HARD PROBES AT CMS

B. DE LA CRUZ on behalf of CMS Collaboration
Departmento de Investigacion Bdsica, CIEMAT, Avenida Complutense 40, 28040 MADRID, Spain

This talk reviews the main lessons learned from PbPb collision data, concerning jet quench-
ing and pr imbalance, quarkonia supression and electroweak particles production, which are
later compared with recent results from pPb collisions, namely on the dijet production, the
quarkonia suppression pattern and the study of charged hadrons.

When studying the hot and dense QCD matter produced in proton-nucleus (pA) or nucleus-
nucleus (AA) collisions, the processes with large transverse momentum transfer, which take place
independentely of the bulk, have special interest. These processes produce high-pr particles,
called hard probes, which propagate through the medium, at different stages of the expansion.

In this talk, the production and characteristics of hard probes such as jets (quarks and
gluons), photons, W and Z bosons, quarkonia (cc, bb states) and charged hadrons are reviewed
and compared among pp (Lint =~ 5 pb~!) and PbPb (Liys ~ 150 pub~!) collisions, both at
V/SNN = 2.76 TeV, and pPb (\/m = 5.02 TeV, Ly = 35 nbfl) interactions, using data
collected by the CMS experiment at the LHC.

1 PbPDb collisions at /syy = 2.76 TeV

One of the main lessons obtained from the results on PbPb collision data is the confirmation
that colourless particles (photons, W and Z bosons) are produced in AA collisions and travel
unmodified through the medium, constituting a reference for the study of other particle species.
The W and Z electroweak bosons were first measured in heavy ion collisions using PbPb data,
proving the excellent CMS detector capabilities and the good resolution to reconstruct these
particles through their leptonic decay modes, Z— 1117, W& — 1%v (1 = e, p).

Within experimental uncertainties, the production of electroweak bosons (W, Z and 7) ! is
not modified in AA interactions, relative to that in pp collisions. This is quantified by means of
Raa, the nuclear modification factor, defined as the ratio of the inclusive boson yield in PbPb
and in pp collisions, normalised by the number of binary nucleon-nucleon collisions. For the Z
and ~ particles, Raa is consistent with unity in the boson pr and 7 regions under study, for
all kind of collisions, ranging from very peripheral (small overlap of the incident nuclei) to very
central (high degree of overlap) ones.



In the case of W bosons this is true for the inclusive sample (Wt and W~ candidates
together), but not for the individual charges separately, as there is a reduction of the W+
production cross section and an enhacement of the W~ one, when comparing production in
PbPb collisions with that in pp. This fact simply reflects the different u and d quark content in
the Pb nuclei and in the proton.

On the other hand, other particles like hadrons and jets are modified in their way out
from the interaction region, undergoing a suppression both in transverse momenta and inclusive
yield. Samples of events containing dijets were analysed in PbPb collision data, measuring a
large transverse momentum imbalance in the dijet system, confirming the jet quenching effect
and allowing detailed studies?. The apparent pt imbalance is recovered when looking at all the
particles in the event, spread around in many low pp particles and at large angles from the jet
axis.

In the case one of these jets is a very energetic photon, this is particularly interesting
and useful, as the photon, unmodified, can be used as a reference to calibrate the loss of pr
in the jet. CMS measured ? the ratio of pr between the jet and the accompanying photon,
< Xgv >= prJF /pt, in PbPb and in pp collisions, showing a smaller ratio in the former case,
compared to the latter. A similar conclusion is observed concerning the number of events where
the photon is accompanied by a jet, for those events where pt. > 60 GeV. A reduction in the
inclusive yield is present in PbPDb interactions, relative to pp ones.

An interesting step forward is the identification of the jet flavour. In CMS, jets originating
from b-(with some contamination of c-)quarks created in PbPb collisions are recognized, exploit-
ing the long b-quark lifetime, which gives rise to secondary vertices. This enables performing
b-jets tagging. The first measurement by CMS of the b-jets nuclear modification factor?, Rizjet,
has been recently updated, with a much larger sample of pp collision data, used as reference.

As for the production of quarkonia states, represented by the J/¥, ¥(2S), T(1S), YT(2S)
and Y(3S) resonances, it is significantly suppressed in PbPb collisions, compared with that in
pp collisions. In addition, this suppression shows a hierarchy, as if ordered according to the
particular state binding energy. In this way, the suppression is maximum for the least bounded
states (V(2S5) and Y(2S)) and minimum for the T(1S) resonance, which is the most stable.

2 pPb collisions at /sy = 5.02 TeV

At the beginning of 2013 pPb collisions took place at the LHC, CMS recording a set of Lijy ~
35 nb~! of data. This asymmetric configuration is specially relevant, as initial and final state
effects can be potentially separated and studies on proton and lead fragmentation regions can
be performed. This asymmetry results in a boost of the nucleon-nucleon centre of mass system
of map = 0.465, with the proton travelling along the positive n axis.

The suppression of quarkonia states in pPb data, relative to pp collisions, is studied using
the ratio of production cross sections Y (2S)/Y(1S) and Y(3S)/YT(1S) as a function of the number
of charged particles in the central region (|n| < 2.4), which gives an idea of the event activity
and it is related with the centrality of the collision ®. This is shown in Figure 1 for different
systems (pp, pPb and PbPb collisions). For the T(2S)/Y(1S) ratio (left plot), there is a clear
reduced suppression of the excited state relative to the ground one in pPb collisions (blue solid
circles), compared to PbPb ones (black open asteriscs). The ratio is quantitatively similar to
that observed in pp collisions (pink open circles), but with a larger presence of charged particles
per event in the case of the former. The same observation is reached when comparing Y (3S)
production with that of Y(1S) (right plot, squared markers).

Concerning the dijet and v+ jet production, no significant transverse momentum imbalance
is observed in pPb interactions ¢, unlike measurements in PbPb collisions. Nevertheless, there
is a modification of the dijet 7, defined as (njet1 + Mjet2)/2, with the energy deposited in the very
forward region, as shown in Figure 2 (left plot). This measured dijet n distribution is compared
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Figure 1 — Cross section ratios Y (2S)/Y(1S) (left) and together with Y (3S)/Y(1S) (right) for |ycm| < 1.93 versus
the number of charged tracks measured in |n| < 2.4, for pp collisions (open symbols) and pPb collisions (closed
symbols). In both figures, the error bars indicate the statistical uncertainties, and the boxes represent the point-
to-point systematic uncertainties. The global uncertainties on the pp results are 7% and 8% for Y(2S)/Y(1S) and
T(3S)/T(1S), respectively, while in the pPb results they amount to 8% and 9%, respectively.

to NLO pQCD predictions using CT10 proton pdf with and without nuclear modifications,
introduced by EPS09 nuclear pdf ?. The difference between data and prediction are shown in
the middle (CT10 pdf) and right plots (CT10+EPS09), where the theoretical uncertainties on
the pdf are represented as curves. A better consistency of the data with CT104+EPS09 prediction
is observed, providing in this way a set of data to constrain nuclear parton density functions.
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Figure 2 — Left: Mean of the dijet n distribution as a function of the transverse energy measured in the forward
direction, 4 < |n| < 5.2. The yellow boxes (error bars) indicate the systematic (statistical) uncertainties. Middle
& Right: difference between dijet n distribution measured in pPb data and that predicted by pNLO calculations
using CT10 (middle) or CT10 + EPS09 (right) pdf. Theoretical uncertainties on the pdf are shown as curves.
Results are presented in the laboratory frame, with the proton travelling in the positive n direction.

The nuclear modification factor, R,py, for charged particles is measured at midrapidity in
pPb inelastic collisions relative to a pp reference constructed from previous measurements at
different /s, from CMS (y/s = 7 TeV) and CDF(y/s = 1.96 TeV). Figure 3 (left) shows its
dependence with the charged hadrons pr® (black solid circles). It is remarkable the rise of Rppb
above unity for transverse momenta higher than ~ 30 GeV. For completeness, the pp reference
has also been obtained from a Pythia simulation, using different tunes. The enhancement of
the Rypy, values is still present. On the right plot, a comparison of the measurement with NLO



pQCD calculations for neutral pions at y=0, using EPS09 fDSS pdf is shown.
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Figure 3 — Measured Rpp1, for charged particles in |n| <1 (black points) compared to the modification factor
obtained using a simulated pp reference, from various Pythia tunes (red squares and blue crosses) (left) and to
theoretical NLO pQCD calculations for neutral pions at y=0, using EPS09 fDSS pdf (right). The light brown
(yellow) uncertainty band shows the correlated (uncorrelated) uncertainties. The light gray band represents the
uncertainty of the Glauber calculation, used to determine the number of binary collisions.

The pPb collisions were thought of as a benchmark scenario between pp and PbPb collisions,
but already interesting effects are coming from the analysis of these data. These new effects
have to be understood and correlated with global event variables, such as the event activity or
the number of participants in the collision, to obtain a global picture, which may then allow the
establishment of pPb data as a control sample for PbPb interactions.
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