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Event generator for jet tomography in electron-ion collisions
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We develop the first event generator, the electron-heavy-ion-jet-interaction-generator (eHIJING), for the
jet tomography study of electron-ion collisions. In this generator, energetic jet partons produced from the
initial hard scattering undergo multiple collisions with the nuclear target. The collision rate is proportional
to the transverse-momentum-dependent (TMD) gluon density in the nucleus, which is given by a simple
model inspired by the physics of gluon saturation. Medium-modified QCD splitting functions within the
higher-twist (HT) and generalized higher-twist (GHT) frameworks are utilized to simulate parton
showering in the nuclear medium that takes into account the non-Abelian Landau-Pomeranchuck-Midgal
interference effect. Employing eHIJING, we revisit hadron production in semi-inclusive deep inelastic
scattering (SIDIS) as measured by EMC, HERMES, and recent CLAS experiments. eHIJING with both GT
and GHT frameworks gives reasonably good descriptions of these experimental data. Predictions for
experiments at the future electron-ion colliders are also provided. It is demonstrated that future
measurements of the transverse momentum broadening of single hadron spectra can be used to map
out the two-dimensional kinematic (Q?, x) dependence of the jet transport coefficient § in cold nuclear

matter.
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I. INTRODUCTION

Understanding the parton dynamics in the nuclear matter
is key to the programs at the future electron-ion collider
[1,2]. Jet and hadron tomography in electron-nucleus
collisions are of great importance in the study of nuclear
partonic structures, jet transport coefficient, and the hadro-
nization mechanism inside nuclear matter. Many progresses
have already been made recently in this direction, including
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the extraction of the jet transport parameter in nuclei [3-7],
nuclear parton distributions functions (nPDF) [8—12] and
fragmentation functions (nFF) [13,14], and the nuclear
transverse-momentum-dependent (TMD) parton distribu-
tion functions (TMD-PDF) and fragmentation functions
(TMD-FF) [15] from global data analysis including e + A
fixed target experiments.

Some of these phenomenological studies with nuclear
targets assume a factorization formula similar to that in the
vacuum, then, the observed differences between e + p and
e + A collisions are attributed to the nPDF and nFF
However, in such analysis, one should be careful of
distinguishing intrinsic nonperturbative nuclear properties
from dynamical nuclear modifications of jet/hadron pro-
duction. These dynamical effects, originating from multiple
jet-medium interactions of both partonic and hadronic
nature, can be process-dependent. It is therefore essential
to understand these contributions from both theoretical and
modeling perspectives to improve the predictive power of
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the calculation, extract universal dynamical quantities of
the cold nuclear matter, and eventually understand the
intrinsic nonperturbative nature of nuclei in high-energy
collisions.

In the field of relativistic heavy-ion collisions, parton
propagation and jet modification in the hot and dense
quark-gluon plasma have been the focus of both theoretical
and experimental studies over several decades. For reviews
on such topics, see Refs. [16-20]. Multiple interactions
between jet partons and the QGP medium lead to parton
energy loss and the suppression of large transverse momen-
tum single inclusive hadron and jet spectra, modified dijet/
dihadron and y-jet/hadron correlations, modification of jet
fragmentation functions, jet shape and jet substructures.
These observed phenomena have been predicted by theo-
retical models based on perturbative QCD (pQCD) calcu-
lations of parton transport through multiple scatterings.
However, the most detailed test of our understanding of the
medium-modified jet fragmentation function is only effec-
tive and subject to a large uncertainty. This is because one
cannot precisely determine the initial jet energy in heavy-
ion collisions even using the rare y/Z-tagged jets, due to
initial state radiation and complicated event activity.
Furthermore, one must know the space-time evolution of
the hot QGP medium, which is normally provided by
hydrodynamic model simulations. Though these hydro-
dynamic models [21-23] are constrained by experimental
data on soft bulk hadron spectra, uncertainties in the model
parameters will also propagate to the calculation of jet
modifications. In addition, contributions to the final jet
energy by soft hadrons from the jet-induced medium
response are non-negligible and, therefore should also be
considered [19]. Recent Monte Carlo models for the study
of jet quenching in heavy-ion collisions [24-28] are
designed to take into account these effects.

In the semi-inclusive DIS process, the initial jet energy
can be determined from the scattered lepton. The cold
nuclear medium probed by the energetic partons from the
hard lepton-quark scattering is the ground state of an
atomic nucleus. Furthermore, in a collider experiment,
the medium is also highly boosted, which separates the
jet and target fragmentation in different phase-space
regions. Therefore, the semi-inclusive DIS (SIDIS) process
can provide highly differential measurements of nuclear-
modified jet fragmentation processes and powerful tests on
various assumptions of parton-nuclear interactions.

Consider a quark jet produced at large Bjorken x5 and hard
scale Q in SIDIS with a nuclear target, it acquires a large
momentum in the nuclear rest frame v = Q%/(2xzMy).
Multiple collisions between the large-momentum quark and
the target are forward scatterings mediated by Glauber
gluons. Glauber gluons are off-shell and carry a fraction
x, of the nucleon’s light-cone momentum Py that is much
smaller than its transverse momentum x,Py < k. The
collision probability grows with the linear size of the nucleus

L ~A'3 x 1.2 fm, leading to jet/hadron momentum broad-
ening A(q?),4 o« A'/? as observed in experiments [29,30].
The momentum broadening can be related to the nuclear
transverse-momentum dependent gluon distribution function
G(x,. k) at small x, [31-35].

Multiple collisions will also modify the development of
the parton shower. The key theoretical inputs are the
medium-modified parton splitting functions induced by
multiple collisions, which can be calculated in pQCD
[4,5,36-39] within the higher-twist framework [3,40,41],
soft-collinear effective theory with Glauber gluons [42,43],
as well as the most recent generalized higher-twist
approach [44,45]. The modified parton shower approach
has provided a good quantitative understanding of the
observed nuclear modification of the final fragmentation
functions in SIDIS off nuclear targets [29,46—48]. It may
seem surprising that the problem can be treated in a
perturbative manner, considering the average momentum
broadening of a hadron in a nucleus is only a few hundred
MeV. Such concern has been addressed in a recent study
[49] where it is found that, with a large enough v, /v/L
emerges as a semihard scale of the medium-induced parton
splitting. This provides the foundation of a perturbative
treatment of the medium-modified parton shower.

Eventually, the parton shower undergoes hadronization.
The formation time of a light hadron carrying energy fraction
z;, of the parton is on the order 7, ~ 7,1/ AéCD. If v is large
such that for most hadrons 7, > L, then to leading power of
L /7, one can make the approximation that the hadronization
process happens outside the nuclear medium and is still
dominated by the fragmentation mechanism in the vacuum.
In the other limits 7, < L, hadrons will form inside the
nucleus and one has to consider hadron-level final-state
interactions. Nonperturbative dynamical models, such as the
hadronic transport approach with time-dependent pre-hadron
cross section [50,51] have been developed for this purpose.

In this work, we will focus on SIDIS in the large v
region and develop the electron-heavy-ion-jet-interaction-
generator (eHIJING) event generator for simulations of jet
production in e + A collisions. Figure 1 is a schematic plot
showing the physics included in eHIJING:

(i) The nuclear collinear or transverse momentum
integrated PDFs will be given by the EPPS param-
eterization [8,10].

(i1) The distribution of Glauber gluons that collide with
jets is modeled by a TMD gluon distribution in the
small x region [31-33] as motivated by the gluon
saturation model [52,53]. Note that this model does
not include the dynamical evolution on the target
side.

(iii) Jet evolution is simulated within both the higher-
twist (HT) [37,40,41,54] and generalized high-twist
(GHT) [44,45] framework.

(iv) At the moment, eHIJING does not include any
hadron-level final-state interactions. This can be
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FIG. 1. A schematic plot for the hard process, jet evolution,
target dynamics, Glauber gluon exchange, and the hadronization
in a semi-inclusive DIS process. eHIJING focuses on the jet
evolution and does not include target dynamics.

pursued in the future for an improved description of
SIDIS in the lower v region.

We will apply eHIJING to study the medium modifica-
tions of unpolarized SIDIS measurement at CLAS,
HERMES, and EMC experiments which generally involve
DIS at large xp. Furthermore, we test different assumptions
and approximations in the simulation of modified jet
evolution in the medium. This allows us to estimate the
theoretical uncertainty of jet tomography studies. Future
high-precision determination of TMD observables at the
Electron-Ion Collider (EIC) can provide better constraints
on these calculations that will, in turn, improve the
theoretical accuracy of jet tomography in A-A collisions.

The remainder of this paper is organized as follows.
Section II gives an overview of the physical ingredients and
design of eHIJING. Section III thoroughly describes the
relation between multiple collisions and the TMD gluon
distribution at small-x and the stochastic implementation in
eHIJING. Two types of in-medium QCD splitting functions
in the generalized higher-twist and higher-twist framework
are described in Sec. IV. In Sec. V, we demonstrate the
implementation of the modified QCD splitting functions in
the jet parton shower and fragmentation. In Sec. VII we
present and discuss the results from eHIJING simulations
as compared to available data from the EMC, HERMES,
and CLAS experiments. We make projections for future
experiments at EIC and EicC (EIC in China) and discuss
future improvements in Sec. VIII. Summaries are given
in Sec. IX.

II. OVERVIEW OF THE EHIJING
EVENT GENERATOR

In Fig. 2, we outline the eHIJING simulation by a flow
chart. If one omits the blocks colored in red, the rest of the
flowchart represents the generation of an e + p event. In
eHIJING, the e + p collision is handled by the PYTHIA8235

Beams: e/u,p/A

Large zp (n)PDF

Hard process
(Pythia8)

Parton
an'@ AN (le>Q.) Sample Sudakov
[ dzd2l dzd2l shower
(Pythia8)
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splitting

Sample multiple
collisions %ﬁ

Momentum

Nuclear
remnants
Lund string 1
hadronization

(Pythiag)

nucleon recoil

ngil)(|£|<Qs) Sample Sudakov

dzd?¢

Medium modified
fragmentation

FIG. 2. Flow chart of eHIJING Monte Carlo model. Blocks
shown in gray are ingredients needed e + p simulations in
PYTHIAS. Blocks in red are eHIJING’s implementation of medium
effects.

event generator [55,56]. It includes the generation of the
hard process, the development of the vacuum parton
shower, the handling of the hadronic remnant, and hadro-
nization using the Lund string model.

The triggering event in the LO perturbative parton model
is the “knock out” of a quark. Given the four-momenta of
the incoming and the outgoing leptons, ¢; and &>,
respectively, and the momentum per nucleon p of the
nucleus with the atomic number A, the LO DIS cross
section is

ep 2
dopg _ gy 4z

Er, &ty 2xs a;eéfq/p()% o)

1
x LW (xBeﬁy —Ee;), (1)

where agy; is the electromagnetic fine-structure constant,
Q? = —¢* with g the momentum of the virtual photon
g=10,—"?,,s=(p+¢)* is the total invariant mass of
the lepton-nucleon system.

- 9449,

ey = 9w ——5—
H v 2
q

1 P-q P q
ek =— | p,—“5"¢q ><p -——4q, . 2
" p-tz(” ¢ ")\ ¢ @

The leptonic tensor L, is given by

1
L;w = ETI(/I},”/ZJ/I/)' (3)
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The Bjorken variable x is defined as x5 = Q*/2p - ¢ and
fq/p(xp, Q%) is the collinear PDF of quark at scale Q%
Integrating over the angle of the outgoing electron, the DIS
cross section at leading order can be expressed as

ep 2
dopg _Anagy

a0 oWl )
y2 m2y2
<(1-+E-TE) @

where my is the nucleon mass and y=p-qg/p-¢, =
0?/[(s — m%)xp] is usually referred to as the inelasticity of
the collision. The inclusive DIS cross section for e + A
collision is obtained by replacing f,/, with the collinear
nuclear PDF f, 4.

The semi-inclusive DIS process measures a hadron or a
jet in the hadronic final state, in addition to measuring the
deflected lepton. To take the single-hadron production as an
example, the factorization formula for the z,-differential
cross section at leading order is

d"lefsfph 4”“%1\4 2 2
2. E :eqfq/A(xB’Q )
dedQ th Q q

2 2,2
(1345 =" by ). 6)

zp = E;, /v is the fraction of photon energy carried by the
hadron. d;,,(z, Q%) is the collinear fragmentation func-
tion. For the z, and p differential production of hadron (as
illustrated on the left of Fig. 3), one should refer to the
TMD factorization formula for the SIDIS process, e.g.,
see Ref. [57].

By comparison, in PYTHIAS, the LO cross section is
generated first. The QCD evolution, corresponding to the
scale evolution of f, /4 and d},,, is treated in the transverse-
momentum-ordered parton shower approach. It uses the
QCD splitting function to recursively generate parton
branching from the hard scale down to a cut-off scale
Qo 2 Aqcp- Finally, the Lund string fragmentation model
handles the hadronization of the color-neutral system that
includes both the parton shower and the beam remnants.

é < L ~ ToAl/g é > T0A1/3

Lo\ L
S - —

4

FIG. 3. The space-time picture of a quark knock-out process at
large xp (left) and a dijet production process at small xp (right).
Red vertical coils indicate multiple collisions between the jet
parton and the nucleus.

As for transverse-momentum-dependent observables, the
event generator models (1) recoils from perturbative parton
branching, (2) nonperturbative transverse momentum of
hadron production from the Lund-string model, and (3) a
nonperturbative model that gives the initial-state quark a
primordial transverse momentum inside the nucleon [58].

The red blocks in Fig. 2 represent eHIJING’s modifi-
cation to the event generator for e 4+ A. At the center of the
modification is a model for sampling the multiple collisions
between the jet parton and the nucleus, and it will be
explained in detail in Sec. III. The multiple collisions
further modify the splitting function (see Sec. IV). How the
modified splitting functions affect the parton shower
development at both high and low virtualities is explained
in Sec. V. The nucleons’ remanent from the multiple
collisions and hadronization are discussed in Sec. VI.

For event generation in e + A collisions, this work will
focus on the kinematic region with large x and high Q2
while keeping v large. This ensures that the hard production
process is localized in the nucleus, i.e.,

1
ATLN§<<L, (6)

1 0.1
Lz:—z— fm< L, (7)
0 2xpm,  Xg

Art ~
where L is the typical path length that the quark propagates
in the nucleus. For a spherical heavy nucleus A, the average
path length (L) = 3/4r,A'/3 with ry~ 1.2 fm. Therefore,
the second inequality is satisfied for xz>> 0.1/A'/3.
Furthermore, the hadron formation time is long compared
to the path length

pl
Ty ~ D)
QCD

> L, (8)

so the hadronization mechanism is dominated by fragmen-
tation in the vacuum. This is the perfect region to study the
effect of parton transport in nuclear matter, as shown on the
left of Fig. 3.

At smaller xp, the hard process can be coherent over
several nucleons, and one needs to include the nuclear
shadowing effect, e.g., included by the empirical nuclear
PDF [10] or from resumed power correction calculations
[59]. In addition, the dijet production from NLO processes
becomes important. Eventually, for xz < 0.1/A'/3, the
interaction is dominated by the dipole reaction: virtual
photon fluctuates into a gg pair and interacts with the whole
nucleus coherently, as shown on the right of Fig. 3. The
average path length is 3 /2R, twice the average path length
for DIS at large xp. This regime is beyond the scope of the
current work of eHIJING, but there are other specialized
event generators developed for small-xy physics, for exam-
ple, see Ref. [60]. For moderate xp, it will be interesting to
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investigate how to interpolate the two different space-time

pictures of DIS in the future.

From the space-time picture illustrated on the left of Fig. 3.

We included the following nuclear effects in eHIJING:

a. Nuclear PDFs. Nucleon motion and correlations in-

side a nucleus can alter the effective quark distribution
function per nucleon at large xz [61,62] and coherent
scatterings can lead to nuclear shadowing effect [59].
We include these effects by using the parameterized
nuclear PDFs that include the effect of Fermi motion,
EMC, and (anti) shadowing [8—10]. Some dynamical
models can systematically describe the nuclear shad-
owing [59,63,64], which can be considered as alter-
native models in the future. Of course, these are mostly
effects at the level of single-parton/nucleon distribu-
tion function, we are still missing correlation infor-
mation of the nucleus, such as short-range nucleon
correlation [65,66].

. Multiple collisions. When an energetic jet propagates
through the nuclear medium, partons in the jet shower
will encounter multiple collisions with the nuclear
target remnants. The corresponding collision rate for
parton a is related to the transverse-momentum-
dependent (TMD) gluon distribution density at
small x

dra . Cz((l) ¢g(xg’ kl)
2 - PNOs 2 ’
Pk, d, K2

©)

where py is the nucleon density inside the nucleus
with atomic number A, ¢, is the effective TMD gluon
distribution function per nucleon, d, = N2> —1 and
C;(a) is the quadratic Casimir in the color represen-
tation of parton a. For a quark C,(q)=Cp=(N?-1)/
2N, and C,(g) = C4 = N, for a gluon. The momen-
tum fraction carried by these exchanged gluons x, =
xzk2 /Q? is small, and gluon number density can be
large. The emergent gluon saturation scale Q2 « A'/3
dictates the typical scale of k; in this regime [67].
When Q? > Aqep, a weakly coupled model calcu-
lation of ¢, (x,. k| ) is possible [68,69]. Therefore, we
will use a saturation-motivated ansatz to model
¢4(x,4. k| ) and generate multiple collisions for propa-
gating shower partons. When each new parton is
created in the hard process or the parton shower, a
sequence of multiple collisions is sampled based on
Eq. (9).

. Modified parton shower and fragmentation. Multiple
collisions will modify the QCD splitting functions in
the medium. We will use the higher-twist and gener-
alized higher-twist results for the medium modified
splitting function AP;;, which will be implemented
into eHIJING by modifying the £ -ordered parton
shower and fragmentation in PYTHIAS. For this, we
adopt a similar idea from Ref. [5] to model the

034001-5

in-medium collinear fragmentation function. Medium-
modified splittings with a transverse momentum |Z | |
larger than Q, will be added to the PYTHIAS parton
shower program, while the modifications with trans-
verse momentum smaller than Q, are handled by a
separate routine after the parton level PYTHIAS simu-
lation is finished, leading to modified parton fragmen-
tation. With this implementation of the modified jet
shower, we can study the medium-modified transverse-
momentum-dependent fragmentation.

d. Nuclear excitation. Multiple collisions also excite the

nuclear target. We assume that nucleons that partici-
pate in multiple collisions will be broken into recoiled
pairs of quark and diquark. They carry the respective
color charge of the exchanged gluon to maintain the
color neutrality of the entire system. The subsequent
dynamics of the nuclear target are not considered in
eHIJING. For the physics of target dynamics, one may
refer to recent studies with the BeAGLE event generator
[70-73]. Besides the nuclear dynamics, we have also
omitted hadronic interactions between the jet and the
nucleus. They can be important in (1) collisions with
lower beam energy, where a significant fraction of
hadrons forms inside the nucleus, (2) heavy flavor
production in which heavy quarks travel at nonrela-
tivistic speed in the medium and hadronize before they
exit the nuclear medium. One can couple the current
eHIJING with a hadronic transport model in the future
to study related physics.

Finally, there are some subtle issues when we use the
DIS mode of pyTHIAS in eHIJING, and we have changed a
few PYTHIAS default DIS settings:

(1) In PYTHIAS, a method called the “dipole recoil” is

used to handle the four-momentum conservation in
parton branching in DIS. Compared to the “global
recoil” mode often used for initial-state radiations in
hadronic collisions, it can reproduce the singular
structure of the NLO DIS matrix-element calculations
[56]. In the dipole recoil approach, only the initial-
state quark is taken as the emitter in parton branching,
while the momentum of the final-state quark (the
recoiler) will be adjusted to restore energy-
momentum conservation. However, the medium
interactions only affect the final-state quark so it is
natural to choose the final-state quark as the radiator in
the medium. Therefore, we have chosen to use the
global recoil mode of PyTHIAS in eHIJING, even
though the dipole recoil option is the recommended
default choice for DIS. There are some known
problems with the global recoil, such as the uncer-
tainty in Q? determination and the matrix-element
matching. For this reason, we include Appendix B and
assess the difference between the two recoil options.

(i1) With both initial and final-state radiation switched

on, PYTHIAS by default interleaves initial and final-
state radiation [74], where the transverse momentum
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of splitting orders initial and final-state emissions.
To include medium corrections, it is more natural to
treat the medium-modified final-state emission with
the final-state multiple interactions after the initial-
state radiations. Therefore, the “interleaving” option
is turned off.

(iii) Other changes involve default fragmentation param-
eters, which we will elaborate in Sec. VII A.

III. MULTIPLE COLLISIONS AND NUCLEAR
TMD GLUON DISTRIBUTION

In the Breit frame, the nucleus consists of highly boosted
but transversely localized nucleons with weak correlation,
as described by a one-nucleon density distribution p(r*, r).
The four momenta of the nucleon p, virtual photon ¢, quark
I, before and [, after the collisions are

QZ

— o2 1

P [0,2q+x3,0], (10)
Q2

= g7, ———,0], 11

0= |02 0] (1)
QZ

I, = xpp = [O,g,o}, (12)

l,=q+1,=1[q".0,0]. (13)

In this paper, we choose the convention for the product of
two light-cone four vectors [a*,a~,a ] and [b™,b™,b ] as

a-b=a'b~+ab"—a;-b,. (14)
The medium gluon that interacts with the outgoing quark

has four-momentum
|

k=[k" =0,k k,]. (15)
(I, + k)* = 0 determines

_ kK
2¢7 Q7

Xgp~ = x,p” (16)

x, = xzk% /Q? is the gluon’s light-cone momentum frac-
tion. In the interaction with collinear jet partons that are
highly boosted in the plus direction, k™ is power suppressed
compared to the p™ of the jet parton and is consistently set
to zero. Nevertheless, a small but finite k™ can be important
in events with small jet energy. We will consider its impact
during qualitative analyses in Sec. VIIC.

In a large nucleus, we only consider nuclear effects that
are enhanced by the nuclear size A'/3. Therefore, we
neglect correlations from interactions between quark and
gluon fields within the same nucleon. Then, one can
effectively factorize the amplitude for quark produc-
tion into the hard part and the additional quark-gluon
rescattering. Consider a quark produced at coordinate
ro = (rg.b1). by is the impact parameter as shown in
Fig. 1. It rescatters with another nucleon at the location
r=(rt,b,) exchanging momentum k and the final
momentum [,. The amplitude is

iy, igsy "1 (X|AT(x)[N (s)) (17)

—i
J,—k+ie

Then, take the modules square and perform the ensemble
average of the nuclear medium, the differential scattering
probability of the quark is (see Appendix A for details of
derivation)

dP C © a dy+dy2 - ' '
4 r bl L ik yT—ik, - — —i
= — drt Tbh)—~ | ——= y LYL(N|F7 (yT, F=i(0,0)|N
Pry ~dy ) v b / rreal (NIF;7 (y*.y.)F7(0.0)|N)
Cp [ dy(x,, k%) o dr
=——[ dripy(rt,b ”E/ drt—-1 18
dy Jit roy(rt.b. ) k3 i r Pk (18)

where one has summed over the final state and averaged
over the initial state spins and colors. Because of color
confinement, the gluon field correlation only exists within a
single nucleon. The expectation value over a nuclear wave
function is reduced to the product of the expectation over a
nucleon state |N) and the one-particle density py (", b )
along the path of the jet. The definition of TMD gluon
distribution (neglecting the gauge link) is used in the last
step, which defines ¢,(x,, k7 ) = 47xGryp(x,. k% ). Here-
after, we will refer to ¢g as the TMD distribution in this

I
study. The differential collision rate dI'/d’k, is then
directly related to the TMD gluon density distribution
given by Eq. (9). The calculation for a gluon can be
obtained with the replacement Cr — C, in Eq. (18).

We consider the TMD gluon distribution ¢, (x,, k)
approaches the Weizsicker-Williams distribution 1/k? at
large k?, and introduce a saturation scale Q, that screens
the infrared behavior, such that ¢, ~ 1/Q? when k3 < Q?
[67]. Motivated by the picture of gluon saturation, in this
version of eHIJING, we use a simple parametrization
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2. 2 (1 — X)X
as¢(](x k7; 05 ) ki T Q% > (19)
where K is a constant factor, the powers n and A para-
metrize the x dependence. This is similar to the KLN model
used for hadron production in proton-nucleus collision
[75,76]. For the rest of the study, we will take n = 4 and
A = —0.25 as given by [76]. This simple model is sufficient
for the study in this paper of in-medium jet fragmentation
and momentum broadening. More sophisticated models
can be implemented in the future. In particular, the scale
evolution of ¢, (x,k? ) is necessary for a more consistent
study of jet modification over a large range of transverse
momentum.
With the above model for TMD gluon distribution,
the saturation scale is determined by the self-consistent
relation [45],

,  Cy @/x 2.2
QS ZTA d kLaS¢g(x‘l]’kJ_;Q5)’ (20)

where T,(rg.by) = [ drfp(rt.b,) is the thickness
0

function of the nuclear matter passed by the jet. We allow
the integration of k | to go all the way up to the kinematic
limit Q%/xz when the gluon takes all the nucleon’s momen-
tum. In cases where the jet is produced close to the surface of
the medium (i.e., T4 is small), it is possible that the self-
consistent equation results in Q, that is smaller than the QCD
nonperturbative (NP) scale Agcp. In this case, other NP
effects will regulate the collinear behavior of Eq. (19).
Therefore, in eHIJING, a minimum value of Q; ., =
Agep = 0.25 GeV is used.

We show the x5, Q> dependence of the saturation scale in
Fig. 4. The evaluation uses T, = 1.0 fm~2, comparable to
the averaged nuclear thickness probed by DIS of a Pb

10!
K=4,n=4,A= —0.25

tea.,  Tp=1.0fm™?
e,
— N’&
~ "&“‘
> oo
[} .
O, 100, el el
~

~N» N
o === Self-consistent Qs, Q =2 GeV

== = Self-consistent Qs, Q =5 GeV

----- 1GeV? - x}

1073 102 101 100

XB

FIG. 4. The saturation scale Q? as a function of x determined
self-consistently from Egs. (19) and (20) with parameters K = 4,
n =4, 2 = —0.25 and the thickness function 74, = 1.0 fm=2. The
upper and lower edge of each band represents the variation of
2 < Q < 5 GeV. The dashed line shows the asymptotic behavior
of the saturation scale at small x.

nucleus. The factor K = 4.0 is chosen as it is found to give
a reasonable description of the data in the result section.

2
%xg <1 at large Q, the (1 —x,)" term in

Eq. (19) is not very important, so ¢, o xj & x5. As a result,

the self-consistent Q2 is expected to scale as xz*. Such an
asymptotic behavior is given by the black dotted line
in Fig. 4.

Given the differential collision rates and the self-
consistent saturation scale, one can compute the jet trans-
port parameter g. It is defined as the average momentum
broadening per unit path length

. _/Qz/Bk2 R 2k
qr = o Ldsz 1=

With the squared-transverse-momentum weighting, gy is
an infrared safe quantity so we extended the lower limit of
k | integration to zero. The numerical value of g depends
on the frame in which the path length is measured. So to
avoid confusion, we will only quote its value in the rest
frame of the nucleus, where L™ is replaced by L. The quark
jet transport parameter as a function of xz, Q%, and the K
factor is shown in Fig. 5.

Integrate the collision rate over the path length, one can
define an average number of multiple collisions

| |mdx
< kT mm / dr + / . d2 kJ_
lem
The kinematics gives the upper bound of the integration

K | | = /©Q?/x5. Unlike g, the number of collisions is
not an infrared safe quantity (N). Physically, we know that
soft scatterings should be screened by nonperturbative
effects, i.e., the nuclear matter is color-neutral at long
distances. So, a lower bound |k | |,,;;, is introduced by hand
to cut off the integration. Figure 6 shows the average number
of scatterings as a function of k., for light and heavy

Since x, =

Cr O3

o o

(22)

100
n=4,A= —0.25, T4 =1.0 fm~?

]
"

gr [GeVZ/fm]

103 1072 1071 100
XB
FIG. 5. The jet transport coefficient of a quark ¢p =

CrQ?/(C4L) as a function of xp at two different values of
Q2. The solid, dashed, and dotted lines correspond to K = 2, 4, 8.
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FIG. 6. The average number of multiple collisions with k7
greater than k7 ;. The calculation is for a quark produced with
xp = 0.1 and Q% =25 GeV? and uses the averaged T, of He
(red), Ne (green), and Pb (blue line) nuclei.

nuclei. As one can see, (N) increases when the infrared cut-
off decreases: (N)s_ops~1 when kg, = Agep but
increases to 4 when kr i, = 0.1Aqcp. However, physical
observable effects, which are consequences of momentum
broadening and parton energy loss, are not sensitive to (N)
but g, and the latter is an infrared safe quantity. In the current
version of eHIJING, the default choice is k7 yin = 0.1Aqep.
One may consider increases ky ,;, in the simulations as it
avoids the sampling of ultra-soft scatterings. It does not affect
the observable too much but can significantly improve the
efficiency of the simulation.

If one assumes the nucleus is a dilute medium and
subsequent scatterings are independent of one another.
Then, the event-by-event number of collisions N follows a
Poisson distribution

LY (23)

Pyv="N1 :

given (N) is the averaged number of collisions. Once N is
determined, the location of the scattering centers is ran-
domly chosen along the path length. The transverse
momentum exchange k; of each collision is sampled
according to Eq. (9).

IV. MEDIUM-MODIFIED SPLITTING FUNCTIONS

There have been extensive studies on how jet-medium
interactions modify parton splitting functions. They based
on opacity expansion [43,77,78], effective kinetic theory
[79,80], BDMPS-Z formulation [81-83] with harmonic
oscillator approximation, and improved opacity expansion
[84-86]. They differ on the assumptions about jet-medium
collisions (“single-hard” versus “multiple-soft”), the kin-
ematics of the radiative parton (full splitting versus soft
radiation approximation), and properties of the medium
(“thin/dilute medium” versus “large/dense” medium).

E,u,

(p+1—-Fk)¥
k“f pH
N’ X

FIG. 7. The kinematic variables of a medium-induced real
emission process. k* = (0,x,p~,k ) is the four-momentum of
the gluon that collide with the jet parton. ¢ = p + ¢ — k is the
initial momentum of the hard parton. £* = [zq™, % , €] is the
momentum of the radiated gluon. Finally, the recoiled quark’s

2

momentum is p* = [(1 —z)g™, (21(({;;1 k=7

An additional simplification on top of these is the twist
expansion, where the resulting medium-modified splitting
function is further expanded in powers of 1/Q?. In practice,
the in-medium twist expansion is performed by investigat-
ing the calculation in powers of k3 /#7%. k| and Z, are the
transverse momenta of multiple collisions and the radiated
parton, respectively. The kinematics variables for an in-
medium parton splitting are illustrated in Fig. 7.

A. The generalized higher-twist (GHT) formula

For e + A collisions, we take the dilute limit and apply
the results from a recent calculation of the medium-induced
radiations from double parton scatterings in the generalized
higher-twist approach [44,45]. In the Breit frame, a hard
parton with finite transverse momentum ¢ ; relative to the
nucleus beam direction scatters with the virtual photon with
momentum g = g+, —0%/2q", 0]. The quark undergoes a
second scattering with the nuclear target after the photon-
quark hard scattering, exchanging a gluon with momentum
k and radiates a gluon with momentum [ = (zg",
€2 /2zq*,€.). The details of the expression for the
radiative gluon spectra can be found in [44,45], which
can be summarized as

0 1)GHT

NG AN | dNy (24

dZdsz_ dZJlfJ_ dZJlfJ_ ’

The first term is the vacuum-type contribution
dNy o 1 (25)
dZJZ f L 9 t’i

0, _ @)  1+(1-2)7
Pyq (Z> o2 Cr B > (26)
where P;?) is the vacuum splitting function for parton i to

parton j (plus another unspecified parton, either a quark or
gluon). The second term stands for the generalized twist-
four contribution
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de, L )GHT

_pO0 L (%

dzdzfl 99 le ” rtpy(rt.by)

. /Ql/xB 7k, gasqﬁg(ng, k?)
0 dA kl

x NAHM p AFRPM o AnonlPM] (97

The precise definition of the interference terms N f,LPM,
NIPM and A/2oPM can be found in Ref. [45]. N3-™ is
contributed by rescatterings between the quark and the

medium gluon, and N ZLPM from rescatterings of the
radiated gluon with the medium gluon. Both of these terms
are enhanced by the nuclear size and contain the so-called
Landau-Pomeranchuk-Migdal (LPM) interference factor,
which is to be explained shortly. The term A/5°"M s not
enhanced by the nuclear size, and its contribution is
suppressed by the ultraviolet cutoff of the radiation. The
interference factors are integrated over the collisional cross
section (x a,¢,/ k?), and the nucleon density distribution
py along the path length. Therefore, the obtained semi-
analytic form shown in Eq. (27) should be understood as an
average one over the multiple collisions inside the nuclei.
However, in eHIJING, the chain of multiple collisions is
sampled randomly. Later in this section, we will propose a
method to implement a stochastic version of Eq. (27) that is
consistent with the sampled collisions.

B. The soft gluon approximation (SGA)
of the GHT formula

To simplify the simulations, we take the soft gluon
emission approximation of Eq. (27). In this limit, both

NIPM and N1onLPM gre negligible [44,45]. In the remain-

ing term AVJ"™ the soft gluon limit further decouples the
formula from the transverse momentum of the initial state
quark (q,). Therefore, the transverse momentum recoil
from medium-induced gluon radiations can be sampled
independently of the initial state quark’s transverse momen-
tum [87].

In the soft-gluon limit, the splitting function (summation
of the vacuum and medium-induced contribution) simpli-
fies to,

dNGHT
dzdt’

0 1 0 I [e
~ qu)(z) 22 T Péq)(z) 2 /+ drpy(rt.b.)
1 L J7

y /QZ/ngasgzbg 2k - t’lz@(Aﬁ)del,
0 dy ki (Z.-k.) 2

(28)
where Art = rt —r§ is the location of the scattering
center relative to the hard production vertex. 7, is the
formation time of the medium-induced splitting

2z(1-z)q"
= ) 29
T k) @)
The appearance of the interference phase factor
O(Art/zp) =1 —cos(Art/zy) (30)

in the splitting function qualitatively changes the behavior
of the medium-induced part of the splitting function
compared to the vacuum part. For emissions with long
formation times 7, > Ar* ~ L™, the phase factor strongly
suppresses the medium-induced contributions, which is
known as the QCD analog of the Landau-Pomeranchuk-
Migdal (LPM) interference effect. In the following dis-
cussion, we will refer to the limit 7, > LT as the coherent
limit. In the other limit (incoherent) where 7, < L, the
cosine factor averages to zero under the Ar™ integration,
and effectively ®(A* /7, > 1) = 1. Then, one finds that in
the incoherent limit, the z dependence of the medium-
induced part is the same as the vacuum-splitting function.

Similarly, the SGA of the medium-modified g — ¢
splitting function is

ngqHT ~ P(O)(Z)L + P(O)(Z)L/<>o dripy(rt.,b))
dzdfi 99 t’zl a9 t’i rg N sy U |
y /QZ/XB gaszfg 2k - t’Lz @(A#) Pk,
0 dy k7 (€L-k,y) Tr
(31)
with the vacuum splitting function
o _a@)  [1+(1-27° 1+2
Py = . 2
99 e Ch R (32)

Here Pé? is decomposed into two pieces to be compatible
with PYTHIA8’s color dipole picture in the g > g+ g
process [88].

To make a connection with past works, e.g., the GLV
formula widely used in jet quenching phenomenology [77],
one replaces the TMD gluon distribution with a screened
Coulomb potential (also known as the Gyulassy-Wang
model [89]) to model the interaction between the jet parton
and the nucleus

asff’g(xgv ki) N 4”“§ZTCTfT
k3 (K3 +m?)? ’

(33)

where Cy and f are the color factor and the probability of
finding a color source of representation 7 within the
nucleon. Then, Egs. (28) and (31) will reduce to the
GLV formula used in [77]. In the rest of this work, we
will continue to use the TMD gluon distribution to para-
metrize the jet-medium interaction.
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C. The reduction to the higher-twist
(HT) formula under SGA

Another well-applied method to compute medium mod-
ifications is the higher-twist approach [41], where one
expands the calculation in powers of 1/#7 and keeps the
twist-four contributions. With such expansions, Eqgs. (28)
and (31) become

dNHT
zaeT | {qu(z)} 1 +{P2g(z)}
aNgy Po ()€1 L PY(z)

dzdf2
0 2Arad Art 1
x/ dr+ 244 @( . >+0<—6), (34)
rt t’J_ Tf fl

0

with the twist-expanded formation time T} being [90]

2z(1-2z)g™
7}2(6;72)' (35)
1

The radiative transport parameter is defined as,

~rad __ 7 Ca 2 2
dx = PN 0 aasd)g(xg’ kJ_)ﬂdk ’ (36)

which should not be confused with the collisional transport
parameter §p, since the range of k; integration is, in
general, different from the one used in Egs. (20) and (21)
for calculating gg. In the original derivation, one assumes
that k% /#2 is a small number and performs the expansion
before the k| integration, then, a consistent integration
range should be chosen as 0 < [k || < |Z,|.

However, we would like to point out that there is a
certain level of ambiguity in the definition of the radiative
transport parameter in Eq. (36). For example, one can
consider another way of obtaining the higher-twist expan-
sion from the GHT formula, where one performs the 1/£%
expansion after the k | integration. To do so, one makes a
change of variable £, — ¢ + k in Egs. (28) and (31)
and neglecting boundary terms power suppressed by 1/0?
that are not enhanced by the nuclear size. The k
integration can then be worked out as

1 QZ/XB
— Pyl );al/ﬁ aripy [° ek

ﬂasqﬁg ZkJ_ ‘fl ((fl —kJ_)ZAr+>
dy ki (€1 - k¢)2 2z(1 - 2)g*

—p Cdart =2 Gl e
= P;i(z) g r f_“ . ndky

CA a5¢g Ar+ 1
O — — . 7
PN dy, k% < 7 o 0* (37)

dN 1)GHT

a’zdfzL

In comparison with the form of the higher-twist formula in
Eq. (34), it turns out that the effective radiative transport
parameter should be defined as

. /x5 Cy asp,(x,, k%)
gy =¢%p /f —ATO 2L kY, (38)

i dA ki

and then expand to the leading power of 1/#3. For
example, if one uses fixed coupling and applies the
Gyulassy-Wang (GW) screened potential model expressed
in Eq. (33), it can be shown [19] that

. C,Cr 141 m?
q%%V:ZaspN 3 47° fr1n 2+O<£’2> (39)

~rad/ 2 m2 t,i
qcw = ZaspN 4” fr+0 — ). (40)

o

So, there is an ln% ambiguity when relating the radiative
transport parameter to the more fundamental input of jet-
medium interaction. In this paper, we will use the first
choice in Eq. (36).

The medium-induced splitting function takes a compli-
cated form, but its primary physical effect is intuitively—
the medium-induced radiative energy loss. One can
compute the z-weighted integration of dN ;" and arrive
at the averaged loss in energy. For example, using the GW
model, this is

aELL” | gt/L*

q+ m2

Az x a

(41)

in the GHT approach. The radiative energy loss in the
medium is proportional to the quadratic power of the path
length is a well-known behavior of QCD. This is similar
for the HT approach but the log enhancement factor is
different.

D. A numerical comparison of higher-twist and the
generalized higher-twist formula

In eHIJING, we will implement both ways of treating the
modified parton splitting using either (1) the generalized
higher-twist (GHT) formula in Egs. (28) and (31), or (2) the
higher-twist (HT) formula in Eq. (34). Even though here
the HT formula is obtained from the twist-expansion of the
GHT formula, we still consider it to be valuable to
implement both choices in eHIJING for two reasons

(1) The first purpose is to provide a formal benchmark

of the two approaches since both have been widely
used in the past in heavy-ion collisions and e + A
phenomenology.

(2) Second, the GHT formula relies on the assumption

that the microscopic interactions between the jet
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FIG. 8. In-medium splitting functions in the generalized higher-

twist approach (red) and the higher-twist approach (blue) for two
different values of transverse momentum |¢# | (rows) and differ-
ent quark energy v in the nuclear rest frame (columns). Black
lines are vacuum-splitting functions as a reference.

parton and nuclear medium can be treated as a
perturbative forward scattering cross section. In the
HT approach, the effects of multiple scatterings are
absorbed into the ¢4 parameter. For phenomenol-
ogy, one can treat §™¢ as an effective nonperturbative
parameter, which can, in principle, avoid the details
of the microscopic modeling of the jet medium
interactions.

To visualize the differences between the GHT and
HT formula when using the same microscopic input
asp,(x,, k?), in Fig. 8, we compare the spectra of gluon
emission z£3 dN,,/dz/d¢3 from a quark. The path length
is chosen as L = 4.3 fm—the averaged path length for a
heavy nucleus with A =~ 100. In each panel, the black lines

. . 2
are the vacuum emission spectrum dN,,/dz/d€7 =

P (z)/€% as a function of z. The red (blue) dashed lines
represent the sum of the vacuum and medium-induced
splitting functions using the GHT (HT) formula. The top
and bottom rows are comparisons of a small and large
transverse momentum of the gluon (|Z | = 0.5 GeV and
|€.| =2.0 GeV). The left and right columns vary the
quark energy in the rest frame of the nucleus from v =
20 GeV to v = 50 GeV.

Because the HT formula is obtained based on 1/£%
expansion, it is not surprising that the difference between
GHT and HT is relatively small at large |# | | (bottom row).

Furthermore, at larger £, and smaller v (the bottom left
panel), the ratio L/7; ~L/7; szfli——Lz)u > 1. This means
that the LPM phase factor @ =~ 1 and the z-dependence of
the medium-induced contribution are the same as the
vacuum ones, which is confirmed by noticing that the
three lines in the bottom left panel have a similar shape.

At small || and large v (the top right panel), the ratio
L/t; <1 unless z <1 or (1—z) < 1. Therefore, the
medium-induced collinear emissions are completely sup-
pressed, and the “vac +HT” and ‘“vac + GHT” curves
almost overlap with the vacuum curve near z = 1/2.

Finally, at small |# |, the higher-twist formula leads to
much stronger modifications especially at large z, while the
correction in the generalized higher-twist is smaller. As a
result, with the same microscopic input ay¢,(x,, k? ), the
HT approach induces more collinear radiations than the
GHT approach and also leads to a stronger parton energy
loss than the latter. We will discuss the phenomenological
impact of such differences in the results section.

E. A stochastic version of the medium-modified
splitting functions

It is mentioned at the end of Sec. IV A that the modified
splitting functions presented in Secs. IVB and IV C are
inclusive over the number of the multiple collisions and
their kinematics. This is evident by noticing that Egs. (28),
(31), and (34) are integrated over the location r* and the
transverse momentum k | of the multiple collisions. On the
other hand, the eHIJING event generator samples multiple
collisions stochastically according to the procedure
described at the end of Sec. IIL

Ideally, we would like to modify the splitting function
consistently with the stochastic sample of the multiple
collisions. This guarantees that if there are not any parton-
medium interactions sampled in a particular event, the
splitting function reduces to the vacuum one. We have to
admit that, at the moment, we lack the full knowledge of
the proper way to sample medium-induced radiative
partons, multiple collisions, and the recoiled medium
partons consistently. The fundamental problem is that
the medium-induced part of the splitting function in
Egs. (28) and (31) contains two classes of contributions:
(1) the collision between jet and medium (as illustrated on
the left of Fig. 9), and (2) the unitarity correction—
interference between vacuum emission diagram and the
diagram with double-gluon exchange between jet and the
medium without net momentum transfer (the right of
Fig. 9). If one intends to sample both the radiative gluon
and the exchanged gluon k| calculation, only the first
class of contributions should be associated with a real
collision with the nucleus.

It is not the purpose of this work to solve this problem
right away, but we would like to propose an ansatz to
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FIG. 9. Schematic plot of two types of contribution to the
medium-modified splitting function. Top: diagrams that involve a
real collision with a recoiled target T — T’. Bottom: diagrams
that contain virtual interaction with the target. Note that in this
case, the state of the target is unchanged 7' — T.

construct a stochastic version of the medium-modified
splitting functions that contains reasonable correlation with
the randomly sampled multiple collisions.

For a given hard parton with light-cone momentum yg*
in an event, suppose the number of multiple collisions N
and the location and transverse momentum have been
sampled, which gives the following sequence of collision
information

{0 k) (R kL) (R )b (42)

They form an importance sampling of the following
measure

S & v Crad,(x, k()
/ﬁ dr+PN(r+,bl)A d2de_§7Jk§ = (43)

0
which also appears in the computation of the medium-
modified splitting functions. Therefore, we propose a
stochastic version of the GHT splitting functions by

replacing the corresponding measure in Eqs. (28) and
(31) with the sum of the random samples

dN?qHT 0 0 C

dzdf® :{qu(z)} 1 +{qu(z)c’;} 1

ANGHT 0 22 0 2
dz;é’i Py, (2)) €1 Pyy(2) i

XEN: 2k, ;0 q)<(fl—kﬂ)2(r?_”g))'

2z(1-2)yq™
(44)

Similarly, the stochastic version of the HT splitting func-
tions is

dNHT

zael | {qu(z)} 1 {ng(z)g—g} 0
HT - 0 2 2
Lizybgi PY(2) ) 21 P).(2) ]

a 2k2,
X ZG)(fi - k7)) ) @
i=1 €

<f’i(r,-+ - r&))
2z(1 = 2)yg* )"
(45)

These modified splitting functions are correlated with
multiple collisions. In particular, for events with N =0
or with a tiny collisional transverse momentum transfer,
Egs. (44) and (45) reduces to Pﬁ?)(z). It is also true that a
parton with smaller medium modifications to its splitting
functions, and thus less parton energy loss, is also subjected
to a lesser amount of transverse momentum broadening.
This correlation is the key to understanding the decrease of
hadron transverse momentum broadening near the produc-
tion threshold in the result section.

V. IMPLEMENTING MODIFIED SPLITTING
FUNCTIONS IN PARTON EVOLUTION AND
FRAGMENTATION

In the vacuum, radiative corrections are enhanced by
the logarithm of the phase-space of the emission
Qf < ¢3 < 0% with Qg 2 Agcp being a separation scale
between the perturbative and nonperturbative physics. In the
leading-log approximation, terms like [ar,(Q3) In(Q?/Q3)]"
are resumed and leads to the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) [91-93] evolution of the fragmen-
tation functions with the energy scale. In a parton shower
picture, it is viewed as the scale evolution of the parton
spectrum from virtuality comparable to Q? down to Q3.
Thus, subsequent splittings are ordered in decreasing
virtuality.

In pyTHIAS, the ordering quantity is chosen as the
transverse momentum |£ | generated in each splitting.
For a parton i produced with # | in the previous splitting,
to generate the next splitting in the channel i — j, the
algorithm iteratively samples the Sudakov form factor

A;?)(f 12,%11), i.e., the probability of no emissions
between the kinematic regions €, <?¢ | <?,

O
r= AR (L) =M (46)

where r is a sample of a random number uniformly

distributed between 0 and 1, and <N§?)>(t’ 12,€1) the

average number of vacuum radiations within the given
kinematic regions,
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0
(N (#2,.8%)
Zamax (E) 2 a,(€%) d*e
=/ Pﬁ?(z)dz/ b)) @)
z 14 1

2
min (me) ZLz 2”

Here the lower bound z;, and upper bound z,,,, of the
momentum fraction are determined by the minimum
possible transverse momentum (Z,, = 0.5 GeV in the
default PYTHIAS setting). The solution of Egs. (46) and
(47) determines the transverse momentum ¢ | , for the next
splitting i — j. Then, the momentum fraction z is sampled

according to the splitting function Pﬁ-?) (z) between
Zmin(Zm) < 2 < Zmax (€,)- Finally, samples falling outside
of the physical domain z.,;,(|Z |,) < 2 < Zmux (|€1],) are
rejected. This way, the full kinematics of the splitting is
given by z and ¢ ,.

In pYTHIAS, the upper bound of the first emission is
|€| ~ Q and the whole interactive procedure terminates
when the sampled |# | is below [,. At this point, the
perturbative parton shower gives way to the nonperturba-
tive modeling of hadronization. PYTHIAS uses the Lund
string hadronization model [55]. The color-neutral system
of partons forms strings according to the flow of color.
Then, the string-breaking mechanism iteratively samples
hadron from the string system, with hadronic decays
applied afterward. In e + p reactions, it is important to
include the proton remnants such that the combined system
of parton shower and remnants is color neutral.

In the e + A reactions, due to the emergence of new
energy scales, such as Q2 and v/L [49], from dynamical
effects when jet parton propagates in a finite-size medium,
the parton shower dynamics is divided into different stages.
For medium-induced contribution that involves a large
virtuality #3 > Q2 the multiple emissions are generated in
a virtuality/scale ordered shower, but with the set of

. . . . . dN _
medium modified splitting functions ZdfT = dz ; f,z +
dz i t,z [5], which are developed in Eq. (44) or Eq. (45).

An emission is sampled using the modified Sudakov factor

r=20;(€15,€1,) = e Wilf2ti), (48)

Zmax () £, 5
(Nji(€12.211)) = dz |~ de]
< ) 12

-min (fm
dN©) AN
X [dzdfi " dzae?

0(0? <fi>] (49)

The modified Sudakov is added by eHIJING to the PYTHIAS
kr-ordered shower. The virtuality shower still runs from
| ~Qdown to £, = ¢, but the medium contribution is
switched off from the Sudakov factor if #3 < Q2.
If 2 becomes comparable or smaller than the screening/
saturation scale Q2, the medium contribution is no longer
enhanced by the logarithm of phase space but by the length

of propagation in the matter. Therefore, we implemented a
time-ordered shower for parton emissions for the medium-
induced contribution with #2 < Q2. For this purpose, we
solve the Sudakov form factor of no-emission between the
formation time 7, < 7, < 73

r = Aji(TZ’Tl) = e_<N§:)><TZ’TI), (50)

where r is a random number uniformly distributed from O to
1,and Aj; (75, 71) is the Sudakov factor, i.e., the probability
of vetoing radiation within formation time between 7, and
71. The total number of gluons N, between the two times is

0 ae’
(1))
<Nj TZa Tl / / ddez

®<Tl < 2Z(1;2LZ) < 72>. (51)

The starting time of the evolution is chosen as 7; = 1/Q.
The solution to Eq. (50) then determines the formation time
of the next emission. Then the sampling of z and the
azimuthal angle ¢ determine the kinematics of the emis-
sion. The maximum time is cut off at #,,, = E/ AQCD—the
typical timescale of hadronization.

VI. REMNANT, COLLISIONAL ENERGY LOSS,
AND HADRONIZATION

The Lund string hadronization model only applies to a
color-singlet multiparton system. In e + p or pp collisions,
the entire system of the hard process plus the proton
remnant remains color neutral. For example, when a gluon
from the proton participates in the hard process, the proton
remnant is modeled by a quark plus a diquark that carries
the corrected color and flavor information.

In e + A collisions, in addition to the nucleon remnant
from the primary hard process, there are also remnants from
the multiple parton-medium scatterings. When calculating
the jet sector, the “+” component of the gluon and the
nucleon are neglected in Egs. (10) and (15). However, it is
critical to keep k™ and p* finite when discussing the
nucleon remnant. Since the invariant mass square m% of the
nucleon remnant mass is positive,

mp = (p—k)*=(1-x,)(my —ktp7)—ki, (52)

(1 —x,)m3 —m} — k%
(1 _xg)p

Kt = , (53)

where in the last line, we have used x, < 1 andk? ~ Q? fora
typical collision. If we assume that the remnant carries the
baryon number, then mp should at least be comparable or
greater than the mass of a proton mg 2 m,. Using x, < 1
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and k3 ~Q? for typical collisions, one finds that

+~Q?/p~ <0. Therefore, to guarantee the energy-
momentum conservation on the target-going side, the jet
parton must lose a fraction of its energy ’;—IFL ~Q2/(2(1 -

xp)Mv) via collisional process—referred as collisional
energy loss. In the nuclear rest frame, the collisional energy

loss is of order Wthh is subleading to the radiative energy
loss AE ~ a QZL In ”/L < Q‘A1/3 In ’“/L when either the

energy of the parton or the medlum size is large.
However, it may be important for fixed-target experiments.
For this reason, we provide an option to turn on collisional
energy loss using the simplified formula
2
=S (54
Pq
Its phenomenological effect is also demonstrated in the result
section.

To construct the remnant, the four-momentum of the
quark k, and diquark k,, before the multiple collision is
sampled isotropically in the rest frame of the proton. They
are then boosted to the lab frame. We assume that either the
quark or the diquark will take the full recoil effect of the
TMD gluon. Suppose the quark is recoiled, then the final-
state remnant quark is

ky =k, =k, (55)
with k* determined by the requiring (k, — k)* = m.

For partons generated in the shower algorithm, the colors
of the final-state partons are already assigned. We imple-
ment the color exchange at the end of the shower: for each
parton, one loops over its collision history and exchanges
color with the TMD gluon. The color of the remnant quark
and diquark will be assigned accordingly to maintain the
color neutrality of the system. This is shown in Fig. 10. The
first diagram depicts the color flow for the forward
scattering of a quark with a constituent quark of the
nucleon, which is then broken into a quark-diquark pair.

Q; E
q
qq
g g g CQ
%q q
qq qq

FIG. 10. Color flow in the forward scattering of a quark (the
first row) or a gluon (the second row) with a constituent quark of
the nucleon in the large N, limit.

For a gluon (the second and third diagrams), there are equal
chances for it to exchange color or anti-color indices with
the constituent of the nucleon. Finally, the color-neutral
system is hadronized via the Lund string fragmentation
mechanism [55].

VII. HADRON PRODUCTION IN LEPTON-
NUCLEUS COLLISIONS

We apply eHIJING to study the single hadron production
in the semi-inclusive deep inelastic scattering (SIDIS)
process. In the Breit frame, one can perform a three-
dimensional (transverse and longitudinal momentum)
study of the hadron production. The SIDIS cross section
normalized by the inclusive cross section

dNe+A—>h _
dzhdpzT

 do,iasy/dxp/dQ?/dz,/dp}
do,a(xg, QZ)/d’CB/dQ2

(56)

provide a multidimensional calibration of the in-medium jet
dynamics with respect to xz, 02, A, z,, pr. Here, z;, =
E,/v is the energy fraction of the hadron relative to the
energy of the virtual photon v in the nuclear rest frame, and
pr is the transverse momentum in the Breit frame. We first
study hadron production in e + p, where all the medium
effects are turned off. Such simulations are performed in
PYTHIAS, and we shall comment on some changes we made
as compared to the default PYTHIAS settings for e + p
simulations. Then, eHIJING e + A results are systemati-
cally compared to available data from the CLAS experi-
ment at Jefferson Laboratory (JLab), the HERMES
experiment at DESY, and the EMC experiment at CERN.

Another application of eHIJING is the study of dihadron
correlation. This observable was proposed to disentangle
the hadronic versus partonic energy loss picture. The
original idea is that if two hadrons are produced from
the same parton that loses energy in the medium, then a
rescaled dihadron correlation function should be similar to
that in e + p collisions. On the contrary, if hadrons are
formed inside the medium, independent energy loss or
absorption of the two hadrons should strongly modify the
correlation function. We will make a realistic simulation of
this observable using eHIJING.

Finally, we also make projections for experiments at the
future Electron-lon Collider (EIC) and Electron-lon
Collider in China (EicC). These new experiments cover
a wide range of xz and Q? and we use eHIJING to simulate
its capabilities to determine the xz, Q° of the jet transport
parameter.

A. Baseline: SIDIS in electron-deuteron collisions

Compared to the default PYTHIAS settings for ¢ + p DIS
mode, the first change is that we used the global recoil
instead of the dipole recoil scheme. The reason for this
nonstandard choice, explained in Appendix B, is that, at the
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FIG. 11.
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The single-inclusive spectra dN/dz;, in e + d collisions from PYTHIA8 compared to the HERMES experimental data [94].

From left to right are the comparisons for z*, z~, K™, and K~. The ratio is shown in the lower panel. Simulations with the default
PYTHIA8 parameters are shown in red. Simulations with M, = 0 GeV are shown in blue.

moment, we can only treat medium-modified showers as a
pure final-state effect. The impact on observables are also
discussed in Appendix B. Furthermore, to compare to
HERMES or CLAS data at fairly low Q 2 1 GeV, we
decrease the minimum phase-space cut for hard processes
of PYTHIA8 down to 1 GeV.

The results for the z,,-differential spectra of z+ and K= in
e + d collisions are shown in Fig. 11. Red lines are results
simulated with the default hadronization settings of
PYTHIAS with data points in black. Ratios of simulated
results over data are shown in the bottom panel.

We find that the z;, spectra are harder than those observed
in the data. To improve the model simulations, we further
change the parameter “M,” in the PYTHIA8 hadronization
module. It plays a role in setting the minimum invariant
mass W, below which the standard string breaking stops.
Wiin = my + mg + Mg, is the sum of Mg,, and the
constituent masses of the quark and antiquark at the
endpoints of the string. We decrease M, from the default

agreement with data is improved, especially for K*. For all
simulations hereafter, we use M, = 0 in eHIING.

In Figs. 12 and 13, the p; spectra of #& and K* are
compared with the HERMES data. Each panel corresponds
to the pr spectra in a different range of z;,. Simulation
agrees well with the data in the range pr < 1 GeV, except
for z~ spectra in the rightmost panel (0.6 < z; < 0.8). This
is because the dN/dz of n~ is already underestimated in the
large z,, region. In PYTHIAS, the transverse momentum of
the hadron relative to the direction of the virtual photon
comes from several sources:

(1) The primordial k7 of the quark inside the deuteron.

They are parametrized as a Gaussian distribution
with a Q-dependent width parameter [55].

(i) Momentum recoil of the leading quark from vacuum
gluon emissions in the initial state parton shower.
However, this is not a big effect in simulations for
HERMES and CLAS experiments due to the limited
phase space.

value 1 GeV to zero, allowing strings to continue to break (iii) Transverse. momen.tum .ot?tained duﬁng the string
into softer hadrons. Simulations with M, = 0 are shown fr'agmfcnte.ltlor.l. Aggm, th}S 18 pararznetnzed as a Gaus-
in blue in Fig. 11. The z, spectra are softened and the sian distribution with width \/(k7) = 0.335 GeV.
10°'T02<2,<03 03<z,<04 04<2,<06 0.6<2,<0.8

<

'E 10°; : :

S

2 — :m{\
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7
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FIG. 12.  Transverse momentum spectra of pion from PYTHIA8 with M., = 0 GeV compared to HERMES experimental data [94] in
different z;, ranges. Red and blue lines and symbols are for ™ and z~ respectively.
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FIG. 13. The same as Fig. 12, but for kaons. Simulations are compared to HERMES experimental data [94].

With these results, we consider the nonperturbative models in
PYTHIAS to provide a good description of the semi-inclusive
hadron production e + d baseline for p; < 1 GeV. This is
sufficient for studying most of the data at CLAS, HERMES
and EMC. However, at higher colliding energies such as
/s =300 GeV in HI experiment at HERA, higher-order
hard matrix elements are imperative to understand the large
pr region.

B. Nuclear modification single-hadron production

Nuclear modifications to semi-inclusive hadron produc-
tion have been studied in the following experiments:

(i) The first observation is made by the EMC experi-

ment [95] in the charged hadron spectra with d, '’C,
%Cu, and 'Sn targets. The muon beam energy is
E =100, 280 GeV and the center of mass energy
VS =137, 22.9 GeV.

(ii) The HERMES experiment [29] bombards electron/
position on fixed targets of 4, “He, *N, 2°Ne, #Kr, and
131Xe. The electron beam energy is E = 27.6 GeV
and /s,y = 7.24 GeV. Compared to EMC experi-
ment, HERMES has a differential dataset and pro-
vides particle identification.

(iii) Finally the CLAS experiment [96] has various targets
including d, 1°C, *Fe, and 2%Pb. The electron beam
energy is £ =5.014 GeV and /s,y = 3.21 GeV.
Nuclear experiments with 12 GeV electron beam
energy are expected in the future.

These experiments probe the region xp 2 0.1, where the
hard processes are dominated by the LO quark scattering.
This corresponds to the geometric picture shown on the left
of Fig. 3, which will be used to understand the simulation
and data.

The average Q? for CLAS and HERMES experiments
are about 1-3 GeV?, while the dynamically generated scale
in the medium is about v/ L is of order 1 GeV?. The parton
energy loss in such a kinematic region is large and thus
ideal for testing the medium modifications in eHIJING. v
ranges from a few to about 20 GeV. The formation time of
hadrons produced at small z, may be formed inside the
nucleus 7, ~ z,v/ AéCD < L, and then undergo hadronic

interactions that are not included in eHIJING. For the EMC

experiment, the average Q” reaches 10.2 to 12.3 GeV?,
which is then used to constrain the virtuality evolution of
the patron shower in eHIJING. The average v exceeds
50 GeV, and we would expect the hadronic interactions to
be negligible for a large range of z,,.

The medium effects are presented as the so-called nuclear
modification factor, which is the ratio of the normalized
SIDIS cross section between e + A and e + d collisions (or
e + p for EIC and EicC),

h 2. o dNeJrA—»h/th/dp%

RA (1/, Q s <o pT) dN{ed,ep}_m/th/dp%‘ . (57)
dN/dz;,/ dp? has been defined in Eq. (56). Events in CLAS
and HERMES experiments are selected with Q> > 1 GeV?,
photon-nucleon center-of-mass energy W,y > 2 GeV, and
the inelasticity y = (p-¢q)/(p-1;) < 0.85. Events in the
EMC experiment is required to have Q* > 2 GeV? and
y < 0.85. Additional cuts on xp, v will be specified later in
the discussion. Furthermore, the HERMES experiment only
counts hadrons in the photon-going direction in the photon-
nucleon center-of-mass frame in order to suppress hadrons
from target fragmentation. These kinematic constraints are
imposed in simulations.

1. v and Q? dependence of hadron production

R, for zt (z;, > 0.2) as a function of v is shown in
Fig. 14 for different nuclear targets, from small (left) to
large (right) mass number. The suppression is stronger in
larger nuclei and for jets with smaller v. The red hatched
bands and the blue dotted bands are simulations using
either the generalized higher-twist formula (GHT) or the
higher-twist formula (HT). The parameters for the TMD
distribution of nuclear gluons are the same for the two
choices. The bands show the variation of the K parameter
from 2 to 8 in the TMD gluon distribution model [see
Eq. (19)] and the solid lines correspond to the set with
K = 4. With the same K factor, HT approach results in
stronger nuclear modification than the GHT approach. This
is not surprising, as can be explained using Fig. 8: with the
same input to the TMD gluon distribution, medium
corrections in the GHT approach is weaker than the HT
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FIG. 14. Ratio of ™ multiplicities between ¢ + A and e + d collisions R4 as a function of v. Blue dotted bands are simulations using
the higher-twist formula, and red crossed bands are results using the generalized higher-twist formula. The central lines, upper and lower
bounds of the bands correspond to the variation of the scale factor K as in Fig. 4. Simulations are compared to HERMES experimental

data [29].

approach. For the rest of this section, we will continue to
use the same set of K parameters and this difference
between GHT and HT approaches persists.

With the current range of the K parameter, the HT
simulation gives a “better” description of the data.
However, we remark that here the variation of K is only
intended to show the sensitivity of R, to the magnitude of
the jet-medium interaction rates. The values of K have not
been tuned to data. So Fig. 14 does not mean that the GHT
approach is less effective than the HT approach. If one
tunes K independently for the HT and the GHT approach to
fit the data. Then, the HT approach would require a smaller
K, thus a smaller jet transport parameter than the GHT
approach.

Interestingly, such a difference has been seen in
previous studies. The higher-twist study in Ref. [5]
suggests a smaller jet transport parameter than those
values used in a study based on soft-collinear-effective-
theory with Glauber gluons [39], which, if one applies the
soft gluon approximation, reduces to the GHT formula
with Gyulassy-Wang model in Eq. (33). In an examination
of the connection between the generalized higher-twist
and higher-twist approach to radiative parton energy loss
[19], it is also realized that the effective radiative jet
transport parameter in the higher-twist approach is smaller

1.2

than that in the generalized higher-twist approach by a
logarithmic factor of 21n(Q?/Q?).

In Fig. 15, we plot the Q% dependence of R% ", integrated
over z;, > 0.2 and v > 6 GeV. The measured R, is almost
independent of Q2 for 1 < Q% < 10 GeV?, while the
simulated R,(Q?) slightly decreases with increasing Q?
but is consistent with the data within experimental errors.

2. z;, dependence of the modification

R, for z" as a function of z;, from eHIJING is compared
to CLAS in Fig. 16, HERMES in Fig. 17 and EMC data in
Fig. 18, respectively. The general trend across all three
experiments is that the z;, spectra are suppressed at large z;,.
This is understood as a result of parton energy loss in the
nuclear matter and is nicely described by both GHT and
HT-based simulations. Because the fragmentation function
sharply falls off to zero as z;, approaches one, a small
amount of energy loss of the quark can cause a drastic
reduction of the produced hadrons at large z;,. This explains
why the suppression is the strongest when z;, ~ 1.

Hadrons produced from the nuclear remnant contribute
to small z,, which complicates the interpretation of the
observed modification. For example, the CLAS experi-
mental data display an enhancement at small z;, < 0.1 (not
included in the plotting range of Fig. 16). To suppress

1.0

Ne Kr Xe

0.8 1

Ra

0.61 gz GHT
F HT

0.4 1
{ HERMES, n*
0.2 ; : : : - : : - : : - -
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FIG. 15.
experimental data [29].

The same as Fig. 14, but for the Q% dependence of the nuclear modification R,. Simulations are compared to HERMES
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FIG. 16. Nuclear modification of the fragmentation function of z* as a function of zj,, Ry = D,4(z4)/Deq(z;)- Simulations with
higher-twist formula (blue dotted bands) and generalized formula (red crossed bands) are compared to the measurements from the CLAS

experiment [96] with an electron beam energy E, = 5.014 GeV.
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FIG. 17. The same as Fig. 16, but compare to the HERMES data [29] with an electron beam energy E, = 27.6 GeV.
3
Zh Zp Zh
FIG. 18.

280 GeV.

remnant, the HERMES experiment only uses particles
produced in the photon-going side in the photo-nucleus
center of mass frame (xy > 0). In the EMC experimental
data, the target fragmentation region is located at much
smaller z;,, outside the kinematic cuts.

The three experiments cover a wide range of mass
numbers from A =4 to A =208. The A dependence of

Similar to Fig. 16, but compare to R, from the EMC data [95] on charged particles with electron beam energies £, = 100,

R, is also well reproduced by eHIJING. Again, with the
same input, simulation with the GHT approach results in a
smaller suppression than the HT approach.

In the future, we will also consider the inclusion of heavy-
flavor quark energy loss in the eHIJING framework. The
advantage of the heavy-flavor probe is that the heavy meson
fragmentation function has a peak in z;,. In comparison, the
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FIG. 19. The modification R4 of z as a function of hadron transverse momentum squared from eHIJING with generalized higher-
twist (red cross-hatched) and higher-twist (blue dot-hatched) approach as compared to HERMES data [29].

pion fragmentation function is relatively featureless. As a
result, modification of the z,, spectra of heavy meson exhibits
anonmonotonic structure that is more sensitive to the spectral
shift caused by quark energy loss [39].

Regarding the beam-energy dependence of R,(z;), the
model seems to under-estimate the suppression in low-
energy collisions in CLAS experiment but overpredicts the
suppression in EMC. On the one hand, part of the
discrepancy can be attributed to the absence of hadronic
absorption which should be more important in lower energy
collisions. On the other hand, since x, ~ Q?/2Mu, it is also
possible to change the x-dependence of the gluon distri-
bution so that the jet transport parameter should increase
slower with v in high-energy collisions. A systematic
calibration, incorporating both hadronic effects and a
flexible model for the small-x gluon distribution, can be
performed in the future using existing data to make a
reliable prediction for future EIC experiments.

3. pr dependence of the modification

Besides energy loss, the parton also undergoes transverse
momentum broadening, which leads to the hardening of the
shape of the p; spectrum of hadrons in e + A collisions.
This can be seen in Fig. 19, where the R, for z" increases
with p2. Events are required to have v > 6 GeV and Q >
1 GeV and the spectra are integrated over z, > 0.2. The A
dependence of the slope of R, of simulations agrees with
the data. Again, the GHT approach results in a weaker
modification than the HT approach.

To further elucidate the interplay between parton energy
loss and transverse momentum broadening, we investigate
the double differential modification R4(z;, p%). Figures 20
and 21 compare the simulated R,(z;, pr) to CLAS and
HERMES data, respectively. Each row shows the ratio as a
function of p2 for different targets; different columns vary
the range of z,. The key to understanding this 2D
observable is that a parton that undergoes more multiple
collisions is also likely to lose more energy. There are two
reasons for such a correlation:

(1) The random fluctuation of the path length L™
correlates with the average amount of momentum
broadening (o< L*) and the average energy loss
(< (LF)?).

Even for a fixed path length, the way we construct
the stochastic medium-modified splitting function
introduces an additional correlation between mo-
mentum broadening and medium-induced radiative
energy loss. Remember that the number of collisions
follows a Poisson distribution around the average
number of multiple collisions. When there are no
collisions, the parton is unmodified and has zero
radiative energy loss.

This correlation leads to a survival bias, in the sense that
hadrons remaining in the large z;, region must, on average,
acquire less momentum broadening. Using the idea of
survival basis, we can understand why the p? slope of R,
decreases when z;, increases, which is true for both CLAS
and HERMES data. This cannot be explained if one only
implements collision-number and path-length averaged
medium-modification splitting functions. In Sec. VIIC,
“survival bias” will also help us to understand why the
broadening in the variance of the transverse momentum
spectra Apl drops down to zero as z;, approaches unity.

2

4. The flavor dependence of R,

Up to this point, we have only discussed the nuclear
modification of #* for which the fragmentation functions in
vacuum are well studied. Kaon and proton productions are
complicated by in-medium strangeness production and
flavor conversion [97-99], baryon production mechanism
[100], as well as different hadronic absorption cross
sections [101]. Even though eHIJING does not include
the aforementioned mechanisms, a systemic study of the
flavor dependence of R, with pure nuclear PDF and
medium-modified shower effects can still shed light on
the problem. In Fig. 22, we compare R,(z;,) for zt, z°, K,
K=, p, and p. The z™ modification (top left) has been
discussed earlier. Using the same set of parameters as 7,
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FIG. 20. Nuclear modification of the TMD fragmentation function Ry (zj,, pr) = D.a(zn, P7)/Dea(zn, pr) as a function of p2 for
different target nuclei (different rows) and different regions of z;, (different panels) from eHIJING with the generalized higher-twist (red
cross-hatched) and higher-twist (blue dot-hatched) approach as compared to CLAS experimental data [96].

the description of neutral pions (top right) is also satisfac-
tory. For kaons, data suggest that K~ (middle right) is
slightly more suppressed than K* (middle left) at inter-
mediate z;, which is not captured by the simulation. The
explanation for this discrepancy must be rooted in the
different valance structures of K™ (u5) and K (its) but can
differ in details. For example, at the partonic level, the u
quark is more likely to be absorbed by the u-quark-rich
nuclear matter and result in a stronger suppression of K~
production. At the hadronic level, it can be explained by a
larger K~-N cross section than K*-N at low energy, which
may apply to low-z, hadrons that formed inside the
nucleus. In either case, the R versus RX  separation
may carry information on the valence structure of the heavy
nuclei. Finally, there is a more drastic difference between
the R, of proton and anti-proton. This can be qualitatively
understood with the same reasoning as for kaons.
Summarizing the comparison to nuclear modification
factor R, of the semi-inclusive hadron production, we find
the current model with multiple collisions and medium-
induced gluon bremsstrahlung can describe the general
trend of #7* modification as a function of v, 02, z;,, and p.
With the same input to the nuclear gluon TMD, the
generalized higher-twist approach results in smaller
medium modifications than the higher-twist approach.
Finally, the current modeling cannot fully describe the

different suppression patterns between K™ vs K~ and p vs
p. This requires a more detailed modeling of the interaction
between the partons/hadrons and the valence content of the
nucleus.

C. Transverse momentum broadening

1. A theoretical estimation

It is proposed that the difference of the variance of the
hadron transverse momentum distribution in e+A and e+d
collisions offers more direct access to the value of g [30],

(Ap7) = (ApF)es = (APT)ea- (58)
At leading order, (Ap?%) has been calculated in the higher-
twist approach [102], and the momentum broadening is
proportional to the jet transport parameter times the path

length L of the nuclear matter. With radiative correction, it is
shown that the soft gluon emission effect can alter the L

dependence of the (Ap2) o L'*2V®Ca/7 at large path
length [103]. Reference [6] uses the NLO higher-twist
formula, includes the effect of fragmentation in the calcu-
lation of p; broadening of hadrons A(p?%), and performs a
global extraction of the jet transport parameter in the cold
nuclear matter. In computing the hadron transverse
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FIG. 21.

momentum broadening, Ref. [6] uses an approximate
extension to the collinear fragmentation function. The
hadron carries approximately z; fraction of the quark’s
transverse momentum [104], so the p; broadening for the
hadron is,

) c
(ApF) ~ G{arL) = zj o Q3 (xp, ©7),
A

(59)
where we have replaced (§rL) by the average value of the
saturation scale Q?(x, Q%) times the quark over gluon ratio
of color Casimir factors.

2. zj, dependence of (Ap?)

In Fig. 23, the transverse momentum broadening of 77 is
plotted as a function of z, for different target nuclei. For
collision with a small nucleus like “He, the (Ap?) broad-
ening is consistent with zero. For Ne, Kr, and Xe, both the
simulated (Ap2) and the data increase with z;, first and then
decrease to zero as z;, approaches unity. As discussed in
Sec. VII B 3, this nonmonotonic feature is explained by a
survival bias: the surviving hadrons at large z;, mostly come

p? [GeV?]

1.0 15 00 05 10 15
p? [GeV?]

Similar to Fig. 20, but compare to HERMES experimental data [29].

from partons that suffer less scattering-induced energy loss
[105] and therefore less transverse momentum broadening.
For hadrons produced infinitely close to z;, = 1, it cannot
undergo any collisions with the nucleus, and there
(Ap2)(z; = 1) —» 0. The survival bias is absent in the
leading-order formula in Eq. (59), where the p; of the
hadron is assumed to be z, fraction of the transverse
momentum of parton. Consequently, the leading-order
estimation yields a momentum broadening that always
increases with z,.

To further illustrate this interplay between the effect of
parton energy loss and transverse momentum broadening in
inclusive hadron spectra, we examine in Fig. 24 the relative
importance of the elastic and radiative energy loss in the pr
broadening of z* in e-Xe collisions in the large z;, region.
The black line is obtained from the LO estimation using
Q?(xp. Q% T,) and R,(z;,) obtained with the model using
K = 4. For such an estimation, we take the typical values of
xg = 0.1, 0> = 2.5 GeV?, (T,) = 3ryA'/3/4. R, is simu-
lated within the generalized higher-twist approach. As
expected, the LO calculation monotonically increases with
z,. This is also confirmed in our simulation if we only
include the effect of transverse momentum broadening
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FIG. 22. The nuclear modification factor of fragmentation
function R, (z,) for different species of hadrons from eHIJING
with generalized higher-twist (red cross-hatched) and higher-
twist (blue dot-hatched) approach as compared to HERMES data
[29]. From left to right, top to bottom, R, of z*, z°, K*, K™, p,
and p in e-Xe collisions are shown.

while turning off the elastic energy loss and medium-
induced radiation (the blue dash-dotted line). If one
includes the induced radiation, the peak of the z;, depend-
ence of A(p2)(z,) is shifted from z;, = 1 toward lower z,,
(the green dashed line). However, it is still higher than the
experimental data for z;, > 0.6.

Only with the inclusion of both elastic and radiative
parton energy loss (red solid line), the agreement with data
is much improved in the large-z, region. In the power
counting of the jet sector, the small x gluon in the nucleus

0.10

has k™ = 0, leading to vanishing collisional energy loss of
the jet parton [106]. But as we have seen in Sec. VI, a
negative k™ = —ki/p; ~—Q3/p; is necessary for the
simultaneous modeling of both the jet and the target
remnant sectors and induces collisional energy loss of
the jet parton. The collisional energy loss fraction is of
order AE/E ~—Q?/Q% We implement the collisional
energy loss by retaining the finite k™ in the jet sector,
and the result is shown as the red solid line. For the
kinematics region used in Fig. 24, i.e., Q > 1 GeV, it turns
out that the collisional energy loss is very important to
understand the A(p2) in the threshold region of z;, — 1.
Because Q2 only increases logarithmically with Q2, one
expects vanishing effects of elastic energy loss at large Q2.

3. xp and Q* dependence of (Ap?3)

In Figs. 25 and 26, we integrate over final hadrons with
zp > 0.2 and W? > 10 GeV? and plot (Ap?) as functions
of xz and Q. The transverse momentum broadening
increases with xp and the simulation is consistent with
HERMES data in the large xp region. In the next section,
we will predict that the transverse momentum broadening
increases at small x achievable at the future EIC, due to the
xp dependence that we parametrized in Q2. The py-
broadening also increases logarithmically with Q2.

D. Medium-modified dihadron fragmentation function

Finally, we study the nuclear modification of the
dihadron fragmentation function to test the eHIJING model
in describing more complicated observables. The modifi-
cation to the dihadron fragmentation function is defined as
the double ratio,

1 d2Ne+A4>hlh2
dNeJrA_,h] /dZ] dZ]dZZ
1 N eaopy iy
dNegony /dz1  dzydzp

Ryy(21.22) = (60)

with z; > z,. In the numerator and denominator, the double
hadron spectra are normalized by the single hadron spectra
in e + A and e + d collisions, respectively. The HERMES

Bo3 GHT He Ne Kr Xe
S~ 0087 = oHT T T 1 I
3 006{ + HERMES, n*
©)
= 0.041 A
S 0.02 1 .
~ -
< j p— I l ]
0.00 ' | ]
-0.02 +— . " ; ——

Zh Zh

025 050 075 1.00 025 050 0.75 1.00 0.25 0.50 0.75 1.00 025 0.50 0.75 1.00
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FIG. 23. Transverse momentum broadening A(p?) of z* as a function of z;, from eHIJING with generalized higher-twist (red cross-
hatched) and higher-twist (blue dot-hatched) approach as compared to HERMES data [30].
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FIG. 24. Effect of momentum broadening, medium-modified
evolution, and collisional energy loss on the shape of A{p2)(z;,)
in e-Xe collisions. The black line shows the LO formula in
Eq. (59). The blue dash-dotted line is the eHIJING result with
only elastic broadening. The green dashed line shows the
combined effect of elastic broadening and medium-modified
radiative correction. The red line includes the effect of the
collisional energy loss. Data are from HERMES experiment [30].

measurements select z; > 0.5 and z, < 0.5 hadron pairs
from events with W2 > 10 GeV?, v > 7 GeV, 0% > 1 GeV?,
and y < 0.85.

The dihadron correlation was initially proposed to
distinguish between two different scenarios of hadron
production in e + A collisions [107,108]. One extreme
situation (the LO parton picture) is that a hard parton loses
energy in the medium and then fragments into hadrons in
the vacuum; therefore, the dihadron pair is produced from a
common parton with a slightly reduced energy. If one
assumes the dihadron fragmentation does not strongly
depend on the energy of the parton, the shape of the
double ratio in Eq. (60) should not be strongly modified.
Another extreme is that the two hadrons are formed very
early in the medium (instantaneous hadron production),
and one hadron interacts with the nucleus independently
from the other. Because medium effects are stronger for the
less energetic hadron, the shape of the double ratio will be
modified. A more realistic situation is always in between
the two extremes. Considering radiative correction to the
parton picture [107,108], there is a contribution where the
two hadrons fragments from different daughter partons
that have evolved independently in the medium. It modifies
the shape of the double ratio in the NLO calculation. On the
other hand, the state-of-the-art hadronic transport model
[50,51] implements a hadron formation time, before which
the “pre-hadrons” interact with the medium with a reduced

0.10
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FIG. 25.
(blue dot-hatched) approach compared to HERMES [30] data.

0.10

Momentum broadening as a function of x5 from eHIJING with generalized higher-twist (red cross-hatched) and higher-twist
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FIG. 26. Similar to Fig. 25 except as a function of the photon virtuality Q> compared to HERMES [30] data.
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FIG. 27. Nuclear modification factor R, (z;, z,) of the double hadron fragmentation function as defined in Eq. (60). Hadron pairs with
opposite charges are excluded from the calculation. In each panel, R,, is plotted as a function of the momentum fraction of the
subleading hadron z,. Red cross-hatched and blue dot-hatched bands correspond to the generalized and higher-twist results,

respectively, as compared to HERMES data [48].

cross section. As for dihadron correlation from eHIIING, it
follows the partonic picture modeling similarly to
Refs. [107,108]; however, unlike the use of collinear
fragmentation function in Refs. [107,108], the hadroniza-
tion of one parton is not completely independent of another
parton in the Lund string model.

In Fig. 27, we compare the dihadron nuclear modifica-
tion factor from eHIJING to the HERMES data for N, K,
and Xe targets from the left to the right panel. The dihadron
distribution function is already integrated for z; > 0.5 and
is plotted as a function of z,. The nuclear modification
factor is above unity at z, ~ 0.1 and decreases at inter-
mediate z, and, eventually, has the tendency of rising again
when z, approaches 0.5. Simulation of eHIJING with either
HT or GHT qualitatively describes the decreases of R (z,)
at small z,, but fails to explain the rise near z, = 0.5. The
region 7z, ~z; ~#0.5 is an interesting kinematic region,
the energy of the photon is carried almost exclusively by
the two hadrons. We may need to better understand the
medium modification in this threshold region to address the
discrepancy near z, ~ 0.5. The increase below z, = 0.2 is
underestimated, this may be due to the neglected hadronic
interactions that are important for low-z, hadrons. An
interesting observation is that the difference between the
HT and GHT simulations is small.

VIII. PREDICTIONS FOR FUTURE e +A
EXPERIMENTS

In this last section, we use the eHIJING to make
predictions for the CLAS experiment at the Jefferson
Lab with 12 GeV electron beam energy, the Electron-Ion
Collider at the Brookhaven National Laboratory (EIC) [2],
and the proposed Electron-lon Collider in China
(EicC) [109].

These future experiments can be performed with a
variety of nuclear targets, higher luminosity, and large
center-of-mass energy. It is also possible to do a precision
study on the transport of partons in cold nuclear matter in

the small-xp regions. The 12 GeV beam fixed target experi-
ments at the Jefferson Lab have /s ~ 5.0 GeV. The energy
range of future EicC covers 10 < /s < 20 GeV, and the
future EIC covers a wide range of 20 < /s < 140 GeV. The
resulting hadron transverse momentum broadening at small
Xp provides a stringent test on the model for small-x gluon
distribution and parton dynamics.

In Fig. 28, the accessible kinematic region for EIC
(E, =10 GeV, Ey =100 GeV), EicC (E, =3 GeV,
Ey =15 GeV) and CLAS-12 is shown between the solid

e+Pb /
Lo2] 0:01<y<0.95 /
&
T 10?3
S,
N
o /
10* 5 //
/
e
¥ 070 "~
10° :::’:’:’:’:;00

FIG. 28. The region enclosed between solid lines is the
kinematic reach of a typical EIC setup (E, =10 GeV,
Ey =100 GeV) in the xg, Q%> plane. The region enclosed
between dashed lines is for EicC (E, =3 GeV,
Ey =15 GeV). The region below the dotted line is accessible
in the CLAS-12 fixed target experiment. The lower and upper
bounds are estimated with y;, = 0.01 and y,,x = 0.95. Single-
inclusive observables are projected in regions A, B, C, D, E, and
F. Note that we only selected regions where Q% > Q?(xz, Q%)
ensuring that Q7 is always the hardest scale in the simulation.
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TABLE 1. Ranges of Q% and xj for the regions labeled in
Fig. 28.

02, xp (0.01, 0.02) 0.1, 0.2) 0.5, 1)
(32,40) GeV? C

(12,16) GeV? E B
(4,6) GeV? D A F

lines, dashed lines and below the dotted line, respectively.
The wupper and Ilower bounds are obtained for
0.01 <y <0.95. Within the coverage of these experi-
ments, we select six regions in the (xB,QZ) plane, as
listed in Table I to study the nuclear modification of hadron
spectra. In particular, for simulations in e + Pb collisions,
we have avoided the region where Q% < Q?(xp, Q%)
denoted as red shaded regions to ensure that Q7 is the
hardest scale in the problem.

In Fig. 29, we show the nuclear medication factor of
charged hadron fragmentation functions R,(z;) (left) and
R, (pr) (right, with 0.2 < z;, < 0.5) for regions A, B, C, D,
E. The magnitude of the suppression factor R, (z;,) at large
2, is reduced as one increases Q° or decreases xz. This is
because the parton energy in the nuclear rest frame v
increases for both cases and this effect overwhelms the
increase of § at large Q? and small xg.

Shown in Fig. 30 is the transverse momentum broad-
ening as a function of hadron energy fraction z;, in regions

Charged
hadron

= GHT
— HT 0.6

1Region C
0.4 0.1<x5<0.2

2 2
02 132<Q?%<40 GeV

Ra(zn)

0.6 1Region E

1Region B
40.1<x5<0.2
112<Q?%< 16 GeV?

0.4 10.01<xg<0.02

2 2
0.2 [12<Q%<16 GeV

0.6 1Region D
0.4 10.01<xp <0.02
14<Q2<6 GeV?
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{0.1<xg<0.2
14<Q2<6 GeV?

Ra(zn)

0.2

02 0.4 06 08 1.0 02 0.4 06 08 1.0
Zh Zh

d, A, and F. From the left panel to the right, the parton
energy decreases, resulting in a smaller value of ¢ and thus
smaller momentum broadening. The LO formula works
well in cases where the energy loss effect is small—events
with a large parton energy limit and hadrons away from
the endpoint z, = 1. At lower parton energy or when gz,
approaches unity, energy loss transports the broadened
parton towards lower z, and effectively flattens the
A{p7)(z1).

Finally, in Fig. 31, we show the pz-broadening of
charged pions with 0.2 < z;, < 0.5 as a function of xp
for two different regions of 2 < Q% < 6 GeV?2. Bands with
crossed and dotted hatches are predictions from eHIJING
with the GHT and HT approaches, respectively. The
leading-order estimation, neglecting energy loss, is

05 .2 __do
02 % Topdrgag 4 (61)

Cr
A(p%> ~ C_ Q%(XB’ Qz) fo_s do d
A 0.2 dzydxgdQ? 4%h

The qualitative increase of A(p3) at small x5 and large Q?
from eHIJING simulations and the LO formula is similar.
However, due to parton energy loss and radiative broad-
ening, the differences are sizable. Therefore, understanding
the radiative correction to transverse momentum broad-
ening and reducing the theoretical uncertainty in the
medium-induced radiation formula is important to interpret
the data and extract §(xz, Q) at future experiments.

{Region C

Charged 25179
hadron 2 _0.1<X3<0.2
0.2<2,<0.5 32<Q* <40 GeV?
—— GHT
m— HT

2.5 {Region E {Region B
0.01<x5<0.02 0.1<xg<0.2

l12<qQ2<16 Gev2  |12<Q2<16 GeV2

Ra(p1)

2.5 {Region D
0.01<x5<0.02
4<Q%2<6 GeV?

{Region A
0.1<xg<0.2
4<Q2<6 GeV?

Ra(p1)
o

0.5 1
00 05 10 15 00 05 1.0 15
pr [GeV] pr [GeV]

FIG. 29. The nuclear modification factor of the fragmentation function in regions as labeled in Fig. 28. Left: modification of D(z) for
all charged hadrons. Right: modification of D(p;) for 0.2 < z;, < 0.5. K =4 is used for the calculation.
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FIG. 30. The transverse momentum broadening of charged hadrons in DIS off nuclei as a function of the momentum fraction z;, at
different beam energies. Gray bands are LO results using the transport parameter evaluated for the indicated x and Q region and an
averaged thickness for the Pb nuclei. The red and blue lines are from eHIJING with the higher-twist and generalized higher-twist

approach, respectively.
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FIG. 31. The transverse momentum broadening of charged

pions (0.2 < z;, < 0.5) in e + Pb as a function of xp for different
Q? intervals. Simulations using the higher-twist approach and the
generalized higher-twist approach are compared to the LO
estimation of momentum broadening using K = 4. Bands for
eHIJING MC simulation represent statistical uncertainties.

IX. SUMMARY AND OUTLOOK

Hadron and jet production in DIS with nuclear targets are
key observables to understanding nuclear partonic struc-
tures in lepton-nucleus collisions. The gluon distribution at
small Bjorken x5 and its saturation phenomena are closely
related to the measurable p; broadening of hadrons and
jets. In the meantime, parton shower evolution and hadro-
nization can also be modified by multiple parton scattering
and induced gluon radiation. These effects affect the
interpretation of the jet and hadron momentum broadening
in terms of the gluon saturation phenomena.

In this paper, we develop the eHIJING Monte Carlo
event generator to simulate the multiple-parton medium
interaction and modified jet fragmentation process in
electron-ion collisions. Jet-medium interactions are medi-
ated by small-x gluons whose distribution is modeled with

a parametric transverse-momentum-dependent gluon dis-
tribution function ¢, (x,,k; Q,). The saturation scale Q
in ¢, is determined self-consistently, which in turn fixes the
jet transport parameter g, = Q?/L of the cold nuclear
matter. The locations and the momentum transfer of the
multiple collisions are sampled according to the differential
collision rates. With the exchange of a small-x gluon, the
nucleon that participates in the multiple scattering is
assumed to be broken into a quark-diquark pair.

We then implement the soft gluon emission limit of the
medium-modified parton splitting function, which are
obtained in the higher-twist (HT) or the generalized
higher-twist (GHT) approach. The medium-induced split-
ting with a transverse momentum larger than Q; is
implemented in the Sudakov form factor of the p;-ordered
parton shower in PYTHIAS. Multiple medium-induced emis-
sions with scales below Q are sampled in a formation-time-
ordered manner. Finally, Lund string fragmentation is
applied to the colorless system of the parton shower and
the nuclear remnants from both the hard and multiple
scatterings.

With a reasonable choice of parameters, the model can
describe the collinear and transverse-momentum-dependent
observables in SIDIS as measured by the CLAS, HERMES,
and EMC experiments and their nuclear size dependence.
The model can explain, in particular, the interplay between
elastic and radiative energy loss, and the transverse momen-
tum broadening. Furthermore, we demonstrate that it can also
describe less inclusive observables, such as the nuclear
modification of dihadron production in e + A collisions.
Of course, there are still discrepancies in the exclusive limit,
for example, the z;, ~ 1 region of the single-hadron produc-
tion or the z, ~# 0.5 of the double-hadron production in
nuclear collisions.

We also use eHIJING to study the x5 and Q* dependence
of the jet transport parameter through the single-hadron
transverse momentum broadening. At small xz and low Q2,
the pr broadening agrees with LO analysis that directly

034001-26



EVENT GENERATOR FOR JET TOMOGRAPHY IN ELECTRON- ...

PHYS. REV. D 110, 034001 (2024)

connects to the saturation scale as probed by the leading
quark. At high Q?, the model also includes radiative effects
on the pp-broadening providing indirect access to the
transport parameter. The p; broadening of a single hadron
is complicated by hadronization effects and is sensitive to
the form of the fragmentation functions. Therefore, one
should also consider exploring the use of jet momentum
broadening as an interesting area to apply eHIJING in the
future.

There are also several improvements to be considered.
First, the strangeness and baryon production is not as
satisfactory. This may demand several simultaneous
improvements: medium-modified flavor production g —
qq and double scattering with a quark of the nucleus
(flavor-changing processes), as well as the hadronic trans-
port in low-energy collisions. Second, another focus of the
future EIC is the medium modification of heavy flavor
production, and one should consider including mass effects
in the multiple collisions and medium-modified parton
radiation. The NLO hard cross-sections with shower are
essential to describe the entire py-spectra at large Q7 in the
DIS, in particular at small xz. This requires going beyond
the LO process of photon-quark scattering and modified jet
shower in the nuclear medium at top EIC energies. Finally,
we remark that this version of eHIJING focuses on the
large-x (xg > 0.1/A'/3) physics as required Eq. (7) that
states the region of validity of the geometric picture used in
eHIJING. At small x (xp < 0.01), the power counting and
the geometric picture change drastically, and there are event
generators based on saturation physics developed for the
small xp region. It would be ideal if the two approaches
could be interpolated and fill the gap of event generation in
the intermediate xp region in the future.
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APPENDIX A: THE MEDIUM EXPECTATION
VALUE OF THE GLUON FIELD CORRELATOR

The transverse-momentum distribution of the jet parton
after a single gluon exchange with the medium can be
obtained by computing the following probability (summed
over final-state color, and averaged over spin)

w0 Yy

(p—q)* +ie2
eilk=a)7s" p=i(k . —qu)sy

:/dr+dzslp(r+,bl+sl)/

Js
2z  (2z) dy [k‘ +%+ ie] [q‘ +%— ie} a

ei(k—q)'s*

Y (NI(A™9) (k)A=(q)|N)

dk~d*k | dg= ,C
%/dr*p(r*,bl)/lqu F

(2z)* 2z 7 dy [k_ +21%+i€} [q‘ +2k7ﬁ—i€

: } D (NI(A=) " (k)A=(q)|N)

a

o0 d’k C
= [Tarptn [ e g S NIA™) (5 Py kA (5, Py K )IN)

% Pk, Cp (27, (x,. K2)
N drip(rt.b %_F g\ L
A rplr L)/(zn)ﬂ 4, 4zk,?

when coupled to collinear partons highly boosted to the
positive light-cone direction, the k", ¢ integration can be
directly performed and set x~ = 0 and y~ = 0 in the A field
and only the A~ component contributes at this power. The

(A1)

|
gluon correlator is evaluated in a nuclear wave function |A).
Due to color confinement, the correlator is only nonvanishing
within the same nucleon N at the impact parameter b | . The
average over the nuclear wave function is reduced to that of a
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nucleon wave function |[N(s)) with an integration over the
propagation direction of the one-particle density of the
nucleon p(s). Assuming the density is a slowly varying
function of s, ie., p(st,b, +s,)=p(sT,b,)+s, -
V.ip(s™,b ) on the scale of the nuclear size and note that
k|, and q, are of a momentum scale comparable or larger
than the proton mass, then to the zeroth order of the gradient
expansion the spatial integral of s; imposes k, = (.
Finally, the contour integration sets k= = g~ = k% /2p+ =
x,py, withx, = xzk% /2pTxppy = xpk3 /Q? It should be
noted that in the presence of collinear radiation, x, can be
different, but in the current eHIJING approximation, the same
formula for x, is applied in both cases with or without
collinear radiation.

APPENDIX B: COMPARISON OF THE PYTHIAS
DEFAULT VERSUS THE DIPOLE RECOIL
SHOWER FOR DIS

For a parton branching with given transverse momentum
and momentum sharing fraction among the final-state
partons, the one-to-two-body system a — b + ¢ cannot
fulfill the conversation of four momenta. In PYTHIAS, one
solution to the problem is the “dipole recoil” method: for
each radiating parton a, a recoiler parton d is selected to
form a dipole system. The process a +d — b + ¢ + d can
always restore energy-momentum conversation by properly
shifting the four momenta of the recoiler d. For DIS, the IF
(FI) dipole is formed by a radiator parton in the initial
(final) state and a recoiler in the final (initial) state. Another
method to restore energy-momentum conservation is called
the global recoil method, where the entire event is shifted
accordingly after the branching a — b + c.

The dipole recoil mode of PYTHIAS is recommended for
the study of DIS for two reasons. First, the dipole recoil
approach does not change Q> = —(¢, — ¢,)? of the event.
Second, the IF dipole alone can produce the singular
structure of the NLO matrix element (ME). For this reason,
the FI dipole emission is turned off in the dipole-recoil
mode so that the first emission can be matched on the ME
calculations. Howeyver, in the current version of eHIJING,
we choose to implement the medium modifications to the
parton splitting function in the global recoil mode with both
initial-state and final-state radiators. This is because the
cold nuclear matter in DIS is a final-state effect and
the radiator has to be the final-state partons. Of course,
the drawbacks are that there may be double counting in
certain phase space regions and that the global recoils
obscure the precise determination of Q? of the event,
especially when compared to data at relatively low Q2.

As a first attempt to include medium effects in DIS event
generation, we will move forward with the global recoil
option while keeping such problems in mind for further
developments. Here, we investigate the difference between
the two modes in the description of the single-hadron
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FIG. 32. The rapidity distribution in the lab frame. Comparison
between PYTHIAS simulations using the default shower and the
dipole-recoil shower.
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FIG. 33. The py distribution in the lab frame. Comparison
between PYTHIA8 simulations using the default shower and the
dipole-recoil shower.

distribution in the SIDIS process of e + p collisions. In
Fig. 32, we compare the rapidity distribution of the charged
hadrons. The filled and open symbols are simulations with
global recoil and dipole recoil, respectively. We tested three
different Q regions as shown in different colors and
symbols. A similar comparison of the transverse momen-
tum spectra in Fig. 33. We find that the charged particle
distribution in the lab frame is similar for the two recoil
approaches.
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FIG. 34. Comparison of the p; spectra in the Breit frame from
PYTHIA8 simulations using the default shower and the dipole-
recoil shower.

The situation is different if one presents the results in the
Breit frame. Figures 34 and 35 shows the z;, and pr
distributions in the Breit frame. There are notable
differences in particle production close to the phase space
boundary. The global recoil option produces fewer particles
than the dipole recoil option when z;, approaches unity.
Nevertheless, the shape of dN/dz between the two options
is still similar and will not change the ratio R, too much.
For dN/dpy the difference is drastic when py > 1.5 GeV

101 J
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FIG. 35. Similar to Fig. 34 but for the p; distribution in the
Breit frame.

at low Q and the situation is improved for 10 < Q <
15 GeV. This is because that the hard 2 — 2 scattering
does not generate any transverse momentum in the Breit
frame, making the p; spectra much more sensitive to the
shower algorithm than the particle spectra in the laboratory
frame. Even though this should not affect our comparison
to CLAS and HERMES data at low pz, we do remind the
users of the eHIJING generator that there are known issues
in the baseline at large pr in the Breit frame.
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