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Abstract:

Jet measurement is an ideal probe to explore the properties of the hot dense matter created in ultra-

relativistic heavy-ion collisions. Recent results at the LHC show that large angle radiation is non-negligible, but

the mechanisms and phenomenology of large angle radiation are still unclear and hotly debated. Considering the

coexistence and competition of different physics mechanisms qualitatively, it is assumed that the radiation angle

is enhanced randomly over a wide range based on the collinear approximation.

Its effects on di-jet momentum

imbalance, jet fragmentation function and jet shape are studied in pp collisions at 7 TeV. The results show that di-jet

asymmetry is insensitive to large angle radiation, while jet shape and jet fragmentation functions are more sensitive

and could explain experimental data well. We conclude that de-collimated radiation cannot be ignored for soft jets,

and there is a contribution from large angle radiation (¢ > 0.7) of about 8%, which is significant for jet intrinsic

structure measurement at pr jet <80 GeV/c.
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1 Introduction

The Large Hadron Collider (LHC) has opened a new
era to explore the properties of hot dense QCD matter,
quark-gluon plasma (QGP). Jets which are produced by
partons at an early stage from the colliding nuclei will
travel through QCD matter and carry full evolution in-
formation, and are thus an ideal probe. One of the most
striking discoveries is jet quenching [1-5], by the mea-
surement of hadron or jet spectra prolonged from pp to
pA or AA collisions, which provides an overall suppres-
sion effect. Detailed measurements of jet characteristics
arising from the complicated jet-medium interaction are
crucial to explore the micro-jet modification formulism
within the pQCD framework.

Recent measurements of di-jet asymmetry [6, 7] have
found more highly unbalanced di-jets with increasing
event centrality. Inclusive jet suppression of about a
factor of two is observed in central heavy-ion collisions,
relative to peripheral collisions. There is also a weak
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dependence on jet radius and transverse momentum [8].
A reduction of fragment yield at intermediate z and en-
hancement at small z have also been found in central
collisions relative to peripheral collisions [9, 10]. The ex-
cess yield in azimuthal di-hadron correlations is found to
be more pronounced on the sub-leading jet side at low pr
[11]. In addition, charged particle nuclear modification
factor measurements [12] show a sectionalized behavior,
with a local maximum at pr ~2 GeV, decreasing to a
minimum at pr~7 GeV, then going up to pr~60 GeV
and then becoming less steep. A more important dis-
covery is that partons redistribute and lose energy for
sub-leading jets predominantly from several to 20 GeV,
arising from soft particles being radiated at large an-
gles with respect to the direction of the original parton.
Those results indicate complicated parton-medium inter-
actions in the soft region and non-pQCD hard region.
Most phenomenological studies of jet evolution and
energy loss, such as the quenching weight method [13],
modified DGLAP evolution equation [14], HT [15], GLV
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[16], AMY [17], etc., describe the data well in the inter-
mediate momentum range, but are insufficient to cover
the full kinematic range. The crucial reason is the treat-
ment of gluon radiation and momentum exchange in the
medium, by supposing collinear radiation gives rise to
a small angle radiation. In this paper, considering the
coexistence and competition of physics mechanisms, it
is assumed that the radiation angles are enhanced ran-
domly based on a collinear formulism in a qualitative way
in pp collisions, as a baseline for further work on heavy-
ion collisions. The large angle radiation effect on jet
measurement of di-jet momentum asymmetry, jet frag-
mentation function, and jet shape is studied in detail
using JEWEL [18].

2 Large angle radiation

In the jet evolution picture, hard partons carry most
of the jet energy and, without suffering medium interac-
tion, can be considered as surface emission. Soft partons
experience stronger medium modification by medium-
induced gluon radiation, based on approximations such
as the eikonal, soft or collinear approximations, thus giv-
ing rise to small angle radiation with typical transverse
momentum, ~1 GeV. For a process a— bc, the branching
angle is usually given as in Eq. (1):

¢ 1
9a~@+p1 =

T E, E. 2a(1—2,)

Actually, when partons traverse the medium, vari-
ous effects such as recoil and non-recoil, coherence and
de-coherence, coexist and compete depending on the
medium density, path length, gluon formation time and
momentum exchange etc. This may break the collinear
or eikonal limit in model prediction. Besides, the bound-
ary definitions between collinear and de-collinear radia-
tion, coherence and de-coherence, as well as the eikonal
and non-eikonal limit, are strongly model-dependent.
Large angle radiation should exist over a wide momen-
tum range directly or by multiple interactions. Different
methods have been studied, such as the fifth form fac-
tor [19], momentum kick model [20], AMPT model [21],
inelastic interaction beyond eikonal approximation [22]
and elastic contribution [23], jet-induced flow [24], and
wave turbulence [25], indicating the non-ignorable phe-
nomena for the parton-medium interaction.

To further understand the mechanism from new LHC
data, this paper is based on the fact that hard gluon
emission has a low production rate and is beyond the
pQCD capability, and semi-soft gluon emission is largely
erased by clustering process into jets, while the dynam-
ics of soft gluons are generic and independent of specific
model assumptions. It is reasonable to relax the previ-
ous approximations in a qualitative way and build large
angle radiation phenomena. In this paper, the radiation

- (1)

angles based on Eq. (1) are enhanced randomly, so as to
estimate jet shower topology modifications by the ob-
servations of jet fragmentation function, jet shape and
di-jet momentum asymmetry.

3 Simulation method

In this study, JEWEL is used to simulate jet pro-
duction, QCD scale evolution and re-scattering of jets
in heavy-ion collisions based on pQCD. It describes the
jet evolution and jet-medium interactions simultaneously
and dynamically based on leading-order matrix elements
plus parton shower method. Soft gluon radiation, recoil
effect and scattering processes are governed by forma-
tion time. The LPM effect is included by generalizing
the probabilistic formulation in the eikonal limit to gen-
eral kinematics. The initial temperature is set to 7;=0.4
GeV for proton-proton collisions at 7 TeV. Jets are recon-
structed with the anti-kt algorithm provided by the Fast-
Jet package, with a radius parameter of R=0.6 within
|n|<2.8.

The di-jet events are produced in proton-proton col-
lisions at a center of mass of 7 TeV. The opening angle
of the radiated gluon is randomly magnified by 20% and
40% (referred to as Angle_v1 and Angle v2 respectively)
with respect to Eq. (1) (referred to as Angle v0). The
obtained wide opening angle distribution from simula-
tion is shown in Fig. 1. About 40% of the partons are
radiated at a smaller angle (¢ <0.1). The intermediate
angles (0.1 <¢<0.7) are shifted to larger angles which
are a little bit lower than Angle_v0. About 8% of the
partons are radiated at larger angles (¢>0.7) which are
higher than Angle_vO0.
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Fig. 1. (color online) Branching angle (for a — bc)
distributions under three configurations (top) and
their ratios (bottom).

4 Results and discussion

The di-jet energy asymmetry is defined as Eq.(2),
which is obtained from all final jet energy fluctuations at

114001-2



Chinese Physics C  Vol. 42, No. 11 (2018) 114001

hadronic level regardless of their origin.

A= |pr1—pr.2l 2)
Pr,1+DT,2

One of most striking features of the di-jet momentum im-
balances in Refs. [6, 7] are that significant jet energy is
dissipated to large angles. Most of the models can match
the data well at jet hadronic level and are strongly de-
pendent on jet selection. However, there is still no clear
and quantitative explanation. It was found in Ref. [26]
that di-jet asymmetry is not sensitive to model and hy-
drodynamical evolution. In Refs. [27, 28], the results
indicate that A; is sensitive to the jet-medium inter-
action mechanism and insensitive to hadronization and
final state hadron re-scattering. However, in Ref. [29]
the authors found that A; is most sensitive to ¢ and
relatively insensitive to the nature of the jet-medium in-
teraction mechanism. Those studies are directly related
to the formulism of gluon radiation or parton scattering,

and especially to the branching angles.
The di-jet asymmetry and azimuthal angle between
the two jet A¢ distributions from JEWEL and data are
shown in Fig. 2. We use the same jet selection criteria

Di-jet asymmetry in pp@7TeV

as in Ref. [6], where the leading jet pr ;>100 GeV/c and
opposite sub-leading jet pr . > 25 GeV/c are required,
and di-jet azimuthal angles A¢ > w/2. It can be seen
from Fig. 2(a) and (b) that with increasing jet pr, the
di-jets are better balanced in energy asymmetry at A;=0
and in back-to-back azimuthal angles at A¢p=m, and are
close to stable when pr>100 GeV/c. The data can be
considered as a superposition from different pr ;o bins,
which is directly related to di-jet production cross sec-
tion. This may explain why most of the models can ex-
plain the data well. Besides, Fig. (2)(c) and (d) clearly
show the di-jet asymmetry evolution from the initial two
hard partons, to parton shower jets, and reconstructed
di-jets under three radiation angle configurations. The
large angle radiation effect can be ignored when A;<0.3
and there is very little difference at larger momentum im-
balance. The two jet A¢ distribution indicates a weak
modification by large angle radiation. This is consistent
with the large angle radiation assumption, since the par-
tons radiated from small and intermediate angles could
be incorporated into the jet and only a small fraction of
energy escape for a hard jet at pr jo >80 GeV/c.

Di-jet A¢ in pp@7TeV
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Fig. 2.

are plotted for 80 GeV/c<pr,jet <100 GeV/c.

(color online) Di-jet asymmetry (a and c¢) and azimuthal angle between the two jet A¢ (b and d) distributions
from JEWEL+PYTHIA (lines) compared with data from pp collisions at 7 TeV (black points)

[6]. (c) and (d)
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F(z) in pp@7TeV for 60 GeV < prijet < 80 GeV

F(pi!) in pp@;7TeV for 60 GeV < priet < 80 GeV

Pen(r) in pp@7TeV for 60 GeV < prijer < 80 GeV
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(color online) Distribution of F(z) , f(pls") and o(r) for 60 GeV/c< prjer < 80 GeV/c under the three

Fig. 3.

r

(c)

radiation angle configurations by JEWEL+PYTHIA compared with data (black points) [30].

It is important to relate jet fragmentation to the
complex parton fragmentation process, and its intrinsic
structure is sensitive to the gluon radiation pattern. The
fragmentation function D!(z,Q) is defined as the prob-
ability that a hadron carries a longitudinal momentum
fraction z of the parton (jet), where z and F(z,pr jo) are
defined as Eq. (3) and Eq. (4) respectively:

ﬁct 'ﬁch
== (3)
|Djet|?
1 dN,
F(z,prjet) = - (4)

]\Get dZ ’
where pje is the momentum of the reconstructed jet and
Pen is the momentum of the charged particles. N, is
the number of charged particles in the jet. pi' is the
momentum of charged particles in a jet transverse to
the jet’s axis, defined as in Eq. (5), and its distribution
F (P prjer) 1s defined as in Eq. (6):

rel |ﬁchxl?j0t|
=T = 5
L (5)
1 dN,
rel ch
ot ) = ————. 6
f(pT 7pT’J t) ]Vjet dpj;t ( )

The density of charged particle o, in y—¢ space is
measured as a function of angular distance r of charged
particles from the jet axis, given by:

1 dNg
_ 7
Ny 2mrdr (7)

The distributions of F(z), f(pk') and o(r) are sim-
ulated for 5 GeV/c< prje < 300 GeV/c. The results
show that three distributions are in reasonable agree-
ment with data for the three radiation angle configu-
rations at pr . > 80 GeV/c. However, for pr . < 80
GeV/c, there are slight differences from data, as shown
in Fig. 3 for 60 GeV/c< pr e, < 80 GeV/c under the
three radiation angle configurations compared with data

Och =

(black points). At intermediate z, F'(z) can match the
data well, but it shows about 30% deviation at lower
z. The distributions f(p") and o(r) describe the shape
of jets transverse to the jet direction well for p5' < 1
GeV/c and independent of r. From the overall view at
D1 jer <80 GeV/c, with larger radiation angle configura-
tions, the simulations are closer to data. Due to the
nature of fragmentation measurement in experiments,
which is strongly dependent on jet reconstruction, the
fragmentation is insensitive to larger angle radiation.

In addition, jet shape related observables can bet-
ter quantify the jet internal structure and tomography,
which is directly connected to the soft contributions
of multiple gluon emission and medium interaction, as
well as non-perturbative fragmentation. The jet inter-
nal structure is studied in terms of differential and in-
tegrated jet shapes from reconstructed jets. Differential
jet shape p(r) is defined as the average fraction of the
jet transverse momentum that lies inside an annulus of
inner radius r—Ar/2 and outer radius r+Ar/2 around
the jet axis, as defined in Eq. (8):

11 pr(r—Ar/2,r+Ar/2)
AT ]Vjct i Pr (OvR) ’

jets

p(r) (8)
where Ar <r < R—Ar/2, pr(r1,r2) denotes the sum of
clusters in the annulus between r,, and ry, Nj is the
number of jets. Yo p(r)Ar =1 by definition. Alterna-
tively, the integrated jet shape ¥ (r) is defined as the av-
erage fraction of the jet pr that lies inside a cone radius
r concentric with the jet cone:

1 pr(0,7)

)= .
w( ) ]Vjcts jets pT(OaR)

)

The results show that the simulations describe the
data well at prjo > 60 GeV/c. However, at pr o < 60
GeV/c the simulations do not match the data well. Here,
the differential jet shape and integrated jet shape p(r) for
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Differential jet shape p(r) in pp@7TeV
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Integrated jet shape ¥(r) in pp@;TeV
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(color online) The differential jet shape p(r) and differential jet shape 1 (r) for 30 GeV /c< Pr jet <40 GeV /c

and |n| < 2.8 at the three radiation angle configurations from JEWEL+PYTHIA, compared with data [31] from

pp collisions at 7 TeV.

30 GeV/c<prjer <40 GeV/c and |n| <2.8 are shown in
Fig. 4. Tt can be seen that the jet shape observables bet-
ter match the data at larger angle configurations, which
is also consistent with Fig. 3(c). In the absence of a
medium recoil effect, the gluon radiation angle is related
to the distance r. For prjo > 60 GeV/c, parton frag-
mentation is harder and more collimated than in softer
jets. The probability of non-perturbative fragmentation
should be larger for soft jets.

5 Conclusion

Based on the assumption of different coexisting and
competing physics mechanisms, larger angle radiation is
imposed randomly for partons going through QCD mat-

ter. It is simulated by JEWEL for proton-proton col-
lisions at 7 TeV. Di-jet asymmetry, jet fragmentation
function and jet shape are analyzed and compared with
data. The results show that di-jet asymmetry, as a macro
measurement of the jets, is less sensitive to gluon radi-
ation angles. The differences for jet fragmentation and
jet shape are clear for pr jo; <80 GeV/c, and simulation
results describe the data well for larger angle radiation
configurations. We conclude that hard jet fragmentation
is harder and more collimated than softer jets and there
is a contribution of about 8% from large angle radiation
(¢>0.7) in pp collisions at 7 TeV, which is non-negligible
for soft jet intrinsic structure measurement and should
be investigated further.
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