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Abstract

Measurements of two- and multi-particle angular correlations in DIS and photopro-
duction ep collisions at /s = 319 GeV are presented as a function of charged-particle
multiplicity. The data were collected using the H1 detector at HERA. Since no long-
range ridge structure is observed in the correlation functions over the full multiplicity
range, upper limits of ridge yield are provided as functions of particle multiplicity. The
second-order (Vaa) and third-order (V3a) azimuthal anisotropy Fourier harmonics of
charged particles are extracted from long-range two-particle correlations as functions of
particle multiplicity. The C2{4} signals are also extracted from four-particle correlations
for the first time in ep collisions, which are positive or consistent with 0. These obser-
vations do not indicate the kind of collective behavior observed at the RHIC and LHC
in high-multiplicity hadronic collisions.



1 Introduction

The observation of collective behavior in high final-state particle multiplicity proton-proton
and proton-nucleus [1-4] collisions at RHIC and the LHC has opened up new opportunities
for studying novel dynamics of particle production in small, high-density QCD systems. At
present, it is unclear whether the collectivity observed in small systems origins from the
hydrodynamic collective flow of a strongly interacting and expanding medium [5-7]. This
motivates the search for collective behavior in ep collisions at the Hadron Electron Ring

Accelerator (HERA).

A key feature of the observed collectivity in small system is an enhanced structure in the
two-particle An-A¢ correlation functions on the near side (relative azimuthal angle |Ag| ~ 0)
extending over a wide range in relative pseudorapidity, known as the “ridge”. In hydrodynamic
models, the detailed azimuthal correlation structure of emitted particles can be characterized
by its Fourier components [8], in particular the second and third Fourier components, known
as elliptic (vy) and triangular (v3) flow. Furthermore, collectivity can be probed more directly
using the multi-particle correlations [9] since it is intrinsically a multi-particle phenomenon.

In this note, measurements of two- and multi-particle angular correlations in DIS and photo-
production ep collisions at /s = 319 GeV are presented as a function of charged-particle
multiplicity. The data were collected using the H1 detector at HERA. Since no long-range ridge
structure is observed in the correlation functions over the full multiplicity range, upper limits of
ridge yield are provided as functions of particle multiplicity. The second-order (V24) and third-
order (V3a) azimuthal anisotropy Fourier harmonics of charged particles are extracted from
long-range two-particle correlations as functions of particle multiplicity. The Cy{4} signals
are also extracted from four-particle correlations for the first time in ep collisions, which are
positive or consistent with 0. These observations do not indicate the kind of collective behavior
observed at the RHIC and LHC in high-multiplicity hadronic collisions.



2 Event and Track Selections

The data used in this analysis was taken in H1 detector at Hera during 2006-2007. During
this period, the Hera accelerator collided 27.6 GeV e® beams with 920 GeV proton beams,
which yields a nominal centre-of-mass energy of 319 GeV.

DIS events were recorded using triggers based on electromagnetic energy deposits in the SpaCal
calorimeter. The scattered lepton, defined by the most energetic SpalCal cluster, is required to
have an energy E, larger than 12 GeV. The kinematic phase space is defined by 5 < Q% < 100
GeV? and 0.0375 < y < 0.6. In addition, z is required to be in the range of 0.0001 < z < 0.01.
Additional selections are made to reduce QED radiation effects and to suppress background
events. The z coordinate of the event vertex is required to be within 35 c¢cm of the nominal
interaction point. Events with high energy initial state photon radiation are rejected by
requiring 35 < >, (E; — p.;) < 75 GeV.

The photo-production events were triggered by the signal of scattered electrons in electron
tagger combining with a hardware track trigger with at least 1 track with pr > 0.9 GeV. In
order to ensure the track trigger having reliable efficiency, events are required to contain at
least one reconstructed track with pr > 0.9 GeV. Additional selections are applied on tagged
pOSition Zpesition, tagged electron energy E'499°? and tagged photon energy Efy‘lgged. Namely
Tposition + 041990 > (0 —3.0 < Zposition < 3.0 and FElwwsed 4 Ei“gged < 20 GeV. The z
coordinate of the event vertex is required to be within 30 cm of the nominal interaction point.

Two types of tracks have been used in the analysis: the central track measured only in central
tracking detectors (CJC - the central drift chamber, CST - a Central Silicon Track detector)
and the combined tracks measured in central and forward trackers (FTD). In order to provide
high efficiency of the track reconstruction, the following cuts are applied. For the central
tracks:
e The transverse momentum pt > 0.07 GeV.
e The distance of the closest approach of the track in the r¢ plane to the primary vertex
is required to be less than 2 cm.
e The starting point of a track is required to be within 50 cm from the center of the
detector in the radial direction.
e The radial length L (the radial distance between the first and the last hit) is required to
be larger than 10 (5) cm for tracks with polar angle § < (>)150 deg.
For the combined tracks:
The transverse momentum pr > 0.12 GeV.
The momentum p > 0.5 GeV.
The polar angle 10deg < 6 < 30deg.
The distance of the closest approach of the track in the r¢ plane to the primary vertex
is required to be less than 5 cm.
e The starting point of a track is required to be within 50 c¢cm from the center of the
detector in the radial direction.
e The x? of vertex fit to be less than 50.
The charged particle multiplicity (N2%®) is defined as the number of reconstructed tracks, after
the selections, with 0.3 < pr < 3.0 GeV and —1.6 < < 1.6. The tracks used for correlation
studies are required to have 0.3 < pr < 3.0 GeV and —1.6 < n < 1.6 in photo-production
events, while in DIS events additional requirement are applied in hadronic center-of-mass



(HCM) frame with 0.3 < pf™ < 3.0 GeV and 0 < nfI®M < 5.

3 Analysis Technique

The construction of the two-particle correlation function follows the same procedure estab-
lished in Refs. [1,10-12]. The number of trigger particles (tracks passing selection) in the
event is denoted by Ny... Particle pairs are formed by associating each trigger particle with
the remaining charged tracks. The two-dimensional (2D) correlation function is defined in the
same way as in previous analyses as

1 d2NPar S(An, Ag)
Nowddndng ~ PO X By ag) @

where An and A¢ are the differences in 1 and ¢ of the pair. The same-event pair distribution,
S(An, A¢), represents the yield of particle pairs normalized by N, from the same event,

1 d2 Nsame
S(An, Ag) = . 2
( 777 ¢) Ntrig dA?? dA¢ ( )
The mixed-event pair distribution,
1 d2 Nmix
B(An, A¢) = 3

is constructed by pairing the trigger particles in each event with the associated charged primary
tracks from 5 different randomly selected events in the same 2 cm wide range of vertex position
in the z direction and from the same multiplicity range. Here, N™* denotes the number of
pairs taken from the mixed events. The ratio B(0,0)/B(An, A¢) mainly accounts for the
pair acceptance effects, with B(0,0) representing the mixed-event associated yield for both
particles of the pair going in approximately the same direction and thus having maximum pair
acceptance (with a bin width of 0.3 in An and 7/16 in A¢). Thus, the quantity in Eq. (1) is
effectively the per-trigger-particle associated yield.

To further quantify the correlation structure, the 2-D distributions are reduced to one-dimensional
(1-D) distributions in A¢ by averaging over the An range [1,10,11,13]. In the presence of
multiple sources of correlations, the yield for the correlation of interest is commonly estimated
using an implementation of the zero-yield-at-minimum (ZYAM) method [14]. A third-order
Fourier series is first fitted to the 1-D A¢ correlation function in the region 0.1 < |A¢| < 2.
The minimum value of the fit is then subtracted from the correlation function as a constant
background (containing no information of correlations) to shift its minimum to coincide with
zero associated yield. Fig. 3 shows the 1-D A¢ correlation function and the fit for ZYAM in
H1 DIS events with 15 < N2 < 20 in the range of 1.5 < |AnHCM‘ < 2.0, as well as the 1-D
A¢ correlation function after ZYAM.

After ZYAM, an integral is performed in the range between 0 and the A¢ value where the
ZYAM minimum is found to extract the ridge yield (Y,44.). Since there is no ridge structure
observed in either DIS or photo-production data, the integral values are consistent with 0
within uncertainties. Instead of reporting the ridge yield, limits are extracted using a bootstrap
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procedure. Each data point of the 1-D A¢ correlation function is varied, independently,
according to its statistical and systematic uncertainties (described later in this section) to
form a new 1-D A¢ correlation function. The ridge yield is then extracted from the new 1-D
A¢ correlation function. The procedure is carried out 2.5 million times where a distribution of
ridge yield is obtained. The distributions are fitted by Gaussian functions where the mean +
2 sigma of the Gaussian fit represents the 95% confidence level limits of the ridge yield. Fig. 4
shows the distribution of the ridge yield from bootstrap in DIS events with 15 < NS < 20
in the range of 1.5 < ‘AnHCM’ < 2.0.

Azimuthal anisotropy harmonics of charged particles are extracted via a Fourier decomposition
of A¢ correlation functions averaged over 1.5 <|An| < 2.0 and 2.0 <|An| < 3.0,

1 dNPair N,
— assocC 1 2 A 4
Now dAd . + ; Voa cos(nAe) |, (4)

as was done in Refs. [1,10-12]. Here, VA are the Fourier coefficients and N0 represents the
total number of pairs per trigger particle. The first five Fourier terms are included in the fits
to the correlation functions. Including additional terms has a negligible effect on the results
of the Fourier fit.

To further explore the possible collective nature of the long-range correlations, a four-particle
cumulant analysis is used to extract the Cy{4} with the standard cumulant method, the 2
subevent method and the 3 subevent method following the procedure in Ref. [9].

In order to determine acceptance and efficiency, the DIS process is simulated by different
Monte Carlo (MC) event generators, which include the hard scattering process and simulation
of higher order QCD correction in form of parton shower and hadronisation. Brief descriptions
of the MC generators are given below:

e The RAPGAP 3.1 [15] MC event generator matches first order QCD matrix elements
to the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) [16-19] parton showers with
strongly ordered transverse momenta of subsequently emitted partons. The factorisation
and renormalisation scales are set to py = u, = \/Q? + p%, where pr is the transverse
momentum of the outgoing hard parton from the matrix element in the center-of-mass
frame of the hard subsystem. The CTEQ 6L [20] leading order parametrisation of the
parton density function (PDF) is used.

e The DJANGOH 1.4 [21] MC event generator used the Color Dipole Model (CDM)
as implemented in ARTADNE [22], which models first order QCD processes and cre-
ates dipoles between colored partons. Gluon emission is treated as radiation from these
dipoles, and new dipoles are formed from the emitted gluons from which further ra-
diation is possible. The radiation pattern of the dipoles includes interference effects,
thus modelling gluon coherence. The transverse momenta of the emitted partons are
not ordered in transverse momentum with respect to rapidity, producing a configura-
tion similar to the Balitsky-Fadin-Kuraev-Lipatov (BFKL) [23-25] treatment of parton
evolution [26]. The CTEQ 6L [20] at leading order is used as the PDF.

The generated events are passed through a detailed simulation of the H1 detector response
based on the GEANT3 simulation program [27] and are processed using the same reconstruc-
tion and analysis chain as used for the data. For the determination of the detector effects
both the RAPGAP and DJANGOH predictions are studied. Fig. 7 and 8 show examples of
1D ApHEM correlation functions from RAPGAP and DJANGOH simulations, respectively.
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Fig. 9 and 11 show Vaoa, V3a and Cy{4} from the two event generators. The measurements
from RAPGAP agree better with the results from H1 data than those from DJANGOH.
Therefore, the detector corrections determined from RAPGAP simulation are applied to the
results, while the difference between corrections from RAPGAP and DJANGOH are quoted
as systematic uncertainties. On the other hand, no corrections from MC studies has been
applied to the photoproduction results. In addition to the systematic uncertainties from MC
dependence, other systematic uncertainty are also considered:

e Track charge. The positive and negative charged particles can have slightly different
acceptance and efficiency. The results from positive and negative charged particles are
compared for the systematic uncertainty studies.

e Vertex position. Events with different vertex z position can have slightly different
acceptance and efficiency. The results from vtxy < 0 and vtxz > 0 are compared for
the systematic uncertainty studies.



4 Results

Figure 1: Two particle correlation functions in H1 DIS events with 2 < Ngli-{s
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Figure 2: Two particle correlation functions in H1 photo-production events with 2 < N2 < 4

and 15 < Ngbs < 20 for charged particles with 0.3 < pr < 3.0 GeV
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Figure 3: 1D A¢”“M correlation functions with 1.5 < |AnHCM‘ < 2.0 in H1 DIS events with
15 < Ngbs < 20 for charged particles with 0.3 < p{M < 3.0 GeV, before (left) and after
(right) ZYAM procedure.

T | T T ‘ T T T ‘
H1 Preliminary

ep (s =319 GeV

5 < Q%< 100 GeV?

obs

15 <N° <20

03<p™<30
1.5<|An" <20 #
— Gaussian Fit
Mean = 7.8x10° &
Sigma = 9.5x10°%f

0.4

0.3

P(N)

0.2

0.1

4 =2 0 2 4 x102

YRidge
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Gaussian function to extract mean and sigma.
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