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Abstract. The LHCb experiment, besides its main programme concerning flahysiqs
performs also very well as a general purpose forward detectoeriog the pseudo-
rapidity range from 2.0 to 5.0. Exploiting the experiment’s unique gegmite LHCb
collaboration is pursuing a rich programme of forward QCD measunésnén partic-
ular two-particle angular correlations are studied in proton-lead collisibashacleon-
nucleon centre-of-mass energy §6yn = 5 TeV, with data collected by the LHCb de-
tector at the LHC in 2013. The analysis is based on data recorded in tvesiogeam
configurations, in which either the direction of the proton or that of the leathants
is analysed. This is the first measurement of a long-range correlatidtheonear side
in proton-lead collisions in the forward region. It extends previous mbsiens in the
central region.

1 Introduction

The two-particle angular correlations are one of the toolsttidy the dynamics of multi-particle
production in QCD and to probe collectivEects arising in the dense environment of a high-energy
collision. They are usually described by two-dimensiona}, \¢)-correlation functions measured
in the laboratory system. The two ranges can be distingdjghe short-ranggAn| < 2) and long-
range [An| > 2) efects. On the near-sidéAg| ~ 0) a short-range “jet-peak” atn ~ 0O is the
dominant structure. It is caused by the fact that in the fraxggation process, the final-state particles
are collimated around the initial parton. To balance the ewtum, the peak is accompanied by a
long-range structure on the away side¢( ~ x) caused by particles that fly opposite in azimuthal
angle. The near side long range correlations in the formeftthcalled ridge féect have been seen
at the Relativistic Heavy-lon Collider (RHIC)ip+Au and Au+Au collisions [1, 2]. Surprisingly,

it turned out that in the high multiplicity class of protonepon interactions the ridge has been also
found by CMS [3]. Later, the ridgefkect was reported fgp+Pb collisions by Alice [4], Atlas [5] and
CMS [6]. The theoretical interpretation of the mechanisspamsible for the ridge in small colliding
system like proton-proton is still under discussion. MVasianodels have been proposed including
colour reconnection and gluon saturation in the framewégkaplour-glass condensate [7—10] or the
hydrodynamic evolution of a high density partonic mediurd][Inultiparton interactions [12—-14], jet-
medium interactions [15, 16], and collectivexts [17-21] induced by the formation and expansion
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of a high-density system likely produced in these collisiofihe instrumentation of the LHCb single-
arm spectrometer covers a unique rapidity range 2 < 5 in the laboratory frame [22, 23]. The
measurements are based on proton-lead collisions thatoanamated by single interactions (98%).
The two beam configurations provided by LHE@+Pb and Pk p which differs by the direction of
proton and ion beams can be analysed in the forward regioa.siFhple trigger was configured to
accept events with at least one reconstructed track in thiexvdetector for non-empty beam bunch
crossing. The events were required to have exactly one sécmted primary vertex with at least
five tracks. The tracks were selected to originate directynfinteraction point based on its impact
parameter with respect to primary vertex. ThEeet of fake tracks after track quality cuts imposed
and the track reconstructiorffieiency is taken into account as a weight assigned to eack tiide
analysis is based on a subset of the total data set recordadydhe 2013pPb running period,
0.46 nb! in the p+Pb configuration and 0.30 nbfor the Pb+p configuration. The rapidity range
in the nucleon-nucleon centre-of-mass frame .54 y < 4.4 for p+Pb and-54 < y < -25 for
Pb+ p. The results of the analysis were published in Ref. [24].

2 Analysis method

The particles are divided into three subsets accordingdio th: 0.15- 1.0 GeVc, 1.0 — 2.0 GeVc
and 20 — 3.0 GeVc, and analysed separately. The analysis method followstémelard approach
formulated e.g. in Ref. [25]. All particles in a given subsg¢ taken as a trigger particle one by
one. All other particles are combined with the trigger mdetin a pair. Two correlation functions
are constructed. The signal o8€An, A¢) for pairs from the same event aB{Arn, A¢) for pairs
combined from mixed events. The correlation function reads

1 d®Npair _ S(An,A¢)
Ntrig dAU dA¢ B(AU, A¢)

x B(0,0), (1)

where Npqir is the number of particle pairs found in Arf, A¢) bin andNyig is the number of trig-
ger particles andB(0, 0) is the normalization factor. By construction, théeets due to the detector
occupancy, acceptance and material are accounted for ljrgj\the signal by the background dis-
tribution, where the latter is normalised to unity arounel diigin.

Since the two-particle correlations are strongly depehdarthe total number of particles pro-
duced in collision, the analysis is performed for varioussks of event activity. The+Pb and Pk p
minimum bias samples each consist of aboliI1(® events which are randomly selected from about
10 times larger full sample. The high-multiplicity sampkmntain all available events with at least
2200 hits in the vertex detector and amount to abolix110° events inp+Pb and 13 x 1¢? events
in Pb+p collisions. Five event-activity classes are defined adifras of the hit-multiplicity distri-
butions of the minimum-bias samples, as indicated in FigSihce collisions recorded in the R
configuration reach larger hit-multiplicities comparedhose in thep+Pb configuration, the relative
classes are defined separately for each configuration. Thel®0% class contains 50% of events
with the lowest event activities, followed by the 360% and 18- 30% classes representing medium-
activity events, and the 9 10% and 0- 3% classes of high-activity events. The event multipksiti
seen in the detector for two beam configurations afiedint. In order to compare the results, five
common absolute activity classes (five bins labeled | — V)endsfined. They are listed in Table 1.
A scaling factor was introduced to achieve the same totaltawelltiplicity in the same bin fop+Pb
and Pl p configurations.
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Figure 1. Hit-multiplicity distribution in the vertex detector for selected events of the mininies samples

in the (left) p+Pb and (right) Pk p configurations. The activity classes are defined as fractions of the full
distribution, as indicated by colours (shades). The396 class is a sub-sample of the Q0% class. The figures
were taken from Ref. [24].

Table 1. Common absolute activity bins for thierPb and Pb p samples. The activity gb+Pb events is scaled

to match the same activity ranges ofdRAbevents, as explained in the text. For illustration purposes the average

number{Ng)mc, Of prompt charged particles wiih> 2 GeVc, pr > 0.15GeVcand 20 < < 4.9 is listed for
events simulated with theikG event generator.

Common absoluté AN -range p+Pb Pb+p
activity bin in Pb+pscale| (Neh)mc {(Nch)mc
Bin | 2200- 2400 | 628+ 6.6 64.4
Bin Il 2400- 2600 | 684+ 7.1 67.0
Bin Il 2600-2800 | 737+ 7.6 764
Bin IV 2800-3000 | 792+79 824
Bin V 3000- 3500 | 86.7+8.2 929

3 Results

The correlation for particles with & pr < 2GeVc is illustrated in Fig. 2 forp+Pb configuration
and in Fig. 3 for Phb p configuration. The near-side peak aroutil= A¢ = 0 is truncated in the
histograms. For low activity events only the jet-peak isestied while for highest activity class a
clear ridge éect emerges. It is more pronounced in the case effPkample.

The detailed study of the evolution of the long-range catiehs on the near and away sides is
usually performed in one dimensional projections integgatverAn:

Y(Ag) =

1 dNPair_ 1 \L‘Anb 1 d2Npair (2)

Niig dA¢ - Anp — Ana Niig dAndA¢

Tla

The jet-peak area is excluded by averaging the two-dimaasigeld over the interval fromn, = 2.0

to A, = 2.9. The non interesting correlations in the form of flat pealssn the yield are subtracted
using the zero-yield-at-minimum (ZYAM) method [26]. Thebstacted one-dimensional yields for
the p+Pb (full circles) and Php (open circles) data samples are shown in Fig. 4 for all dgtivi
classes angbr intervals. It can be seen that the correlation strengtreaszs with event activity on
the near side, but decreases towards higiherhere fewer particles are found. Since more particles
are emitted into the acceptance of the detector in thegRtompared to the+Pb configuration, a
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Figure 2. Two-particle correlation functions for events recorded inphdb configuration, showing the (a) low
and (b) high event-activity classes. The figures were taken from[RHf.

LHCb Pb+p |5, =5 TeV (a) LHCb Pb+p |5, =5TeV (b)
10< R < 2.0 GeVic 1.0< B < 2.0 GeVic
Event class 50-100% Event class 0-3%
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Figure 3. Two-particle correlation functions for events recorded in the Pbonfiguration, showing the (a) low
and (b) high event-activity classes. The figures were taken from[RHf.

larger dfset is observed, as indicated by the ZYAM constants. In thkdst-activity class, 8 3%,
the near-side ridge is strongly pronounced inmlintervals for both Pk p and p+Pb samples. The
ridge dfect decreases with decreasing event activity and disappeathe activity class 36 50%.
For p+Pb the near-side peak is significantly lower.

Similar ZYAM-subtracted yields for common bins of absolatdivity are presented in Fig. 5 for
1 < pr < 2GeVc. The results for thgp+Pb and Pb p samples are compared in five event classes
which probe identical activities in the range 002 n < 4.9. The measured hit-multiplicities of the
p+Pb sample are scaled to agree with the hit-multiplicitiethefPb+ p sample. It turns out that the
observed long-range correlations become compatiblefdb and Ph p.

4 Summary

The samples opPb collisions aty/Sy = 5 TeV collected by the LHCb experiment were used to study
two-particle angular correlations for the first time in tloeviard region covering the pseudorapidity
range 20 < n < 4.9in the laboratory frame. The observation of the ridge irftinevard region extends



Figure 4. One-dimensional correlation yield as a functiomgf obtained from the ZYAM-method by averaging
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over 20 < An < 2.9. The figure was taken from Ref. [24].
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Figure 5. One-dimensional correlation yield as a functiomgf obtained from the ZYAM-method by averaging
the two-dimensional distribution over®< An < 2.9. The figure was taken from Ref. [24].
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previous LHC measurements. The analysis was performedatefpefor thep+Pb and Pb p beam
configurations probing the rapidities in the nucleon-nogleentre-of-mass frame ofSl< y < 4.4
and-5.4 < y < —2.5, respectively. The analysis was performed in varippsanges and for dlierent
event activity classes. In high event activity class, a lcemgge correlation on the near side (the ridge)
is observed in both configurations. The near-side ridge istppwnounced in the ranged pr <
2GeVc. For identical absolute activity ranges in tpe Pb and Pb p configurations the observed
long-range correlations are compatible.
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