitov in
the plenary session, shows the NNLO QCD prediction for theMtt̄ differential asymmetry together
with the CDF [31] and D0 [32] measurements. The agreement between the data and theory has
improved, and the NNLO theory is less than 1.5σ below the CDF data.
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Figure 8: Left : The parton-levelMtt̄ distribution for theAFB at CDF [31]. The shaded region represents the
theoretical uncertainty on the slope of the prediction.Right: Mtt̄ distribution for theAFB in pure QCD at
NLO (blue) and NNLO (orange) versus CDF [31] and D0 [32] data.
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N. Kidonakis reported about the recent progress in approximate QCD calculations for top-
quark pair production using logarithmic threshold expansions of the resummed cross section. In
particular, he showed approximate cross sections up to NNNLO (O(α5

s )) for relevanttt̄ observables
at the LHC and Tevatron [33]. In Fig.9(left) these higher-order corrections are shown and are
compared to recent LHC measurements.
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Figure 9: Left : Normalized aN3 LO top-quark pT distributions at the 7 TeV LHC, and comparison with
CMS data [34].Right: Summary of LHC and Tevatron measurements of top-quark pairproduction.

J.G. Garay, A. Jung, S. Protopopescu, and C. Schwanenbergergave detailed presentations
and overviewes on the current status of measurements for top-quark pair production inclusive and
differential cross sections at the ATLAS and CMS experiments. C. Schwanenberger summarized
results of the measurements oftt̄ + jets,tt̄ + γ , tt̄ +Z, andtt̄ +W production at the ATLAS experi-
ment [35]. Top-quark properties and decays were also extensively discussed. Preliminary ATLAS
and CMS combined results for the inclusivett̄ cross section measurements at

√
s= 8 TeV [36, 37]

were presented. The main results are illustrated in Fig.9(right), where LHC and Tevatron mea-
surements oftt̄ pair production cross section are shown as a function of the centre-of-mass energy
and are compared to the NNLO QCD calculation complemented with NNLL resummation [38].
Examples of measurements of top-quark pair production differential cross sections at ATLAS [39]
and CMS [40] at

√
s= 8 TeV, are shown in Fig.10. Precise measurements for these cross sections

are extremely important for global QCD analyses to constrain proton PDFs (in particular the gluon)
in the largex region, where these are currently poorly determined. Moreover, these measurements
provide us with the possibility of pinning down the correlations between the cross section, PDFs,
αs, and top-quark mass. S. Menke and H. Liu presented measurements of the top-quark mass
mt at the LHC and Tevatron respectively. Very recentmt measurements at ATLAS [41] 7 TeV
and CMS [42] at 8 TeV are shown in Fig.11, where the CMS summaryresult of LHC Run-I is
mt = 172.38±0.10(stat)±0.65(sys) GeV. The preliminary ATLAS summary result of the 7 TeV
Run-I ismt = 172.99±0.48(stat)±0.78(sys) GeV. The March 2014 Tevatron plus LHC combined
result ismt = 173.34± 0.27(stat) ± 0.71(sys) GeV. The results presented by H. Liu for themt

combined measurements from CDF and D0 experiments at the Tevatron collider [43] are shown in
Fig.11(right). The Tevatron combination resulted inmt = 174.34± 0.37(stat)± 0.52(syst) GeV.
Measurements of the top-quark properties in the productionand decays oftt̄ events at CMS [44] and
ATLAS [45] were discussed by A. Jung. In particular he discussed measurements of the top-quark
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Figure 10: Left: Normalized differential cross-section of highly boostedtop quarks as a function of the top
quarkpT . Right: Normalized differentialtt̄ production cross section in thel+jets channels as a function of
the top-quarkpT

pair charge asymmetry,W helicity in top decays, top-quark charge,tt̄ spin correlation, and searches
for anomalous couplings. A sample of the main results is shown in Fig.12(left) (ATLAS) and in
Fig.12(right) (CMS), where they are compared to the SM predictions and are found to be in agree-
ment. K. Finelli presented measurements of single-top production cross section at ATLAS [46]
and CMS [47]. Inclusive and differential cross sections measured in all channels were discussed.
The ATLAS and CMS preliminary combination for the total inclusive cross section for single top
production is shown in Fig.13(left). Single-top physics isa probe for BSM physics. In fact, sin-
gle top-quark production cross sections set stringent limits on the mass of extra charged currents
decays ofW′ → tb. Two recent studies are shown at ATLAS [48] and CMS [49] in Fig.13(center,
right), where exclusion limits for the mass of right-handedW′s are given.

6. Heavy flavours in global QCD analyses of proton PDFs

This section is concerned with the impact of heavy flavours inthe determination of the struc-
ture of the proton in global QCD analyses of world experimental data. Measurements of heavy-
flavour cross sections play a crucial role in the most recent PDF global analyses [50, 51, 52, 53, 54,
55, 56], and are an essential ingredient of the LHC run-II program [57]. LHC run-II measurements
will set a completely new frontier for PDFs accuracy, as theywill be constrained in new kinematic
regions. Precise determination of PDFs and reduction of their uncertainties are crucial for a correct
estimate and characterization of LHC cross sections and fornew physics searches. In the stud-
ies presented at this workshop, several very recent heavy-flavour cross section measurements have
been exploited to constrain PDFs in kinematic regions so farunexplored.

T.J. Hou presented a detailed analyses of the predictions for gg→ H andtt̄ cross sections at
the LHC 7, 8 and 13 TeV, as well as their uncertainties from both the PDFs and the strong coupling
αs, in the context of the recent CT14 global QCD analysis [50]. In particular, he discussed a
consistency check between the Lagrange multiplier and Hessian method. Some of the main results
are shown in Fig.14, where the behaviour of theχ2 as a function of the total inclusive NNLOtt̄ pair
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  syst)± stat  ±(

DØ-II lepton+jets 0.76±     174.98  0.63)±0.41 ±(

CDF-II lepton+jets 1.12±     172.85  0.98)±0.52 ±(

CDF-II MET+Jets 1.85±     173.93  1.36)±1.26 ±(

CDF-II alljets * 1.95±     175.07  1.19)±1.55 ±(

DØ-II dilepton 2.80±     174.00  1.49)±2.36 ±(

CDF-II dilepton * 3.26±     170.80  2.69)±1.83 ±(

Mass of the Top Quark

(* preliminary)July 2014

/dof = 10.8/11 (46%)2χ

(Run I and Run II)

Figure 11: Left: Summary of the latest ATLAS directmt measurements.Center: Summary of the eight
CMSmt measurements and their combination.Right: CDF and D0mt measurements and their combination.

production cross section (left), and a contour plot (right)of ∆χ2(σtt̄ ,αs(MZ)) in the(σtt̄ ,αs(MZ))

plane at the LHC 13 TeV, are illustrated. This type of test is extremely important to validate the
hessian analysis and check the consistency of PDF uncertainties in kinematic regions where there
are no data to set constraints.

A. Geiser presented a novel analysis [58] on behalf of the Prosa collaboration [59], in which
recent LHCb measurements of charm and beauty production cross sections [60, 61], in conjunction
with HERA data [62], are used in a NLO PDF analysis to directlyconstrain the gluon PDF down to
x≈ 5·10−6. This kinematic range is currently not covered by other experimental data in perturba-
tive QCD fits. One of the key differential cross-section measurements for the charmed D0 meson
production at the LHCb experiment, is illustrated in Fig.15(left). The main finding of this analysis
is illustrated in Fig.15(right), where the gluon PDF is found to be positive and well constrained at
x≈ 10−6.

G. Brandt discussed an extension of the HERAPDF2.0 QCD fit [53] in which data of charm
and jet-production cross section are used to obtain a simultaneous determination of PDFs and
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Figure 12: Left: Comparison of the inclusiveAll
C andAtt̄

C measurement values to the theory predictions (SM
NLO QCD+EW prediction).Right: The right-handed helicity fraction of theW boson from the top quark
decay.

Figure 13: Left: Summary of ATLAS and CMS measurements of the single-top production cross-sections
in various channels as a function of the center of mass energy. Center: Observed and expected 95% CL
limits on theW′-boson cross-section times branching ratio prediction, asa function of the mass of theW′

boson, for right-handedW′ bosons at ATLAS 8 TeV.Right: Upper limits on the production cross-section of
right-handedW′ bosons obtained for combination of the electron and muon channels at CMS 8 TeV.

αs(M2
Z). The new PDFs obtained in this simoultaneous fit are called HERA2.0Jets [53]. The result-

ing value of the strong coupling constant isαs(M2
Z)= 0.1183±0.0009(exp)±0.0005(model/param.)±

0.0012(hadronisation) + 0.0037− 0.0030(scale). This value is in excellent agreement with the
world avergeαs(M2

Z) = 0.1185. In Fig.16(left) shown are different plots of the resulting χ2 for
various determinations ofαs(M2

Z). In the (right) panel the HERAPDF2.0Jets PDFs at factoriza-
tion scaleµ2

f = 10 GeV2 obtained from a NLO fit with freeαs(M2
Z), are illustrated. A significant

reduction of the uncertainty of the gluon PDF is found.

7. Conclusions

Heavy-flavour physics has many implications on the multifaceted aspects of hadronic matter.
It is a powerful tool to probe features of QCD in different contexts and it is crucial for searches
of new physics. At this conference, a large number of very interesting new results were presented
confirming that, even though an impressive amount of important results have already been achieved,
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Figure 14: Left: Dependence of the increase in the constrained CT14 fit on theexpected cross section at
the LHC 13 TeV, forαs(MZ) = 0.118.Right: Contour plot of∆χ2(σtt̄ ,αs(MZ)) in the(σtt̄ ,αs(MZ)) plane
at the LHC 13 TeV.
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Figure 15: Left: Differential cross-sections for the charmed D0 meson production at the LHCb experiment,
compared to NLO theoretical predictions.Right: Gluon PDF uncertainty as obtained from the QCD fit.

a lot of work is ahead to explore key features of QCD and electroweak theory which are crucial to
face the challenges of LHC run-II.
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