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1. Introduction

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

Experimental measurements of cross sections for the ptioduaf heavy quarks and different
charmed and beauty hadrons, are extremely important tagreemboth the structure of the proton
in various kinematic regions and fundamental parametetbefStandard Model (SM), such as
quark masses and couplings. Precision in the determinafidine parton distribution functions
(PDFs) of the proton is crucial for the interpretation of si@ments in hadronic collisions. PDFs
represent a limiting factor in the accuracy of theory prédics for SM processes at the LHC.
In this workshop the H1, ZEUS, Tevatron, ATLAS, CMS, and LH&periments presented novel
measurements which are of high importance for the detetinimaf unpolarized PDFs. Moreover,
it has been reported about the progress going on on the tleabsade to reach the nestate-of-the-
art in high-order QCD calculations to determine fully diffetiath cross sections for heavy-flavour
production at hadron colliders. Heavy-flavour productionparticular production of top-quark
pairstt) has the potential to impose clean constraints on PDFsifyjlablargex, where they are
currently weak.

Heavy-flavour decays were also extensively discussed riicplar new measurements for the
B-meson decay and rare charm and beauty-quark decays vesenped by the ATLAS, LHCD,
and Babar collaborations. Heavy-flavour decays are impbttaunderstand the flavour structure
of the SM. At the present time, the SM leaves many open questbout the flavour sector: the
origin of generation and masses, the mixing and disappearahantimatter. Investigations on
charge and parity (CP) violations in hadronic final stated an rare decays of hadrons made
of heavy flavours, offer a powerful way to set constraints ew physics. Furthermore, heavy
quarks hadronize in various charmed and beauty hadronsavatige number of possible decays to
different final states. This increases the observabilit¢Bfviolation effects. Therefore, precision
measurements of heavy-flavour decays provide us with singgsts of the Cabibbo-Kobayashi-
Maskawa (CKM) theory [1, 2].

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

Many future high-energy physics programs at colliders ertext years will be focussed on
the search for any possible signature of physics beyondhBSM). All of the topics presented
in the heavy-flavour working group sessions of the DIS201&kelwop are extremely important in
this respect. Heavy-flavor physics will play a crucial raiechieving this goal. This was reflected
in all experimental and theoretical analyses presentethatiggered a large number of interesting
and lively discussions. In what follows, the studies présgin 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 studyrdperfies of the hot and dense
nuclear matter created in high-energy heavy ion collisionthe Relativistic Heavy lon Collider
(RHIC) and ALICE experiments. These measurements will beyatk understand evolution
of medium effects from proton-protorpp) to heavy-ion collisions. S. Lim presented measure-
ments [3, 4] of the transverse momentgnof leptons decaying from charmed/beauty hadrons in
deuteron + goldd + Au) collisions at the PHENIX experiment, and discussed seveoalel cal-
culations. Results in Fig.1(left) show suppression of thavy-flavour pair production at forward
rapidity. Z. Ye presented recent results [5] on open heawofl production through semi-leptonic
decay channels from the STAR experiment. The results shawoagssuppression for the Non-
Photonic Electron (NPE) production gfSyn = 200 GeV in gold-gold(Au+ Au) collisions. In
Fig.1(right) Non-photonic electron azimuthal anisotespare compared to different model calcu-
lations at,/syn = 200 GeV. D. Thomas presented measurements [6] of open Hilzaoyr pro-
duction cross sections and their dependence on chargedeantltiplicity in pp(,/s=2.76 TeV
and./s= 7 TeV) and proton-leadp(+ Pb) collisions (/s= 5.02 TeV) at the ALICE experiment.
Differences between two-patrticle correlation distribatin high (0-20%) and low (60-100%) mul-
tiplicity in the (An,A@) space, are shown in Fig.2(left), where a double-ridge sirads observed
in heavy-flavour decay electron azimuthal angular corieatin p+ Pb collisions. K. Kovarik
presented a theory talk in which theoretical predictionsioled with shower Monte Carlo pro-
grams are compared to different theories where fixed-or@eulations are extended with next-to-
leading logarithms and to predictions using the GeneralsMé&siable Flavour Number Scheme
(GM-VFENS). Results [7] are compared to recent measurenwétiteavy-flavour production ipp
collisions at the ALICE experiment [8] in Fig.2(right). Tée findings are important to under-
stand theory uncertainty for the baseline processes bsfodging 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-mastmare decays of charm and
bottom-quark decays. B-physics and heavy-flavour rareydeaee extremely important as they
lead to interplays of the flavour sector and collider physiddoreover, precise measurements
in the flavour sector set severe constraints on new physiesv iINeasurements [9] of B-hadron
production with the ATLAS experiment were presented by JiefZkas. He showed studies of
B — J/t,UDg*)+ using/s= 7 and 8 TeV data collected in 2011 and 2012. The main residts a
shown in Fig.3(left) where branching ratios seem to be galyewell described by perturbative
QCD (pQCD) and are consistent with several other theoteaticalels such as QCD potential [10],
and Light-front quark model (LFQM) [11]. These results aperfd to be consistent with simi-
lar measurements [12] performed at the LHCb experiment. Mz&szcz presented rare charm
and bottom decays measurements [14] ugipgcollision data at the LHCb experiment. In par-
ticular, he discussed the angular analysis ofBhe~ K*%u*u~ decays and results for a relevant
angular variable are shown in Fig.3(right). Neglecting tberelations between the observables,
the measurements seem to be in agreement with the SM poedictalthough thé®’s angular
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Figure 1: Left: Suppression of the heavy-flavour production at forwarddiapin d+Au collisions at
PHENIX. Right: Non-photonic electron azimuthal anisotropies in Au+Allismns at STAR.
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Figure 2: Left: Two-particle correlation distribution in p+Pb collisierat ALICE. Right: Transverse-
momentum distributions of muons from heavy-flavour (charmd bottom-quark) decay produced in the
forward region at the LHC witR/s= 7 TeV and compared to ALICE data.

observable exhibits a local tension with respect to the Sédliption at a level of 3.@. These

results have important implications on the limits on anamaltriple gauge bosons couplings.
New theoretical models for B-decays were discussed in M. &dyis presentaion [15]. He dis-
cussed results obtained from anti-de Sitter Quantum Chdgmamics (AdS/QCD) and used to
calculate light cone distribution amplitudes f@randK* vector mesons. In Fig.4(left) these distri-
bution amplitudes, utilized to calculate tBe— K*u™ u~ differential decay width, are compared
to recent LHCb data. CP asymmetries between same-sigrsiveldilepton samplek"|* and
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Figure 3: Left: Comparison of the results of this measurement with thoddH@b and theoretical predic-
tions based on a QCD relativistic potential modBight: The observabl®’s in bins ofg°>. The shaded
boxes show the SM prediction of Ref. [13]
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Figure 4: Left: The AdS/QCD prediction foB — K*u*pu~ differential decay width.Center. Measure-
ments of CP asymmetry in neutral B mixing, including this sweament, recent LHCb resuliRight:
Likelihood contours ing — Al plane. The blue and red contours show the 68% and 95% liledilcon-
tours, respectively (statistical errors only). The greandis the theoretical prediction of mixing-induced
CP violation.

I-1- (I = e u) from semileptonic B decays i¥(4S) — BB events have been measured [16] at
the BaBar experiment and presented by M. Chrzaszcz. Thgsarasiries are important probes
for CP and T symmetry violations. Results are shown in Fagdier) where the CP asymmetry is
Acp = (—3.943.5(stat ) +1.9(syst)) x 10~2 and is consistent with the SM expectation. T. Nooney
presented results of new physics searches with B mesons ATthAS experiment [17]. In partic-
ular, she discussed the parameter8gf- J/ (¢ decay and showed that they are consistent with
the values predicted by the SM. Fig.4(right) shows the mesullts of this study, where the width
differenceAr s of the twoB andETg mesons is represented in terms of the CP violating plpase
Many new physics models can significantly affggttherefore 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 goingdorbe extremely important for
future precision programs at colliders. Differential @agctions for the production of charm and
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beauty-quark in QCD jets, or in association with vector mss@re excellent probes of QCD fac-
torization and also have the potential to constrain PDF&efproton, if such measurements are
sufficiently precise. The ATLAS, CMS, Tevatron, and HERA enments presented several new
results for these observables. P. Gunnellini presentedresuits for the measurement of four-jet
production including two b-quark jets at the CMS experiniési at/s= 7 TeV. The main results
of this analysis are shown in Fig.5(left), where the difféia@ cross sections as a function of the

of the jet is compared to the SM calculation in different dityi bins. The SM prediction is found
to be in good agreement with the data. P.T. Mastrianni shaeeeht measurements beauty-quark
pair production associated with a vector boson at the CMS40921] experiment ay/s= 7 TeV.

In particular he discussed the total inclusive cross sedtiopp — Z(I I_) +bbX process, illustrated

in Fig.5(right), and compared the experimental measurésrterseveral theoretical QCD calcula-
tions at the NLO accuracy. Data and theory are in very goodeagent within the uncertainties.
Measurements of open charm production in deep-inelasitreh-proton €p scattering (DIS) at

3pb (7 TeV), pp— 2b+2j+X
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Figure 5: Left: Differential cross sections unfolded to the stable pkatievel as a function of the jet
transverse momenta at CMS 7 TéRight: Total inclusive cross section fgrp — Z(I1) 4+ bbX at CMS 7
TeV.

HERA provide important input for stringent tests of the theof strong interactions. Moreover
these precise measurements provide a consistent detéiominseveral important physical quan-
tities such as the charm contribution to the proton strecfunctions, the charm-quark mass,
and allow us to obtain improved predictions & and Z-production cross sections at the LHC.
Several new results from HERA have been presented in therduworkshop. A combination of
differential D)+ cross-section measurements from H1 and ZEUS collabosatibtHERA [22]
was presented by O. Behnke. Perturbative next-to-leaglidge QCD predictions are compared
to the results for thgr spectrum of thdd* in Fig.6(left). The predictions describe the data well
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within their uncertainties, although higher order caltioles would be helpful to reduce the theory
uncertainty to a level more comparable with the data precidrurther improvements in the treat-
ment of heavy-quark fragmentation would also be desirabe Wing presented measurements
of D) photoproduction at three different centre-of-mass epsrfiiom the ZEUS collaboration

at HERA [23]. The dependence on tbp centre-of-mass energy was presented for the first time.
Variations of the cross section with centre-of-mass enargysensitive to the gluon PDF in the
proton, as different values of Bjorkenare probed. The main results are shown in Fig.6(right)
where the normaliseB*) visible photoproduction cross sections as a function ogiheentre-of-
mass energy are compared to NLO QCD theory predictions. Meaments are in good agreement
with QCD predictions. B.K. Abbott presented for the firstéimnew measurement of the forward-
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Figure 6: Left: Differential D*)*-production cross section as a functionmf(D) at HERA. The data
points are the combined cross sectioRight: NormalisedD*) visible photoproduction cross sections as a
function of thee pcentre-of-mass energy at HERA.

backward asymmetryAeg) in the production oB* mesons inpp collisions at the DO experiment
during the Run-II of the Tevatron collider [24, 25]. He shambat DO measured no significant
forward-backward asymmetry. The result fyg(B*) = —0.0024- 0.0041(stat) + 0.0019(sy9
illustrated in Fig. 7(left), is compatible with zero. Lobglsome tensions between data and the
MC@NLO [26] theory prediction are found. Nonzero asymnestrivould indicate a preference
for a particular flavor, i.e., b quark or b antiquark, to bedueed in the direction of the proton
beam. These measurements provide important constraintegroduction mechanisms of heavy
guarks at hadron colliders.

Searches of exotic states are going on at the LHC. In paatiche existence of th¥ (3872
resonance suggests the presence of its bottomonium cparit&. J.M. Izen presented a study
in which searches fox, states with the ATLAS experiment [27] in final states inchglit™ m Y
channel, are discussed. The main results are shown in Rg@( in which exclusion limits for
the relative production rate of thg, 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 wageactive and triggered several
interesting discussions. New results were presented frotim &perimental collaborations and
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theorists. J. Wilson presented new results for the measmnof differential forward-backward
asymmetries as a function of rapidifyy = y; — yr and invariant mass of bottom- and top-quark
pair production at CDF Tevatron [28]. Recent measurememtthe Mt distribution for Arg are
illustrated in Fig.8(left) where these are compared to t\VHEG [29] theory prediction. It has
been recently found [30] that the NNLO QCD corrections totthgquark pair production cross
section are large (27% of the NLO) and when these are combiitadhe EW (25% of the NLO)
corrections, produce inclusivB:g ~ 10%. The plot in Fig.8(right), presented by A. Mitov in
the plenary session, shows the NNLO QCD prediction fogedifferential asymmetry together
with the CDF [31] and DO [32] measurements. The agreememidest the data and theory has
improved, and the NNLO theory is less thand Below the CDF data.
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Figure 8: Left: The parton-leveM;idistribution for theArg at CDF [31]. The shaded region represents the
theoretical uncertainty on the slope of the predicti®ight: M distribution for theAgg in pure QCD at
NLO (blue) and NNLO (orange) versus CDF [31] and DO [32] data.
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N. Kidonakis reported about the recent progress in appradn@QCD calculations for top-
quark pair production using logarithmic threshold expansiof the resummed cross section. In
particular, he showed approximate cross sections up to NDE(a2)) for relevantt observables
at the LHC and Tevatron [33]. In Fig.9(left) these highedar 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@Hwnd comparison with
CMS data [34].Right: Summary of LHC and Tevatron measurements of top-quarkgpaduction.

J.G. Garay, A. Jung, S. Protopopescu, and C. Schwanenbgagerdetailed presentations
and overviewes on the current status of measurements fajuagk pair production inclusive and
differential cross sections at the ATLAS and CMS experirme@. Schwanenberger summarized
results of the measurementstbf jets,tt + y, tt + Z, andtt +W production at the ATLAS experi-
ment [35]. Top-quark properties and decays were also axtngliscussed. Preliminary ATLAS
and CMS combined results for the inclusiteross section measurements &= 8 TeV [36, 37]
were presented. The main results are illustrated in Figi&jt where LHC and Tevatron mea-
surements oft pair production cross section are shown as a function of¢éhé&re-of-mass energy
and are compared to the NNLO QCD calculation complementdd MNLL resummation [38].
Examples of measurements of top-quark pair productioermifftial cross sections at ATLAS [39]
and CMS [40] at,/s= 8 TeV, are shown in Fig.10. Precise measurements for thess sections
are extremely important for global QCD analyses to consadton PDFs (in particular the gluon)
in the largex region, where these are currently poorly determined. Maredhese measurements
provide us with the possibility of pinning down the corr@at between the cross section, PDFs,
as, and top-quark mass. S. Menke and H. Liu presented measntgmithe top-quark mass
m, at the LHC and Tevatron respectively. Very recemtmeasurements at ATLAS [41] 7 TeV
and CMS [42] at 8 TeV are shown in Fig.11, where the CMS summesult of LHC Run-I is
m = 17238+ 0.10(stat) + 0.65(sys GeV. The preliminary ATLAS summary result of the 7 TeV
Run-l ism = 17299+ 0.48(stat) +0.78(sys GeV. The March 2014 Tevatron plus LHC combined
result ism = 17334+ 0.27(stat) + 0.71(syg GeV. The results presented by H. Liu for thg
combined measurements from CDF and DO experiments at trerdevcollider [43] are shown in
Fig.11(right). The Tevatron combination resultednin= 17434+ 0.37(stat) + 0.52(sysh GeV.
Measurements of the top-quark properties in the produetimhdecays df events at CMS [44] and
ATLAS [45] were discussed by A. Jung. In particular he disagsmeasurements of the top-quark
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Figure 10: Left: Normalized differential cross-section of highly boostep quarks as a function of the top
quarkpr. Right: Normalized differentiatt production cross section in thejets channels as a function of
the top-quarkpr

pair charge asymmetrwy helicity in top decays, top-quark chardgespin correlation, and searches
for anomalous couplings. A sample of the main results is shiowFig.12(left) (ATLAS) and in
Fig.12(right) (CMS), where they are compared to the SM mtemlis and are found to be in agree-
ment. K. Finelli presented measurements of single-top yartioh cross section at ATLAS [46]
and CMS [47]. Inclusive and differential cross sections sueed in all channels were discussed.
The ATLAS and CMS preliminary combination for the total insive cross section for single top
production is shown in Fig.13(left). Single-top physicaiprobe for BSM physics. In fact, sin-
gle top-quark production cross sections set stringentdimm the mass of extra charged currents
decays ofV' — th. Two recent studies are shown at ATLAS [48] and CMS [49] in. E&fcenter,
right), where exclusion limits for the mass of right-hand&ét are given.

6. Heavy flavours in global QCD analyses of proton PDFs

This section is concerned with the impact of heavy flavouthéndetermination of the struc-
ture of the proton in global QCD analyses of world experimmedata. Measurements of heavy-
flavour cross sections play a crucial role in the most recBrft §lobal analyses [50, 51, 52, 53, 54,
55, 56], and are an essential ingredient of the LHC run-Igpam [57]. LHC run-Il measurements
will set a completely new frontier for PDFs accuracy, as tvélbe constrained in new kinematic
regions. Precise determination of PDFs and reduction af tineertainties are crucial for a correct
estimate and characterization of LHC cross sections anddar physics searches. In the stud-
ies presented at this workshop, several very recent heavgtit cross section measurements have
been exploited to constrain PDFs in kinematic regions sariaxplored.

T.J. Hou presented a detailed analyses of the predictionggfe- H andtt cross sections at
the LHC 7, 8 and 13 TeV, as well as their uncertainties fronm blo¢ PDFs and the strong coupling
as, in the context of the recent CT14 global QCD analysis [50]. particular, he discussed a
consistency check between the Lagrange multiplier andiatessethod. Some of the main results
are shown in Fig.14, where the behaviour of ffeas a function of the total inclusive NNLtDpair
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Figure 11: Left: Summary of the latest ATLAS directk measurementCenter: Summary of the eight
CMSm measurements and their combinati®ight: CDF and DOn measurements and their combination.

production cross section (left), and a contour plot (rigthx?(ait, as(Mz)) in the (ait; as(Mz))
plane at the LHC 13 TeV, are illustrated. This type of testdsesmely important to validate the
hessian analysis and check the consistency of PDF und@tain kinematic regions where there
are no data to set constraints.

A. Geiser presented a novel analysis [58] on behalf of thed&collaboration [59], in which
recent LHCb measurements of charm and beauty producti@s sextions [60, 61], in conjunction
with HERA data [62], are used in a NLO PDF analysis to directipstrain the gluon PDF down to
X~ 5-1076. This kinematic range is currently not covered by other eérpental data in perturba-
tive QCD fits. One of the key differential cross-section nueaments for the charmed DO meson
production at the LHCb experiment, is illustrated in Fidl&6). The main finding of this analysis
is illustrated in Fig.15(right), where the gluon PDF is fduie be positive and well constrained at
X~ 1076,

G. Brandt discussed an extension of the HERAPDF2.0 QCD fitifb@hich data of charm
and jet-production cross section are used to obtain a saamedus determination of PDFs and
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Figure 12: Left: Comparison of the inclusiv,ég andA‘C‘_measurement values to the theory predictions (SM
NLO QCD+EW prediction).Right: The right-handed helicity fraction of th& boson from the top quark
decay.
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Figure 13: Left: Summary of ATLAS and CMS measurements of the single-togyetion cross-sections
in various channels as a function of the center of mass ené&ggter: Observed and expected 95% CL
limits on theW’-boson cross-section times branching ratio predictiora amction of the mass of the/’
boson, for right-handed/’ bosons at ATLAS 8 Te\Right: Upper limits on the production cross-section of
right-handedV’ bosons obtained for combination of the electron and muonrméla at CMS 8 TeV.

as(M2). The new PDFs obtained in this simoultaneous fit are calleRAZEOJets [53]. The result-
ing value of the strong coupling constantigM2) = 0.1183+0.0009 exp) +0.0005mode) param) +
0.0012 hadronisation + 0.0037— 0.003(scalg. This value is in excellent agreement with the
world avergeas(M2) = 0.1185. In Fig.16(left) shown are different plots of the réisgl x? for
various determinations afs(M2). In the (right) panel the HERAPDF2.0Jets PDFs at factoriza-
tion scaley? = 10 Ge\? obtained from a NLO fit with freexs(M2), are illustrated. A significant
reduction of the uncertainty of the gluon PDF is found.

7. Conclusions

Heavy-flavour physics has many implications on the muléfad aspects of hadronic matter.
It is a powerful tool to probe features of QCD in different @exis and it is crucial for searches
of new physics. At this conference, a large number of vemgregting new results were presented
confirming that, even though an impressive amount of imporisults have already been achieved,
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Figure 14: Left: Dependence of the increase in the constrained CT14 fit oexpected cross section at
the LHC 13 TeV, foras(Mz) = 0.118.Right: Contour plot ofAx?(ait; as(Mz)) in the (air;, as(Mz)) plane
at the LHC 13 TeV.
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Figure 15: Left: Differential cross-sections for the charmed DO meson petidn at the LHCb experiment,
compared to NLO theoretical predictiorRight: Gluon PDF uncertainty as obtained from the QCD fit.

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