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WG5S Highlights - Heavy Flavours

1. Overview

At this conference, several new developments related to heavy-flavour physics were presented
from the theory side. We summarise these in Section 2. Furthermore, a huge amount of new exper-
imental results was presented within the Heavy Flavour Working Group. In Section 3.1 the results
on open charm and beauty production in yp, ep and pp scattering are summarised. Results on
J/y and Y production and an update on the )y (4140) saga are given in Section 3.2. In Section 3.3
new results on heavy flavour hadroproduction are mentioned, while the measurements on top quark
physics are discussed in Section 3.4. Finally, in Section 3.5 results on spectroscopy and beauty de-
cays are summarised and in Section 3.6 an overview on the presented heavy flavour measurements
with heavy ions is given.

Please see also [1, 2] for the presentations given in the joint sessions with the Working Groups
on “Structure Functions and Parton Densities” and on “QCD and Hadronic Final States™.

Overall, the beautiful results that were presented reflect the impressive performance of the
experiments and the progress achieved in the theoretical models, which generally describe the data
remarkably well and are challenged by the measurements only in some cases.

2. Theoretical aspects

2.1 General methods

Recently, the publication of new data for charm production in semi-inclusive deep-inelastic
scattering (DIS) and technical progress on the theory side motivated several analyses to determine
the charm-quark mass from both DIS and hadronic data [3, 4]. Marco Guzzi discussed the charm-
quark mass impact on the CTEQ NNLO global analysis [6]. In their approach, the MS mass
m¢(m,) of the charm quark is extracted in the S-ACOT-) heavy-quark factorisation scheme at the
O(a?) accuracy. The obtained value of m.(m,) is consistent with the world-average value. The
best-fit values of m.(m,.) obtained via different approaches are shown in Fig. 1. The central result
of m. = 1.19f8:?§ GeV is consistent with the PDG value of 1.275 4+ 0.025 GeV within the errors.
There is a small tendency in the different results to undershoot the PDG value which was attributed
to missing &'(o) terms. Marco Guzzi and collaborators presented the systematic uncertainties of
the extracted value by varying the DIS scale, the PDFs, o, (M), the x? definition, and a parameter
A used in a generalized rescaling variable [7]. Varying m, leads to uncertainties on cross sections
for different processes. Marco Guzzi showed how the Higgs gluon-gluon and Z(I1) cross sections
depend on the charm-quark mass in an interesting two-dimensional plot. The calculation had been
performed within the NNLO accuracy.

Aleksander Kusina presented a new Hybrid Variable Flavour Number Scheme for heavy-
flavour production [8]. The approach, which was presented very recently in detail in [9] and seems
to have practical character, incorporates the traditional Variable Flavour Number and Fixed Flavour
Number schemes. In this new approach, one includes the explicit dependence on the number of
active flavours in parton distribution functions and the strong coupling constant. One gets the free-
dom to choose the “optimal” number of flavours for each particular data set. Aleksander Kusina
presented how such a fit can be implemented for both DIS and hadronic data.
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Figure 1: Best-fit values of m.(m,) from different extractions.

It is quite interesting when the Standard Model may break down. One can answer this question
based on the renormalization group (RG) analysis of the Standard Model running couplings such
as the Higgs self-coupling A. It is interesting if it stays positive up to the Planck scale. This would
imply that the vacuum remains stable. Mikhail Kalmykov presented [10] results of a recent analysis
of the electroweak contribution to the relation between pole and running masses of the top quark in
the framework of the pure Standard Model. He argued that the use of the MS running mass leads to
better convergence properties than for the pole mass in the framework of the renormalization group
equation. The quark anomalous dimension has two parts: the QCD and the electroweak contribu-
tion. Kalmykov and collaborators [11] obtained recently that the electroweak contribution is large
and has opposite sign relative to the QCD contribution. The final result for the difference between
pole and running mass, m,(M;) — M;, is small (almost consistent with zero). Mikhail Kalmykov
defined the optimal value for the RG matching scale as such when the radiative corrections to the
matching conditions between the running coupling and the pole masses are minimal. Within the
available accuracy, the IR-point lies in an interval between the Z-boson mass and the two masses of
the W boson. The scale value is relevant for extractions of the Higgs self-coupling from the cross
section. It is also useful for the construction of an effective Lagrangian.

2.2 Production of open and hidden heavy flavours and decays of heavy-flavour mesons

Rafat Maciuta discussed the production of charmed mesons at the LHC [12]. The presentation
was based on Ref. [13]. The calculation, results of which were discussed during the conference,
was performed in the framework of kr-factorization. Different unintegrated gluon distributions
(Kimber-Martin-Ryskin, Jung CCFM) were used in the calculation. Rafal Maciuta presented a de-
tailed discussion of theoretical uncertainties due to the choice of the fragmentation and the renor-
malization scale, choice of the charm-quark mass, etc. The hadronization of charmed mesons was
done with the help of the fragmentation-function technique. Inclusive differential distributions in
the transverse momentum of charmed mesons were presented and compared to recent experimental
data of ATLAS, CMS, ALICE and LHCb. The kr-factorization approach is particularly good for
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correlation observables. Some examples of the comparison to the LHCb data are shown in Fig. 2.
Good agreement is achieved. So far, there are no similar calculations in the framework of collinear
factorization.
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Figure 2: Invariant mass distribution of the D°D° system (left) and distribution in relative azimuthal angle
between D° and D for different UGDFs, compared with the LHCb data.

Semileptonic decays of charm and bottom mesons are an efficient source of so-called nonpho-
tonic electrons. This was achieved in the presented calculation with the help of decay functions
for D — e* and B — e™ fitted to CLEO and BaBar data. Inclusive differential distributions as
a function of the transverse lepton momentum for several kinematic regions were presented and
compared to recent results of the ALICE and CMS collaborations.

The situation at the LHC is quite different compared to that for RHIC or Tevatron as far as
the production of charm quarks/antiquarks is considered. The quickly growing double-parton-
scattering cross section for the production of two c¢ pairs becomes comparable to that for the
production of one pair [14, 15]. Antoni Szczurek presented a first evaluation of several differential
distributions for the production of cécc final states [16]. The double-scattering mechanism leads to
the production of pairs of mesons: each containing ¢ quarks or each containing ¢ antiquarks. Some
examples for the (D°D° + D°D®) production are shown in Fig. 3. The calculations are compared
with the LHCb experimental data [17]. The best description is obtained with the Kimber-Martin-
Ryskin unintegrated gluon distribution. It was discussed that the contribution of single-parton
scattering to the production of ccc¢ is small, at least in the high-energy approximation. A better
approach would require a full 2 — 4 calculation. Collinear approximation would be already a good
start. It was emphasised that the double-parton scattering gives a large contribution to inclusive
charmed meson spectra measured recently by the ALICE, ATLAS and LHCb experiments.

In the dominant production mechanism of heavy quarks the latter objects are produced ra-
diatively in the final state. It was advocated already long ago by Stan Brodsky and collaborators
[18] that the heavy quark can be a part of the non-perturbative proton structure. As heavy objects
they would carry a relatively large momentum fraction of the proton. Direct photon production in
association with a heavy quark is exactly one of the processes sensitive to the initial-state heavy-
quark distributions. This can be seen by analysing the leading-order contribution g+ Q — v+ Q.
Tzvetalina Stavreva discussed an interesting problem of probing the intrinsic charm-quark content
in the nucleon through direct photon-plus-heavy-quark production [19]. She presented a calcu-
lation which includes also higher-order contributions. A few models of the intrinsic charm were
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Figure 3: Invariant mass distribution of the D°D° system (left) and distribution in relative azimuthal angle
between DY and D° for different UGDFs, compared with the LHCb data.

discussed. They give quite a spread of predictions. The results of perturbative QCD (pQCD) cal-
culations were compared to the DO data. The distribution in the photon transverse momentum,
associated with the charm, underestimates the D0 data at photon transverse momenta larger than
100 GeV. The resulting ratio “data to theory” is shown in Fig. 4. One can see some missing strength.

At the LHC, one probes in general much smaller proton momentum fractions x than at the
Tevatron. The forward rapidity region seems better in searches for “intrinsic charm”. A prediction
for future ATLAS measurements is shown in the right panel of Fig. 4. No quantitative information
on the size of the exotic Fock component can be reached at present, based on the existing data and
uncertainty of the theoretical calculations. Both experimental and theoretical improvements are
needed to give a more definite answer.
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Figure 4: Data-over-theory ratio for Y+ ¢ production (red squares) for the Tevatron conditions (left). Dif-
ferent theoretical predictions of the transverse momentum distribution of photons for LHC (right).

A recent LHCb measurement observed a large fraction of events with two J/y mesons [21].
At present, there is no full theoretical understanding of the underlying reaction mechanism. Nikolai
Zotov discussed the production mechanism of two J/y mesons in proton-proton collisions at the
LHC [22]. He focused on the interplay between the single-parton and double-parton mechanisms.
It was shown that both mechanisms give similar contributions to the total cross section. However,
a study of azimuthal correlations in rapidity between the two outgoing J/y mesons allows for a
separation between the dominant box contributions and the double-scattering one, driven at high
energy by the gg — J/yg sub-process. The authors of Ref. [23] included also, for the first time,
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semi-diffractive contributions based on the gg — J/wJ/y sub-process. Such processes also lead
to a relatively large difference in rapidity between the two mesons. Fortunately, the corresponding
contribution turned out to be much smaller than the double-parton-scattering one [23]. The relevant
distribution in rapidity distance between the two J/y mesons is shown in Fig. 5. One can observe
that at the rapidity distance bigger than 3 units the double-scattering contribution should win over
the other contribution. Practical predictions require dedicated studies including all experimental
cuts.
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Figure 5: Distribution in rapidity difference between the two J/y mesons. The dotted line corresponds
to the box diagram, the dash-dotted line to the double-parton contribution. The one-gluon exchange con-
tribution (solid curve) was multiplied by 1000, the two-gluon exchange contribution was multiplied by 25.

The theoretical framework for computing rare radiative B decays is QCD factorization [24].
Ruben Sandapen discussed rare radiative decays of B mesons to vector mesons using distribu-
tion amplitudes calculated using holographic AdS/QCD [25]. AdS/QCD offers the advantage of
avoiding end-point divergence problems. Together with Ahmady [26] they found that end-point
divergences can be avoided when computing power-suppressed contributions in the heavy-quark
limit. They have obtained a branching ratio B° — p°y compatible with the PDG as well as with
recent Belle [27] and BaBar [28] data. They predicted also the correct amount of isospin breaking.

3. Experimental aspects

3.1 QCD tests using open heavy flavour production

The precise measurements of charm and beauty production cross sections in photoproduction
(yp-scattering), deep-inelastic ep-scattering (DIS) and pp-scattering provide a powerful tool to test
various aspects of pQCD.

The H1 collaboration presented two new measurements of heavy-flavour photoproduction en-
riching heavy quarks with muons or electrons from semi-leptonic decays [29, 30]. In the muon
analysis, beauty and charm jet cross sections are measured at moderate transverse momenta, whereas
the electron analysis is focused to measure down to very low transverse momenta of the b-quark,
i.e. a region of the phase space with the only available hard scale being the b-quark mass. In
Fig. 6 a), the differential cross sections of these measurements and all currently available beauty
photoproduction measurements at HERA are compared as a function of the b-quark momentum
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pr(b) to amassive NLO pQCD [31] prediction. It can be seen that the prediction agrees in general
rather well with the data, which confirm each other over a wide range in pr(b).

In order to obtain a very precise determination of F5, the component of the inclusive F> struc-
ture function with charm in the final state, the H1 and ZEUS collaborations combined their mea-
surements of open charm production cross sections in DIS [4]. The combined data profit from a
reduction of errors with respect to the individual measurements, due to improved statistical preci-
sion and due to cross-calibration of some systematic errors, reaching a total precision of about 5%.
This combined charm data together with the inclusive DIS cross sections from HERA allow in an
NLO QCD analysis to study the influence of different heavy-flavour schemes on parton distribu-
tion functions and the value of the charm mass. The corresponding results are discussed in these
proceedings in [1, 6]. In addition, ZEUS presented new precise DIS cross sections from D* and D"
mesons [32, 33]. The D* and D" data are each also used to extract Fgé but are not yet contained in
the combined data. In Fig. 6 b), a comparison of the three measurements is shown as a function of
x and Q?, illustrating their agreement and the high precision.
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Figure 6: a) Compilation of beauty photoproduction cross section measurements at HERA as a function
of the transverse momentum of the b-quark compared to a NLO pQCD calculation [31] (shaded band). b)
Reduced charm cross sections from the combination of previous HERA results (empty circles), and from
newer ZEUS measurements based on D** (filled circles) and D (empty squares).

Various new measurements on the production of charm and beauty in pp-collisions at the LHC
were reported by the LHCb, CMS and ATLAS collaborations, using different experimental tech-
niques and covering different kinematic phase space ranges. The LHCb collaboration presented
results on charm production using D°, D**, D*, D} and A} from secondary vertices [34] and
beauty mesons with B+, B®, B} [35]. Further, they reported on a measurement of the inclusive c¢
and bb cross section [36], as well as the forward-central bb production asymmetry [37]. The CMS
collaboration showed results on bb angular correlations [38], results from the Ag-sector [39] and
reported on the observation of B]” mesons in decays to J/y ™ or J/y ™ n~ " [40], whereas the
ATLAS collaboration reported on the b-hadron production cross section from D* i final states [41]
and the production cross section of B mesons from decays into J/y K= [42]. All these measure-
ments show agreement with the expectation from the Standard Model, and in general agree well
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with the NLO QCD calculations. As an example this is shown in Fig. 7 for results of B™ measure-
ments as a function of pr(B*) compared to a QCD prediction for B™ production in the fixed-order
plus next-to-leading logarithm approach (FONLL) [43].
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Figure 7: Differential cross sections of B™ production as a function of pr(B™) as measured by the LCHb
collaboration a) and the ATLAS and CMS collaborations in a slightly different acceptance b). QCD predic-
tions for FONLL [43] for B" production are also given.

3.2 Heavy-quarkonia
J/w and Y production

The production of heavy-quarkonium also provides a powerful probe to test theory, since it
involves both the production of heavy quarks and the modelling of hadronisation. In perturbative
calculations, heavy quark pairs are either treated in colour-singlet (CS) or colour-octet (CO) states,
whereas their relative contribution is treated differently in various models. The ZEUS collaboration
published inelastic J/y photoproduction cross sections [44] and compared the data to predictions
of a full NLO CS+CO calculation and of a LO CS model calculation in the kp-factorisation frame-
work. Overall the kr-factorisation framework provides a better description of the data, however for
a better comparison with the data a reduction of theoretical uncertainty would be important. The
CMS and ATLAS collaborations presented new measurements of J/y and y(2s) production [45]
and of T production [46, 47, 48] in pp collisions. In [46] and [47], differential cross sections as
a function of the transverse T momenta are measured for the states Y(1s), Y(2s) and Y(3s) and
compared to various theoretical models, finding that none provide an accurate description of the
data. In [48], the polarisation of all three T states are investigated and no evidence for a strong
polarisation is found. This result is consistent with previous data form the Tevatron [49], but is not
described by theory predictions [50, 51]. Further, the ATLAS collaboration reported on the first
observation of prompt J/y meson production in association with a W boson [52]: The observed
signal is much higher than the predictions by the CS and CO models, leaving open the possibil-
ity for additional contributions to the observed rate in data. In addition, the ATLAS collaboration
reported the observation of a new J; state in radiative transitions to Y(1s) and Y(2s) [53], and
the CMS collaboration on the relative prompt production of y.; and )., via their radiative decays

Xe — J/wy[54].



WG5S Highlights - Heavy Flavours

Exotic charmonium states

The x(4140) saga, present in the literature since a few years, got a an interesting update at this
conference: The story was started earlier by the CDF collaboration which reported an evidence for a
narrow near-threshold structure in the J/y ¢ mass spectrum in BT — J/y ¢ K+ decays [55], which
in an additional preliminary analysis was updated to a statistical significance of more than 5o [56].
In the CDF data, there is also room for a second structure at 4274 MeV. On the other hand, the Belle
experiment did not find evidence for such a resonance in Yy — J/y ¢ events [57]. These results
triggered a debate in the literature, as these structures are considered unusual and almost certain
exotic. For a more complete discussion see the references given in [58]. The LHCb and CMS
collaborations both inspected their data for a y (4140)-like resonance and reported their results [58,
59]: CMS confirms in a preliminary analysis a structure at 4148 MeV with a significance of greater
than 5o and also sees evidence for a second structure in the same mass spectrum. Contrary, the
LHCDb collaboration does not confirm a narrow structure near the threshold. The mass spectra of the
results from CDF, CMS and LHbD are presented in Fig. 8. From the discussions at this conference,
no clear conclusion could be drawn. Additionally, both LHCb and CMS also presented new results
on the nature of the y(3872) state [60, 61].
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Figure 8: Distribution of the mass difference M(J/w¢) — M(J/y) in the BT and ¢ mass windows, as
determined by CDF a), CMS b) and LHCb c¢). The narrow peak at the threshold in a) is fitted under the
assumption of a (4140) state and an additional resonance. b) The red line shows a fit under the hypothesis
of two resonances. ¢) The dashed blue (dotted blue) line on top illustrates the expected signal yield from the
CDF measurement, under different background assumptions (top and bottom).

3.3 Heavy flavour in hadronic final states

Another probe to test theory is the production of heavy-quark jets, which is composed of sev-
eral mechanisms such as the heavy QQ creation in the hard interaction, calculable in pQCD, or such
as the parton-showering process, where non-perturbative corrections are required. The ATLAS
collaboration presented an analysis [62] in which dijet heavy-flavour fractions are determined from
multidimensional fits, and confronted with various predictions. The bottom-light flavour compo-
sition is found to be larger than the NLO or LO predictions, while other flavour compositions are
reproduced by the predictions.

On the other hand, the fragmentation fractions of heavy quarks into heavy hadrons cannot be
predicted but must be measured. Usually one assumes universality in the sense that the fragmen-
tation fractions are independent of the production mechanism, i.e. are the same for e™e™, yp and
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pp collisions. The ZEUS collaboration published precise measurements of charm fragmentation
fractions in photoproduction [63, 64] to test this assumption and found good agreement with the
eTe™ data. Measurement [64] is based on excited D; and D3 mesons and also contains results on
masses of the neutral and charged states, the widths of the neutral states, and the helicity parameter
of the Dy (2420)° meson.

3.4 Top-quark physics

ATLAS and CMS presented the status of their top-quark measurements in proton-proton colli-
sions at /s =7 and 8 TeV. The focus in the corresponding session of this working group was on top-
quark properties, while measurements of cross sections for top-quark production were discussed in
more detail within a dedicated session of WG1 (“Structure Functions and Parton Densities”).

ATLAS presented a new study of heavy-flavour quarks produced in association with top-quark
pairs [65], using the fudicial cross-section ratio Ryr = 054(1f +HF) /054 (17 + j), where HF includes
b and c but also ¢ and bb, and j refers to an additional jet of any flavour. Several scenarios beyond
the SM predict additional HF in 77 events. Moreover, #f + HF is the main irreducible background
for 7-Higgs analyses. Using 4.7 fb~! of data at \/s = 7 TeV, ATLAS observed Ryp = (7.1 £
1.3(stat) 33 (syst)) %, where the prediction at leading order and approximate next-to-leading order
QCDis (3.441.1)% and (5.2 +1.7)%, respectively.

For the bottom-quark content in top-quark decays, CMS presented a new measurement of the
relative branching fraction Z = #(t — Wb)/#B(t — Wq) with g € {d,s,b} [66]. The result based
on 16.7 fb~! of data at /s = 8 TeV is Z = 1.023 70035 (stat+syst), or Z > 0.945 at 95% confidence
level when requiring # < 1. Assuming a unitary CKM matrix for three quark generations, this can
be translated into [V,;| = 1.01179-918(stat+syst) or |Vip| > 0.972, respectively. These are the most
precise measurement of % and the most stringent direct lower bound on |V,;| to date.

The V-A structure of the Wb vertex can be tested via the polarisation of W bosons produced
in top-quark decays. The fraction of events containing W bosons with longitudinal, left-handed or
right-handed polarisation are referred to as W-helicity fractions. ATLAS and CMS had recently
performed a preliminary combination of their measurements of the W-helicity fractions in ¢ events
[67]. Additionally, CMS presented a first measurement of the W polarisation in single-top events
[68]. In all cases, the observed helicity fractions are in agreement with the predictions from NNLO
QCD.

Measurements of the top-quark mass have almost reached the same precision at the LHC as
at the Tevatron. The focus is thus shifting towards measurements with new, alternative methods
as well as differential measurements, in order to gain a better understanding of the remaining
systematic uncertainties and of top-quark mass definitions. CMS had recently released a study
proving that the reconstructed mass as a function of a variety of kinematic variables in the 7 TeV
data-set is well modelled by the employed Monte-Carlo generators [69] and a first measurement of
the ¢ vs. 7 mass difference from the 8 TeV data-set [70], which yields Am(z,7) = —272 4 196 (stat)
+122 (stat) GeV.

3.5 Spectroscopy and beauty decays

Results from the spectroscopy of heavy quarkonia and b hadrons as well as on rare beauty
decays were presented by BaBar and Belle from the B-factories and from ATLAS, CMS, LHCb,
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and ATLAS, from the LHC and Tevatron, respectively. The discussed results represented the cor-
responding world-best measurement in many cases. Several results were new for this conference.
Some examples will be given in the following.

The BaBar collaboration presented a new measurement of the D** — D° mass difference and
of the natural line width of the transition D*(2010)" — D%z * [71]. The new result for the mass
difference was approximately a factor 6 more precise than the world average, while the width
was approximately 12 times more precise. DO presented an updated measurement of the direct
CP-violating charge asymmetry in B* — J/wK* and B* — J/wn* decays with J/y — u*tu~
in both cases using the full 10 fb~! data-set of the Tevatron Run-II [73]. Based on 3 fb~! of
LHC proton-proton data collected at /s = 7 and 8 TeV, LHCDb presented the first observations of
the decay B — w(2s)w™ with a significance of 5.2 standard deviations [74] and of the decays
B} — J/y(2s)D} and B — J/y(2s)D:" with a significance larger than 9 standard deviations in
each case [75]. The B — J/y(2s)D] decay allowed LHCb to perform the most precise single
measurement of the B to date. ATLAS presented an update of the Bs — J/w¢ analysis using
5 fb~! of the 2011 data, now including flavour tagging and thereby increasing the precision on the
decay parameters further [76].

Overall, the presented result were compatible with the SM expectations. The largest tension
was still related to the anomalous like-sign dimuon charge asymmetry observed by DO [77].

3.6 Heavy flavour from heavy ions

The PHENIX and STAR collaborations presented the status of their measurements on open
heavy flavour and quarkonia production in proton-proton, deuterium-gold, copper-copper, gold-
gold, and copper-gold collisions at RHIC. The ALICE collaboration summarized their heavy-
flavour measurements in proton-proton and lead-lead collisions at the LHC. In general, a reasonable
description by pQCD predictions was found for the proton-proton results at these experiments,
which also serve as a baseline for the measurements of cold and hot nuclear-matter (CNM and
HNM, respectively) in heavy-ion collisions. Observations that are consistent with quark-gluon-
plasma effects had been made both at RHIC and the LHC, and heavy flavours appeared to be
indeed good probes to study this state of matter. However, a yet better understanding of the effects
in CNM was considered necessary before HNM properties could be thoroughly quantified. The
2013 proton-lead data from the LHC, which were still to be analyzed, might also shed further light
on CNM effects like nuclear shadowing, gluon saturation, and the Cronin effect. The PHENIX
and STAR experiments were looking forward to the data-taking in 2014 with upgraded detectors,
which will be of particular benefit also for heavy-flavour measurements.
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