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Measurement of the azimuthal ordering of charged hadrons wh the ATLAS detector

G. Aadet al. (The ATLAS Collaboratior)

This paper presents a study of the possible ordering of eddrgdrons in the azimuthal angle relative to the
beam axis in high-energy proton-proton collisions at thegeaHadron Collider (LHC). A spectral analysis of
correlations between longitudinal and transverse compusra the momentum of the charged hadrons, driven
by the search for phenomena related to the structure of tHe @@, is performed. Data were recorded with
the ATLAS detector at centre-of-mass energies/sf= 900 GeV and,/s= 7 TeV. The correlations measured
in a kinematic region dominated by lops particles are not well described by conventional modelsaofrbn
production. The measured spectra show features consigitbrthe fragmentation of a QCD string represented
by a helix-like ordered gluon chain.

PACS numbers: 13.85.Hd,13.87.Fh

I. INTRODUCTION these effects depends on the definition of the kinematioregi
in which the measurements are made. Typically, the more in-

Inclusive charged-particle distributions have been meaglusively the sample is defined, or the more soft particlract
sured in proton-protorpp) collisions at the LHC for differ- ity is added to the measurement, the larger the disagreement
ent centre-of-mass energiés[[1-8]. These measurements pi§ Petween the data and the models.
vide insight into the strong interaction (QCD) at low energy o ) )
scales and show that predictions of current phenomenalbgic Hadronisation, the mechanism of hadron formation from
models cannot fully describe the measured observables in dluark and gluon cascades, must be taken into account in all
kinematic regions. As shown in Refl[] [2], the limitation of Measurements involving hadrons. The flows of energy, mo-
models is particularly apparent when particles with lomgra ~ Mentum and flavour of hadrons approximately follow those of

verse momentumpg < 500 MeV) are studied. Specifically, Partonsi[3]. The mechanism of hadron formation, however,

els. The two main models employed in multi-purpose event
» the charged particle density as a function of pseudoragenerators are the string (Lund) fragmentation madel [b€] a
pidity, dNgh/dn; the cluster model [11].

« the shape of the charged-particle multiplicity distribu-

X . e A proposed modification of the Lund string modgl|[12]
tion both at low and high multiplicities;

evokes the possibility of the formation of a helix-like stru
« the shape of the charged-particle multiplicity distribu- tured gluon field at the end of the parton cascade. Such a struc
tion for bothpr < 500 MeV andpr > 3 GeV: and ture corresponds to the optimal packing of soft gluons in the
' phase space under helicity conservation requirementst Mos
« correlations between the average of charged parti- notably, the helix string model imposes correlations betwe
cles per event,pr), and the charged-particle multiplic- the adjacent break-up points along a string with obsenefble
ity Nen. fects in the inclusivepr distribution and in the azimuthal or-

dering of direct hadrons, i.e. hadrons produced directiynfr
Some of these discrepancies may be reduced through thRe string fragmentation.

development of parametrisations for the models of non-

perturbative QCD and their adjustments (tunes) that better |n this paper, the correlations in the charged hadron az-
match model predictions to the latest measurements with pajmuthal angleg [13] are studied for two different schemes
ticles produced at very lowr. Nevertheless, it is also pos- of hadron ordering using data recorded with the ATLAS de-
sible that a new formulation of certain components of thesgector. The results are corrected for detector effects anut ¢
phenomenological models is needed. pared with the predictions of various Monte Carlo (MC) event
Many of the difficulties in accurately describing observ- generators. The paper is organised as follows: the obsesab

ables dominated by loypr QCD phenomena stem from the are described in Section II. Section 11l describes the ATLAS
fact that there is often a combination of non-perturbative e detector and Section IV presents the MC samples used in the
fects, including soft diffraction, lowpr parton scattering and  study. The track and event selection are detailed in Sebtion
hadronisation. These effects act simultaneously in a giverrhe analysis and the uncorrected data distributions medsur
kinematic region and are difficult to separate experiméntal at the center-of-mass energy ¢6=7 TeV are presented in
The recent ATLAS study of inclusive charged-particle produ  Section VI. The procedure to correct for detector and selec-
tion [2] shows that the sensitivity of measurements to sofme otion effects and an overview of systematic uncertaintigs ca

be found in Section VII (additional information is provided

the Appendix B). The last section of the paper is devoted to a

comparison of corrected data with models and a discussion of
* Full author list given at the end of the article. the results. Appendix A presents results W§=900 GeV.
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Il. OBSERVABLE QUANTITY power spectrum
. . . Nch
The presence of azimuthal ordering, stemming from the un- o= 5 T enriiwx — a2 4
derlying QCD string structure, is studied for two different (@) Nev eVemnch|JZ R (X = @))% @)

variants of the helix-like ordered gluon field. As suggested

in [12], the azimuthal ordering of hadrons should be observwhere w is a parameter. The inner sum runs over
able with the help of a power spectrum defined according tgseudorapidity-ordered charged hadrons in the event.

the expected structure of the helix field. Assuming the break The presence of a helix-like angular ordering of hadrons of
up of the string occurs via tunneling [10], with the partonseither type would manifest itself as a peak in the correspond
emerging at rest, the azimuthal direction of the hadron's in |ng power spectrum; the position of the peak would indicate
trinsic transverse momentum coincides with the phase of thghe density of the helix winding. It should be stressed that,
helix string in the centre of the string piece which forms thethough formally very similarSe andsS, are only loosely cor-
hadron. Hence, the azimuthal opening angle of two directelated. A modified form of the helix string implies a differ-
hadrons measures the phase difference between two corrgnce in the experimental signature, such that the presdnce o
sponding points along the string, with the transverse plang helix gluon field creating a peak 8 does not necessarily
defined with respect to the string axis. The analysis takes adesult in a peak structure ®, and vice-versa.

Vantage of the fact thatin Sqip interactions, the QCD StringS The power Spectra can also be expressed as a sum of con-

tend to be aligned along the beam axis. tributions from pairs of hadrons
In close analogy with [12], where the authors assume the
helix winding is proportional to the rapidity difference-be _ 1 1 A
tween hadrons, we define the power spectrum S(E=1+ Nev e%mnch % cosAn; —Ag),
Ne|
SE = Y IyeniEn - © (@ =1+ 5 o5 cosan; -ag),
Nev ¢&aniNch ] Nev fenten ]

where is a parameter angj (@) is the pseudorapidity (az- WhereAg; = @ — q is the opening azimuthal angle between
imuthal angle) of the j-th hadroiley is the number of events, hadronsAnj = nj — nj is their pseudorapidity difference and
andng, is the number of charged hadrons in the event. The in&Xj = Xi —X; their energy-distance as defined above. The ab-
ner sum runs over charged hadrons in the event and the outg¢nce of correlations correspondsSg & )=1 andSg (w)=1.
sum over events in the sample.

It is important to note that the form of the helix field is
not well constrained and that it is possible to find several lll. ATLAS DETECTOR
parametrisations of the helix field conforming to the assump

tions made inl[12]. One possible scenariol [14] corresponds The ATLAS detector [15] covers almost the entire solid an-
to a static, regular helix structure with the phase diffeeen gle around the collision point with layers of tracking detec
Ag proportional to the amount of internal energy stored in thers, calorimeters and muon chambers. It has been designed
fraction f of string with masvlp to study a wide range of physics topics at LHC energies. For
Ap=.7 f Mo=.% K Al = . AE ) the measurements presented in thi_s paper, the triggemsyste
’ and the tracking devices are of particular importance.

where.” is a parametek is the string energy densitg is The ATLAS inner detector has full coveragegrand cov-
the difference in the helix phase between two points aloag thers the pseudorapidity range| < 2.5. It consists of a silicon
string andAl andAE are the length and the energy, respec-Pixel detector, a silicon strip detector (SCT) and a tramsit
tively, of the corresponding string piece in its rest frambe ~ radiation tracker (TRT). These detectors are immersed il a 2
energy-distancAE along the string between direct hadrons is @xial magnetic field. The pixel, SCT and TRT detectors have
not directly observable but according to MC studies, the sigtypical r—¢ position resolutions of 10, 17 and 130m, re-
nature of the helix-shaped field should be visible with hélp o Spectively, and the pixel and SCT detectors hasEposition
a very loose approximation of the string by a chain of hadrongesolutions of 115 and 580m, respectively. A track travers-
ordered in pseudorapidity. For the purpose of measuring th&g the full radial extent would typically have 3 silicon jpix
azimuthal ordering, we thus retain two parameters for each fihits, 8 and more silicon strip hits and more than 30 TRT hits.
nal hadron: the azimuthal angéeand the positiorX along The ATLAS detector has a three-level trigger sys-
the chain, evaluated as tem: level 1 (L1), level 2 (L2) and the event filter (EF). For
this measurement, the L1 trigger relies on the beam pickup
timing devices (BPTX) and the minimum bias trigger scintil-
X =055+ kZ =% 3 Jators (MBTS). The BPTX are composed of electrostatic beam
=0 pickups attached to the beam pipe at a distaneet175 m
whereEy is the energy of the k-th hadron in the chain, and thefrom the center of the ATLAS detector. The MBTS are
position of the hadron is associated with the centre of tlhe co mounted at each end of the detector in front of the liquid-
responding string piece. Accordingly, we define an altéveat argon endcap-calorimeter cryostatszat +3.56 m and are

k<j
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segmented into eight sectors in azimuth and two rings infpseu  The requirements on reconstructed tracks included in the
dorapidity (209< |n| < 2.82 and 282< |n| < 3.84). Data  analysis are the following:

were taken for this analysis using the single-arm MBTS trig- ) ]

ger, formed from BPTX and MBTS L1 trigger signals. The « the track is reconstructed by the track reconstruction al-

MBTS trigger was configured to require one hit above thresh- ~ gorithm used inl[1], with an implicit cut on the trans-
old from either side of the detector. The MBTS trigger effi- verse momenturmr > 100 MeV, and more than 6 hits
ciency was studied with a separate pre-scaled L1 BPTX trig-  in the silicon detectors;

ger, filtered to obtain inelastic interactions by inner daie

requirements at L2 and EE [2]. « the track has a transverse impact parameter with respect

to the primary vertexd§V| < 2 mm;

« the track has a longitudinal impact parameter with re-
IV.. MONTE CARLO SAMPLES spect to the primary vertgg" |sin(6) < 2 mm; and

The analysis has been developed using a PYTHIA °* the track is reconstructed in the pseudorapidity range
6.421[16] (MCO9 tune [17]) sample with large statisticslyfu —25<n <25.
simulated [[18] and reconstructed using the standard ATLAS
reconstruction chain [19]. It should be stressed that tiogceh ures full trigger efficiency(]2]. The contributions frometh
of the MC tune does not affect the outcome of the analysi% 99 yLel.

because the data are corrected in a model independent way. eam.and non coIhspn baqurourjd (cosmic rays and detec
. . tor noise) have been investigated|lin [2] and found to be neg-
For the comparison of the corrected data with the standar!”. X X i .
gible. Events with multiple primary vertices (less tha3%

Taldzroln;sSa onor} ﬂ%dls\;\sn’el\:l_i ;%mf rl,?i] F()S)_(%CSS?W 'Zt?MZggg_E of the sample and subsamples defined below) are rejected in
DR - s order to prevent a bias from multiplgp interactions in the

2 tunes|[22]), PYTHIA 8.130 (4C tunge [23]) and a recent tuneCOIIiding proton bunches
of PYTHIA 6 (AMBT2b [24]) have been used. The MC gen- '
erators PYTHIA and PHOJET employ the Lund string frag-
mentation model whereas the HERWIG MC is based on the
cluster model. To study the sensitivity of the power spetcira

the modification of the string fragmentation model, the data o ) _
are also compared with an alternative implementation of the The analysis is carried outin parallel on the sample sedecte

fragmentation process based on the helix string field desdri a@s described above (henceforth referred to as the “in@usiv
by Eq. 2[25]. sample”) and on two subsamples.

The first subsample contains events where the transverse
momentum of any reconstructed track does not exceed 1 GeV
V. DATA SAMPLES (max(pr) < 1 GeV). This subsample is called the “log-en-
hanced sample”. The effects of parton showering and lateral
boost are diminished in this selection. The rfax) < 1 GeV
r?gquirement selects events with little acollinear jetatytiand
thus the transverse activity is expected to be primarilyssen
Tive to hadronisation effects.
The analysis is also performed on a second subsample de-
fined by a higher trackr cut-off, pr > 500 MeV. This partic-
ular selection yields a subsample with a significantly redic
contribution from diffractiveop interactions (see Table I). This
subsample is referred to as the “lqwy-depleted sample”.

The requirement on the minimum number of tracks en-

V.2. Subsample definitions

The measurements reported in this paper were made usi
pp collision data recorded afs= 7 TeV. The data were col-
lected with stable colliding beams at 7 TeV and correspond t
an integrated luminosity of 190 ub~! from the beginning
of the 2010 LHC run([2]. A sample gfp collision events
recorded at/s= 900 GeV corresponding to an integrated lu-
minosity of ~ 7 ub~1 [2] was also studied and the results are
shown in Appendix A.

V.1. Eventand track selection V.3. Selection criteria at particle level

Events are selected using the following criteria: The comparison between corrected data and MC models re-

quires an adjustment of the event selection in order to avoid
a systematic bias. The analysis relies on two main selection

« the event has one and only one reconstructed vertex arfditeria: the charged-hadrgs and the charged-hadron mul-

this vertex must have at least three associated tracks; tiplicity. ) )
The effect of the lowpr cut-off is easily modelled at the

« the event has no tracks wily > 10 GeV: particle level (MC truthl[26]) and the corresponding system
atic uncertainty is covered by the uncertainty assigneti¢o t
« the event has at least six reconstructed trapksX5)  correction procedure, described in Section VII. The cuten t
passing the requirements below. maximal pr of a track is more selective when applied at the

« the event has at least one trigger hitin MBTS;
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particle level as it removes also those MC events which conactions with detector material, photon conversion to ebect
tain a non-reconstructed highr track. The effect is non- positron pairs and decays of long lived particles. The aver-
negligible in the low-p enhanced sample, where it is cor- age reconstruction efficiency for primary charged parsicte
rected for and a systematic uncertainty is assigned to tefle@5% for thepr >100 MeV track selection and 84% for the
the additional uncertainty. pr >500 MeV selection. The systematic uncertainty due to
The charged-track multiplicity selection criteria on the the performance of the track reconstruction is estimatéd fo
measured data need to be modified in order to emulate M&®wing the studies performed in Ref] [2].
modelling. The adjustment of the charged-track multipfici

is done in the following way: for each reconstructed track, a Model(tune) PYTHIA6(MCO09)
random number RND is repeatedly generated according to a low pr cut >100 MeV >500 MeV|
flat distribution untilRND < &;, & being the estimated track max(pr) cut |< 10 GeM| < 1 GeV | < 10 GeV
reconstruction efficiency [27]. The corrected chargedkra nen >10 (Corrected detector level)
mutiplicity ng, corresponds to the number of random numbers &
generated for the entire event. The procedure also contains N 31.93 17t 22.62
an additional correction for the residual content of seeopnd diffractive/total 3.9+0.1%|21.4:0.2%| <0.1%
tracks. nd" >10 (particle level)

The selection based an, roughly reproduces the average N 31.31 15.53 22.26
charged-particle multiplicity of the particle-level salmse- diffractive/total 4.04+0.1%|22.740.2%| <0.1%

lected with an" cut-off (see Table I). Figuri 1 illustrates the

effect of hadron-level cuts on the true charged-particlé-mu TABLE I. Average charged-particle multiplicite" and relative

tiplicity n%". The choice of the selection cut for the current fraction of diffractive events for the fully simulated PYTAB

analysis (i ~ ngﬁ” > 10) is aimed at minimising any bias (MC09) MC sample at/s=7 TeV. Results are shqwn for events se-

in the power spectra related to the loss of events due to thigcted with the corrected charged-track multiplicity afitne, >10

detector-level charged-track multiplicity cut-off >5. (detector level) and!gh >10 (particle level) { indicates before the
The selection criteria distinguishing between data samplemax(pT) cut correction).

are summarised in Table Il which also provides the informa-

tion about the final number of events retained for the analy-

sis and the mean corrected charged-track multiplicity chea pp collisions at,/s = 7 TeV,ng, >10

sample. The relative fraction of diffractive events (based pr >100 MeV pr >500 MeV

the nominal cross-section) and the mean charged-partidie m

L . . . 10 GeV| 1GeV 10 GeV|

tiplicity of the Monte Carlo selection are given in Table I. ma;(ka N © ma;(ka N ° ma;(ka N ©
The final track selection contains 2:8.4% of secondary al ch cl ] ch > ch

tracks according to studies performed on simulated samples [8:099,211 34.71 |1,292,38917.96'| 4,341,217 23.27

Non-primary tracks predominantly arise from hadroniciinte TABLE Il. Number of selected data events and average cor-

rected charged-track multiplicity, per sampfeirfdicates before the

“10° max(pr) cut correction).

| ATLAS Simulation

gen
ch

1000 PYTHIA6 MCO9,\'s = 7 TeV |

— unbiased

Bin>s5

e n,>10

dN,/dn

VI. ANALYSIS METHOD

500 For the measurement &, the selected tracks are ordered

by pseudorapidity and a pion mass is assigned to each of them.
According to MC estimates, the charged particle sample con-
tains about 86% pions, 9.5% kaons, 4% protons/antiprotons
and a negligible number of leptons (0.5%). The effect of
assuming a pion mass would need to be taken into account for
a precision measurement of the position of the signal but its
impact on the comparison of data with MC models is negligi-
ble. For the calculation d§, no mass assumption is required.
The power spectra are measured®s ¢ 1) and & — 1)

for convenience.

The uncorrected power spectra are shown in Eig. 2 as a
function of the azimuthal opening angle (helix phase differ
ence) per unit of energy distancg:§ and per unit of pseudo-
rapidity (S;) for the three samples. All angles are expressed
in radians throughout the paper.

10
charged-particle multiplicity nS:"

FIG. 1. The impact of the charged-track multiplicity cuf-oh the
true charged-particle multiplicity distribution. The ewr indicates
the cut on the true charged-particle multiplicity, remaythe region
affected by the loss of events due to the requirement of at kga
reconstructed tracks (white area). The shaded area condspo the
detector-level cuty, > 5. The final analysis selection cuigf > 10)
is indicated by closed points.
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decreasing traclpt selection range, a feature we may asso-

i L L A B B T
3 L . ATLAS \S = 7 TeV ] ciate with the relative fraction of higpr jets in the sample.
o 020" ]
% 1
s peiaz010 (> 19 ) VIIl. CORRECTION PROCEDURE AND SYSTEMATIC
N [ e p,>100 MeV, max(pT)<1O GeV .
0L 3 p,>100 MeV, max(p )<L GeV | UNCERTAINTIES
¥ pT>500 MeV, max(pT)<10 GeV b
ol B The data are corrected for non-reconstructed charged parti
i cles with the help of an unfolding technique based oh [28] and
i ] described in the Appendix B.
0 ]O’ S E g The correction for the secondary track content is obtained
using a random sampling of secondary tracks according to the
w[Gev] parametrised secondary track rate obtained from fully simu
4 ‘ lated MC. The contribution from tracks labeled as secondary
é L i (6S*) is subtracted from the measured data distribution. Typ-
W 0.4 Data 2010 (n > 10) — ically, it amounts to~ 6% of the size of the peak in the power
L . pT>100 MeV, max(pT)<10 GeV | spectrum.

p,>100 MeV, max(pT)<l GeV |

An additional correction is applied in the lopr enhanced
p,>500 MeV, max(pT)<1O GeV |

sample to compensate for the bias introduced by the setectio
cut on maxpr) in case the track with highes{vas not re-
constructed. Selecting events with exactly one track abwe
threshold, the power spectr@() are calculated using all the
other tracks in the event. The correction is obtained by sub-
tractingSPT from the data in the proportion corresponding to
the probability for the highpr track being lost in the recon-
struction.

All corrections are model independent. The correction pro-

cedure has been verified by checking the procedure on fully
FIG. 2. The uncorrected data measurements (Bpbottom: S;)  simulated MC samples.
obtained from the data sample collected,& = 7 TeV. The mea-
surement of the inclusive sample is compared to measursneént
the low-pr enhanced and lowpr depleted subsamples.

0.2

]
6
&

VII.1. Systematic uncertainties

] N The principal sources and parametrisations of systematic
MC studies show that the power spectra are sensitive to vagincertainty associated with the corrected data are sursehri

ious kinds of correlations between particles. The dominani Taple Iil. The combined systematic uncertainty has the fo
peaks seen in both distributions arise due to the jet streictu |o\ing components:

and momentum conservation in the hard parton-parton scat-
tering. The position of these peaks depends on the visible . residual bias of the folding procedure (Appendix B):

energy (in the case df) and the pseudorapidity range (in obtained from the comparison of distributions recon-
the case of;) used in the analysis. Their height is sensi- structed at the detector level using samples with full
tive to a number of physics processes, notably the amountand  detector simulation and those obtained with the folding
structure of multiple parton interactions, cross-talkwesgn technique;

overlapping hadronic systems (colour reconnection), amd p
ton shower properties. Note, that the valueSgfw = 0) and
$, (& = 0) are identical by definition. They are closely related | Source |Systematic uncertaintygg (), S, (£)] |
to the average opening angle between particles in the trans——

verse plane. The presence of azimuthal correlations stegimi folding procedure max(0.003, 3%S—1))
from the properties of the gluon field should be visible as an unfolding _|envelope of the residual bias from unfolding

additional positive peak or enhancement in the power spec+tracking efficiency scaling parameters 5%
trum and the modification should be more pronounced in the| secondary tracks max(0.005, 0.2565%°|)
Ipw-pT region, where the fragmentation and parton interac- g cut-off variation of the cut-offi, by + 1
tions have comparable effects on the transverse momentum Trnax(pT) ~1GeV 5P — (1—eu)/er F", & L5%

hadrons.

The comparison of the uncorrected data obtained in the iNFABLE IIl. The parametrisation of the components of the egstic
clusive event selection and in the Iqw- enhanced/depleted uncertainty, per measured point of the corrected powertspac
subsamples shows the size of the peaks diminishing with the



« uncertainty of the unfolding technique: parametrised toAll contributions to the systematic uncertainty are coneblin
cover the residual discrepancies in the scaling of 3 fold-quadratically. The negative correlation between traclomec
ing iterations (Appendix B); struction efficiency and secondary track content is negtect

. . - . . making the uncertainty estimate more conservative.
« uncertainty on the tracking efficiency estimate: domi-

nated by the uncertainty on the inner detector material
description, which translates into a variation of scaling VIIl. RESULTS
factors by 5%;

« uncertainty due to the residual content of secondary The results of this analysis obtained fop collisions at,/s
tracks: set to 25% of the correction applied, with mini- = 7 TeV are presented in this section. Results from this analy
mal value of 0.005 (based on MC studies) ; sis repeated foy/s =900 GeV are shown in Appendix A. The

. . . . corrected data are compared with the predictions of several

« uncertainty due to the difference in the charged—partlclecommomy used MC models: PYTHIAG. PHOJET. PYTHIAS
multiplicity selection at the generator level and at the .y HERWIG++. ' ' '
detector_ Ieyel: calculated in a model-mdependent Way Figure[3 shows the comparison for the inclusive event se-
as a variation of the shape correspondlng to the Ph.angl‘fection (n > 10, pr >100 MeV and maximapr < 10 GeV).
gf the avefr.ageéj selected charged-particle IT‘u't'pl'c'tyThe principal peak structure observed in the power speatra f

y one unit; an both S andsS, is roughly reproduced by PYTHIA and PHO-

e the uncertainty in the correction of the bias due theJETmOdels and overestimated by HERW|G++ The tail of the

max(pr) cut: corresponds to a 5% variation of the track Se distribution around 6 < w < 1 rad/GeV is not reproduced

reconstruction efficiency. by any of the models.
o o — ] n 0.+ — T ———
3 e 1 3 i 1
= 0.3{. ATLAS Ne,>10, max(p,)<10 GeV ] = L ++++++ ATLAS i
n HE p,>100 MeV, |n |<2.5 7 ” F # ++++++++ \s =7 TeV b
027,: : \s =7TeV * Data 2010 B I + e, ++++++++ e |
B 2 PHOJET 7 ST T +H+++++++++++W#+Hﬁ
-+ PYTHIAB 4C ] 1
0.14F —PYTHIAG AMBT20 ] ¢ Data2010 ]
- HERWIG++ UE7-2 1 n;,>10, max(p )<1 Gev PHOJET _
ob ] p,>100 MeV, |n |<2.5 == PYTHIA8 4C b
D e Y s — PYTHIA6 AMBT2b
o T 1 i - HERWIG++ UE7-2 |
BN | T BRI R SRR B RS | _ PN B R SRR B RS R |
O'JO 0.5 1 1.5 2 2.5 3 0'20 0.5 1 1.5 2 2.5 3
w[GeV™] w[GeV™]
o 06— 7T T T T o 02— 77— T
s 1 a2 |
n a .., T ! . B ] B _ ]
0 4; * Data 2010 | 0.1 M 'M \s =7Tev |
. Ty PHOJET i i ++ 1
Fo -+ PYTHIA8 4C 1 r f 1
02l i —PYTHIAG AMBT2D | O A T ———
- HERWIG++ UE7-2 e T . ]
++ § ng>10, max(p)<1Gev E:tgj;lo 4
0.4 § pPl00MeV, [NI<25 .. pyTHIAB 4C |
O ATLAS ] " — PYTHIA6 AMBT2b |
+ Ns =7 TeV 4 r - HERWIG++ UE7-2 ]
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g g

FIG. 3. Corrected data from the inclusive sample compared td-IG. 4. Corrected data from the lowr-gnhanced sample compared
particle-level predictions from various MC models usingnen-  to particle-level predictions from various MC models usauven-
tional hadronisation algorithms. The top and bottom plats far tional hadronisation algorithms. The top and bottom plogésfar the
theSs andS,; power spectra, respectively. The error bars correspond: andS; power spectra, respectively. The error bars correspond to
to the combined statistical and systematic uncertainties. the combined statistical and systematic uncertainties.



Hadronisation effects should become more evident wheiowever, we find that all models significantly overestimate
measurements are made in regions of the phase space dortfie size of the principal peak structure in b&hands,.

nated by the production of loyer particles. Figur€l4 shows

Comparison of Figs 3, 4 and 5 show that the azimuthal cor-

the power spectra measured in the Ipw-enhanced sample relations are qualitatively different in each subsample] a

(ngy > 10, pr >100 MeV and maximalpr < 1 GeV). A

that the standard MC models fail to reproduce these accu-

significant amount of correlations in observed in the data irrately. Similar conclusion can be drawn for the measurement
both S& and S, distributions compared to the PHOJET and performed at/s = 900 GeV (Appendix A).

PYTHIA based models. HERWIG++ gives a seemingly bet-
ter description for these distribution yet it seems its predic-
tion is more of an artefact of an enhanced single jet strectur
given the fact the model overestimates the measurements
the inclusive event selection (Fid. 3). The interpretatbtinis
measurementin terms of the azimuthal ordering of hadrens re
lated to the properties of the gluon field is discussed iniGect
VIIIL1.

Figure[5 shows the power spec®a and S, for the cor-
rected data and MC predictions in the Iqw-depleted region
(ngy > 10, pt >500 MeV and maximapr < 10 GeV). In
principle, this should be the best understood part of the@ha
space, with a suppressed diffractive component, loweri-sens
tivity to hadronisation effects and best available modeégi

\n T T T
3 B n,,>10, max(p.)<10 GeV |
A 0.4t ATLAS on™= % MaxXIDy
Fi %] pT>500 MeV, |n|<2.5
\s=7TeV * Data 2010 |
F PHOJET i
02 --=- PYTHIA8 4C |
— PYTHIA6 AMBT2b |
; + -+ HERWIG++ UE7-2 i
0§~
0 0.5 15 2 25 3
w[GeV™]
< 08 T
@ B ne,>10, max(pT)<10 GeV ]
ra | p,>500 MeV, |nl<2.5 i
0.6 e Data 2010 -
L & X% e PHOJET R
04; -==- PYTHIA8 4C ]
+ — PYTHIA6 AMBT2b .
B - HERWIG++ UE7-2 |
0.2~ ¢ N
LS i ]
of’ 7
v \s =7 TeV B
‘ I I Ll Ll ‘
0 1 2 3 4 5

6
g
FIG. 5. Corrected data from the lowrplepleted sample compared

to particle-level predictions from various MC models usaayven-
tional hadronisation algorithms. The top and bottom plogsfar the

s 1.5 T T
4 i ATLAS \/s =7 TeV i
n L i
B — PYTHIA6 MCO9 (non-diffr.) |
11— : -+~ without MPI [MSTP(81)=20] —
M7 Ly, N without ISR [MSTP(61)=0]
| -.-.- without FSR [MSTP(71)=0] |
L e Data 2010 B
0.5 ’ —
L v/ i
.. -
/& Nep>10, max(p,)<10 GeV .
() -
0 p,>500 MeV, f|<2.5 -
. . . | . |
0 2 4 6
g
s 0.2 T T
& - ATLAS \s = 7 TeV ]
n L ]
0.1— —
o T
L —— PYTHIA6 MC09 non diffractive _|
q S + diffractive b
o1l N without MPI [MSTP(81)=20] |
e without ISR [MSTP(61)=0] ]
Ng,>10, max(p,)<1 GeV == .- without FSR [MSTP(71)=0] -
p,>100 MeV, j|<2.5 * Data 2010 ]
_ L L L | |
0.5 2 1

Mo

FIG. 6. Correcteds, distributions compared with the particle level
predictions of PYTHIA6 MCO09 for various settings, using then-
diffractive pp scattering (full line) as the baseline. Top: Iqwy-de-
pleted subsample. Bottom: lopr enhanced subsample. The error
bars correspond to the combined statistical and systemmatiertain-
ties.

In the frame of the conventional QCD modelling, we have
tried to identify the most likely source of the observed dige
ancies. Figurkl6 shows the sensitivity of Bedistribution to
various components of the QCD modelling implemented in
PYTHIA 6, taking as a baseline the non-diffractp@scatter-
ing scenario (indicated by the full line). In the low-ple-
pleted sample, the size of correlations varies strongly wit
the amount of multiple parton interactions (MPI), of initia
state radiation (ISR) and with the amount of parton shovgerin
The data prefer modelling with enhanced radiation and/er en
hanced MPI rate which can be achieved via careful adjustment

S and$,; power spectra, respectively. The error bars correspond tof the relevant model parameters.

the combined statistical and systematic uncertainties.

However, such an adjustment typically creates an even
larger discrepancy in the lowrpenhanced region, where the
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parton shower and ISR have smaller influence. Inversely, theodelling ofpp interactions, interfaced alternatively with the
removal of the MPI and of the diffractive processes increasestandard string fragmentation and with the helix stringyfra
the size of the peak in the modelling of the low-enhanced mentation, is shown in Figs 7 ahél 8. It is seen that the helix-
region, but none of these rather extreme variations lead ttke gluon ordering improves the description of the datania t
a good agreement with the measu@ddistribution, while  inclusive sample fo& as it generates higher values in the re-
creating a huge discrepancy in the low-pnhanced region. gion of w € (0.5,1). In the low-pr enhanced sample the data
We conclude that for both measured spectra, the convehtionare more strongly peaked than the model. This indicates the
models fail to describe the lowrgenhanced region, where the data have a more jet-like structure than predicted by PHOJET
data are consistenly showing a larger and broader peak struahich means the model may need readjustment beyond the
ture. fragmentation part.
Itis possible that the original helix string proposall[12pp
vides an improved description of tl& measurement but we
VIII.1. Alternative fragmentation model cannot verify this hypothesis due to the absence of the MC
implementation of this variant of the helix string model for

The question of compatibility of the measurements withparton configurations containing hard gluons.
the azimuthal ordering signal originating from the underly  In principle, the position of the azimuthal ordering signal
ing structure of the QCD field is studied using the PYTHIAG- allows a measurement of the characteristic density of the he
based helix string model implementatidn|[25] of the modi-lix string winding (parametes” in Eq. 2 ). The data indicate
fied helix string scenario corresponding to tBe definition - in the range 0.5 to 0.9 rad/GeV. However, the interplay be-
(Eq. 2). The comparison of corrected data with the PHOJEtween string fragmentation and the other processes (such as

".‘ T ".‘ 0.l——— ——— ——
3 ATLAS ) . — 3 i ]
e j U5 =7 Tev Ney>10, max(p,)<10 Ge B A ATLAS \s =7 TeV
0.2 * p,>100 MeV, n|<2.5 ]
e Data 2010 :
0.1 PHOJET, std.f l :
** _— , std.fragm. i : ® Data 2010 i
*‘+++ ----- PHOJET, helix string fragm. _| 01 .-' — PHOJET, std.fragm. |
oL 4'+ i n,>10, max(p.)<l Gev - PHOJET, helix string fragm. |
: :n>10, N i
L i - p,>100 MeV, j|<2.5 e
L | | 1 0 P B I
0 1 2 3 20 1 2 3
w[GeV?] w[GeV?]
< 06 < 02
o + Ney>10, max(p,)<10 GeV - v B ]
r p,>100 MeV, |n|<2.5 b 0.1— ]
0.4 — L i
L e Data 2010 4 L i
I — PHOJET, std.fragm. 7 o A
0.2 o f £ ]
Lol R Ny e PHOJET, helix string fragm. _| f A e Data 2010 ]
ATLAS -0.1— /. — PHOJET, std.fragm. I
o \s =7 TeV L Ney>10, max(p,)<1 GeV === PHOJET, helix string fragm.
L p,>100 MeV, <25 ]
‘ R ! ‘ R ‘ ‘ ‘ } ‘ L ! ‘ R |
0 2 4 6 0'20 2 4 6
g

FIG. 7. Correcteds: (top) and$; (bottom) distributions com- FIG. 8.  Correctedss (top) andS, (bottom) distributions com-
pared with the particle level predictions of PHOJET, irdegd tothe  pared with the particle level predictions of PHOJET, irdegfd to the
PYTHIAG6-based alternative fragmentation using helixrggrimodel ~ PYTHIA6-based alternative fragmentation using helixrgirmodel
[25] (setting.= 0.7 rad/GeV, see Eg. 2), in the inclusive event se-[25] (setting.”= 0.7 rad/GeV, see Eg. 2), in the lopt enhanced
lection. The error bars correspond to the combined stzdistind  subsample. The error bars correspond to the combinedtisitend
systematic uncertainties. systematic uncertainties.
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parton showering, colour reconnection and multiple irdera GNAS, Georgia; BMBF, DFG, HGF, MPG and AvH Foun-
tions) is not sufficiently understood to allow a more precisedation, Germany; GSRT, Greece; ISF, MINERVA, GIF,
estimate (the measurement has to rely on MC description fabIP and Benoziyo Center, Israel; INFN, Italy; MEXT and
the correction of the longitudinal boost). JSPS, Japan; CNRST, Morocco; FOM and NWO, Nether-
lands; RCN, Norway; MNiSW, Poland; GRICES and FCT,
Portugal; MERYS (MECTS), Romania; MES of Russia
IX. CONCLUSIONS and ROSATOM, Russian Federation; JINR; MSTD, Serbia;
MSSR, Slovakia; ARRS and MVZT, Slovenia; DST/NRF,

A measurement of the ordering of charged hadrons in th&outh Africa; MICINN, Spain; SRC and Wallenberg Founda-
azimuthal angle with the ATLAS data recorded from proton-tion, Sweden; SER, SNSF and Cantons of Bern and Geneva,
proton collisions at/s= 7 TeV andy/s = 900 GeV has been Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the Royal
presented. Society gnd Leverhulme Trust, United Kingdom; DOE and

A spectral analysis of correlations between the opening aZNSF, United States of America.
imuthal angle and the longitudinal separation of the chéirge  The crucial computing support from all WLCG partners is
hadrons was performed by measuring &eands7 power aCknOWIedged gratefu”y, in particular from CERN and the
spectra. These measurements were done in three kinematic & LAS Tier-1 facilities at TRIUMF (Canada), NDGF (Den-
gions (inclusive, lowpr enhanced and loyer depleted sam- Mark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA
ples) that were specifically defined to help assess the pattent (Germany), INFN-CNAF (ltaly), NL-T1 (Netherlands), PIC
contribution of hadronisation effects to the power spebra (Spain), ASGC (Taiwan), RAL (UK) and BNL (USA) and in
varying the levels of competition between hadronisatioth an the Tier-2 facilities worldwide.

other QCD effects.
The results were compared with the expectations of various
MC event generators. Predictions generated by the MC mod- APPENDIX A
els employing the standard Lund string fragmentation model
roughly reproduce the data in the inclusive sample. The analysis is repeated for ATLAS data collecteq/at=

The models systematically overestimate the size of corregog GeV. The number of selected events and the average
lations in the lowpr depleted sample, where the observablesorrected charged-track multiplicity are shown in Table IV
are sensitive to the multiple jet structure of events (duti¢o  Fqr comparison, the average charged-particle multiglioft
presence of underlying event and/or parton showering). ~ pyTHIA6 MC09 samples is shown in Table V, together with

For observables measured in the Ipw-enhanced sam-  the fraction of diffractive events in the sample (the estema
ple, none of the models investigated describes the data adg-based on the nominal cross section obtained from the gen-

quately. A study showing the impact of extreme variations inerator). The corrected data are compared to the partiai lev
MC model parameters that are known to contribute to softprediction of various models in Fig] 9.

QCD effects demonstrates that, although some improvement
of predictions forSE_ a.md.S7 can be achieved in the loywr op collisions aty/s = 900 GeVing, >10
enhanced sample, it is still far from satisfactory.

The measurement & in the kinematic region dominated pr >100 MeV Pr >500 MeV
by low-pr particles shows features similar to those seen in  [Mmax(pr)<10 GeVmax(pr)<1 GeV|max(pr)<10 GeV|
models in which the fragmenting QCD strings are represented Nev Neh Ney Nen Ney Nen
by helix-like ordered gluon chains. These measurements sug (224717 24.8 (59880 17.7 |68458 16.3
gest that the inclusion of such azimuthally-ordered fragime
tation effects could be one factor in improving current mede TABLE IV. Number of selected events and average corrected

of soft particle production and hadronisation. charged-track multiplicity, per sample® (indicates before the
max(pt) cut correction).
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Model(tune) PYTHIA6(MCO09)

low pr cut >100 MeV >500 MeV

max(r) cut | < 10 GeV| <1GeV |<10GeV
Nen >10 (corrected detector level)

Ng" 21.01 15.28 15.2

diffractive/total

3.8(0.1)%]|14.7(:0.2)% <0.01%

ng" >10 (particle level)
N 21.45 15.47 15.75

diffractive/total 3.7(3-0.1)%)| 13.8(+0.2)%| <0.01%

TABLE V. Average charged-particle multiplicitNg,' and rela-
tive fraction of diffractive events for the fully simulatd®lY THIA6
(MC09) MC sample at,/s = 900 GeV. Results are shown for
events selected with the corrected charged-track mulifiplcut-off
Neh >10 (detector level) andd;' >10 (particle level) { indicates

before the maxgr) cut correction).
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illustration of the scaling symmetry, secondary tracksrare
moved from the sample using the generator level information

The deconvolution of the power spectrum requires finding a
set of scaling factor§y, fyx(x= w, &) which fullfil the require-
ment

S —1= f—[s(fi)—l] ,0<x<10,0<i<4. (Bl)

Yy X
where § designates the i-th folding iteration of the power
spectrum (i=0 for uncorrected data, -1 for corrected data).

The origin of observed correlations may be diverse, with
variable dependence on the track reconstruction efficielicy
better precision can therefore be obtained by splittingotine
served distribution empirically into components and by-est
mating the scaling factors per component.

The power spectra calculated in this paper can, to good ap-
proximation, be fit with a combination of a Landau distribu-
tion [29] (to describe the resonant peak structure), an €xpo
nentially falling background (driven by local momentum eon

and the power spectra are recalculated. The procedure is rgeryvation of adjacent hadron pairs) and a polynomial of first
peated two more times, so that a sequence of three foldiRg itegr second degree to describe the upper tail of the distdbuti

ations is available for each measured distribution. Thairfgl
iterations, together with the measured distribution arecoté-
convoluted (MC truth) distribution, obey simple scalindesu

« the size of correlations (along the S-1 axis) scales lin
early with the multiplicity (physically it depends on the

In practice, the subtraction of a single background term and
determination of 2-3 effective scaling factors is suffitiem
describe the difference between a pair of folding iteratjon

the replacement of thés with an attenuated scaling factor

fy = f, = (fx+x)/(1+x) helps smooth the transition into

fraction of correlated pairs which have quadratic mul-the upper part of the spectrum. S
tiplicity dependence, partially compensated by the nor- The knowledge of a single pair of consecutive iterations is
malisation factor in Egs.1 and 4).

« the shape of the power spectru#a scales linearly in

sufficient to calculate the scaling factors. Typically,\tlee
determined using the difference between uncorrected ddta a
the 1st folding iteration (£:0). The stability of the scaling

w with the fraction of energy removed from the hadronfactors is verified by applying them on the folding iteragon
chain (inS,, the position of the peak stays nearly con- of higher orders (2+1,3—2) while the residual discrepancies

stant).

A typical example of the variation of the power spectrum with
the number of applied folding iterations is shown in Fig. Hh0 o
a PYTHIA6 sample with inclusive event selection. For better

C T
- ATLAS Simulation ¢
| Ns=7Tev

Sg(w) -1

0.2

0.1]

Nep>10, max(pT)<1O GeV
| p,>100 MeV, Inl<2.5

T
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-.- generator level —
— detector level i
---+ 1st folding iteration _|
““““ 2nd folding iteration

-+= 3rd folding iteration

102

FIG. 10. Power spectrum calculated at the generator leegtctbr
level and following three folding iterations as describadtie text.
Secondary tracks are removed from the samples in Figs 10-11.

1 10
w[GeVv?]

serve as a basis for the estimate of the associated systemati
uncertainty (Fig[ZIll). The deconvoluted power spectrum is
obtained with the help of Eq. B1 as the extrapolated-{D)
member of the sequence of folding iterations.

@’ 0.02
Qo ATLAS Simulation
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0.01 systematic error (scaling)
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FIG. 11. The closure test of the scaling deconvolution nmettho
Follow-up of the scaling precision over several foldingatéens al-
lows to verify the stability and to estimate the associatedesnatic
error.
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