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Study of the helix structure of QCD string

Sarka Todorova-Nova
Tufts University, Medford MA, U.SA*

The properties of a helix-like shaped QCD string are stuitigde context of the Lund fragmentation model,
where the concept of a 3-dimensional structure of the gluad &ffers an alternative aproach to the modelling
of the transverse momentum of hadrons. The paper is focuséitegphenomenology of the model, which in-
troduces correlations between transverse and longitlctimaponents of hadrons, as well as azimuthal ordering
of hadrons along the string. The similarities between 2iglarcorrelations stemming from the helix-string
structure and those commonly attributed to the Bose-Emsteerference are pointed out. It is shown that the
charged assymetry observed in hadron production of clodmhaairs can be associated with fluctuations in
the space-time history of the string breakup, and with tlesgmce of resonant hadronic states.

PACS numbers: 13.66.Bc,13.85.Hd,13.87.Fh

I. INTRODUCTION

The Lund string fragmentation model [1] represents one
of the most successful phenomenological descriptionsef th
non-perturbative stage of the hadronisation process, avher
partons (quarks and gluons) are converted into hadrons. The =16 \
understanding of hadronisation is essential for a reliaible 4 P
terpretation of the hadronic data obtained in collider expe
iments, and the PYTHIA generator code [2] which contains
the Monte-Carlo implementation of the Lund fragmentation IL
model plays an important part in practically every analysis X

The model uses the concept of a string with uniform energy
density to model the confining colour field between partons
carrying complementary colour charge. The string is viewed
as being composed of straight pieces stretched between indtiG. 1. Evolution of the QCD string in the rest frame of g
vidual partons according to the colour flow. The fragmenta-pair. The endpoint partons loose their momentum as theyraepa
tion of the string proceeds via the tunneling effect (ciati and the string - the confining field - is created. The space-tim
of a quark-antiquark pair from the vacuum) with a probapilit coordinates of break-up vertices can be obtained from tlatioe
given by the fragmentation function. The space-time seqeien [tX]=(k*p*+k~p~)/k (k ~ 1 GeV/fm), withk*(~) designating the
of string break-up points defines the final set of hadrong) eacfraction of parton momenta used for the build-up of the gtfield.
built from a qq pair ( or a quark-diquark pair in the case of The x direction is parallel to the string axis and the massaofqms
baryons) and a piece of string between the two adjacengstrin's neglected.
break-up points. The longitudinal hadron momenta stem di-
rectly from the space-time difference between these \estic

see Fig. 1. o _ _ _model. Section IIl uses a simplified version of the hadronisa
The idea of a helix-like shaped string was first suggested if,, mogel for a detailed study of the experimental sigratur

the study of the properties of soft gluon emission by Andersy¢ the helix string model. Section IV deals with the charge
son et al. [3]. Under the assumption that the generating CUlssymmetry in the correlated hadron production. Section V
rent has a tendency to emit as many soft gluons as possiblgq,iqes an overview and discussion of the observed feature

and due to the constraint imposed on the emission angle by,,engices A and B show the results of first tuning studies
helicity conservation, it was shown that the optimal pagkin using the LEP and LHC data.

of emitted gluons in the phase space corresponds to a helix-
like ordered gluon chain. Such a structure of the colour field
cannot be expressed through gluonic excitations of thegstri
and it needs to be implemented as an intrinsic string prgpert
The current paper is organized as follows: section Il de-
scribes the changes in the fragmentation model relateceto th  The implementation of a string with a helix structure rad-
helix string structure, the modification of the originalitkel ically changes the way hadrons acquire their transverse mo-

string proposal, and the Monte-Carlo implementation of thementum. In the conventional Lund model [1], the transverse
momentum of the hadron is the (vectorial) sum of the trans-

verse momenta of the (di)quarks which were created via tun-
neling during the breakup of the string. The transverse mo-
* sarka.todorova@cern.ch menta of newly created partons are randomly sampled from
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a gaussian distribution (with adjustable width) and thei a I1.1. Parametrisations of the helix string structure

imuthal direction is uniformly random (i.e. two random num-

bers are thrown at every string break-up pointin orderto gen |n the original helix string proposal 3], the phase diffece

erate the associated transverse momentum, Fig. 2). of the helix winding is related to the rapidity differencetbé
emitting current by the formula:

i | . = @

where A® is the difference in helix phase between two
points along the string;, is a parameter, anly is the rapidity
difference which can be calculated as
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FIG. 2. The generation of the transverse momentum of a hadron | . |+~ representing the fractions of endpoint quark mo-
the conventional Lund string model, obtained as a vectsriat of menta defining a position alona the string. see Fia.1. In this
the transverse momenta of quarks(diquarks) created intireling gap 9 9, g.-1.

process. The string breakup points are uncorrelated inzineushal parametrization, the helix phase difference is relateche t

angle and the (locally conserved) transverse momentunmipled ~ @ngular difference of points in the string diagram (Fig.4a).
from a gaussian distribution. An alternative parametrisation [4] sets the differencénin t

helix phase to be proportional to the energy stored in batwee

In the case of the helix ordered string, hadrons obtain theitrWO points along the string

transverse momentum from the shape of the colour field jtself AD =.7 (Ak 4+ Ak ™) Mo/2, (4)
so that there is in principle no need to assign a momentum to
new quarks in the string breakup. If we assume the gluon fielsvhere Mo stands for the invariant mass of the string,
has a form of an ideal helix and the string tension is tangens”[rad/GeV] is the density of the helix winding, afdk™ =
tial to the helix, the transverse momentum stored in thagtri |kj+ - kj++1|, Ak~ = ki — ki, 4| define the size of the string
piece defined by two adjacent string break-up points can bpiece. This parametrisation describes a static helix trac
written as where the helix phase remains constant at a given point along
the string (Fig.4b). As discussed in Section 3.2 of [4], sach
S parametrisation emerges as a solution of equations desetlop
pr= R/ expi(q’i"/2> do (1)  in[3] assuming the separation of soft gluons is dominated by
i the azimuthal component (neglected in [3]).
where®;(;) is the "phase’ of the helix (azimuthal angle) at  For practical reasons, only the static helix scenario (Eq. 4
the break-up poirit j) andR stands for the radius of the helix. is studied in this paper - the original helix string proposal
cannot be implemented for an arbitrary parton configuration
without modifications ( the model contains a singularityhet t

L g
; o, gluon kink, where one of the fractioksecomes 0 in Eq. 2).
a) b)
wi:;;densitv ><'

FIG. 3. In the helix string model, the transverse momentustased
in the transverse structure of the gluon field. The tunngbiragess
creates quark-antiquark pairs at rest and the string bpejpdints are
correlated.

t
The transverse momentum that the hadron carries is en- Lx
tirely defined by the properties of the helix field (described

by two parameters: the radius and the winding density, seg|G. 4. The space-time evolution of the helix string stroetin the
Fig. 3). The loss of the azimuthal degree of freedom in theest frame of aq string. Left: original proposal (Eq.2), where helix
string break-up is arguably the most significant consegeiengphase evolves along the string axis in time. Right: modifiegppsal
of the inclusion of the helix string model in the fragmerdati  (Eqg.4), corresponds to a static helix structure.

process.



For simplicity, the static helix scenario will be refereda® I1l. EXPERIMENTAL SIGNATURE
“helix string model” in the following, even though it repre-
sents just one possible solution for the helix string patame  For a better understanding of the origin of observable ef-
sation. The phenomenology of the helix string depends on thacts, it is useful to consider a simplified model configurati
exact definition of its shape and the experimental signatureyjith ideal helix shape which provides a better illustratin

may vary to some extent. the basic features of the model. The smearing of the helix
shape can be obtained from the comparison with the data (Ap-
pendix A).

1.2 Model implementation The correlations between transverse and longitudinal com-

ponents of direct hadron momentum which originate from the

The helix string fragmentation model has been imple-helix string structure are best visible in a toy study of fre-
mented in a PYTHIA-compatible form, and the fragmentationtation of a simpleyq string, shown in Fig. 6. The longitudinal
code of PYTHIA [5] has been adapted [6] to allow switching direction and the transverse plane are defined with respect t
between the standard Lund string fragmentation and the hehe string axis.

lix string fragmentation (refered to as “standard” and fkiel
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 qq system but also an arbitrary multiparton configura-
tion corresponding to the emission of hard gluons from the
guark-antiquark dipole, as in Fig. 5. This is actually thesino
complicated part of the model implementation which recgiire
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 efds o
adjacent string pieces coincide.

Second, it is assumed that the probability of the soft gluon energy [GeV]
emission depends on the mass of the string piece formed by
colour partners in the quark-gluon cascade (the gluon memerrFIG. 6. The dependence of the direct hadrons transverse mome
tum is equally split between the two adjacent string piecas) on their energy in the rest frame of the fragmenting heliingtwith
that the helix phase difference between string endpoiotsy f  radiusR=0.36 GeV and’=0.7 rad/GeV. Toy model of hadroni?

transverse momentum [GeV]
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colour ordered system of N partons, becomes decay with suppressed parton showering.
i<N . . o
AD=.7 z M;, (5) The helix string structure also creates a very distinct cor-
|

relation between the azimuthal opening angle of two direct
hadrons and their distance along the string, which can be ex-

where the sum runs over all (ordered) string pieceshnis pressed as a function of the amount of energy stored in the

the mass of the i-th string piece. In the simulation, the cemnd
choice of the helix phase at one point along the string defines
the helix phase for the entire space-time history of thegtri
evolution. In particular, the knowledge of the combinedgeha
difference allows the fragmentation to proceed in the usual
way, by steps taken randomly from one of the string’s ends.
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FIG. 7. The dependence of the azimuthal opening angle of ineotd
hadrons on their energy-distand along the string in the rest frame
of the fragmenting helix string with parametgf=0.7 rad/GeV. Toy
model of hadroni&® decay with suppressed parton showering. For
FIG. 5. An illustration of the helix phase evolution of the difted combination of hadrons with energy distance exceeding faldah
helix model in the presence of a hard gluon kink on the string. of the helix winding, two possible configurations exist.




ordered hadron chain separating the pair, see Fig. 7. The po-
sition of the hadron is associated with the middle point ef th
string piece which forms the hadron.

Both types of correlations are rather difficult to observe ex
perimentally, though. In the presence of gluon kinks, inis i 0.04
possible to define the longitudinal axis of the whole strimg i
way which allows the separation of the intrinsic longituain
and transverse momenta of all hadrons. On top of this im- 002
portant source of smearing, it is necessary to account éor th
presence of non-direct hadrons (resonance decay progduicts)

3
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Z° > uT,dd -> n1t
—— standard fragmentation
----- helix fragmentation

P L M| L M|
even - as in the case of hadron-hadron collisions - seveeai ov ° 102 10? 1
lapping hadron systems, which contribute considerabliz¢o t transverse momentum p, [GeV]
dilution of the features associated with the underlyingxhel
string structure. FIG. 9. The comparison of the inclusive transverse momern{tim

At this point, it is instructive to separate the effect of the distribution obtained via standard fragmentation (fullévline) and
parton showering (and string overlap ) from the effect of res Via helix string fragmentation (dashed red line). Hadratfllecay
onance decay. The next step therefore consists in the stu%}th suppressed resonance production.(*) transverse piatiefined
of a realistic configuration of input partons (quarks anddhar ith respect to the event Thrust axis.
gluons), but with fragmentation limited to the productidn o
direct charged pionstt, ).

Figure 8 shows the disappearance of the clear interferenqgry is set to 0.7 rad/GeV and kept unchanged in this paper.
pattern between the transverse momentum and the energy gfq giference in the shape of the two distributions reflés

a direct hadron in a sample of hadroaié decays into light  gifference in model assumptions - the standard Lund fragmen
quark pairs u, dd), with parton shower enabled and reso- ta4iqn creates a gaussian-like shape while in the helirgtri

nance production disabled. The creation of heavier quarks ifragmentation, the shape of the inclusive is closer to an
the parton shower and in the tunneling is suppressed, ta®. Thy, 5onentially falling function. The study of the shape o th
difference between Figs. 6 and 8 is entirely attnbuted o th inclusivepr spectrum is one possible way how to experimen-
presence of a hard gluon cascade and the associated COMpigHy gistinguish between the two model variants. Note that

string topology. the difference between models is artificially enhanced & th
sample where all hadrons are direct.

A similar pattern is found in the study of 2-particle corre-
lations, where the helix string structure causes an enlgance
production of pairs of close direct hadrons. This is seen in
Fig. 10 in the distribution of the momentum difference Q de-

T
T

transverse momentum p_[GeV]

fined as
Q=1/—(p1—p2)? (6)
col e e e e e
20 30 40 50
energy [GeV] g 002
S L
. g [ 2°->umdd->
FIG. 8. The dependence of the size of the transverse moméntum z [ _L;?anda,d:;gmemamn
of the direct pions on their energy in tF& rest frame. Hadroniz® 0015 . helix fragmentation
decay with suppressed resonance production. The undgrbgn

relations are smeared by the parton shower.(*) transveese ps 0.01
defined with respect to the event Thrust axis.

0.005

Even though the correlation pattern is smeared out, the
presence of underlying correlations is still visible - ireditly - P
in the shape of the inclusiverpspectrum. Figure 9 shows the QGeV]
comparison of normalizedrpspectra for the standard frag-
mentation and the helix string fragmentation, inthe same sa FiG. 10. The comparison of the momentum difference distribu
ple of Z%s decaying, ultimately, into a set of direct pions. Thetion for pairs of charged pions obtained via standard fragat®n
radius of the helix string has been adjustBd<0.5 GeV) in  (full blue line) and via helix string fragmentation (dashed line).
order to reproduce the averagepr > obtained in the con- Hadronicz® decay with suppressed resonance production.
ventional fragmentation (witbr,; = 0.36 GeV). The parame-




5

where p stands for the 4-momenta of hadrons. The compar- It turns out there are actually two ways how to influence the
ison is done using pairs of charged hadrons ( direct pions icharge asymmetry of 2-particle correlations in the fragt@en
our example). tion of the helix string, and both represent a natural extens
The traces of the 2-particle correlation pattern shown irof the helix string model, as explained below.
Fig. 7 can also be detected with the help of a suitably defined
power spectrum on a selection of events with restrictedpart
shower activity. Indeed, this is what has been found in atece
study by ATLAS [7], where the sensitivity to the parameters
of the helix string structure has been investigated on MC in
low pr inelastic proton-proton scattering.

IV.1. Fluctuationsin the space-time sequence of string
breakup

The PYTHIA generator fragments a QCD string from both
of its endpoints, creating one direct hadron at each step, un
the mass of the remaining piece of string falls below a cer-
tain (adjustable) limit, and is then split into two final hads.
This is a convenient way of implementing the fragmentation

The prediction of low Q enhancement by the helix stringalgorithm that neglects fluctuations in the lifetime of argr
model becomes even more intriguing when looking at the difpiece comprising several adjacent direct hadrons, as shown
ference between pairs of hadrons with like-sign and unlikeFig. 12.
sign charge combination - the enhancement is significantly
more pronounced for the unlike-sign pairs (Fig. 11).

IV. CHARGE ASYMMETRY

3 o)
o -
S L _ |
3, Z°->uddd->nn
5 0.01— —
= | —e— unlike-sign pairs (std.fragm.) B t
= --o-- like-sign pairs (std.fragm.) |
[ —=— unlike-sign pairs (helix fragm.) B X
- --e-- like-sign pairs (helix fragm.)
0.005— FIG. 12. The string area diagram showing the PYTHIA fragraent
+ tion of qq string in an outside-in direction, creating a single hadron
L at each step (left diagram). The algorithm neglects fluznatin
L the space-time sequence of the string breakup (right didghe-
L cause for the standard Lund string model, the final statestirgg
o L from both diagrams are indistinguishable in the energy-emom

1

Q[GeV]

FIG. 11. The comparison of the momentum difference distigiou
for pairs of charged pions obtained via standard fragmiemtgblue
lines) and via helix string fragmentation (red lines). Tioatribu-
tions from pairs with identical charge (“like-sign”) aredicated by
dashed lines, the unlike-sign charge combinations cooresgo full

lines. HadronicZ® decay with suppressed resonance production.

space. The horizontal axis shows the distance along theysixis,
the vertical axis indicates the time in the rest frame of theg.

It is argued in [1],section 2, that neglecting these fluctu-
ations does not affect the outcome of the modelling since
the hadron final states are identical in the energy-momentum
space. This argumentat 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 consitier t

A charge-asymmetric enhancement of 2-particle produchelix string model, where the transverse momentum is car-
tion at low Q is readily observed in hadronic data. Howeverried by the string itself, the fluctuations do have an impact
this enhancement is seenlike-sign pairs and usually asso- on the final hadronic system - the hadrons become effectively
ciated with the Bose-Einstein interference, though the- phereordered along the helix gluon chain. This is illustrated i
nomenon has never been successfully simulated from firgtig. 13.

principles, and a number of measurements actually cowrtradi
this interpretation (absence of correlations betweenlaper

The impact of these fluctuations ( i.e. the presence of the
string breakup configurations which are omitted in the stan-

ping hadronic systems [8], [9], [10], [11], dependence @&f th dard PYTHIA fragmentation chain ) on the relative contribu-

size of the “source” on the particle type [12]).

tion from like-sign and unlike-sign pairs of hadrons is show

The presence of string-structure induced 2-particle tare in Fig. 14. The ratio of like-sign and unlike-sign Q distribu
tions at low Q therefore raises questions : can these two oliions is plotted. Two scenarios are studied: the “enhanced”
servations be connected ? is there a way to modify the chargee, where the ordering is done in a way which favours the
flow in the model so that it reproduces the charge asymmetrgreation of “adjacent” like-sign pairs of hadrons, and that*

in the data ?

ural” one, where the fluctuations occur randomly according t
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TU TT FIG. 14. The relative fraction of like-sign and unlike-sigairs
X of charged pions as a function of their momentum difference Q
T[+ T T[+ T T[+ TT T[O of the string type and of the ordering of hadrons along thiegtr

The helix-string fragmentation favours the creation ofseladja-
cent unlike-sign hadron pairs in the conventional PYTHIAeaing
(dashed lines). The asymmetry is attenuated in the preséfioetu-
FIG. 13. The string area diagram showing the effective svizlja- ations which correspond to an effective reordering of hasli@mong
cent hadrons in the fragmentation of a QCD string with hélitaic-  the gluon chain (full lines). Hadronig® decay with suppressed res-
ture ( the vertical lines in the diagram show the evolutiora diked onance production.
helix phase). Since the transverse momentum of hadronsdés as
ciated with the transverse structure of the string, the dkatidns of
the space-time sequence of string breakup are reflected ieltitive
ordering of final hadrons in the azimuthal angle, creatisgimjuish- ~ with standard PYTHIA fragmentation and resonance decay,
able hadronic final states. and with helix string fragmentation scenario combined with
standard, resp. helix resonance decay, is shown in Figt 5. |

the string area law [1]. In both scenarios, only the fluctua- S [ rowdong 1
tions relevant to the swap of adjacent (next-in-rank) hasro Ug b sufmgm.siddecay _ |
are considered, and for the toy model of Z0 decay into direct £ 0.021~ ___ pelix fragm., helix string decay ; n
pions, the average probability of the swap is around 0.4. For i ' |
comparison, the ratios obtained with the standard PYTHIA - ]
ordering are included in the plot both for the standard Lund 001 ]
string and the helix string. L ,
IV.2.  Resonances 0l ‘

10 10" 1
QI[GeV]

The presence of resonant hadronic states in the fragmen-
tation chain has a significant impact on the size of correlag|g 15. The comparison of the momentum difference distidiou
tions stemming from the underlying string structure and orfor pairs of charged pions obtained via standard fragmiemtand
the charge asymmetry. The principal question resides in thetandard resonance decay (full blue line), via helix stfiagmen-
treatment of the resonance decay - the resonance, in particu tation and standard resonance decay (dashed red line)harttet
a short-lived one, can be viewed as a piece of the string whiclix string fragmentation incorporating the resonance gecmtted-
preserves its properties, and decays according to stremkbr dashed green line). Hadronk® decay with forcedo® resonance
up rules, as a smooth continuation of the string fragmesntati Production.
process. It is also possible that resonances, especially lo
lived ones, gradually *lose” the memory of the QCD field. not too surprising to see that the hadronisation scenar@ravh

To see the impact .Of the d|ffe_rent mode]s of the '€S0%he resonance decays do not take into account the underlying
nance decay on 2-particle correlations associated withéhe

lix structure of the strina. another version of the tov mdidel string structure does not exhibit the sort of enhancement ob
. 9, ymadsl  served with direct pions - the final hadrons “lost” the memory
of hadronic 2 decay is set up, where the QCD strings are

forced to decay into a set of direpP resonances. Thes of the generating QCD field in the decay of the intermedi-

consequently decay according to the usual PYTHIA decay alg;lte resonance state. It is also clear that the presence-of res
gorithm (“std. p0 decay”), or their decay obeys the helix string onances has a dampening effect on the low Q enhancement:

w120 ,, . the offspring of a resonance decay has a momentum differ-
break-up rules (“heliyo” decay”). The comparison of the mo- > ) ) o
mentum difference spectra for pairs of charged pions obthin €NCeQ = /M3, —4nt; so that the unlike-sign Q distribution
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FIG. 16. The ratio of the momentum difference of like-sigrdan

unlike-sign pairs of charged pions obtained via standaagnfren-
tation and standard resonance decay (full blue line), Vi b&ing
fragmentation and standard resonance decay (dashed egddid
the helix string fragmentation incorporating the resomadecay
(dotted-dashed green line). Hadro&i? decay with forceg® reso-
nance production.

pairs when comparing the helix string scenario with the-stan
dard Lund fragmentation. This feature may become instru-
mental in the test of the model against the data.

IV.3. Elongated source?

Having successfully demonstrated - with the help of sim-
plified fragmentation scenarios - that the enhanced produc-
tion of like-sign hadron pairs with a low momentum differ-
ence is compatible with the helix string model, the temptati
is great to take a step further and to try to see if the model
predicts some of non-trivial properties of these correlai
In the analysis of the LEP data [13], it has been shown that
the correlation function exhibits an asymmetry in the longi
dinal and transverse direction - the phenomenon is known as
'elongation’ of the source in the terminology of Bose-E@ist
interferometry. The asymmetry is seen as faster dampefing o
the correlation function along the longitudinal axis (tHest
axis of the event).

Once more, the toy model of hadroni decay with forced
pP production and subsequent helix-like decaypdf reso-

contains a resonance structure, and the presence of a heavance into charged pions (the model which exhibits significa

resonance increases the average distance -along the beeing
tween other direct hadrons (compare Fig. 15 and Fig. 10).

It is however quite interesting to see that the inclusion
of resonances enhances the relative fraction of like-sigh a
unlike-sign pion pairs at low Q, as shown in Fig. 16. The
effect is substantial and provides answers to questionsifor
lated in the current section - the helix string model prexdéct
low Q enhancement dominated by like-sign pairs in the pres-
ence 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 re-
gion, some enhancement is also expected for the unlike-sign

Q 0,015~ 2 5 g - o O
%E | — (+),std.fragm.std. p° decay ]
Zg Lo==-- (++,--),std.fragm.,std. pD decay i
=i L = (+),helix fragm.,helix o° decay 4
0.0 ===== (++,-),helix fragm.,helix p’ decay. —
0.005— —

Nl

102 10" 1
Q[GeV]

FIG. 17. The comparison of the momentum difference distigiou
for pairs of charged pions obtained via standard fragmiemtand
standard resonance decay (blue lines) and the helix stidggrien-
tation incorporating the resonance decay (green lines fiilhlines
indicate contributions from unlike-sign pairs, the dottie@s corre-
spond to the contributions from like-sign pairs of pions dktaic Z°

decay with forceg? resonance production.

lleairs dz/dQlong/dQslde (++ ’")

iy Npalrsdzl dQ\ong/ dQgge (+)

FIG. 18. The comparison of the 2-dimensional momentum diffe
ence of like-sign (top) and unlike-sign (bottom) pion paibdained
with the helix string fragmentation modeQ)ong (Qside) COrrespond
to the longitudinal(transverse) component of the momentiffar-
ence. The circular band in the bottom spectrum is associaitid
the resonance decay. A clear enhancement oRthg arm is visible

in the like-sign spectrum. Hadroni® decay with disabled parton
shower and forcep® resonance production.
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enhancement of like-sign pair production at low Q) is used, The key ingredient of the successful implementation of the
but the parton shower is switched off to prevent the smearin@pelix model seems to be the adjustment of the relative fracti
of transverse and longitudinal components. The differéece of direct hadrons, in particular short-lived resonanceh de-
tween charged pion momenta is calculated in the longitudinacay conforming to the helix string fragmentation rules, and
centre-of-mass frame of the particle pair (see [13] for defin their ordering along the string. The suitable algorithm yets
tion). Figure 18 shows the 2-dimensional distributionsled  to be developed, but some estimates of the observablesffect
sign and unlike-sigh combinations. The circular band wiich can be made using a mixture of “ordinary” hadron production,
visible in the unlike-sign spectrum corresponds to phees-  and enhanced resonance production.
onance decay. The like-sign spectrum exhibits an enhanced An example of such an estimate is given in Fig. 20, for the
particle production in lowQong region which is not visible  study of the 2-particle correlations at LHC. The predictidn
in the unlike-sign spectrum, and which may be at the originthe helix string model is obtained from the combination af tw
of the elongation effect (the detailed discussion of th& fe samples: A (helix-string fragmentation without modificatti
ture is left to a separate publication). Indeed, after adbon  of the particle type content nor the resonance decay) and B (
of the two distributions, the resulting picture shows aaert helix-string fragmentation intp resonances followed by the
'elongation’ of the particle production, in any case an asym resonance decay according to the helix string structune), i
metry in comparison of the shape of the like-sign pair excesghe proportion 4:1 (the combined sample contains 20% of the
in transverse and longitudinal directions (Fig. 19). enhanced resonance production). The proportion is chosen i
such a way that the size of the predicted correlations does no
exceed values observed in the LHC data [14].

15—y ; ey
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FIG. 20. An estimate of the contribution of the helix-stringgmen-
FIG. 19. The difference of the 2-dimensional Q distribusiarilike-  tation model to the 2-particle correlation function in agtic low pr
sign and unlike-sign pion pairs obtained with the helixrgjrfrag- PP collisions at LHC, using PYTHIA8 generator with the heditxing
mentation model exhibits an asymmetry which may be at orgin option [6].
so-called “elongation” effect. Hadroni® decay with disabled par-

ton shower and forced® resonance production. ] ] o
For completeness, it should be mentioned that a signifi-

cant improvement in the overall agreement of the MC predic-
tions with the inclusive single particle distributions agdkent
shapes measured at LEP has been obtained with the helix-
string model in an earlier tuning study [15]. The study has
V. OVERVIEW been repeated with a Pythia8-compatible re-implememtatio
of the model [6]. The results are reported in the Appendix A.

There are only a couple of free parameters in the helix string
model: the helix radiuR (which replaces the,; parameter N _ _
in PYTHIA) and the density of the helix winding (parame- V.1 Additional experimental input
ter . in the case of the static helix scenario). The predictive
power of the model has so far been used essentially for the The density of the helix string winding can in principle be
development of the model itself : the necessity to accommomeasured directly in the study of azimuthal correlations of
date the charged asymmetry in the predicted 2-particle corharged hadrons. The experimental data are available {7] an
relations leads to the reconsideration of “hidden” degmdes the comparison with the predictions of the helix string mode
freedom of the string fragmentation model (the dependencextended to the decay of short-lived resonances is shown in
on the space-time history of the string breakup). The exisAppendix B.
tence of these degrees of freedom translates into undgrtain  Another experimental input, not discussed so far, may come
of the model prediction which hopefully will be reduced by from the study of the polarization of resonance decays.Ht fo
comparison with the experimental data. lows from previous sections that at least some of the short-
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lived resonances should preserve the helix string straétur  rameters is done with help of Rivet [17] and Professor [18]

ternally and decay accordingly, and it should be possible tpackages.

compare the helix-string model predictions with the measur

ments of the angular distributions in resonance decays. The study uses as input the inclusive particle spectra and
the event shape variables as listed in [15]. The model setup

is identical to Pythia8 default (Tune:ee=3) except for ditte
parameters shown in Table I, for the standard fragmentation

V.2.  Additional theoretical input - ; X ‘
scenario and the helix string fragmentation.

The concept of a helix-shaped confining gluon field of-  The comparison of the fit results in the table confirms the
fers a fresh insight into certain features observed in tha da conclusions reported in [15], namely that the overall descr
but not sufficiently understood from the theoretical poifit o tion of the data improves when the helix string scenario is em
view. The Competltlon between the he|IX-StrIng model andp|oyed, in particu'ar for the subset of inclusive partims_
the Bose-Einstein interpretation of particle correlasi®nthe {3, The fit provides an estimate of the smearing of the ideal
most striking example, but there are other aspects of the-pro hejix shape (parameter HSF:sigmaHelixRadius, HSF stands
lem which merit a theorist’s attention. The possibility bét  for the HelixStringFragmentation class). The fitted valaks
existence of a helix-like ordered gluon field emerged from th parameters of the helical shape vary with the choice of the in
study of optimal packing of soft gluons at the end of partonpyt data: the radius (HSF:helixRadius) between 0.4 and 0.54
cascade, yet it might be that some ordered gluon pattern is aeyv, and the density of the helix winding (HSF:screwiness)
ready present at the level of gluon emission from the leadingetween 0.54 and 0.91 rad/GeV. Similar spread of values have
quarks. If this is the case, the properties of the stringistra  peen obtained in [15] when studying difference between mod-

mitted through the correlations of hadrons emerging froen th g|ling using p-ordered parton shower, and the ARIADNE
interaction, offer a glimpse at the way the charged pariiele  parton shower.

teracts 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 Tuned parameter Input data set

ence, from the implementation of viable options in MC gen- Pythia 8 Tuned Event shapes & |Inclusive particlé

erators so that the moo_le_l variants can be confronted with the (std.fragm.) incl.particle spectra spectra only

data. In case of the original helix-string model proposél [3 _ -

this implies the regularization of the singularity assteia StringPT:sigma 0.276(1) 0.264(3)

with the endpoint of the string and the extension of the model StringZ:aL.und 0.315(4) 0.262(9)

on multiparton string configurations. StringZ:bLund 0.689(6) 0.60(2)
TimeShower:alphaSvaljle  0.1418(1) 0.1452(2)

TimeShower:pTmin 0.662(8) 0.73(3)
VI. CONCLUSIONS X2/Naot 372 387
) Pythia 8 Event shapes & | Inclusive particle
The phen_omenologlcal consequences of t_he replacement of +HELIX [6] incl.particle spectraspectra only

the conventional p modelling in the Lund string fragmenta-

tion with an alternative model based on the helix structidre o HSF:screwiness 0.918(4) 0.54(1)

the QCD string are numerous and experimentally verifiable]  HSF:helixRadius 0.405(2) 0.53(2)

It is shown how the constraints imposed by the helix-shaped HSF:sigmaHelixRadius 0.063(1) 0.07(1)

gluon field translate into modifications of the shape of the in StringZ:aLund 0.513(3) 0.51(6)

clusive pr _d|str|but|on _and of the momentum dlfferer_lce of StringZ:bLund 0.443(5) 0.22(2)

hqdron pairs. The partllcle correlations predicted by tHx-he TimeShower-alphaSvallle  0.1386(1) 0.1382(4)

string model can explain a large part of the enhanced produd- _ _

tion of close pairs of like-sign hadrons. The strength of the|_'meShower:pTmin 0.767(5) 0.74(3)

model consists in its high predictive power, due to a low num- X% /Naot 2.93 2.07

ber of free parameters and the reduction of the number of de:I'ABLEI Results of the tuni wudy usin the DELPHI datall16
grees of freedom in the modelling. - Results of the tuning study using the ata][

APPENDIX A Among the inclusive particle spectra, the most significant
improvement is obtained in the description of the mean trans
As a cross-check of an earlier tuning study [15], the preverse momentum measured as the function of the scaled mo-
dictions of Pythia 8-compatible implementation of the keli mentum (Fig 21), the observable which is best suited to tietec
string model [6] are compared with the data measured by ththe correlations between the transverse and absolute momen
DELPHI Collaboration [16]. The adjustment of model pa- tum of hadrons.
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resonances, which means a significant increase of helhgstr
induced correlations in the model prediction. It is intéires
to see how these predictions compare with the measurement.

The study is done in the following way: the Pythia 8 based
implementation of the helix string model is used with the de-
fault hadron mixture. Thep and K resonance decays are
treated as a continuation of the fragmentation of helixpsida
string. The parameters describing parton shower, fragaent
tion function and the smearing of the helix radius are fixed
to values obtained in the fit of%Zdata (Appendix A). A se-
lection of parameters describing MPI, ISR and CR (see Table
II) is retuned in order to achieve a good agreement between
the data and the model prediction in the inclusive eventsele
tion and in the low-p depleted region, less sensitive to hadro-
nisation effects. The main parameters of the helix stractur
are included in the fit and their optimized values are within
the range obtained from the comparison of the model with Z
data. Since the data indicate a very small amount of colour re
connection, the reconnection probability is set to O toifzh
the minimisation procedure.

The predictions of the retuned model for the region most

— 0.1 .
ORI 1
Recently, the ATLAS Collaboration published the measure- @' 0.05F -
ment of the azimuthal ordering of hadrons inspired by the (L T v :
search of the signature of the helix-like shaped QCD field [7] or 3
The spectral analysis of correlations between the azirhutha 0.05 e ATLAS\5=7TeV
opening angle and the longitudinal separation of hadroms pr ' ovthi 1
h . L. — Pythia8+HELIX 4
vides a possibility to measure the parameter describing the 01 _ ]
helix winding density in the model. The data show presence o - Pythiag .
of correlations in the region of interest (known from the-pre 015 Ma10, max(p,)<1 Gev =
vious study of hadronic%data). The interpretation of the ob-  P,>100 MeV, n|<2.5 ]
served effect is complicated by the fact that the discrejeanc By I - — y-—
between the data and the predictions of conventional models o [GeVY
cannot be attributed to the modelling of hadronisation @lon
but require a readjustment in the jet sector (sensitive ¢o th 5 0-2;‘ T R
amount of multiple parton interactions/MPI, ISR, and colou of 015 Ng>10, max(p,)<1 GeV
reconnection/CR). B ]
0.1 p_>100 MeV, |n|<2.5 =
According to the arguments developed in this paper, the he- E ! E
lix string model should be extended to the decay of shoetliv 0.05¢ E
OF AR i
oosgff _ =
Tuned parameter Input data set * ATLASNs=7TeV 7
Pythia8 4C ATLAS 201211091481 o — PyhiaB+HELIX
+HELIX [6] inclusive + low-pr depleteq GBES e Pythiag E
HSF:screwiness 0.61(2) B e S 5%
HSF:helixRadius 0.460(5) H
Multipartoninteractions:expPojv 3.7(1)
Multipartoninteractions:pTORef 2.09(3) FIG. 22. The comparison of the ATLAS data with tuned predic-
SpaceShower:pTORef 1.81(4) tions of Pythia8 using the helix string model extended todbeay
BeamRemnants:reconnectRafige 0.[F] of short-lived resonances (full line). To illustrate théeef of the
> - 9 . helix string structure, the predictions of the model witk gtandard
X“/Ndot 581/443=1.3 string fragmentation and resonance decay are indicatsti¢ddine),

for the same parameter setup. Low-@nhanced event selection (re-

TABLE II. Results of the tuning study using the ATLAS data [7] stricted by the cut on the max(p < 1 GeV).

collected at,/s=7 TeV.
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sensitive to the hadronisation effects (low-pnhanced re- discrepancy in th&, may be related to a poorly adjusted dis-
gion) are shown in Fig 22. A reasonable agreement betweetnibution of the invariant mass of hadronic systems).

the data and the model is seen in thedServable. The model For comparison, the predictions of Pythia 8 with the same
somewhat underestimates the size of correlations in the Sparameter setup but using the standard fragmentation and de
power spectrum, and the predicted distribution shows a wavgay algorithms are shown together with the predictions ef th
structure. This is an indication that some of spectral comhelix string model. The difference serves as an illustratio
ponents are missing in the simulation and it provides a hinbf the effect the helix string model has on the size of the az-
for further improvement of the modelling (the origin of the imuthal ordering signal.
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