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The analysis of the momentum difference between charged hadrons in high-energy proton-proton
collisions is performed in order to study coherent particle production. The observed correlation pattern
agrees with a model of a helical QCD string fragmenting into a chain of ground-state hadrons. A threshold
momentum difference in the production of adjacent pairs of charged hadrons is observed, in agreement
with model predictions. The presence of low-mass hadron chains also explains the emergence of
charge-combination-dependent two-particle correlations commonly attributed to Bose-Einstein interfer-
ence. The data sample consists of 190 gb~' of minimum-bias events collected with proton-proton
collisions at a center-of-mass energy /s = 7 TeV in the early low-luminosity data taking with the ATLAS

detector at the LHC.
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I. INTRODUCTION

Studies of correlated hadron production are an important
source of information about the early stages of hadron
formation, not yet understood from the theory of strong
interactions. Although experimental high-energy physics
employs several phenomenological models of hadronization
that describe the formation of jets with remarkable accuracy,
correlation phenomena are more elusive. In particular, the
observed excess of nearby equally charged hadrons—
commonly attributed to Bose-Einstein interference—has
never been satisfactorily reproduced by Monte Carlo
(MC) models, despite several decades of intensive mea-
surements. Furthermore, dedicated studies of these corre-
lations in WW production at LEP2 did not confirm the
expected presence of correlations between hadrons origi-
nating from different color-singlet sources [1].

Recently, it was pointed out that correlations between like-
sign hadrons arise in the causality-respecting model of
quantized fragmentation of a three-dimensional QCD string
[2], as a consequence of coherent hadron emission [3]. The
topology of the string and the causal constraint implemented
in this model define the mass spectrum and the correlation
pattern of emitted hadrons. This analysis investigates observ-
ables sensitive to predictions of the quantized string model.
The experimental technique is focused on the extraction of a
signal from correlated hadron pairs and triplets.

The paper is organized as follows. Section II contains a
brief overview of phenomenological aspects of the quan-
tized three-dimensional QCD string. Section III recounts the
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observable features of the model and outlines the strategy of
the analysis. Section IV describes the ATLAS detector. The
data selection and MC event generators are described in
Section V. Section VI shows the measured data. Correction
of the data to the particle level is described in Sec. VII.
Section VIII contains the results and the studies of system-
atic uncertainties. Section IX is devoted to the interpretation
of results, and Sec. X contains concluding remarks.

II. PHENOMENOLOGY OF QCD STRING
FRAGMENTATION

The Lund string fragmentation model [4], which is
implemented in the PYTHIA event generator [5], uses a
one-dimensional string to model the QCD confinement.
The string is broken randomly by the production of a new
quark-antiquark pair (or a pair of diquarks if baryons are to
be produced). Hadron four-momenta are determined by the
relative position and timing of adjacent breakup vertices.
Hadrons sharing a common breakup vertex are called
adjacent hadrons. The model imposes a spacelike distance
between the vertices in order to produce hadrons with a
positive (physical) mass. Despite the absence of a causal
connection between vertices, the adjacent string breakups
cannot be treated as random because they define the mass of
the created hadron. The mass spectrum is enforced in the
model by adding the mass constraint to the kinematics of the
string decay, using hadron masses and widths as external
parameters. The model relies on the concept of quantum
tunneling to generate the intrinsic transverse momenta of
hadrons; the partons created in the string breakup are
assigned a transverse momentum with a constant azimuthal
distribution and with a magnitude drawn randomly according
to a Gaussian distribution with a tunable width. Local charge
and momentum conservation hold in the breakup vertex, but
according to the model, there are no correlations between
nonadjacent hadrons in the string’s transverse plane.

© 2017 CERN, for the ATLAS Collaboration


https://doi.org/10.1103/PhysRevD.96.092008
https://doi.org/10.1103/PhysRevD.96.092008
https://doi.org/10.1103/PhysRevD.96.092008
https://doi.org/10.1103/PhysRevD.96.092008
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

M. AABOUD et al.

FIG. 1.

PHYSICAL REVIEW D 96, 092008 (2017)
pr(n=1)

e = o+ a0 e
MW A®
Ad~ 28

4

prla=1)

D;

Left: Parametrization of the helical shape of the QCD string. Middle: In quantized string fragmentation, the breakup points are

separated by the quantized helix phase difference n A®, n = 1 for the ground-state pion. Right: The shape of the QCD string is reflected
in the momentum distribution of emitted hadrons. The intrinsic transverse momentum of hadrons p(n) is quantized (see the Appendix).
The azimuthal angle between intrinsic transverse momenta of adjacent ground-state pions is equal to A®.

The one-dimensional string serves as an approximation
for a more complex QCD field shape, which may be similar
to a thin vortex of a type-II superconductor. The possibility
of understanding the shape of a QCD string in three
dimensions was first studied in Ref. [3] with the goal of
investigating effects stabilizing the end of the parton
shower cascade. On the basis of angular properties of
gluon emission under helicity conservation, the authors of
Ref. [3] concluded that collinear gluon emissions are
absent. On the basis of optimal packing of soft noncollinear
gluon emissions, it was deduced that the shape of the QCD
string should be helixlike.

The fragmentation in the transverse plane changes
substantially when a one-dimensional string is replaced
by a three-dimensional string and quantum tunneling is
replaced by gluon splitting into a quark-antiquark pair with
negligible momentum in the rest frame of the string stretched
between the color-connected partons. Fragmentation of such
a string generates intrinsic transverse momentum that
depends on the folding of the string and implies azimuthal
correlations between hadrons. Azimuthal correlations com-
patible with the helical shape of the QCD string have been
observed by ATLAS [6].

A fragmentation model working with a three-
dimensional string enables cross-talk between breakup
vertices to be introduced. When the causal constraint is
imposed on the fragmentation of a helical QCD string
described by radius R and phase @ (Fig. 1), the mass
spectrum of light mesons is reproduced by a string breaking
in regular A® intervals. A fit of the mass spectrum of
pseudoscalar mesons indicates a rather narrow radius of the
helical string (kR = 68 +2 MeV, where k ~ 1 GeV/fm is
the string tension) and a quantized phase difference A =
2.82 +0.06 [2].

The effective quantization of the string fragmentation
predicts correlations between pairs of hadrons produced
along the string, as a function of their rank difference r.'
Correlations can be studied with help of the momentum
difference Q,

'The rank refers to the ordering of hadrons along the string;
adjacent pairs have rank difference 1.

Qij = _(pi_pj)zv (1)
where p;, p; stand for the four-momenta of particles forming
the pair. The numerical values of the predicted momentum
difference separating pairs of ground-state pions2 with rank
differences up to 5 are given in Table I. Predictions are
calculated in the limit of a locally homogeneous string field
with regular helix winding, which implies a vanishing
longitudinal momentum difference between pions in the
chain. Adjacent pions are produced with an intrinsic trans-
verse momentum difference of ~266 MeV, which can be
seen as a quantum threshold for the production of adjacent
hadrons. In a chain of adjacent charged pions, local charge
conservation allows for the production of pairs of pions with
equal charge for even rank differences (r = 2,4,...) and
opposite charge for odd rank differences (r = 1, 3, ...) only.
The low-Q region (Q < 100 MeV) is populated by pairs
with r = 2.

Within the model, a chain of n adjacent ground-state
pions has the smallest possible mass for a chain of n
adjacent hadrons. It can be calculated using the relation

m, = [n*m+) 0% (2)
i#]

where m, = m,_, is the pion mass and Q;; stands for the
momentum difference of pairs of hadrons forming the
chain. Further information about the calculation of model
predictions is provided in Appendix A.

III. OBSERVABLE QUANTUM PROPERTIES
OF STRING FRAGMENTATION

The analysis uses the two-particle correlations measured
for like-sign and opposite-sign hadron pairs to study the
momentum difference between adjacent hadrons. The
possible connection between the enhanced production of
equally charged pions at low Q and the production of

*The term ground-state pion denotes the lightest hadron state
formed by a string piece with a helix phase difference A®, with a
causal relation imposed on the end point breakup vertices.
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TABLE 1. The expected momentum difference between ha-
drons formed by fragmentation of a homogeneous string into a
chain of ground-state pions, in the quantized helix string model
(see the Appendix). The 3% uncertainty is derived from the
precision of the fit of the mass spectrum of light pseudoscalar
mesons (z,1,7') [2].

Pair rank difference r 1 2 3 4 5
Q expected MeV) 266+8 91+£3 236+7 171+£5 178+5

chains of adjacent ground-state pions is investigated. For
that purpose, correlations are measured for a selection of
exclusive hadron triplets designed to isolate the source
of correlations (see Sec. III A) and compared in detail to the
inclusively measured two-particle correlations [7,8]. The
correlation function is defined in a way that facilitates
the measurement of adjacent hadron pairs (see Sec. III B).

A. Analysis strategy: Chain selection

The shortest chain of hadrons from which the properties
of a helix can be inferred experimentally is a chain of three
charged hadrons (+ — +, — + —), labeled 3h. For the chain
selection, it is sufficient to consider only qualitative
predictions of the model. It is experimentally impossible
to reconstruct the history of string fragmentation from the
momenta of final-state particles only, since the rank differ-
ence of any given pair of hadrons is unknown a priori.
However, according to the model, a chain of ground-state
pions will have the lowest possible mass as compared to a
chain of arbitrary hadrons, and the smallest momentum
difference within the chain of charged ground-state pions
should be carried by the pair of like-sign pions. Therefore,
the chain selection procedure is defined, event by event, in
the following way:

(1) Each measured particle is paired with the like-sign

particle that minimizes the pair momentum difference
Q calculated from the measured three-momenta. The
pion mass is assigned to all pat“[icles.3

(2) Each pair is supplemented with an oppositely

charged particle chosen to minimize the triplet mass.
The resulting three-particle system, (+ —+) or
(—+ —), is labeled as chain in the following, as
the charge-conservation constraint is applied to
define the relative ordering of particles. The chain
selection is further refined in order to avoid double-
counting of particle pairs. The following criteria—
rooted in the underlying physics picture of string
fragmentation, illustrated in Fig. 2—are applied in
an iterative way, preserving the configurations with
lowest mass found so far.

3Throughout this paper, the pion mass is assigned to all
charged particles in the data and in the MC simulation to reflect
the absence of particle identification in the data.

PHYSICAL REVIEW D 96, 092008 (2017)

(3) The association of particles is verified, in the order
of increasing pair momentum difference. If a particle
is associated with more than two different like-sign
partners, the two pairs with smallest momentum
difference are retained, and the remaining associa-
tions are discarded. A new search for a closest like-
sign partner is performed using the still-available
particles. Since the algorithm allows a pair of like-
sign particles to be associated with two different
chains, each protochain is assigned a weight of w; =
0.5 or w; =1 accordingly, to prevent the double-
counting of identical chains.

(4) After completion of chains with opposite-sign ha-
drons, the association rate of all opposite-sign pairs
in the chain selection is verified, in the order of
increasing chain mass. According to the string
fragmentation picture, a pair of adjacent hadrons
can be shared by at most two adjacent triplet chains
(Fig. 2). In the case where a pair of opposite-sign
hadrons belongs to three or more selected chains, the
two chains with lowest mass are retained, and a new
search for an opposite-sign partner is performed for
the other chains. If that search fails, the weight of the
corresponding chain is set to zero. Zero weight is
also assigned to incomplete chains if there are not
enough particles in the event to construct triplets.

At the end of the procedure, the chain selection contains

ng, chains in an event with ng, charged particles, and some
of these chains are effectively eliminated, having zero
weight. The requirement for the like-sign pair to carry the
smallest momentum difference within the chain is not
imposed in any way; only ~1/3 of selected chains contains
such a configuration. Although the chain selection builds
on generic properties of chains of ground-state hadrons by
minimizing both the momentum difference for like-sign
pairs and the mass of triplets, the numerical predictions of
the helical string model are not used in the chain selection.
For the sake of simplicity, the analysis is restricted to the
study of triplet chains only.

B. Analysis strategy: Definition of the
correlation function

In the picture of the string fragmentation, the number of
pairs of adjacent hadrons or pairs of hadrons with a fixed
rank difference is proportional to the number of charged
particles in the sample, while the total number of particle
pairs grows quadratically with particle multiplicity. The
choice of the correlation function is therefore driven by the
need to separate the signal from adjacent hadron pairs and
the large combinatorial background.

In the fragmentation of a QCD string, the creation of
adjacent like-sign pairs is forbidden by local charge
conservation. For higher rank differences, the like-sign
and unlike-sign pairs should be produced in equal amounts
due to the random production of neutral hadrons in the
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(a)

(b)

FIG. 2. A schematic view of a string fragmentation into (a) a long uninterrupted chain and (b) disconnected three-hadron chains. The
circles represent charged hadrons, and the black lines indicate the ordering according to the string fragmentation history (they connect
adjacent hadron pairs). Dashed triangles indicate the triplet chains. In the long uninterrupted chain (a), neighboring triplets share a

common opposite-sign pair.

chain. It follows that the subtraction of like-sign pairs
from the opposite-sign pairs is a suitable technique for
isolating the signal from adjacent hadron pairs. The
inclusive correlations are therefore assessed by the corre-
lation function

A(Q) =—IN(Q)®® - N(Q)*]. 3)

Nch

where N, stands for the number of charged particles in the
sample and N(Q)%5(N(Q)"S) denotes the inclusive spec-
trum of opposite-sign (like-sign) pairs in the sample:

Nev Meh
N(Q)OS = 6(611 + qj)é(Q Ql})
k=1 i,j=1,i#j
Nev n]éh
N(Q)" = Z Z &( 4;)5(0 = Q)). (4)
k=1 i,j=1,i#j

The &(x) = 1 —sign?(x) corresponds to the Kronecker
delta with a continuous argument, which is 1 for x =0
and zero otherwise. N., stands for the number of events, nf,
is the number of charged particles in event k, and ¢; is the
charge of particle i. The integral of the A(Q) distribution
depends on the distribution of the total event charge only,
with an upper limit of 0.5 for a sample of events with
an equal number of negatively and positively charged
particles. Experimentally, the restricted reconstruction
acceptance creates a charge imbalance, which implies a
larger loss of opposite-sign pairs compared to that of like-
sign pairs and hence diminishes the integral of A(Q)
distribution.

The properties of the correlation function were verified
on MC samples where no correlations were introduced
beyond local charge and momentum conservation in the
string breakup. The subtraction of inclusive pair distribu-
tions provides the same result as the extraction of true
adjacent pairs, up to the uncertainty in the particle ordering
generated by the presence of resonances decaying into three
and more charged hadrons [see Fig. 8(a) for illustration].
This implies that the definition of the correlation function to

a large extent compensates for not knowing the exact
hadron ordering in the string fragmentation. Traditionally,
correlation studies employ a ratio of Q distributions rather
than a difference, assuming incoherent or collective effects.
Such an approach, however, does not eliminate the com-
binatorial background from the measurement, and therefore
it is far less suitable for the measurement of the hadroniza-
tion effects. A comparison of the two approaches is
discussed in Sec. IX B.

In direct correspondence to Eq. (3), the correlations
carried by exclusive three-hadron chains can be expressed
as a sum over contributions from all chains with nonzero
weight,

=~

)
o

1 Nv Mo

A3h =
Nch

m{ (0~ Qjy) +56(0 - 0})

k=1 i

—aQ—Qw}, )

1

where each chain contributes with three entries: two for
opposite-sign pairs at Qg;, O, and one for the like-sign
pair at Q, (the indices reflect charge ordering of particles
in the chain). The w; stand for the weight factor of the ith
chain in the event.

The scaling of the opposite-sign pair contribution by 1/2
in Eq. (5) is required for proper subtraction of random
combinations; physicswise, it corresponds to a hypothesis
of an uninterrupted chain of charged hadrons where neigh-
boring triplets share an opposite-sign pair, Fig. 2(a). The
estimate for disconnected triplets [Fig. 2(b)], where the
opposite-sign pairs are not shared and should be counted
with weight 1, can be obtained from the measurement of A5,
(after subtraction of random combinations), by rescaling the
opposite-sign pair contribution—the positive part of the
A3, (Q) spectrum—by a factor of 2.

C. Analysis strategy: Three-body decay

Quantized fragmentation of the helical string into a chain
of charged pions is expected to produce a distinct three-
body decay pattern. The chain members are separated by a
momentum difference that depends on their rank difference

092008-4
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(Table I). For a triplet chain, such a signal can be studied
with the help of a Dalitz plot. In analogy with studies
of 5 decay [9,10], the Dalitz plot coordinates (X,Y) are
defined as

To—T, 3T,
X=v3 , Y = -1, 6
T P

where T; denotes the kinetic energy E;(m,)—m, of
charge-ordered particles in the rest frame of the chain
(particles 0 and 2 form the like-sign pair). The method of
calculation of predictions of the helix-string model can be
found in the Appendix [Eq. (A3)].

IV. ATLAS DETECTOR

The ATLAS detector [11] covers almost the entire solid
angle around the collision point with layers of tracking
detectors, calorimeters, and muon chambers. For the
measurements presented in this paper, the trigger system
and the tracking devices are of particular importance. The
following description corresponds to the detector configu-
ration in the first LHC data-taking period (Run 1).

The ATLAS inner detector has full coverage in ¢ and
covers the pseudorapidity range || < 2.5.* It consists of a
silicon pixel detector, a silicon strip detector (SCT), and a
transition radiation tracker (TRT). These detectors are
immersed in a 2 T axial magnetic field. The pixel, SCT,
and TRT detectors have typical r—¢ position resolutions of
10, 17, and 130 pm, respectively, and the pixel and SCT
detectors have r—z position resolutions of 115 and 580 um,
respectively. A track traversing the full radial extent would
typically have 3 silicon pixel hits, 8 or more silicon strip
hits, and more than 30 TRT hits.

The ATLAS detector has a three-level trigger system:
level 1 (L1), level 2 (L.2), and the event filter (EF). For this
measurement, the L1 trigger relies on the beam pickup
timing devices (BPTX) and the minimum-bias trigger
scintillators (MBTS). The BPTX are composed of electro-
static beam pickups attached to the beam pipe at a distance
z = %175 m from the center of the ATLAS detector. The
MBTS are mounted at each end of the inner detector in
front of the end cap calorimeter at z = +3.56 m and are
segmented into eight sectors in azimuth and two rings in
pseudorapidity (2.09 < || < 2.82 and 2.82 < || < 3.84).
Data were taken for this analysis using the single-arm MBTS
trigger, formed from BPTX and MBTS L1 trigger signals.
The MBTS trigger was configured to require one hit above

*ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from
the IP to the center of the LHC ring, and the y axis points upward.
Cylindrical coordinates (r,¢) are used in the transverse
plane, ¢ being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle 6 as
n = —lntan(6/2).

PHYSICAL REVIEW D 96, 092008 (2017)

threshold from either side of the detector. The MBTS trigger
efficiency was studied with a separate prescaled L1 BPTX
trigger, filtered to obtain inelastic interactions by inner
detector requirements at L.2 and the EF [12].

V. DATA SELECTION AND MC EVENT
GENERATORS

Event and track selection are identical to those used in
Refs. [7,12]. The data sample consists of 190 ub~! of
minimum-bias events collected with proton-proton colli-
sions at a center-of-mass energy /s = 7 TeV in the early
2010 ATLAS data taking with negligible contribution from
additional pp collisions in the same bunch crossing.
Events must:

(i) pass a single arm MBTS trigger,

(i1) have a primary vertex reconstructed with at least two

associated tracks each with transverse momentum
(pt) above 100 MeV,

(iii) not have a second primary vertex reconstructed with
more than three tracks,

(iv) have at least two good tracks, as defined below.

A reconstructed track passes the selection if it has:

(i) pt > 100 MeV and lies in the pseudorapidity
range || < 2.5;

(i1) absolute values of transverse and longitudinal im-
pact parameters below 1.5 mm, with respect to the
event primary vertex;

(iii) a hit in the first pixel layer when expected and at
least one pixel hit in total;

(iv) at least two (for pr>100MeV), four (for pr >
200 MeV), or six (for pr > 300 MeV) SCT hits;

(v) a fit probability above 0.01 for pt > 10 GeV.

The sample contains ~10 million events and over
200 million reconstructed tracks. The detector effects are
evaluated using a PYTHIA6.421 [13] event sample with
parameter values from the MCO9 tune [14], fully simulated
[15] and reconstructed using the standard ATLAS
reconstruction chain [16]. According to MC estimates,
the selected set of reconstructed charged particles consists
of 86% pions, 9.5% kaons, 4% baryons, and 0.5% leptons,
while the fraction of nonprimary particles is 2.3%. Primary
particles are defined as all particles with a lifetime longer
than 0.3 x 107'° s originating from the primary interaction
or from subsequent decay of particles with a shorter lifetime.

Correlation effects that are studied in the present analysis
are absent in hadronization models, and therefore the analysis
does not rely on MC predictions. For illustration, the data
are compared with a representative set of hadronization
models including pYTHIAS (4C tune [17]), HERWIG++
[18,19] and Epos [20].

VI. CORRELATION FUNCTIONS AT
DETECTOR LEVEL

The inclusive distribution A(Q)—as obtained from
reconstructed data—is shown in Fig. 3. It shows an
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FIG. 3. Comparison of As;, (constructed from pairs belonging

to the exclusive three-particle chain selection) with A (inclusive
two-particle distribution), as a function of the upper limit on the
mass of selected three-hadron chains for uncorrected data.

enhanced production of like-sign hadron pairs at low Q,
visible as a negative value. The effect is quantified by the
correlation strength (CS) defined as the absolute value of
the integral of the negative part of the A(Q) distribution

CS = —/A<OA(Q)dQ. (7)

The correlation function measured for three-hadron
chains, As;,(Q), exhibits a shape similar to A(Q) at low
O (Fig. 3). However, the shape of the A3, (Q) also depends
on the upper mass limit, mS)', imposed on the chain
selection. The chain correlation strength (CCS) is defined as

CCS(m§y) :—/ A3, (Q)dQ, formy, <m§)'.  (8)
Aj, <0

A comparison of the two distributions suggests that the
selection of triplet hadron chains with minimized mass may
contain the source of two-particle correlations observed in
the inclusive sample, but this information is indicative only
at this stage due to the absence of unfolding of detector
effects that affect the triplet selection more than the
inclusive two-particle spectra. The average reconstruction
efficiency for a pair of charged particles is ~50%, and for a
triplet of charged particles, it drops to ~35%.

VII. CORRECTION TO PARTICLE LEVEL

The data are corrected for detector effects within the
acceptance requirements (py > 100 MeV, [y| < 2.5) fol-
lowing the correction procedure established in Ref. [12].
The track reconstruction inefficiency, the presence of
nonprimary tracks, and the migration of tracks across
the acceptance boundaries are corrected for by applying

PHYSICAL REVIEW D 96, 092008 (2017)

track-based weights. The vertex and trigger efficiency is
corrected for with an event-based weight. The dominant
component of the uncertainty of the track weighting factors
comes from the dependence on the generated MC sample.
Anticipating a strong contribution to the measurement from
the low-p region, the fully simulated PYTHIA6 sample is
split into nondiffractive and diffractive components. The
former is used to calculate track-based weights, and the
latter is used to evaluate the uncertainty of the correction in
the low-pr region. The observed difference for the inclu-
sive Q spectra [Eq. (4)] is ~10%, without a significant Q
dependence. The uncertainty of the track weighting factors
due to the imperfect detector description is evaluated using
MC samples simulated and reconstructed with a 10%
increase of material in the inner detector, which corre-
sponds to the uncertainty of the detector description
(Ref. [12]). The observed change of the inclusive Q does
not exceed 2%. Both effects are combined and translated
into an effective single-track weight uncertainty of 5%.
The study of hadron pairs is sensitive to detector effects
related to the proximity of reconstructed tracks that are not
explicitly included in the track-based weights; the reduced
reconstruction efficiency for pairs of tracks with a very low
opening angle and the correlated nonprimary particle
production are taken into account via additional correction
factors and additional systematic uncertainty. Both are
parametrized in MC samples as a function of the opening
angle between particles, and the parametrization is con-
volved with the opening-angle distribution obtained from
the data. The subtraction of the like-sign hadron pair
spectrum from the opposite-sign pair spectrum implies a
large cancellation of these effects and cancellation of
systematic effects in general. This renders the experimental
technique very robust. The uncertainty of track-based
weights is effectively removed from the integral of the
A(Q) distribution thanks to the appropriate choice of the
normalization. The residual bias of the pair-correction
procedure is evaluated in MC samples and added to the pair
reconstruction systematic uncertainty. Figure 4(a) shows the
Q dependence of the A(Q) uncertainty related to the
combined pair reconstruction uncertainty and its compo-
nents. The uncertainty is larger than (or comparable to) the
correction observed in the MC simulation. The corrected
inclusive two-particle Q spectra for like-sign and opposite-
sign pairs used in this analysis, N(Q)"S and N(Q)°S, were
published earlier [7] and can be obtained from Ref. [§].
The correction of triplet chains needs to take into account
the impact of the track reconstruction inefficiency on the
chain selection algorithm described in Sec. III A. The
correction for this effect is handled by the HBOM correc-
tion technique [21]. In the HBOM method, the recon-
structed tracks are randomly removed from the sample
according to the detector reconstruction efficiency, which is
parametrized in terms of charged-particle pt and pseudor-
apidity. Hence, the HBOM iteration corresponds to the
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(a) Components of the systematic uncertainty of A(Q) related to the reconstruction of pairs of tracks normalized to the

combined inclusive spectrum N(Q) = N(Q)% + N(Q)*S. (b) HBOM fit (red curve), which provides the corrected relative correlation
strength (red square marker). The systematic uncertainty is split into pair reconstruction uncertainty (error bar superimposed over the
raw data point) and the variation of track folding factors (green lines).

folding of the data with detector effects. The chain selection
is repeated using remaining tracks, for several HBOM
folding iterations, and the results are used to establish the
functional dependency of the measured quantity on detec-
tor effects. The parametrization of this dependency is then
extrapolated to the detector-effect free (zeroth folding
iteration) result. The statistical correlations between
HBOM folding iterations are suppressed by resampling
the probability to retain a given track in each folding
iteration independently.

The systematic uncertainty of the HBOM method is
extracted directly from the data by performing an additional
HBOM unfolding to the detector level, where the detector-
level data are taken as the reference and compared to the
HBOM unfolding based on remaining folding iterations.

The relative correlation strength CCS/CS is unfolded
using the HBOM technique as shown in Fig. 4(b) for a
chain mass-limit value of 0.59 GeV. The raw data and three
HBOM folding iterations are fitted using a second-order
polynomial. Within the CS and CCS integral ranges,
statistical uncertainties of CS and CCS are highly corre-
lated, and therefore the statistical uncertainties of input
points are calculated assuming maximal overlap between
samples. The extrapolation of the fitted function to the
zeroth folding iteration yields the unfolded result and the
statistical error estimate. The systematic uncertainty is split
into two components indicated on the plot: the combined
pair reconstruction uncertainty that is considered fully
correlated between HBOM iterations and the uncertainty
of the folding factors, equal to the uncertainty of track-
based weights discussed above.

The analysis employs two different techniques in order
to correct the shape of Aj;,. The generic correction consists
in the evaluation of the fraction and of the shape of chains
affected by track recombination. A chain which does not
lose any track in a given HBOM folding iteration is labeled

as a “surviving” chain. The chain survival probability for
the ith HBOM iteration (i > 1) is calculated as the number
of chains surviving from the (i-1)th iteration divided by the
number of chains selected in the ith iteration. Figure 5(a)
shows, for a fixed chain mass limit, the chain survival
probability as measured for three consecutive HBOM
folding iterations. The chain recombination probability is
complementary to the chain survival probability. It serves
as an input for the unfolding of the recombination prob-
ability at the detector level (~34% for a chain mass limit of
0.59 GeV). The distribution of A3, (Q) for the recombined
chains is obtained as a difference between the As,(Q)
distribution obtained in a given folding iteration and the
A3, (Q) distribution of chains surviving from the previous
iteration. The shape of A3, (Q) for the recombined chains,
together with the normalization obtained from the unfolded
recombination rate, is used to produce an estimate of the
contribution of recombined chains to the detector-level
measurement. After subtraction of the recombined chains,
the raw data are unfolded using track-based weight factors,
in analogy with the unfolding of inclusive pair spectra.

The second technique is designed to unfold the para-
metrized shape of A3, (Q), which is well approximated by a
sum of two Gaussian functions describing the residual
difference between the opposite-sign and like-sign pair
content,

A3 (Q) = fis(Q; Ors, o1s) + fos(Q; Qos: 6os)
(0 - QLS)2>

2
2074

ny g €Xp (

(0O — 2

=+ nps exp (LQQ(E)> , )
204

where nyg <0 (ngg > 0) are scale factors, Qps(Qos)

indicate the position of Gaussian peaks, and o1g (60g)

092008-7



M. AABOUD et al.

1 T T T
z B ]
3 | Data, Vs =7 TeV, 190 ub™* . ® i
8 o8 ]
o - ° 7
5 L ]
5 i = ]
z 06 m <o59Gev . 7
=
'-g B = --0-- recombination probability ]
8 0.4 e ® survival probability N
g - e ®  cumulated recombination prob-{
] e T o b
s 02~ 7 Tmeell N
< L =Gimime, ,
S L ATLAS T ST, -
5 L i
n 0 1 1 1 1
1 2 3 4
HBOM folding iteration

@
FIG. 5.

PHYSICAL REVIEW D 96, 092008 (2017)

[y
10
[

<

P TR s AR VRN E R |

0.4 '

0.2

A,Q)
o

HBOM folding iterations
—e— folding iteration 1 (raw data;
—=a— folding iteration 2
—e— folding iteration 3

folding iteration 4

-0.2

-0.4

P N R
0.1 0.2 0.3

Q[Gev]
(b)

Demonstration of the HBOM unfolding procedure. (a) Unfolding fit of the chain recombination probability, used to correct the

recombination effects in the detector-level chain selection. The cumulated recombination probability corresponds to the fraction of
“nonoriginal” chains—those not existing at the particle level—in each HBOM iteration. (b) A3, per HBOM iteration, for a chain mass
limit of 0.59 GeV, fitted with a double-Gaussian parametrization. Both plots show statistical errors only.

correspond to the width of peaks, for like-sign (opposite-
sign) pairs.

The shape is fitted for four folding iterations
(including the raw data), and the fit parameters and
correlations between them are unfolded using the
HBOM technique. Figure 5(b) shows the fits of the
A3;,(Q) distribution for the ms;, < 0.59 GeV, in the fit

- T T ]
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>

[} - m
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HBOM folding iteration

range Q € (0.03,0.33) GeV. The bin errors of fitted
distributions are statistical only.

Figure 6 shows the HBOM unfolding extrapolation of
the fit parameters: the position and the width of the negative
[like-sign pair (LS)] peak and the position and the width of
the positive [opposite-sign pair (OS)] peak. The stability of
the unfolding fit is evaluated using a fit with a polynomial

T T T T
Data, s = 7 TeV, 190 ub™*
S 0251 ma.< 0.59 GeV
8 L
" L
o
¥2Indf=26/2
0.24 —
r ATLAS
E 1 | | | 1 3
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F T T T 9
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< L |
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FIG. 6. The unfolding of the peak position (top) and of the Gaussian width (bottom), for the like-sign pairs (left) and opposite-sign
pairs (right), for the chain mass limit of 0.59 GeV, using the statistical errors only. The black closed points indicate the values of the fit
parameter obtained from the fit of Asj,, and the open red point is the unfolded value obtained from the HBOM fit.
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TABLE II.

PHYSICAL REVIEW D 96, 092008 (2017)

The unfolded relative correlation strength CCS/CS for three values of the upper limit on the mass of the triplet chain

cut 3

(column 2). Interpolating between the observed values of CCS/CS, the value of m$} is adjusted to yield CCS/CS = 1 (column 3). The
systematic uncertainty combines reconstruction uncertainty and the uncertainty of folding factors.

mSy (input)

Parameter (MeV) 580 590

600 Interpolation

CCS/CS =+ o(stat) 0.88 £0.02
m$;¢ adjusted

0.99 +0.02

1.09 £0.02 1.00 + 0.02(stat) & 0.07(syst)
591 + 2(stat) £ 7(syst)

of higher order and by varying the range of the fit of the
A3;,(Q) distribution. Good stability is observed in the
unfolding fit of the Gaussian functions mean and width
values, the results of the fit variations are compatible within
the statistical errors, and therefore no additional systematic
uncertainty is attributed to the fit procedure. It is not
necessary to unfold the normalization parameters via the
HBOM method since they are fixed with much higher
precision by the adjustment of the correlation strength. The
correlation coefficient is —0.3 (0.5) for fitted Oy g and Qpg
(015 and ogg) values.

VIII. RESULTS

The value of the upper limit on the chain mass for which
the chain selection reproduces the inclusive correlation
strength is obtained by interpolation between HBOM
results obtained by variation of the chain mass limit mS}'
by 10 MeV (Table II).

= ™ — =
0006 Data,\/s = 7 TeV, 190 ub™* ++ + ]
| @ Ainclusive + ++ i
0.004 [~ * Aaw My, <059 Gev +++ + _
i region of adjustment #+ + :
& 0.002|- ¢ % _
’ | ATLAS f +++
i #Am ++ N
of RS o
- ° ('} ‘," i
L L ° ...‘. |
C | L L | =
10* 1
Q [GeV]

FIG. 7. The corrected A(Q) is compared with the corrected
contribution from low-mass three-hadron chains Az, (Q). The
chain mass limit is set to a value of m§)' = 0.59 GeV, which
reproduces the excess in the inclusive like-sign pair production at
low Q (shaded area). Bin errors indicate the combined statistical
and reconstruction uncertainty. The uncertainty of the track-based
weights is absorbed in the adjustment procedure and translated
into uncertainty of the upper chain mass limit.

The resulting adjusted chain mass-limit value
m§i(CS = CCS) = 591 £ 2(stat) = 7(syst) MeV ~ (10)

is in agreement with the value m,_; = 570 £ 20 MeV
expected by the helix fragmentation model, Eq. (2).

The comparison of the corrected inclusive correlation
function A(Q) with the corrected correlation function
A3, (Q) representing the contribution from the chain selec-
tion for the adjusted chain mass limit is shown in Fig. 7. The
region of adjustment, indicated by the shaded area, corre-
sponds to the region where the enhanced like-sign pair
production is observed.

In order to measure the shape of the correlation function
that corresponds to the adjusted chain mass limit, the
unfolding of the parametrized shape of A3, (Q) is repeated
for several chain mass limit values (0.58,0.59, and 0.6 GeV),
and the unfolded parameters are interpolated to the adjusted
chains mass-limit value (Table III). The reconstruction
systematic uncertainty is evaluated by applying a correlated
smearing of input bin values according to the pair-
reconstruction systematic uncertainty. The variation of
folding factors has a negligible impact on the shape of
the distribution.

The unfolded As;, measured in the chain selection with
the adjusted chain mass limit reproduces the shape of the
inclusive correlation function in the low-Q region. In
addition, good agreement is observed between the meas-
urement and the helix model predictions for a chain of three
ground-state pions (last column in Table III). The width of
the peaks is not predicted by the model, although it can be
assimilated with the fluctuations of the helix shape of the
field. The experimental resolution is better than 10 MeV in
the low-Q region.

A. Stability of results

The analysis was repeated using a single-Gaussian
parametrization, with independent fits of the negative
and positive regions of Az, (Q). The change of the fitting
function had no significant impact on the results. In
addition, the analysis was repeated with HBOM folding
accompanied by smearing of reconstructed track parame-
ters according to the reconstruction uncertainty. No sig-
nificant change in the results was observed.
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TABLE III.

cut

PHYSICAL REVIEW D 96, 092008 (2017)

Unfolded double-Gaussian parametrization of A, for a 10 MeV scan of the chain mass limit and interpolation to the best

estimate of mSj' [see also Eq. (10)] compared to the helix model predictions [2]. The systematic uncertainty accounts for all
reconstruction effects except the uncertainty associated with track-based correction factors, which serves as input for the evaluation of

the chains selection uncertainty (Table IV).

ms; (MeV)

Parameter 580 590 600 591 (best estimate) QCD helix model predictions (MeV)
+o(stat) +o(stat) £ o(rec)

Ois 86.6 0.4 89.4+04 922 +0.4 890.7+04+1.2 91+3

O1s 414 +0.6 44.1 £0.6 46.5+0.7 443 +0.6+£2.0 e

Qos 248.3+0.5 2558 +£0.5 262.9 £0.5 256.4+05+1.8 266 + 8

00s 409 +0.5 439+0.6 46.5+0.7 442 +06+1.5 e

The stability of the results was verified by a variation of
the acceptance requirements; the pseudorapidity range was
reduced from || < 2.5 to || < 1, and in a separate study,
the transverse momentum threshold was raised from 100 to
200 MeV. The study of the impact of track migration across
the acceptance boundary was performed; a three-hadron
chain containing a particle beyond the acceptance boundary
was not reconstructed, but the remaining pair contributed to
the inclusive spectrum. The fraction of lost chains was
traced and found to be 17% across the pseudorapidity limit
at [y| = 1 and 30% across the transverse momentum limit at
pr = 200 MeV. Taking into account the track migration,
no significant differences were observed in the correlation
shape A;;, measured within restricted acceptance regions.

The loss of chains due to a track beyond the detector
acceptance as well as the efficiency of the chain selection
cannot be fully assessed by the analysis, and the measured
chain mass limit is to be considered as an upper limit only.
An estimate of the mass-limit range can be made in the
reconstructed data from the rate of like-sign pairs at low Q
not associated with the chain selection (~30%). Under the
hypothesis that one-third of the unassociated like-sign pairs

belongs to nonreconstructed chains with very low mass
(10%), the chain mass limit would have to be decreased by
~10 MeV to keep CS = CCS (Table II). Thus, an asym-
metric error of —10 MeV is added and propagated to the
systematic uncertainty of the As,(Q) parametrization.
Table IV provides an overview of systematic uncertainties
related to the chain selection.

The variation of the acceptance requirements is also used
to examine the variation of the correlation strength with
charged-particle multiplicity in the inclusive sample, inde-
pendently of the chain selection. Table V summarizes the
results. The systematic uncertainty is a combination of the
uncertainty of the folding factors (5%) and the bias due to
the nonzero total charge in a reconstructed event (15%), the
latter being evaluated with help of a subsample of events
with balanced content of positively and negatively charged
tracks. The correlation strength remains stable within the
restricted pseudorapidity region, despite the sharp drop of
the average charged-particle multiplicity (factor 0.33).
Such a behavior supports the hypothesis of a linear
dependence of correlations on the number of particles.
The measured correlation strength corresponds to the

TABLE IV. Overview of systematic uncertainties derived from the variation of the chain selection.

Systematic uncertainty (by source) (MeV)

Measured parameter Central value (MeV) Stat Reconstruction Unfolding Acceptance Combined
m§yy 591 +2 +6 +4 -10 +7.5/-13
Ois 89.7 +2.1 -2.8 +2.1/-3.3
oLs 44.3 +0.8 -1.0 +0.8/-1.3
Qos 256.4 £5.5 =73 +5.5/-9.1
00s 442 +1.9 -2.6 +1.9/-3.2

TABLE V. Variation of the charged-particle multiplicity and of the correlation strength with the change of acceptance region.
N L‘;‘f‘i“ stands for the corrected charged-particle multiplicity in the acceptance region of the base analysis. All numbers are corrected for

detector effects.

Acceptance variations pr > 100 MeV || < 2.5

pr > 100 MeV |n| < 1 pr > 200 MeV || < 2.5

Nch/Ng}llam
= Jag<0dAQ [%]

1 (by construction)
1.07 £ 0.03(stat) T5% (syst)

0.33 0.78
1.24 £ 0.07(stat) 099 (syst) 0.56 =& 0.03(stat) 755 (syst)
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(a) The comparison between the measured inclusive A(Q) and the prediction of the Lund string fragmentation model

(represented by PYTHIA) and of the cluster hadronization model (represented by HERWIG++). In the Lund string fragmentation model,
the inclusive A distribution reflects the distribution of true adjacent hadrons pairs (rank difference <2), indicated by the full line.
(b) Comparison of the measured A3, (Q) correlation function with a representative set of hadronization models, for the three-hadron

chain selection with mass mj, < 0.59 GeV.

minimum rate of three-hadron chains per charged particle
required to reproduce the correlation shape of the inclusive
A(Q). The observed correlation strength in the baseline
acceptance region is rather low, 1.1704%, as reported in
Table V. This suggests that it is sufficient to have a single
three-pion chain in the ground state per three events to
generate enough correlations to reproduce the data.

The correlation strength is reduced by a factor of 2 with
the increase of the transverse momentum threshold to
200 MeV. In the minimum-bias sample, strings are oriented
predominantly along the beam axis, and therefore the
observed variation of the correlation strength suggests
the correlated hadrons have small intrinsic pp. The quan-
tized fragmentation model predicts the correlations occur
between pions with an intrinsic transverse momentum of
~134 MeV, with respect to the string axis. The detailed
verification of the low-pr dependence of the chain proper-
ties is a challenging task for future studies.

B. Comparison with MC models

The comparison of the unfolded A(Q) distribution
with the predictions of PYTHIA and HERWIG++ is shown
in Fig. 8(a). The Lund fragmentation model and the cluster
hadronization model predict a very similar distribution in
the region of interest for the current analysis (Q < 0.3), and
both disagree with the data significantly. There is a close
correspondence between the inclusive A(Q) observable
and the distribution of the momentum difference between
true adjacent pairs produced by the string fragmentation,
retrieved from the PyYTHIAS event record. This is a feature
discussed in Sec. III B; the inclusive A(Q) is constructed in
a way which makes it suitable for the study of adjacent
hadron pairs. Since the integral of A(Q) is an invariant,
there is a direct relation between the excess of measured
hadron pairs in the region of 0.3 < Q < 0.6 GeV, with

respect to the MC models, and the depletion at
0 < 0.2 GeV. The hypothesis of a physics threshold in
the emission of adjacent hadrons offers a plausible explan-
ation of the discrepancy between the data and the models.
According to the MC estimates, the heavy flavor contri-
bution to the low-Q spectrum is negligible.

Figure 8(b) shows the comparison of the measured A,
with PYTHIA and HERWIG++ predictions. PYTHIA does not
describe the data, and the study of the event record reveals
that the shape of its prediction is dominated by chains
formed by a pair of adjacent hadrons (with opposite
charges) and a hadron originating from another string.
HERWIG++ describes the chain selection much better even
though it fails to reproduce the low-Q part of the measured
distribution. A similar observation was made in the study of
the azimuthal ordering [6], where some observables were
better described by HERWIG++.

Given that neither of these event generators contains the
correlation effects induced by the fragmentation of the
helical QCD string, yet the data are to some extent
described, the presence of chains of ground-state hadrons
cannot be assessed from the shape of the measured Aj,
alone. A further study of the properties of the selected
hadron triplets is discussed in the next section.

C. Three-body decay

The selected three-hadron chains with mass below
0.59 GeV are used to fill a Dalitz plot with coordinates
(X, Y) defined in Eq. (6). The measurement has the advan-
tage of providing a single entry for each selected hadron
triplet (instead of three separate entries in A3;,) and therefore
provides more direct information than the measurement of
the correlation shape. However, the combinatorial back-
ground is no longer subtracted, which means the correlations
are studied on top of a large background distribution.
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FIG. 9. The Dalitz plot, Eq. (6), filled with the three-body decay pattern of the three-hadron chain selection (13, < 0.59 GeV). Top
left: ATLAS data with detector effects unfolded. Top right: PYTHIA8 4C prediction for minimum-bias events. Bottom left: Epos
prediction for minimum-bias events. Bottom right: HERWIG++ prediction for minimum-bias events.

The data are corrected with help of the HBOM
estimate of the chain recombination and of the track-
based weight factors as described in Sec. VII. The
correction procedure was verified with the PYTHIA6
sample. Figure 9 shows the corrected decay pattern of
selected chains in the data and the equivalent obtained
from the generator-level MC samples. The distributions
are normalized to the number of charged particles in the
sample.

O e " o
c e T i %
L T e ] <
s .Y = _ I
ok a
= r { ] &
i : _ a
i : ] @
C i ATLAS ] I
05 : — =
- i Data,\s=7TeV, 190 ub
Con im, <059GeV ]
_1 1 1 1 _5
-1 -0.5 0 05 1
X

The rate of selected chains is 0.24 + 0.02 per charged
particle in the data, 0.18 in PYTHIAS, 0.20 in Epos, and 0.28
in HERWIG++. A clear enhancement is observed in the data
at large Y values, which is not reproduced by any of the MC
samples (the quantum effects affecting the hadron momenta
are not included in the event generators).

In order to quantify the significance of the shape
difference between the data and the MC models, the
Dalitz plot is split into three regions; see Fig. 10. The
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FIG. 10. The significance of the difference of the Dalitz plot filled with the three-body decay pattern of chains with mass below
0.59 GeV, between the data and the PYTHIAS simulation (left) and the HERWIG++ simulation (right). The signal region I gathers chains
where the pair of like-sign hadrons carries the least momentum difference. Region III serves as a reference for the adjustment of the MC

simulation with respect to the data.
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principal signal region I gathers chains where the pair of
like-sign hadrons carries the smallest momentum differ-
ence. A less pronounced but still quite significant excess is
observed in region II where it can be interpreted as a
signature of a quadruplet chain containing a neutral pion
(see below). The models are rescaled to reproduce the rate
of selected chains in the reference region III where no
enhancement is observed and where no enhancement is
expected by the quantized helix string fragmentation model
(see Sec. IX). The significance of the difference between
the data and the MC prediction is then evaluated as the
number of standard deviations observed, calculated from
the statistical error and from the uncertainty associated with
the bin migration and with the X, Y dependence of track-
based weights and of the presence of nonprimary tracks.
The reconstruction uncertainty as well as the correlated
uncertainty of folding/weighting factors are strongly corre-
lated between bins and therefore absorbed in the adjustment
of the MC chain rate. The y? per degree of freedom for
comparison of data with PYTHIAS is 29.1, 8.1, and 0.89 in
regions I, II, and III, respectively. The comparison of data
with HERWIG++ yields similar results: y> per degree of
freedom = 20.0, 12.4, and 0.98 in regions I, II, and III,
respectively. The excess in region I, which contains triplets
where the like-sign pair of particles carries the smallest
momentum difference is 1.72 £ 0.05% (1.35 4+ 0.05%) of
chains per charged particle compared to the adjusted
PYTHIAS (HERWIG++) shape. The excess in region II is
0.75 £ 0.04% (0.97 4+ 0.04%) of chains per charged par-
ticle compared to the PYTHIAS (HERWIG++) shape.

IX. INTERPRETATION OF MEASUREMENTS
USING THE HELIX STRING MODEL

The observations described in the previous section agree
with the hypothesis that the observed correlations reflect
the pattern of the coherent emission of hadrons from a
helical QCD string. Since the adjusted chain mass limit
agrees well with the expected minimum mass for a true
chain of charged pions, the position of the maximum of the
A3, (Q) distribution can be interpreted as the measurement
of the momentum difference between adjacent opposite-
sign pairs of pions with rank difference 1, while the
position of the minimum can be associated with the
momentum difference between like-sign pairs of pions
with rank difference 2.

A. Onset of adjacent hadron pair production

The existence of a quantum threshold for the minimum
momentum difference between adjacent hadrons is a
fundamental feature of the quantized fragmentation model.
The data are in agreement with the prediction of a thresh-
oldlike behavior: after the subtraction of selected three-
hadron chains from the inclusive A(Q), there are no
adjacent pairs visible in the low-Q region, up to a certain
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FIG. 11. The unfolded A(Q) with (black points) and without
(red points) the contribution from low-mass three-hadron chains.
Closed squares indicate the subtraction performed assuming long
uninterrupted chains (A), and open circles indicate the subtraction
done assuming disconnected triplets (B).

threshold value, which depends on the assumption made
about the length of correlated hadron chains:

AYQ) = A(Q) - A3,(Q). (11)

AP(Q) = A(Q) — A34(Q) = fos(Q; Qos. 00s).  (12)

Hypotheses A and B refer to Fig. 2. Hypothesis A describes
the chain contribution as a contribution from long unin-
terrupted chains. Hypothesis B assumes the triplet chains
are disconnected and restores the contribution from oppo-
site-sign pairs, which had been scaled by factor 0.5 in
Eq. (5), using the fitted decomposition of Aj, into two
Gaussian functions, Eq. (9).

The distributions after the subtractions are shown in
Fig. 11. In the scenario of disconnected three-pion chains,
the threshold value moves up to ~0.25 GeV. This value
coincides with the quantum threshold predicted by the
quantized model of fragmentation of a helical QCD string,
which also fits the experimentally found position of the
peak formed by closest opposite-sign pairs.

B. Enhanced production of pairs of like-sign
charged hadrons

The enhanced production of pairs of like-sign charged
hadrons is traditionally attributed to the Bose-Einstein
effect, originating in the symmetrization of the quantum-
mechanical amplitude with respect to the exchange of
identical bosons [7]. A large number of measurements have
been done on the basis of the correlation function defined
as a ratio of like-sign and opposite-sign distributions, the
latter being considered “uncorrelated” by the Bose-Einstein
formalism.
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FIG. 12. The ratio of inclusive like-sign and opposite-sign pair
spectra, before and after subtraction of the estimated contribution
from low-mass three-hadron chains, in scenario A (long unin-
terrupted chain) and B (disconnected triplet chains). The upper
mass limit for the three-hadron chain (0.59 GeV) has been set to
the value that reproduces the enhancement of like-sign pair
production in the inclusive sample.

Figure 12 shows the ratio R = N(Q)"S/N(Q)°® before
and after subtraction of the estimated contribution from
ordered hadron chains with mass below 0.59 GeV. The
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subtraction is done in close analogy to Egs. (11) and (12)
with the help of the fit [Eq. (9)],

RMQ) = [N(Q)" + Nenf15(Q: Q5. 015)]/

[N(Q)OS — Nenfos(Qs; Qos: 60s)]s (13)
RB(Q) = [N(Q)"S + Nenf15(Q: Ors.015)]/
[N(Q)°S = 2N, fos(Q: Qos- 60s)]: (14)

i.e. the Ay, distribution is decomposed into contributions
from like-sign and opposite-sign pairs, which are sub-
tracted from their respective inclusive two-particle distri-
butions, before calculating the ratio. The subtraction is
done for the hypothesis of long chains [A] (open red points)
and disconnected chains [B] (closed red points). In both
cases, the chain selection contains the source of the
enhanced like-sign pair production, hence providing an
alternative explanation of the data.

C. Three-body decay properties of
quantized fragmentation

Figure 13 compares the measured three-body decay
pattern of the chain selection with the model prediction
obtained by generating hadron triplets and quadruplets

<}
3
X o
o
3
=

0.001

N3h / Nch

0.0005

FIG. 13. Model prediction for the decay pattern of the ground-state triplet (top left), ground-state quadruplet with a missing middle
member (top right), and ground-state quadruplet containing a neutral pion (bottom left), in an arbitrary z scale. Model predictions are
calculated using a Gaussian smearing of helical string parameters constrained by the fit of the mass spectrum of pseudoscalar mesons.
The resolution uncertainty of the order of 10 MeV is included in the variation of string parameters. Bottom right: Comparison of the

observed chain decay pattern with model predictions.
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according to the pattern of helical string fragmentation into
chains of ground-state pions (see the Appendix). String
parameters A® and kR are smeared by 2% and 6%,
respectively. The maximal enhancement in the data corre-
sponds to the expected location of the signal from the chain
of three ground-state pions, with some indication for the
possible presence of quadruplet chains; the wide “shoulder”
of the signal in region I can be interpreted as a signature of a
quadruplet chain with a missing middle particle. The
observation of such a form of signal has implications for
the interpretation of the results of the measurements. If there
is a significant admixture of opposite-sign pairs with rank
difference 3 (for which the momentum difference should be
around 0.236 GeV), the bias should be taken into account in
the interpretation of results in terms of properties of the QCD
string. This bias is obtained from the best fit of the Dalitz plot
with the mixture of the PYTHIA6 shape (for background) and
from the model predictions for the triplet and for the
incomplete-quadruplet chains (for the signal) and found
tobe —9 £ 5 MeV. The uncertainty is estimated as one-third
of the case, where the selection is equally spread between
pairs with rank differences 1 and 3.

As described in the Introduction, the quantized helical
string fragmentation model draws input from the mass
spectrum of light pseudoscalar mesons. It is therefore
possible that their decay contributes to the visible corre-
lation pattern, but such a measurement would require the
reconstruction of z° and therefore falls beyond the scope of
the current analysis.

D. Momentum difference as a function of
hadron rank difference

Taking into account the uncertainty of the chain selection
(Table 1V), the inclusive two-particle correlation pattern is
reproduced by three-hadron chains below a mass limit of

m$t = 591 4 2(stat) /3 (syst) MeV. (15)

The data show a threshold effect in the production of
adjacent hadron pairs. The threshold coincides with the
emergence of the Gaussian peak situated at

QOS = 2564 + OS(Stat)
+ 1.8(rec) 57 (chain selection) MeV,  (16)

which is obtained from the fit of the preferred momentum
difference between opposite-sign pairs in the selected
chains. Taking into account the possible admixture of pairs
with rank difference 3, suggested by the particular form of
the three-body decay pattern of selected hadron chains, the
best estimate of the momentum difference for hadron pairs
of rank difference r = 1 becomes

PHYSICAL REVIEW D 96, 092008 (2017)
O(r = 1) = 265.6 4 0.5(stat)
+ 1.8(rec) /! (chain selection) MeV.  (17)

The preferred momentum difference between hadrons
with like-sign charge combination (rank difference r = 2)
is found to be

O(r = 2) = 89.7 + 0.4(stat)
+ 1.2(rec) '35 (chain selection) MeV (18)

for the same set of selected three-hadron chains. Both like-
sign and opposite-sign pair distributions have a Gaussian
shape with a width of 44 £ 3 MeV, while the experimental
resolution in the fitted region is better than 10 MeV.
The systematic uncertainties in Eqgs. (17) and (18) are
correlated.

These values are in good agreement with the predictions
of the model of a QCD string with a helical shape, with
parameters constrained by the mass spectrum of pseudo-
scalar mesons (see Table I).

X. CONCLUSIONS

Two-particle correlation spectra measured in the
minimum-bias sample at a center-of-mass energy of
7 TeV are analyzed in the context of coherent particle
production. The data sample consists of 190 ub~! of events
produced with low-luminosity proton-proton beams at the
LHC and collected in the early 2010 ATLAS data taking.
The QCD string fragmentation scenario is used to introduce
the notion of ordered hadron chains. Using the assumption
of the local charge conservation in the string breakup, the
correlation function is defined in a way suitable for study of
correlations between pairs and triplets of adjacent hadrons.
Because it is experimentally impossible to assess the exact
rank ordering of particles, the rank ordering is replaced by
the minimization of the mass of hadron chains. The
analysis relies on the removal of the background of random
combinations by means of the subtraction of pairs with
like-sign charge combination from pairs with opposite-sign
charge combination. The analysis does not rely on pre-
dictions of conventional MC models which fail to describe
the data.

The results indicate that the enhanced like-sign pair
production at low Q, observed in the data and traditionally
attributed to the Bose-Einstein effect, can be entirely
attributed to the presence of ordered three-hadron chains

with mass below 5911“?3 MeV, at a minimum rate of

l.lfg‘z‘% per charged particle. A strong dependence of
the size of the effect on the transverse momentum of tracks
in the laboratory frame is observed.

The shape of the three-hadron chain contribution to the
inclusive Q spectra agrees with the hypothesis that these
chains are produced via coherent quantized fragmentation
of a homogeneous QCD string with a helical structure.
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The measured momentum difference between hadrons
within such a chain is 89.71“324'55 MeV for pairs with rank
difference 2 and 2661}, MeV for pairs of adjacent
hadrons. The data support the prediction of a “forbidden”
region for the production of adjacent (opposite-sign)
hadron pairs at low Q. The threshold is situated at
~0.25 GeV and agrees with the quantum threshold pre-
dicted by the helical string model.
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APPENDIX: CALCULATION OF PREDICTIONS
WITHIN THE HELICAL QCD STRING MODEL

In the model described in Ref. [2], the causal constraint
applied to the helical QCD field leads to a quantization
pattern describing the mass spectrum of hadrons with mass
below 1 GeV. In particular, the pseudoscalar mesons
(,n,1') can be regarded as string pieces fragmenting into
(n =1, 3, 5) ground-state hadrons (pions), with transverse
energy (Et) and momentum (pt) of mesons defined by the
helical string properties (Fig. 1),

Er(n) = \/m2 + pr(n)? = nkRA®,

where R stands for the radius of the helix, k ~ 1 GeV/fm
is the string tension, A® is the quantized helix phase
difference describing the shortest piece of string that can
form a hadron, and m, is the (quantized) meson mass
spectrum.

The transverse momentum of a hadron stems from the
integral of the string tension along the trajectory (in the
transverse plane) of a quark traveling from one breakup
vertex to another. The string tension is tangential to the
trajectory of the quark:

(A1)

pr(®, ® + nAd)

= (p¥,ipy) = KR/

D

O+nAd | .
el(a+5> da

A® : n T
= DkR'sin o — ei(®+3%45) (A2)

The fit of the mass spectrum of pseudoscalar mesons
indicates a rather narrow radius of the helical string
(kR =68 £2 MeV) and a quantized phase difference
A® = 2.82 4+ 0.06. These values translate into the quan-
tized ground-state transverse energy, Et(n=1)=192MeV,
and the transverse momentum of a ground-state pion,
pr(n=1) =134 MeV [2].

When a piece of helical string fragments into a chain of
ground-state pions, the string shape is reflected in the
momentum difference of the emitted hadrons. Neglecting
the longitudinal momentum differences between adjacent
hadrons i.e. assuming local homogeneity of the fragment-
ing QCD field, the four-momentum difference between
hadrons within a chain of ground-state pions can be written
as a function of their rank difference r,

O(r) = \/=(pi = pis,)* = 2pr(n = 1)|sin (rA®/2)

’

(A3)
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where rA® corresponds to the opening angle between
pions in the transverse plane. Equation (A3) is used to fill
Table I.

It is straightforward to calculate the (transverse)
momenta of pions in the chain defined by string breakup
vertices @, = ®; + AD, ..., ®;,, = ®; + nAD, and to
study the properties of pion multiplets for various rank
difference combinations. A closer look at Table I suggests
the minimization of the mass of selected three-hadron
clusters does not ensure the selection of a triplet of adjacent
pions in case of the presence of a longer chain. The largest
contamination presumably comes from an incomplete
quadruplet chain with a missing (internal) pion and from
a quadruplet chain containing a neutral pion. Quadruplet
chains are therefore included as a correction to the model
predictions. For the study of three-body decays, pions in
selected triplets are boosted into the rest frame of the triplet,
and their kinetic energy is evaluated (the longitudinal
momenta of triplet members are negligible in the rest
frame of the triplet).

The helix-string model predictions for triplets of charged
pions composed of particles with rank difference r < 4 are
shown in Fig. 13, using a numerical smearing of the
measured parameters kR and A® (by a Gaussian distribu-
tion with a width of 6% and 2%, respectively). Figure 14
shows the corresponding shapes of the correlation function
A3;,(Q). The presence of a pair with rank difference 3
modifies the shape of the positive part of the A, distri-
bution. The presence of a neutral pion within the chain
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FIG. 14. Evaluation of the model prediction for the shape of the
correlation function Aj, produced by the ground-state triplet
(black points), ground-state quadruplet with a missing middle
member (blue points), and ground-state quadruplet containing a
neutral pion (red points), for an equal number of triplets of each
type. Model predictions are calculated using a Gaussian smearing
of helical string parameters constrained by the fit of the mass
spectrum of pseudoscalar mesons. The resolution uncertainty of
the order of 10 MeV is included in the variation of string
parameters.

tends to diminish the correlation signal by compensating, to
some extent, the asymmetry between the like-sign and the
opposite-sign pair Q distributions.
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