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Abstract: We propose a forward method based on PYTHIA6.4 to study the jet properties in ultra-relativistic pp colli-
sions. In the forward method, the partonic initial states are first generated with PYTHIA6.4 and then hadronized in
the Lund string fragmentation model, and finally the hadronic jets are constructed from the created hadrons. Jet prop-
erties calculated with the forward method for pp collisions at v/s=7 TeV are comparable to those calculated with the

usual anti-k; algorithm (backward method) in PYTHIAG6.4. The comparison between the backward and forward meth-

ods may contribute to the understanding of the partonic origin of jets in the backward method.
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1 Introduction

In the early stage of ultra-relativistic heavy ion colli-
sions, the hard parton scatterings generate high trans-
verse momentum partons which traverse the medium and
then hadronize into sprays of particles called jets [1]. Jet
studies play an important role in understanding the prop-
erties of the medium created in ultra-relativistic heavy-
ion collisions [2]. The "jet-quenching" together with the
"elliptic flow" reveal the essential characteristics of the
strongly coupled quark-gluon plasma (sQGP) in the ultra-
relativistic heavy ion collisions at the RHIC [3-6] and
LHC [7-9] energies. With higher collision energy, high-
er luminosity, and better detectors for jet measurements,
the LHC experiments are able to measure jet properties
more precisely. Recently, the ATLAS, CMS, and ALICE
collaborations published a series of results of jet proper-
ties in pp, p+Pb, and Pb+Pb collisions at the LHC ener-
gies [10—17], where new physics has arisen and needs to
be studied.

The perturbative quantum chromodynamics (pQCD)
is able to quantitatively describe the hard parton-parton
scattering process and the related initial and final state
parton showers. However, one can not apply pQCD dir-
ectly to describe the properties of particles in jets, as the
hadronization of partons is a non-perturbative process. In
order to predict the intra-jet properties, phenomenologic-
al models have to be employed. Several Monte Carlo
(MC) event generators, like PYTHIA6.4 [18], PYTHIAS
[19], HERWIG [20], HERWIG++ [21], and SHERPA
[22], are available on the market. The results of MC event
generators are sensitive to the model parameters assumed,
which must be tuned to fit the experimental data. Con-
sequently, a number of PYTHIA tunes exist, such as the
Perugia 2011 tune [23].

In the PYTHIA model, the leading order perturbative
QCD (LO-pQCD) is used to generate the 2 — 2 hard pro-
cesses (parton-parton collisions). The parton shower
model [24-26] is employed to describe the initial and fi-
nal state parton radiations. As for the soft (non-perturbat-
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ive) processes several empirical options are available [27,
28]. Finally, the Lund string hadronization model is used
for hadronization of partons [29-31]. In this work, PY-
THIAG6.4 [18] is employed to investigate the properties of
particles in the jets in pp collisions at 4/s = 7 TeV using
the backward (the usual anti-k, algorithm) and the for-
ward methods.

2 Backward method for study of jets

In the backward method, we first employ PYTHIAG6.4
to generate the final hadronic state in pp collisions at
vs = 7 TeV. The jet-finding algorithm, i.e. the anti-k,
technique [32, 33], is then used to backward reconstruct
the jets, as is done in the usual analysis of the experi-
mental data [11]. As it starts from the final hadronic state
and proceeds to the reconstructed hadronic jets by search-
ing for their partonic origin, this routine is opposite to the
natural time evolution of collisions, as sketched in the left
part of Fig. 1. Hence, it is referred to as the backward
method.

In the anti-k, algorithm, the distance d;; between entit-
ies (particle or energetic cluster) i and j is defined as [32]:

2
(AR);;
R’

di; = min(k;”, k)

(1)
where

(ARY; = (i —y,)) + (@i = ;)" )

and k;, y; and ¢; are the transverse momentum, rapidity

and azimuthal angle of particle i, respectively. The dis-
tance between particle i and beam (B) d;p is defined as

dip = k;;%. 3)

With the distances d;; and dj, a list is compiled con-

taining d;; and d; for all particles in an event. If the smal-

lest entry is d;;, particles i and j are combined (their four-

vectors are added) as a jet. If the smallest entry is d;p,
particle i is considered as a complete jet and removed
Backward method Forward method

Initial partons Initial partons

? || String Model
@ Jets Jets
= {including few combi- (generated by hadro-
natorial jets or fake jets) nization of hard partons)
|| Anti-k, algorithm | All contents in jets
| 0] t
Final hadrons Final hadrons
(measured or simulated) (particles in all jets)
Fig. 1. (color online) A sketch of the backward and forward
methods.

from the list. The distances for all entities are recalcu-
lated and the procedure repeated until no entities are left.
Thus, the distance parameter R in the anti-k, algorithm is
an essential quantity, within which the particles are re-
constructed as a jet. If a hard particle has no hard neigh-
bor within the distance 2R, then it will simply accumu-
late all soft particles within a circle of radius R, resulting
in a perfectly conical jet. If there is another hard particle
2 in the area of R < ARy; < 2R, then there will be two jets.
The shape of jet 1 will be conical and jet 2 will be partly
conical when k;; > k»; both cones will be clipped when
ki ~ kp [32]. The anti-k, algorithm is infrared and collin-
ear safe and produces geometrically "conelike" jets, so it
is widely used for jet reconstruction in experimental data
analysis [10, 15, 16]. The jets are reconstructed from the
final hadronic state and are attributed to the initial parton-
ic state.

Based on the hadronic final states in pp collisions at
Vs =7 TeV generated by PYTHIAG6.4, we use the anti-k,
algorithm to reconstruct the jets. Following ATLAS [11],
the charged particles with transverse momentum pz > 300
MeV/c and pseudorapidity |p| < 2.5 are counted and the
distance parameter R = 0.6 is used. After jet reconstruc-
tion, the clusters with pr > 4 GeV/c and |y| < 1.9 are ac-
cepted as jets, including those with only one particle in
the cluster. The jets are divided into five bins according
to their transverse momentum prje, namely 4-6, 6-10,
10-15, 15-24 and 24-40 GeV/c. Jets with py > 40 GeV/c
and particles that do not belong to any jet are excluded in
the calculations.

After the reconstruction of a jet using the anti-k, al-
gorithm, we calculate the intra-jet particle distributions
[11]:

1 dNg

F(ZspT,_]et) —@ az

1 dNa
]vjel dp;el ’
1 dNe
m 2nrdr’
Nep and Nje; in Eq. (4) are respectively the number of
charged particle and jets in a given prje bin. The vari-
able z (known as the fragmentation variable)

_ ﬁch ! ﬁjet
| Pied?

is defined for each charged particle in a jet, and the vari-

able r stands for the radial distance of the charged particle
from the axis of the jet,

r= \/(¢ch - ¢jet)2 + (Vch _yjet)za (6)

and the variable p;?‘ refers to the momentum of the
charged particle in a jet, transverse to the jet axis,

FPF . prje) =

Pen(r, pT,jel) = “4)

)
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where po, and pie are the momenta of the charged particle
and the jet, respectively.

) ™)

3 Forward method for study of jets

Alongside the backward method, we propose the for-
ward method for the study of jets. In the forward method,
we first employ PYTHIA6.4 [18] with the hadronization
switched off temporarily to generate the partonic initial
state in pp collisions at /s = 7 TeV. The partonic initial
state is composed of simple strings (without gluons
between the two quark ends) and of complex strings (with
gluons between the two quark ends). Gluons are first re-
moved from the complex strings, and are then split into
quark pairs, such that each quark pair is modeled as a
simple string. Hence, the partonic initial state is finally
composed only of simple strings.

Each simple string in the partonic initial state is had-
ronized in the Lund string hadronization model (i. e. by
the subroutine PYSTRF in PYTHIA 6.4). Hadrons from
hadronization of a simple string are first catalogued into
two groups (relative to the two quark ends) according to
their relative transverse momenta. The hadrons with mo-
menta closer to the momentum of one end of the string
are grouped together. For instance, a hadron is grouped as
the candidate for the left quark end jet if its relative trans-
verse momentum to the left quark end is less than its rel-
ative transverse momentum to the right quark end.

The candidate for a quark end jet is the constituent of
a jet if its distance relative to the quark end satisfies Eqs.
(1) and (2) (R =0.6) in the rapidity and azimuthal (y—¢)
phase space. Finally, the two quark ends of a simple
string are developed into two hadronic jets, with a two-to-
two correspondence.

The routine for the forward method is as follows: 1)
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Fig. 2.

create the partonic initial state by PYTHIA; 2) construct
simple strings; 3) each simple string is hadronized indi-
vidually by the Lund string fragmentation model; 4) the
final hadrons from the two quark ends of a simple string
are reconstructed into two jets and 5) the final hadronic
state is obtained. The process is parallel to the natural
time evolution of a collision, as sketched in the right part
of Fig. 1, and is referred to as the forward method.

4 Results

In order to show the solidity of the forward method,
we first employ this method to calculate the final state
charged particle transverse momentum and pseudorapid-
ity distributions in pp collisions at v/s =7 TeV. The res-
ults are shown in Fig. 2 (up triangles) together with the
CMS experimental data (solid squares) [34]. In the calcu-
lations, the K factor, which "multiplies the differential
cross section for hard parton-parton processes" in PY-
THIAG6.4, is tuned to 4, rather than the default value of
1.5. One sees in Fig. 2 that the calculated transverse mo-
mentum and pseudorapidity distributions agree well with
the CMS data. Hence, the tuned K factor of 4 is applied to
all calculations.

The intra-jet charged particle distributions F(z, prjet),
f(prT"I, prie) and pen(r, prje) were then calculated using
the backward method and compared with the correspond-
ing ATLAS experimental data [11] (analyzed using the
anti-k, algorithm, i. e. the backward method) in Fig. 3(a)-
3(c) for pp collisions at v/s =7 TeV. We see in this fig-
ure that the results of the backward method agree fairly
well with the ATLAS data, except f(pr;?l, Prjer) Which is
smaller than the ATLAS data at high pit! in the p7je bins
10-15, 15-24 and 24-40.

The intra-jet charged particle distributions F(z, prjet),
f(prTe‘, Prje) and pen(r, prjer) calculated using the forward
and backward methods are compared in Fig. 4(a)-4(c) for
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(color online) Transverse momentum (a) and pseudorapidity (b) distributions of the final state charged particles in pp colli-

sions at 4/s=7 TeV calculated with the forward method, and compared with the CMS data (taken from Ref. [34]).
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Fig. 3. (color online) Intra-jet charged particle distributions: (a) F'(z, prjet), (b) f (pr;], Prjet) and (¢) Pen(7, prjer) in Prjet bins 4-6,

6-10, 10-15, 15-24 and 24-40 GeV/c for pp collisions at 4/s=7 TeV. The solid symbols are the ATLAS data [11] and the open sym-
bols the results of the backward method. The results in the bins 6-10, 10-15, 15-24 and 24-40 GeV/c are multiplied by 10, 102, 10°
and 10", respectively. The distance parameter R=0.6 is assumed.
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(color online) Intra-jet charged particle distributions: (a) F'(z, prjer), (b) f(p

rel

T PTjet) and (¢) pen(7, prjer) calculated using

the forward method compared with the backward method in p7je bins 4-6, 6-10, 10-15, 15-24 and 24-40 GeV/c for pp collisions at
4/s=7 TeV. The results of the backward method are multiplied by 10”.

pp collisions at 4/s =7 TeV. Fig. 4 shows that the results
of the two methods are comparable. One can also see the
scaling phenomena in the F(z, prje) distribution in high
Prjec bins 10-15, 15-24 and 24-40 for the backward meth-
od, and in all prj bins for the forward method.

5 Discussion and conclusions

In this work, the forward method based on
PYTHIAG.4 is proposed to study the properties of intra-
jet charged particle distributions F(z, prje), f(P'E,prjer)
and pcn(7, prjer). The calculated results were compared
with the backward method (the usual anti-k, algorithm).
The ATLAS data (analyzed with the anti-k, algorithm)
[11] for the intra-jet charged particle distributions
F(zprje)s f(PFprjer) and pen(r, prjer) in pp collisions at
\s =7 TeV are well reproduced by the backward meth-

od, as shown in Fig. 3. The distributions calculated using
the forward method are comparable to the backward
method, as shown in Fig. 4(a)-4(c).

A comparison of the F(z,prijet), f(prTel, prje) and
Pen(r, prje) distributions obtained using the backward and
forward methods may shed some light on the correspond-
ence between the final hadronic jets and initial partons in
the backward method. The forward method relates the fi-
nal hadronic jet to its initial partons, which helps to elim-
inate the effect of combinatorial jets and fake jets. The
results of the forward method can also serve as a refer-
ence for the backward method in the studies of jets.

As mentioned in [1], the key problem in a jet study
using the backward method, both experimental and theor-
etical, is to identify the jets which are generated by the
hard scattered partons and to eliminate the effect of com-
binatorial jets and fake jets. However, this problem does
not exist in the forward method, where the final hadronic
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jets are all constructed directly from the initial partonic
strings. Therefore, a comparison between the F(z, prjet),
F(P, prje) and pen(r, prje) distributions obtained using
the backward and forward methods may help to evaluate

and/or to eliminate the effect of combinatorial jets and
fake jets in the backward method. The above aspects of
the two methods clearly need further studies.
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