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The properties of a helixlike shaped QCD string are studied in the context of the Lund fragmentation

model, where the concept of a three-dimensional structure of the gluon field offers an alternative approach

to the modeling of the transverse momentum of hadrons. The paper is focused on the phenomenology of

the model, which introduces correlations between transverse and longitudinal components of hadrons, as

well as azimuthal ordering of hadrons along the string. The similarities between 2-particle correlations

stemming from the helix-string structure and those commonly attributed to the Bose-Einstein interference

are pointed out. It is shown that the charged asymmetry observed in hadron production of close hadron

pairs can be associated with fluctuations in the space-time history of the string breakup and with the

presence of resonant hadronic states.
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I. INTRODUCTION

The Lund string fragmentation model [1] represents one

of the most successful phenomenological descriptions of

the nonperturbative stage of the hadronization process,

where partons (quarks and gluons) are converted into

hadrons. The understanding of hadronization is essential

for a reliable interpretation of the hadronic data obtained in

collider experiments, and the PYTHIA generator code [2]

which contains the Monte Carlo implementation of the

Lund fragmentation model plays an important part in

practically every analysis.

The model uses the concept of a string with uniform

energy density to model the confining color field between

partons carrying complementary color charge. The string

is viewed as being composed of straight pieces stretched

between individual partons according to the color flow.

The fragmentation of the string proceeds via the tunneling

effect (creation of a quark-antiquark pair from the vac-

uum) with a probability given by the fragmentation func-

tion. The space-time sequence of string breakup points

defines the final set of hadrons, each built from a q �q pair

(or a quark-diquark pair in the case of baryons) and a

piece of string between the two adjacent string breakup

points. The longitudinal hadron momenta stem directly

from the space-time difference between these vertices;

see Fig. 1.

The idea of a helixlike shaped string was first sug-

gested in the study of the properties of soft gluon emis-

sion by Andersson et al. [3]. Under the assumption that

the generating current has a tendency to emit as many

soft gluons as possible, and due to the constraint im-

posed on the emission angle by helicity conservation,

it was shown that the optimal packing of emitted

gluons in the phase space corresponds to a helixlike

ordered gluon chain. Such a structure of the color field

cannot be expressed through gluonic excitations of the

string and it needs to be implemented as an intrinsic

string property.

The current paper is organized as follows: Section II

describes the changes in the fragmentation model related to

the helix string structure, the modification of the original

helix-string proposal, and the Monte Carlo (MC) imple-

mentation of the model. Section III uses a simplified

version of the hadronization model for a detailed study of

the experimental signature of the helix-string model.

Section IV deals with the charge asymmetry in the corre-

lated hadron production. Section V provides an overview

and discussion of the observed features. Appendixes A

and B show the results of first tuning studies using the

LEP and LHC data.

FIG. 1. Evolution of the QCD string in the rest frame of the q �q
pair. The end point partons lose their momentum as they separate
and the string—the confining field—is created. The space-time
coordinates of breakup vertices can be obtained from the relation
½t; x� ¼ ðkþpþ þ k�p�Þ=�ð�� 1 GeV=fmÞ, with kþð�Þ desig-
nating the fraction of parton momenta used for the buildup of
the string field. The x direction is parallel to the string axis and
the mass of partons is neglected.*sarka.todorova@cern.ch
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II. MODELING OF TRANSVERSE MOMENTUM

The implementation of a string with a helix structure
radically changes the way hadrons acquire their transverse
momentum. In the conventional Lund model [1], the trans-
verse momentum of the hadron is the (vectorial) sum of the
transverse momenta of the (di)quarks which were created
via tunneling during the breakup of the string. The trans-
verse momenta of newly created partons are randomly
sampled from a Gaussian distribution (with adjustable
width) and their azimuthal direction is uniformly random
(i.e. two random numbers are thrown at every string
breakup point in order to generate the associated transverse
momentum; see Fig. 2).

In the case of the helix ordered string, hadrons obtain
their transverse momentum from the shape of the color
field itself, so that there is in principle no need to assign a
momentum to new quarks in the string breakup. If we
assume the gluon field has a form of an ideal helix and
the string tension is tangential to the helix, the transverse
momentum stored in the string piece defined by two
adjacent string breakup points can be written as

~p T ¼ R
Z �j

�i

expið���=2Þd�; (1)

where �iðjÞ is the ‘‘phase’’ of the helix (azimuthal angle)

at the breakup point iðjÞ and R stands for the radius of
the helix.

The transverse momentum that the hadron carries
is entirely defined by the properties of the helix field
(described by two parameters: the radius and the winding
density; see Fig. 3). The loss of the azimuthal degree of
freedom in the string breakup is arguably the most signifi-
cant consequence of the inclusion of the helix-string model
in the fragmentation process.

A. Parametrizations of the helix string structure

In the original helix-string proposal [3], the phase dif-
ference of the helix winding is related to the rapidity
difference of the emitting current by the formula

�� ¼ �y

�
; (2)

where �� is the difference in helix phase between two
points along the string, � is a parameter, and �y is the
rapidity difference which can be calculated as

�y ¼ 0:5 ln

�kþi k�j
k�i kþj

�
; (3)

with kþ;� representing the fractions of end point quark
momenta defining a position along the string; see Fig. 1.
In this parametrization, the helix phase difference is related
to the angular difference of points in the string diagram
[Fig. 4(a)].
An alternative parametrization [4] sets the difference in

the helix phase to be proportional to the energy stored in
between two points along the string

�� ¼ Sð�kþ þ�k�ÞM0=2; (4)

where M0 stands for the invariant mass of the string,
S ½rad=GeV� is the density of the helix winding, and
�kþ ¼ jkþj � kþjþ1j, �k� ¼ jk�j � k�jþ1j define the size

of the string piece. This parametrization describes a static
helix structure where the helix phase remains constant at a
given point along the string [Fig. 4(b)]. As discussed in

FIG. 2 (color online). The generation of the transverse momen-
tumof a hadron in the conventional Lund stringmodel, obtained as
a vectorial sum of the transverse momenta of quarks (diquarks)
created in the tunneling process. The string breakup points are
uncorrelated in the azimuthal angle and the (locally conserved)
transverse momentum is sampled from a Gaussian distribution.

FIG. 3 (color online). In the helix-string model, the transverse
momentum is stored in the transverse structure of the gluon field.
The tunneling process creates quark-antiquark pairs at rest and
the string breakup points are correlated.

FIG. 4. The space-time evolution of the helix string structure
in the rest frame of a q �q string. Left: Original proposal [Eq. (2)],
where helix phase evolves along the string axis in time. Right:
Modified proposal [Eq. (4)], which corresponds to a static helix
structure.
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Sec. 3.2 of Ref. [4], such a parametrization emerges as a
solution of equations developed in Ref. [3] assuming the
separation of soft gluons is dominated by the azimuthal
component (neglected in [3]).

For practical reasons, only the static helix scenario
[Eq. (4)] is studied in this paper—the original helix-string
proposal cannot be implemented for an arbitrary parton
configuration without modifications [the model contains a
singularity at the gluon kink, where one of the fractions k
becomes 0 in Eq. (2)].

For simplicity, the static helix scenario will be referred
to as the ‘‘helix-string model’’ in the following, even
though it represents just one possible solution for the
helix-string parametrization. The phenomenology of the
helix string depends on the exact definition of its shape
and the experimental signatures may vary to some extent.

B. Model implementation

The helix-string fragmentation model has been imple-
mented in a PYTHIA-compatible form, and the fragmenta-
tion code of PYTHIA [5] has been adapted [6] to allow
switching between the standard Lund string fragmenta-
tion and the helix-string fragmentation (referred to as
‘‘standard’’ and ‘‘helix’’ fragmentation, respectively).

The comparison of the helix-string model with data
requires the model to be extended to cover not only the
simple case of a q �q system but also an arbitrary multi-
parton configuration corresponding to the emission of hard
gluons from the quark-antiquark dipole, as in Fig. 5. This is
actually the most complicated part of the model imple-
mentation which requires some additional assumptions
to be made.

First, it is assumed that the helix phase runs smoothly
over the gluon kink, i.e. the helix phases at the connecting
ends of adjacent string pieces coincide.

Second, it is assumed that the probability of the soft
gluon emission depends on the mass of the string piece
formed by color partners in the quark-gluon cascade (the
gluon momentum is equally split between the two adjacent
string pieces), so that the helix phase difference between
string end points, for a color ordered system of N partons,
becomes

�� ¼ S
Xi<N

i

Mi; (5)

where the sum runs over all (ordered) string pieces andMi

is the mass of the ith string piece. In the simulation, the
random choice of the helix phase at one point along the
string defines the helix phase for the entire space-time
history of the string evolution. In particular, the knowledge
of the combined phase difference allows the fragmentation
to proceed in the usual way, by steps taken randomly from
one of the string’s ends.

III. EXPERIMENTAL SIGNATURE

For a better understanding of the origin of observable
effects, it is useful to consider a simplified model configu-
ration with an ideal helix shape which provides a better
illustration of the basic features of the model. The smear-
ing of the helix shape can be obtained from the comparison
with the data (Appendix A).
The correlations between transverse and longitudinal

components of direct hadron momentum which originate
from the helix string structure are best visible in a toy study
of fragmentation of a simple q �q string, shown in Fig. 6. The
longitudinal direction and the transverse plane are defined
with respect to the string axis.
The helix string structure also creates a very distinct

correlation between the azimuthal opening angle of two
direct hadrons and their distance along the string, which
can be expressed as a function of the amount of energy
stored in the ordered hadron chain separating the pair; see
Fig. 7. The position of the hadron is associated with the
middle point of the string piece which forms the hadron.
Both types of correlations are rather difficult to observe

experimentally, though. In the presence of gluon kinks, it is
impossible to define the longitudinal axis of the whole
string in a way which allows the separation of the intrinsic
longitudinal and transverse momenta of all hadrons. On top

FIG. 5 (color online). An illustration of the helix phase evo-
lution of the modified helix model in the presence of a hard
gluon kink on the string.
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FIG. 6. The dependence of the direct hadrons transverse mo-
mentum on their energy in the rest frame of the fragmenting
helix string with radius R ¼ 0:36 GeV and S ¼ 0:7 rad=GeV.
Toy model of hadronic Z0 decay with suppressed parton
showering.

STUDY OF THE HELIX STRUCTURE OF QCD STRING PHYSICAL REVIEW D 86, 034001 (2012)

034001-3



of this important source of smearing, it is necessary to
account for the presence of nondirect hadrons (resonance
decay products) or even—as in the case of hadron-hadron
collisions—several overlapping hadron systems, which
contribute considerably to the dilution of the features
associated with the underlying helix string structure.

At this point, it is instructive to separate the effect of the
parton showering (and string overlap) from the effect of
resonance decay. The next step therefore consists in the
study of a realistic configuration of input partons (quarks
and hard gluons), but with fragmentation limited to the
production of direct charged pions (�þ, ��).

Figure 8 shows the disappearance of the clear interfer-
ence pattern between the transverse momentum and the
energy of a direct hadron in a sample of hadronic Z0 decays
into light quark pairs (u �u, d �d), with parton shower enabled
and resonance production disabled. The creation of heavier

quarks in the parton shower and in the tunneling is sup-
pressed, too. The difference between Figs. 6 and 8 is
entirely attributed to the presence of a hard gluon cascade
and the associated complex string topology.
Even though the correlation pattern is smeared out, the

presence of underlying correlations is still visible—
indirectly—in the shape of the inclusive pT spectrum.
Figure 9 shows the comparison of normalized pT spectra
for the standard fragmentation and the helix-string frag-
mentation, in the same sample of Z0’s decaying, ulti-
mately, into a set of direct pions. The radius of the helix
string has been adjusted (R ¼ 0:5 GeV) in order to repro-
duce the average hpTi obtained in the conventional frag-
mentation (with �pT

¼ 0:36 GeV). The parameter S is set

to 0:7 rad=GeV and kept unchanged in this paper. The
difference in the shape of the two distributions reflects
the difference in model assumptions—the standard Lund
fragmentation creates a Gaussian-like shape while in the
helix-string fragmentation, the shape of the inclusive pT is
closer to an exponentially falling function. The study of the
shape of the inclusive pT spectrum is one possible way to
experimentally distinguish between the two model vari-
ants. Note that the difference between models is artificially
enhanced in the sample where all hadrons are direct.
A similar pattern is found in the study of 2-particle

correlations, where the helix string structure causes an
enhanced production of pairs of close direct hadrons.
This is seen in Fig. 10 in the distribution of the momentum
difference Q defined as

Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ðp1 � p2Þ2

q
; (6)

where pi stands for the 4-momenta of hadrons. The com-
parison is done using pairs of charged hadrons (direct pions
in our example).

dE [GeV]
0 5 10 15 20 25

)
∆Φ

co
s(

-1

-0.5

0

0.5

1

FIG. 7. The dependence of the azimuthal opening angle of
two direct hadrons on their energy distance dE along the string
in the rest frame of the fragmenting helix string with parameter
S ¼ 0:7 rad=GeV. Toy model of hadronic Z0 decay with sup-
pressed parton showering. For a combination of hadrons with
energy distance exceeding a half-loop of the helix winding, two
possible configurations exist.
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FIG. 8. The dependence of the size of the transverse
momentum(�) of the direct pions on their energy in the Z0 rest
frame. Hadronic Z0 decay with suppressed resonance produc-
tion. The underlying correlations are smeared by the parton
shower. (�) The transverse plane is defined with respect to the
event thrust axis.
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FIG. 9 (color online). The comparison of the inclusive trans-
verse momentum(�) distribution obtained via standard fragmen-
tation (full blue line) and via helix-string fragmentation (dashed
red line). Hadronic Z0 decay with suppressed resonance produc-
tion. (�) The transverse plane is defined with respect to the event
thrust axis.
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The traces of the 2-particle correlation pattern shown in
Fig. 7 can also be detected with the help of a suitably
defined power spectrum on a selection of events with
restricted parton shower activity. Indeed, this is what has
been found in a recent study by ATLAS [7], where the
sensitivity to the parameters of the helix string structure
has been investigated on MC in low pT inelastic proton-
proton scattering.

IV. CHARGE ASYMMETRY

The prediction of lowQ enhancement by the helix-string
model becomes even more intriguing when looking at
the difference between pairs of hadrons with like-sign
and unlike-sign charge combination—the enhancement is
significantly more pronounced for the unlike-sign pairs
(Fig. 11).

A charge-asymmetric enhancement of 2-particle produc-
tion at lowQ is readily observed in hadronic data. However,
this enhancement is seen in like-sign pairs and usually
associated with the Bose-Einstein interference, though the
phenomenon has never been successfully simulated from
first principles, and a number of measurements actually
contradict this interpretation (absence of correlations
between overlapping hadronic systems [8–11] and depen-
dence of the size of the ‘‘source’’ on the particle type [12]).
The presence of string-structure induced 2-particle cor-

relations at lowQ therefore raises questions: Can these two
observations be connected? Is there a way to modify the
charge flow in the model so that it reproduces the charge
asymmetry in the data?
It turns out there are actually two ways to influence

the charge asymmetry of 2-particle correlations in the frag-
mentation of the helix string, and both represent a natural
extension of the helix-string model, as explained below.

A. Fluctuations in the space-time sequence
of string breakup

The PYTHIA generator fragments a QCD string from both
of its end points, creating one direct hadron at each step,
until the mass of the remaining piece of string falls below a
certain (adjustable) limit and is then split into two final
hadrons. This is a convenient way of implementing the
fragmentation algorithm that neglects fluctuations in the
lifetime of a string piece comprising several adjacent direct
hadrons, as shown in Fig. 12.
It is argued in [1], Sec. 2, that neglecting these fluctua-

tions does not affect the outcome of the modeling since the
hadron final states are identical in the energy-momentum
space. This argument is indeed valid for the standard Lund
string model, where the transverse momentum of direct
hadrons is acquired in the tunneling process and carried by
constituent quarks (or diquarks). However, if we consider
the helix-string model, where the transverse momentum is
carried by the string itself, the fluctuations do have an
impact on the final hadronic system—the hadrons become
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FIG. 10 (color online). The comparison of the momentum
difference distribution for pairs of charged pions obtained via
standard fragmentation (full blue line) and via helix-string
fragmentation (dashed red line). Hadronic Z0 decay with sup-
pressed resonance production.
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FIG. 11 (color online). The comparison of the momentum
difference distribution for pairs of charged pions obtained via
standard fragmentation (blue lines) and via helix-string fragmen-
tation (red lines). The contributions from pairs with identical
charge (‘‘like-sign’’) are indicated by dashed lines; the unlike-
sign charge combinations correspond to full lines. Hadronic Z0

decay with suppressed resonance production.

FIG. 12 (color online). The string area diagram showing the
PYTHIA fragmentation of q �q string in an outside-in direction,

creating a single hadron at each step (left diagram). The algo-
rithm neglects fluctuations in the space-time sequence of the
string breakup (right diagram) because for the standard Lund
string model, the final states resulting from both diagrams are
indistinguishable in the energy-momentum space. The horizontal
axis shows the distance along the string axis; the vertical axis
indicates the time in the rest frame of the string.
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effectively reordered along the helix gluon chain. This is
illustrated in Fig. 13.

The impact of these fluctuations (i.e. the presence of the
string breakup configurations which are omitted in the
standard PYTHIA fragmentation chain) on the relative con-
tribution from like-sign and unlike-sign pairs of hadrons is
shown in Fig. 14. The ratio of like-sign and unlike-sign Q
distributions is plotted. Two scenarios are studied: the ‘‘en-
hanced’’ one, where the ordering is done in a way which
favors the creation of ‘‘adjacent’’ like-sign pairs of hadrons,
and the ‘‘natural’’ one, where the fluctuations occur
randomly according to the string area law [1]. In both

scenarios, only the fluctuations relevant to the swap of
adjacent (next-in-rank) hadrons are considered, and for
the toy model of Z0 decay into direct pions, the average
probability of the swap is around 0.4. For comparison, the
ratios obtained with the standard PYTHIA ordering are
included in the plot both for the standard Lund string and
the helix string.

B. Resonances

The presence of resonant hadronic states in the fragmen-
tation chain has a significant impact on the size of
correlations stemming from the underlying string structure
and on the charge asymmetry. The principal question
resides in the treatment of the resonance decay—the reso-
nance, in particular, a short-lived one, can be viewed as a
piece of the string which preserves its properties, and
decays according to string breakup rules, as a smooth
continuation of the string fragmentation process. It is
also possible that resonances, especially long-lived ones,
gradually ‘‘lose’’ the memory of the QCD field.
To see the impact of the different models of the reso-

nance decay on 2-particle correlations associated with the
helix structure of the string, another version of the toy
modeling of hadronic Z0 decay is set up, where the QCD
strings are forced to decay into a set of direct �0 reso-
nances. The �0’s consequently decay according to the
usual PYTHIA decay algorithm (‘‘std. �0 decay’’), or their
decay obeys the helix-string breakup rules (‘‘helix �0

decay’’). The comparison of the momentum difference
spectra for pairs of charged pions obtained with standard
PYTHIA fragmentation and resonance decay, and with the

helix-string fragmentation scenario combined with stan-
dard (respectively, helix resonance decay) is shown in
Fig. 15. It is not too surprising to see that the hadronization
scenario where the resonance decays do not take into

-π+π
+π-π+π 0π-π+π-πx

FIG. 13 (color online). The string area diagram showing the
effective swap of adjacent hadrons in the fragmentation of a
QCD string with helical structure (the vertical lines in the
diagram show the evolution of a fixed helix phase). Since the
transverse momentum of hadrons is associated with the trans-
verse structure of the string, the fluctuations of the space-time
sequence of string breakup are reflected in the relative ordering
of final hadrons in the azimuthal angle, creating distinguishable
hadronic final states.
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FIG. 14 (color online). The relative fraction of like-sign and
unlike-sign pairs of charged pions as a function of their momen-
tum difference Q, of the string type, and of the ordering of
hadrons along the string. The helix-string fragmentation favors
the creation of close adjacent unlike-sign hadron pairs in the
conventional PYTHIA ordering (dashed lines). The asymmetry is
attenuated in the presence of fluctuations which correspond to an
effective reordering of hadrons along the gluon chain (full lines).
Hadronic Z0 decay with suppressed resonance production.
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FIG. 15 (color online). The comparison of the momentum
difference distribution for pairs of charged pions obtained via
standard fragmentation and standard resonance decay (full blue
line), via helix-string fragmentation and standard resonance
decay (dashed red line), and the helix-string fragmentation
incorporating the resonance decay (dotted-dashed green line).
Hadronic Z0 decay with forced �0 resonance production.
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account the underlying string structure does not exhibit the
sort of enhancement observed with direct pions—the final
hadrons ‘‘lost’’ the memory of the generating QCD field in
the decay of the intermediate resonance state. It is also
clear that the presence of resonances has a dampening
effect on the low Q enhancement: The offspring of a
resonance decay has a momentum difference Q ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
�0
�4m4

�

p
so that the unlike-sign Q distribution contains a

resonance structure, and the presence of a heavy resonance
increases the average distance—along the string—between
other direct hadrons (compare Figs. 15 and 10).

It is, however, quite interesting to see that the inclusion
of resonances enhances the relative fraction of like-sign
and unlike-sign pion pairs at low Q, as shown in Fig. 16.

The effect is substantial and provides answers to questions
formulated in the current section—the helix-string model
predicts a low Q enhancement dominated by like-sign
pairs in the presence of resonances which preserve the
‘‘memory’’ of the gluon field through their decay.
Figure 17 compares the Q spectra, to stress the fact

that even if the like-sign pair production dominates the
low Q region, some enhancement is also expected for
the unlike-sign pairs when comparing the helix-string sce-
nario with the standard Lund fragmentation. This feature
may become instrumental in the test of the model against
the data.

C. Elongated source?

Having successfully demonstrated—with the help of
simplified fragmentation scenarios—that the enhanced
production of like-sign hadron pairs with a low momentum
difference is compatible with the helix-string model, the
temptation is great to take a step further and to try to see if
the model predicts some of the nontrivial properties of
these correlations. In the analysis of the LEP data [13], it
has been shown that the correlation function exhibits an
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FIG. 16 (color online). The ratio of the momentum difference
of like-sign and unlike-sign pairs of charged pions obtained via
standard fragmentation and standard resonance decay (full blue
line), via helix-string fragmentation and standard resonance
decay (dashed red line), and the helix-string fragmentation
incorporating the resonance decay (dotted-dashed green line).
Hadronic Z0 decay with forced �0 resonance production.

Q [GeV]

-210 -110 1

d/
dQ

pa
irs

1/
N

0

0.005

0.01

0.015 0ρd  N >- u d, -> u0Z
 decay 0ρ(+-),std.fragm.,std.

 decay 0ρ(++,--),std.fragm.,std.

 decay0ρ(+-),helix fragm.,helix 

 decay0ρ(++,--),helix fragm.,helix 

FIG. 17 (color online). The comparison of the momentum
difference distribution for pairs of charged pions obtained via
standard fragmentation and standard resonance decay (blue
lines) and the helix-string fragmentation incorporating the reso-
nance decay (green lines). The full lines indicate contributions
from unlike-sign pairs; the dotted lines correspond to the con-
tributions from like-sign pairs of pions. Hadronic Z0 decay with
forced �0 resonance production.
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FIG. 18 (color online). The comparison of the two-
dimensional momentum difference of like-sign (top) and
unlike-sign (bottom) pion pairs obtained with the helix-string
fragmentation model. Qlong (Qside) correspond to the longitudi-

nal (transverse) component of the momentum difference. The
circular band in the bottom spectrum is associated with the
resonance decay. A clear enhancement of the Qside arm is visible
in the like-sign spectrum. Hadronic Z0 decay with disabled
parton shower and forced �0 resonance production.
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asymmetry in the longitudinal and transverse direction—
the phenomenon is known as ‘‘elongation’’ of the source in
the terminology of Bose-Einstein interferometry. The
asymmetry is seen as faster dampening of the correlation
function along the longitudinal axis (the thrust axis of
the event).

Once more, the toy model of hadronic Z0 decay with
forced �0 production and subsequent helixlike decay of �0

resonance into charged pions (the model which exhibits
significant enhancement of like-sign pair production at
low Q) is used, but the parton shower is switched off to
prevent the smearing of transverse and longitudinal com-
ponents. The difference between charged pion momenta is
calculated in the longitudinal center-of-mass frame of the
particle pair (see [13] for a definition). Figure 18 shows the
two-dimensional distributions of like-sign and unlike-sign
combinations. The circular band which is visible in the
unlike-sign spectrum corresponds to the � resonance
decay. The like-sign spectrum exhibits an enhanced parti-
cle production in low Qlong region which is not visible in

the unlike-sign spectrum and which may be at the origin of
the elongation effect (the detailed discussion of this feature
is left to a separate publication). Indeed, after subtraction
of the two distributions, the resulting picture shows a
certain elongation of the particle production, in any
case an asymmetry in comparison of the shape of the
like-sign pair excess in transverse and longitudinal
directions (Fig. 19).

V. OVERVIEW

There are only a couple of free parameters in the helix-
string model: the helix radius R (which replaces the �pT

parameter in PYTHIA) and the density of the helix winding
(parameter S in the case of the static helix scenario).
The predictive power of the model has so far been used

essentially for the development of the model itself: The
necessity to accommodate the charged asymmetry in the
predicted 2-particle correlations leads to the reconsidera-
tion of ‘‘hidden’’ degrees of freedom of the string frag-
mentation model (the dependence on the space-time
history of the string breakup). The existence of these
degrees of freedom translates into uncertainty of the model
prediction which hopefully will be reduced by comparison
with the experimental data.
The key ingredient of the successful implementation of

the helix model seems to be the adjustment of the relative
fraction of direct hadrons, in particular, short-lived reso-
nances with decay conforming to the helix-string fragmen-
tation rules, and their ordering along the string. The
suitable algorithm has yet to be developed, but some
estimates of the observable effects can be made using a
mixture of ‘‘ordinary’’ hadron production and enhanced
resonance production.
An example of such an estimate is given in Fig. 20, for

the study of the 2-particle correlations at the LHC. The
prediction of the helix-string model is obtained from the
combination of two samples: A (helix-string fragmentation
without modification of the particle type content nor the
resonance decay) and B (helix-string fragmentation into �
resonances followed by the resonance decay according to
the helix string structure), in the proportion 4:1 (the com-
bined sample contains 20% of the enhanced resonance
production). The proportion is chosen in such a way that
the size of the predicted correlations does not exceed
values observed in the LHC data [14].
For completeness, it should be mentioned that a signifi-

cant improvement in the overall agreement of the MC
predictions with the inclusive single particle distributions
and event shapes measured at LEP has been obtained with
the helix-string model in an earlier tuning study [15]. The
study has been repeated with a PYTHIA8-compatible reim-
plementation of the model [6]. The results are reported in
Appendix A.
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FIG. 19 (color online). The difference of the two-dimensional
Q distributions of like-sign and unlike-sign pion pairs obtained
with the helix-string fragmentation model exhibits an asymmetry
which may be the origin of the so-called ‘‘elongation’’ effect.
Hadronic Z0 decay with disabled parton shower and forced �0

resonance production.
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FIG. 20 (color online). An estimate of the contribution of the
helix-string fragmentation model to the 2-particle correlation
function in inelastic low pT pp collisions at the LHC, using the
PYTHIA8 generator with the helix-string option [6].
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A. Additional experimental input

The density of the helix-string winding can in principle
be measured directly in the study of azimuthal correlations
of charged hadrons. The experimental data are available
[7] and the comparison with the predictions of the helix-
string model extended to the decay of short-lived reso-
nances is shown in Appendix B.

Another experimental input, not discussed so far, may
come from the study of the polarization of resonance
decays. It follows from previous sections that at least
some of the short-lived resonances should preserve the
helix string structure internally and decay accordingly,
and it should be possible to compare the helix-string model
predictions with the measurements of the angular distribu-
tions in resonance decays.

B. Additional theoretical input

The concept of a helix-shaped confining gluon field
offers a fresh insight into certain features observed in the
data but not sufficiently understood from the theoretical
point of view. The competition between the helix-string
model and the Bose-Einstein interpretation of particle
correlations is the most striking example, but there are
other aspects of the problem which merit a theorist’s
attention. The possibility of the existence of a helixlike
ordered gluon field emerged from the study of optimal
packing of soft gluons at the end of parton cascade, yet it
might be that some ordered gluon pattern is already present
at the level of gluon emission from the leading quarks. If
this is the case, the properties of the string, transmitted
through the correlations of hadrons emerging from the
interaction, offer a glimpse at the way the charged particle
interacts with the surrounding field.

On a more practical level, the study of the helix-string
model would profit from further clarification of which helix
pattern is preferred or, if the theory does not have a prefer-
ence, from the implementation of viable options in MC
generators so that the model variants can be confronted
with the data. In the case of the original helix-string model
proposal [3], this implies the regularization of the singular-
ity associated with the end point of the string and the
extension of themodel onmultiparton string configurations.

VI. CONCLUSIONS

The phenomenological consequences of the replacement
of the conventionalpT modeling in the Lund string fragmen-
tation with an alternative model based on the helix structure
of the QCD string are numerous and experimentally verifi-
able. It is shown how the constraints imposed by the helix-
shaped gluon field translate intomodifications of the shape of
the inclusivepT distribution andof themomentumdifference
of hadron pairs. The particle correlations predicted by the
helix-string model can explain a large part of the enhanced
production of closepairs of like-sign hadrons. The strengthof

the model consists in its high predictive power, due to a low
number of free parameters and the reduction of the number
of degrees of freedom in the modeling.
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APPENDIX A

As a cross-check of an earlier tuning study [15], the
predictions of PYTHIA8-compatible implementation of the
helix-string model [6] are compared with the data mea-
sured by the DELPHI Collaboration [16]. The adjustment
of model parameters is done with help of RIVET [17] and
PROFESSOR [18] packages.

The study uses as input the inclusive particle spectra and
the event shape variables as listed in Ref. [15]. The model
setup is identical to PYTHIA8 default (Tune:ee ¼ 3) except
for fitted parameters shown in Table I, for the standard
fragmentation scenario and the helix-string fragmentation.
The comparison of the fit results in the table confirms

the conclusions reported inRef. [15], namely, that the overall
description of the data improves when the helix-string sce-
nario is employed, in particular, for the subset of inclusive
particle spectra. The fit provides an estimate of the smearing
of the ideal helix shape (parameter HSF:sigmaHelixRadius,
HSF stands for the HelixStringFragmentation class).
The fitted values of parameters of the helical shape vary
with the choice of the input data: the radius (HSF:
helixRadius) between 0.4 and 0.54 GeV, and the density
of the helix winding (HSF:screwiness) between 0.54
and 0:91 rad=GeV. Similar spreads of values have been

TABLE I. Results of the tuning study using the DELPHI
data [16].

Tuned parameter Input data set

PYTHIA8

(std. fragm.)

Event shapes & incl.

particle spectra

Inclusive particle

spectra only

StringPT:sigma 0.276(1) 0.264(3)

StringZ:aLund 0.315(4) 0.262(9)

StringZ:bLund 0.689(6) 0.60(2)

TimeShower:alphaSvalue 0.1418(1) 0.1452(2)

TimeShower:pTmin 0.662(8) 0.73(3)

�2=Ndof 3.72 3.87

Pythia8þ HELIX [6] Event shapes & incl.

particle spectra

Inclusive particle

spectra only

HSF:screwiness 0.918(4) 0.54(1)

HSF:helixRadius 0.405(2) 0.53(2)

HSF:sigmaHelixRadius 0.063(1) 0.07(1)

StringZ:aLund 0.513(3) 0.51(6)

StringZ:bLund 0.443(5) 0.22(2)

TimeShower:alphaSvalue 0.1386(1) 0.1382(4)

TimeShower:pTmin 0.767(5) 0.74(3)

�2=Ndof 2.93 2.07
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obtained in Ref. [15] when studying the difference between
modeling using a pT-ordered parton shower and the
ARIADNE parton shower [19].

Among the inclusive particle spectra, the most signifi-
cant improvement is obtained in the description of the
mean transverse momentum measured as the function of
the scaled momentum (Fig. 21), the observable which is
best suited to detect the correlations between the transverse
and absolute momentum of hadrons.

APPENDIX B

Recently, the ATLAS Collaboration published the mea-
surement of the azimuthal ordering of hadrons inspired by
the search of the signature of the helixlike shaped QCD
field [7]. The spectral analysis of correlations between the
azimuthal opening angle and the longitudinal separation of
hadrons provides a possibility to measure the parameter
describing the helix winding density in the model. The data
show the presence of correlations in the region of interest
(known from the previous study of hadronic Z0 data). The
interpretation of the observed effect is complicated by the
fact that the discrepancies between the data and the pre-
dictions of conventional models cannot be attributed to the
modeling of hadronization alone but require a readjustment
in the jet sector (sensitive to the amount of multiple parton
interactions, initial state radiation, and color reconnection).

According to the arguments developed in this paper, the
helix-string model should be extended to the decay of
short-lived resonances, which means a significant increase
of helix-string induced correlations in the model predic-
tion. It is interesting to see how these predictions compare
with the measurement.

The study is done in the following way: The PYTHIA8

based implementation of the helix-string model is used
with the default hadron mixture. The � and K� resonance
decays are treated as a continuation of the fragmentation of
helix-shaped string. The parameters describing parton
shower, fragmentation function, and the smearing of the
helix radius are fixed to values obtained in the fit of Z0 data

FIG. 21 (color online). The comparison of the DELPHI data
with tuned predictions of PYTHIA8 using the standard fragmentation
(dashed blue line) and the helix-string fragmentation (full red line).

TABLE II. Results of the tuning study using the ATLAS data
[7] collected at

ffiffiffi
s

p ¼ 7 TeV.

Tuned parameter Input data set

Pythia8 4Cþ HELIX [6] ATLAS_2012_I1091481

inclusiveþ low-pT depleted

HSF:screwiness 0.61(2)

HSF:helixRadius 0.460(5)

MultipartonInteractions:expPow 3.7(1)

MultipartonInteractions:pT0Ref 2.09(3)

SpaceShower:pT0Ref 1.81(4)

BeamRemnants:reconnectRange 0.[F]

�2=Ndof 581=443 ¼ 1:3
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FIG. 22 (color online). The comparison of the ATLAS data
with tuned predictions of PYTHIA8 using the helix-string model
extended to the decay of short-lived resonances (full line). To
illustrate the effect of the helix string structure, the predictions of
the model with the standard string fragmentation and resonance
decay are indicated (dashed line), for the same parameter setup.
Low-pT enhanced event selection [restricted by the cut on the
maxðpTÞ< 1 GeV].
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(Appendix A). A selection of parameters describing mul-
tiple parton interactions, initial state radiation, and color
reconnection (see Table II) is retuned in order to achieve a
good agreement between the data and the model prediction
in the inclusive event selection and in the low-pT depleted
region, less sensitive to hadronization effects. The main
parameters of the helix structure are included in the fit and
their optimized values are within the range obtained from
the comparison of the model with Z0 data. Since the data
indicate a very small amount of color reconnection, the
reconnection probability is set to 0 to stabilize the mini-
mization procedure.

The predictions of the retuned model for the region
most sensitive to the hadronization effects (low-pT

enhanced region) are shown in Fig. 22. A reasonable

agreement between the data and the model is seen
in the SE observable. The model somewhat underestimates
the size of correlations in the S� power spectrum, and

the predicted distribution shows a wavy structure. This is
an indication that some of the spectral components are
missing in the simulation and it provides a hint for further
improvement of the modeling (the origin of the discrep-
ancy in the S� may be related to a poorly adjusted distri-

bution of the invariant mass of hadronic systems).
For comparison, the predictions of PYTHIA8 with the

same parameter setup but using the standard fragmentation
and decay algorithms are shown together with the predic-
tions of the helix-string model. The difference serves as an
illustration of the effect the helix-string model has on the
size of the azimuthal ordering signal.
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