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We develop the first event generator, the electron-Heavy-Ion-Jet-INteraction-Generator (eHI-
JING), 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 tar-
get. 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 ac-
count 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 trans-
verse momentum broadening of single hadron spectra can be used to map out the two-dimensional

kinematic (Q?, z5) dependence of the jet transport coefficient ¢ in cold nuclear matter.

I. INTRODUCTION

Understanding the parton dynamics in the nuclear
matter is key to the programs at the future electron-ion
collider [II, 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 hadronization mechanism inside nuclear matter.
Many progresses have already been made recently in this
direction, including the extraction of the jet transport
parameter in nuclei [3H7], nuclear parton distributions
functions (nPDF) [8HI2] and fragmentation functions
(nFF) [13, [14], and the nuclear transverse-momentum-
dependent (TMD) parton distribution functions (TMD-
PDF) and fragmentation functions (TMD-FF) [15] from
global data analysis including e + A fixed target experi-
ments.

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
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nFF. However, in such analysis, one should be careful of
distinguishing intrinsic non-perturbative nuclear proper-
ties from dynamical nuclear modifications of jet/hadron
production. These dynamical effects, originating from
multiple jet-medium interactions of both partonic and
hadronic nature, can be process-dependent. It is there-
fore essential to understand these contributions from
both theoretical and modeling perspectives to improve
the predictive power of the calculation, extract univer-
sal dynamical quantities of the cold nuclear matter, and
eventually understand the intrinsic non-perturbative na-
ture 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 theoret-
ical and experimental studies over several decades. For
reviews on such topics, see Refs. [I6H20]. Multiple inter-
actions between jet partons and the QGP medium lead
to parton energy loss and the suppression of large trans-
verse momentum single inclusive hadron and jet spectra,
modified di-jet/di-hadron and 7-jet/hadron correlations,
modification of jet fragmentation functions, jet shape and
jet substructures. These observed phenomena have been
predicted by theoretical models based on perturbative
QCD (pQCD) calculations of parton transport through
multiple scatterings. However, the most detailed test of
our understanding of the medium-modified jet fragmen-


mailto:weiyaoke@ccnu.edu.cn
mailto:zhangyuanyuan@cuhk.edu.cn
mailto:hxing@m.scnu.edu.cn
mailto:xnwang@lbl.gov

Jet dynamics

tillaansa etz § —K
90090 S
c g
I oo e~ |
fasa ¢(xg, k1) 3 §
el
®
439> =
A D
00020999099~

Target dynamics

FIG. 1. (Color online) 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 dy-
namics.

tation function is only effective and subject to a large
uncertainty. This is because one cannot precisely deter-
mine the initial jet energy in heavy-ion collisions even us-
ing the rare v/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 sim-
ulations. Though these hydrodynamic models [2TH23] 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 addi-
tion, contributions to the final jet energy by soft hadrons
from the jet-induced medium response are non-negligible
and, therefore should also be considered [I9]. Recent
Monte Carlo models for the study of jet quenching in
heavy-ion collisions [24H28] are designed to take into ac-
count 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 re-
gions. 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 xp
and hard scale @ in SIDIS with a nuclear target, it
acquires a large momentum in the nuclear rest frame
v = Q?/(2rpMy). Multiple collisions between the
large-momentum quark and the target are forward scat-
terings mediated by Glauber gluons. Glauber gluons
are off-shell and carry a fraction z, of the nucleon’s
light-cone momentum Py that is much smaller than

its transverse momentum z,Py < ki. The collision
probability grows with the linear size of the nucleus
L ~ AY3 x 1.2 fm, leading to jet/hadron momentum
broadening A(q? ). o< AY/3 as observed in experiments
[29, 30). The momentum broadening can be related to
the nuclear transverse-momentum dependent gluon dis-
tribution function G(z4,k ) at small z, [3IH35].

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, B6H39] within the higher-twist framework [3, [40]
A1), 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 ap-
proach has provided a good quantitative understanding
of the observed nuclear modification of the final fragmen-
tation 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 momen-
tum broadening of a hadron in a nucleus is only a few
hundred MeV. Such concern has been addressed in a re-
cent study [49] where it is found that, with a large enough
v, \/v/L emerges as a semi-hard scale of the medium-
induced parton splitting. This provides the foundation
of a perturbative treatment of the medium-modified par-
ton shower.

Eventually, the parton shower undergoes hadroniza-
tion. The formation time of a light hadron carrying
energy fraction z;, of the parton is on the order 7, ~
2 /A ep.  If v is large such that for most hadrons
Tn > L, then to leading power of L/7, one can make
the approximation that the hadronization process hap-
pens 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 interac-
tions. Non-perturbative 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 re-
gion and develop the eHIJING (electron-Heavy-Ion-Jet-
INteraction-Generator) event generator for simulations
of jet production in e + A collisions. Fig. [I]is a schematic
plot showing the physics included in eHIJING:

e The nuclear collinear or transverse momentum in-
tegrated PDF's will be given by the EPPS parame-
terization [8) [10].

e The distribution of Glauber gluons that collide with
jets is modeled by a TMD gluon distribution in the
small z region [3IH33] as motivated by the gluon
saturation model [52, [53]. Note that this model
does not include the dynamical evolution on the
target side.

e Jet evolution is simulated within both the higher-



twist (HT) [37, 40, 411 54] and generalized high-
twist (GHT) [44] [45] framework.

e At the moment, eHIJING does not include any
hadron-level final-state interactions. This can be
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, HER-
MES, and EMC experiments which generally involve DIS
at large xp. Furthermore, we test different assumptions
and approximations in the simulation of modified jet evo-
lution in the medium. This allows us to estimate the
theoretical uncertainty of jet tomography studies. Fu-
ture high-precision determination of TMD observables at
the Electron-Ton Collider (EIC) can provide better con-
straints on these calculations that will, in turn, improve
the theoretical accuracy of jet tomography in A-A colli-
sions.

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

tion [[X1

II. OVERVIEW OF THE EHIJING EVENT
GENERATOR

In Fig. 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 event generator [55], [56]. It includes the gen-
eration of the hard process, the development of the vac-
uum parton shower, the handling of the hadronic rem-
nant, and hadronization 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 /o, respectively, and the momentum per nucleon p of
the nucleus with the atomic number A, the LO DIS cross
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FIG. 2. (Color online) Flow chart of eHIJING Monte Carlo
model. Blocks shown in grey are ingredients needede+p sim-
ulations in Pythia8. Blocks in red are eHIJING’s implemen-
tation of medium effects.
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where agy is the electromagnetic fine-structure constant,
Q? = —¢? with ¢ the momentum of the virtual photon
q="ls— {1, s = (p+¢1)? is the total invariant mass of
the lepton-nucleon system.

T _ q,.9v
e;tu - gHV - q2 )

1 D-q p-q
L _
Cuv = D q (pu - e qM) (pu_ e Q| - (2)

The leptonic tensor L, is given by

L/w = %Tr(llfyh[f}/u) . (3)

The Bjorken variable x5 is defined as x5 = Q2/2p-q and
fa/p(@B, Q?) is the collinear PDF of quark at scale Q2.
Integrating over the angle of the out-going electron, the
DIS cross section at leading order can be expressed as

dUg}s 4”“%1\/1 2 2
iQdey — Q' Zq “afur(om &)
2 2,2
Yy myy
><<1y+2 é)VQ >, (4)

where my is the nucleon mass and y = p-¢q/p-¥; =
Q?/[(s —m3)zp] is usually referred to as the inelasticity



of the collision. The inclusive DIS cross-section for e4+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 measur-
ing the deflected lepton. To take the single-hadron pro-
duction as an example, the factorization formula for the
zp-differential cross-section at leading order is

dJETSAHh Amagy 2 2
2 = 4 Zeqfq/A(mBaQ )
de‘BdQ th Q 4
2 m2 2
x (1 —y+ - 55’) Aoz, @) (5)

zn, = Ep/v is the fraction of photon energy carried by
the hadron. dj,/q(z1, Q%) is the collinear fragmentation
function. 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 Pythia8, the LO cross-section is
generated first. The QCD evolution, corresponding to
the scale evolution of f,/4 and dj, 4, 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 sys-
tem that includes both the parton shower and the beam
remnants. As for transverse-momentum-dependent ob-
servables, the event generator models 1) recoils from per-
turbative parton branching, 2) non-perturbative trans-
verse momentum of hadron production from the Lund-
string model, and 3) a non-perturbative model that gives
the initial-state quark a primordial transverse momen-
tum inside the nucleon [58].

The red blocks in Fig. |2 represent eHIJING’s modi-
fication to the event generator for e+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. [[II} The multiple
collisions further modify the splitting function (see Sec.
V). How the modified splitting functions affect the par-
ton 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.
V1

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

1
Ar| ~ 3 < L, (6)

v 1 0.1
Artn — = — x~"~fm<L, 7
Q% 2xpm, B (7)
where L is the typical path length that the quark prop-
agates in the nucleus. For a spherical heavy nucleus A,

é <L~ 7'0A1/3 é > ToAl/S

FIG. 3.

(Color online) The space-time picture of a quark
knock-out process at large zp (left) and a di-jet production
process at small zp (right). Red vertical coils indicate multi-
ple collisions between the jet parton and the nucleus.

the average path length (L) = 3/4rqAY/3 with 7o ~ 1.2
fm. Therefore, the second inequality is satisfied for
xp > 0.1/AY3. Furthermore, the hadron formation time
is long compared to the path length

ZpV

Th > L, (8)

~ A2
AQCD

so the hadronization mechanism is dominated by frag-
mentation 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.

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 nu-
clear PDF [I0] or from resumed power correction calcu-
lations [59]. In addition, the di-jet production from NLO
processes becomes important. Eventually, for zp <
0.1/A'/3, the interaction is dominated by the dipole re-
action: virtual photon fluctuates into a ¢q pair and inter-
acts with the whole nucleus coherently, as shown on the
right of Fig.[3] The average path length is 3/2R 4, twice
the average path length for DIS at large 5. This regime
is beyond the scope of the current work of eHIJING, but
there are other specialized event generators developed for
small-zp physics, for example, see Ref. [60]. For mod-
erate x g, it will be interesting to investigate how to in-
terpolate the two different space-time pictures of DIS in
the future.

From the space-time picture illustrated on the left of
figure 3] We included the following nuclear effects in
eHIJING:

a. Nuclear PDFs. Nucleon motion and correlations
inside a nucleus can alter the effective quark distribution
function per nucleon at large zp [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 [8HI0]. Some dynamical models can
systematically describe the nuclear shadowing [59] [63]
64], which can be considered as alternative models in the
future. Of course, these are mostly effects at the level of
single-parton/nucleon distribution function, we are still
missing correlation information of the nucleus, such as
short-range nucleon correlation [65] 66].



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

¢g (xgv kl)
k3 7

dFa _ Cg(a)
d’k,  da

9)

PNOs

where py is the nucleon density inside the nucleus with
atomic number A, ¢4 is the effective TMD gluon distri-
bution function per nucleon, d4 = N2 — 1 and Cs(a) is
the quadratic Casimir in the color representation of par-
ton a. For a quark Cy(q) = Cp = (N2 — 1)/2N, and
Cs(g) = C4 = N, for a gluon. The momentum frac-
tion carried by these exchanged gluons x4 = x pk? /Q? is
small, and gluon number density can be large. The emer-
gent gluon saturation scale Q2 o< AY/? dictates the typi-
cal scale of k| in this regime [67]. When Q? > Aqcp, a
weakly-coupled model calculation of ¢g(x4,k ) is possi-
ble [68,[69]. Therefore, we will use a saturation-motivated
ansatz to model ¢4(x4,k ) and generate multiple colli-
sions for propagating 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. @D

c. Modified parton shower and fragmentation. Mul-
tiple collisions will modify the QCD splitting functions in
the medium. We will use the higher-twist and generalized
higher-twist results for the medium modified splitting
function AP;;, which will be implemented into eHIJING
by modifying the £, -ordered parton shower and fragmen-
tation in Pythia8. For this, we adopt a similar idea from
Ref. [5] to model the in-medium collinear fragmentation
function. Medium-modified splittings with a transverse
momentum |£, | larger than @, will be added to the
Pythia8 parton shower program, while the modifications
with transverse momentum smaller than ()s are handled
by a separate routine after the parton level Pythia8 sim-
ulation 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 par-
ticipate in multiple collisions will be broken into recoiled
pairs of quark and di-quark. They carry the respective
color charge of the exchanged gluon to maintain the color
neutrality of the entire system. The subsequent dynam-
ics 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 omit-
ted hadronic interactions between the jet and the nu-
cleus. 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 non-relativistic 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 Pythia8 in eHIJING, and we have changed
a few Pyhtia8 default DIS settings:

e In Pythia8, 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 singu-
lar structure of the NLO DIS matrix-element cal-
culations [56]. In the “dipole recoil” approach,
only the initial-state quark is taken as the emit-
ter in parton branching, while the momentum of
the final-state quark (the recoiler) will be adjusted
to restore energy-momentum conservation. How-
ever, 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 Pythia8
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 uncertainty in Q? determination and
the matrix-element matching. For this reason, we
include App. and assess the difference between
the two recoil options.

e With both initial and final-state radiation switched
on, Pythia8 by default interleaves initial and final-
state radiation [74], where the transverse momen-
tum of splitting orders initial and final-state emis-
sions. 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.

e Other changes involve default fragmentation pa-
rameters, which we will elaborate in Sec. [VITA]

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 dis-
tribution p(r*,r). The four momenta of the nucleon p,
virtual photon ¢, quark I before and [, after the colli-



sions are
Q2
=10, ——, 0 10
p=o 550, (10)
2
L Q
= —— 0 11
q [q, 2" } (11)
Q2
l;::po: |:O, 2qi+7 O 5 (12)

ly=q+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 [bT,b7,b ]
as

a-b=a"b" +a bt —a,-by. (14)

The medium gluon that interacts with the outgoing quark
has four-momentum

Ty =12 pk? /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, kT is power
suppressed compared to the p™ of the jet parton and
is consistently set to zero. Nevertheless, a small but fi-
nite kT can be important in events with small jet energy.
We will consider its impact during qualitative analyses
in Sec. VITCl

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
o = (rg,bJ_). b, is the impact parameter as shown in
Fig. It rescatters with another nucleon at the loca-
tion r = (r™, b, ) exchanging momentum k and the final
momentum /,. The amplitude is

k=[k" =0k, k.. (15) iy, igsy (X |AT (2) | N (5)) ———— . (17)
lq — f +ie
2 _ .
(lq +k)* = 0 determines Then, take the modules square and perform the ensemble
K2 k2 average of the nuclear medium, the differential scattering
- — = —Lapgp =a.p 16 probability of the quark is (see the Appendix for details
2q+ Q2 o . 16) of derivation)
J
= [ et b [ WYL vy (NI F (4 y )P 0,0)1)
d2kJ_ k% 2mk— ¢ ’ ’
bg(z4, k%) /°° dar
d ,b = = drt—1 1
= /7'0 rton(rt, by )as K2 , " Pk, (18)

where one has summed over the final state and aver-
aged over the initial state spins and colors. Because of
color confinement, the gluon field correlation only ex-
ists 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 pn(r™, 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
bg(xg, k2% ) = dmrzGrump (24, k2 ). Hereafter, we will refer
to ¢4 as the TMD distribution in this study. The differ-
ential collision rate dI'/d?k is then directly related to
the TMD gluon density distribution given by Eq.

The calculation for a gluon can be obtained with the re-
placement C'r — C4 in Eq. .

We consider the TMD gluon distribution ¢4(x4, 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 k% <
Q? [67]. Motivated by the picture of gluon saturation, in

(

this version of eHIJING, we use a simple parametrization

(1-— acg)"x;\ (19)

as¢g($g7ki;Q§):K ki+Q2 ’

where K is a constant factor, the powers n and A
parametrize 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 sophis-
ticated models can be implemented in the future. In par-
ticular, the scale evolution of qbg(a:,ki) 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
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FIG. 4. (Color online) The saturation scale Q2 as a function
of xp determined self-consistently from Egs. and
with parameters K = 4,n = 4, A\ = —0.25 and the thickness
function T4 = 1.0 fm~2. The upper and lower edge of each
band represents the variation of 2 < @ < 5 GeV. The dashed
line shows the asymptotic behavior of the saturation scale at
small z.

relation [45],
2 CA @ /ep 2 2 2
Q; = ETA d kj_as(bg(xmkj_? Qs)? (20)

where Ta(rd, b)) = f:)f drtp(rt,b,) is the thickness
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?/xp when the gluon takes all the nu-
cleon’s momentum. 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
Qs that is smaller than the QCD non-perturbative (NP)
scale Aqcp. In this case, other NP effects will regulate
the collinear behavior of Eq. . Therefore, in eHI-
JING, a minimum value of Qs min = Aqcp = 0.25 GeV
is used.

We show the 25, Q2 dependence of the saturation scale
in Fig. @ The evaluation uses T4 = 1.0 fm ™2, compara-
ble to the averaged nuclear thickness probed by DIS of a
Pb nucleus. The factor K = 4.0 is chosen as it is found
to give a reasonable description of the data in the result
g—%xB < 1 at large @, the (1 —z4)"
term in Eq. is not very important, so ¢4 o xj]‘ x ac)E‘;.
As a result, the self-consistent Q2 is expected to scale as
ac]_3>‘. 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
transport parameter §g. It is defined as the average mo-
mentum broadening per unit path length

Q*/zp dr 2
Gr = / 2 L oy CRGL (21)
0

section. Since z4 =

L2k, C4 Lt
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FIG. 5. (Color online) The jet transport coefficient of a quark
Gr = CrQ?/(CAL) as a function of x5 at two different values
of Q2. The solid, dashed, and dotted lines correspond to
K =2,4,8.

(N)(kT > KT, min)
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FIG. 6. (Color online) The average number of multiple col-
lisions with k7 greater than k7 min. The calculation is for a
quark produced with 25 = 0.1 and Q% = 25 GeV? and uses
the averaged T4 of He (red), Ne (green), and Pb (blue line)
nuclei.

With the squared-transverse-momentum weighting, ¢g is
an infrared safe quantity so we extended the lower limit
of k, integration to zero. The numerical value of g de-
pends 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 LT is replaced by L.
The quark jet transport parameter as a function of xp,
Q?, and the K factor is shown in Fig.

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

IkL |mdx dI‘
< kT rmn / d?" / 2 dsz . (22)

k1 |min

The kinematics gives the upper bound of the integra-
tion |k |max = /Q?/xp. Unlike §r, the number of



collisions is not an infrared safe quantity (N). Physi-
cally, we know that soft scatterings should be screened by
non-perturbative effects, i.e., the nuclear matter is color-
neutral at long distances. So, a lower bound |k |min
is introduced by hand to cut off the integration. Fig.
[6] shows the average number of scatterings as a func-
tion of kr min for light and heavy nuclei. As one can
see, (N) increases when the infrared cut-off decreases:
(N)a=20s ~ 1 when krmin = Aqgcp but increases to
4 when k7 min = 0.1Aqcp. However, physical observ-
able effects, which are consequences of momentum broad-
ening and parton energy loss, are not sensitive to (N)
but ¢gr, and the latter is an infrared safe quantity. In
the current version of eHIJING, the default choice is
kT min = 0.1Aqcp. One may consider increases k7 min
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 simu-
lation.

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

Py = <N>Ne*<N> (23)

given (N) is the averaged number of collisions. Once N
is determined, the location of the scattering centers is
randomly chosen along the path length. The transverse
momentum exchange k; of each collision is sampled ac-
cording to Eq. @D

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 ki-
netic theory [79, [80], BDMPS-Z formulation [8TH83]
with harmonic oscillator approximation, and improved
opacity expansion [84H86]. They differ on the assump-
tions about jet-medium collisions (“single-hard” versus
“multiple-soft”), the kinematics of the radiative parton
(full splitting versus soft radiation approximation), and
properties of the medium (“thin/dilute medium” versus
“large/dense” medium). 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 ex-
pansion is performed by investigating the calculation in
powers of k2 /E k, and £, are the transverse mo-
menta, of multlple collisions and the radiated parton, re-
spectively. The kinematics variables for an in-medium
parton splitting are illustrated in Fig.

FIG. 7. (Color online) The kinematic variables of a medium-
induced real emission process. k* = (0,z4p ,k.) is the
four-momentum of the gluon that collide with the jet par-
ton. ¢ = p + ¢ — k is the initial momentum of the hard
parton. f* = [zqT, %,EL] is the momentum of the ra-
diated gluon. Finally, the recoiled quark’s momentum is

k, —¢,)2
P =1 - 2)q", G5 ko — £u].

A. The generalized higher-twist (GHT) formula.

For e + A collisions, we take the dilute limit and ap-
ply 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 mo-
mentum q | relative to the nucleus beam direction scat-
ters with the virtual photon with momentum ¢ =
[qT, —Q?/2¢™,0]. The quark undergoes a second scatter-
ing with the nuclear target after the photon-quark hard
scattering, exchanging a gluon with momentum k and ra-
diates a gluon with momentum [ = (zq™, €2 /22q™,£,).
The details of the expression for the radiative gluon spec-
tra can be found in [44] [45], which can be summarized
as
dNg'" NGy . dNg T (24)
dzd?e,  dzd*£) dzd?£

The first term is the vacuum-type contribution

AN 1
=pO___ 25
dzd2€, ~ 91 2 (25)
) 14 (1-2)?
PO () — s (£ 9
(Z) 271'2 OF > ’ ( 6)

where Pj(? ) 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
d N(l)GHT
Tdad2f gq 2 / drfpn(rt,by)
dzd EJ_ £

y /Q /zB dzkj_%a5¢g(a;g7 kL)
0 da ki

% [NgLPM +N(}¢]LPM +N;onLPM] ) (27)

The precise definition of the interference terms N gLPM,
NIEPM and NperLPM can be found in Ref. [45]. VgVPM



is contributed by rescatterings between the quark and
the medium gluon, and N quPM 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) interfer-
ence factor, which is to be explained shortly. The term
N, ;OULPM is not enhanced by the nuclear size, and its con-
tribution is suppressed by the ultraviolet cut-off of the ra-
diation. The interference factors are integrated over the
collisional cross-section (o< as¢,/k? ), and the nucleon
density distribution py along the path length. There-
fore, the obtained semi-analytic form shown in Eq. (27))
should be understood as an average one over the multi-
ple 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. 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. . In this limit, both
NIVPM and NpertPM are negligible [44, 45]. In the re-
maining term NVIPM | the soft gluon limit further de-
couples 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 momentum [87].

In the soft-gluon limit, the splitting function (summa-
tion of the vacuum and medium-induced contribution)
simplifies to,

M ~ p(U)(Z)i + p(O)(Z)i /OO drtpn(rt,b])
ded?. e\ e g ’

/QZ/ch %as(ﬁq 2k, -6, © (Ar+
o da k2 (£ —k )2 Tf

> d’k |, (28)

where Art = r+ — rf is the location of the scattering
center relative to the hard production vertex. 7y is the
formation time of the medium-induced splitting

2z(1 — 2)g*
= /= 29
Tf (ei — kl)Q ( )
The appearance of the interference phase factor
O(Art/rs) =1 —cos(Art /1) (30)

in the splitting function qualitatively changes the be-
havior of the medium-induced part of the splitting func-
tion compared to the vacuum part. For emissions with
long formation times 74 > Art ~ LT, the phase fac-
tor strongly suppresses the medium-induced contribu-
tions, which is known as the QCD analog of the Landau-
Pomeranchuk-Migdal (LPM) interference effect. In the

following discussion, we will refer to the limit 75 > 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™* /7y > 1) = 1.
Then, one finds that in the incoherent limit, the z de-
pendence of the medium-induced part is the same as the
vacuum-splitting function.

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

ng%HT ~ P((]) 1 P(()) 1 oo p N N .
W ~ g9 (Z)E + Fog (Z)E " rpn(rT,by)
0
Qz/xB C +
Aaspy 2k L) Ar )
da o 4’k 31
/o da k% (£ —k,)? T L (31)

with the vacuum splitting function

1423
99 . :

1—=2

Here Pg(g) is decomposed into two pieces to be compatible
with Pythia8’s color dipole picture in the ¢ — g + ¢
process [8§].

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 par-
ton and the nucleus

asﬁég(xgvki) _>4WagZTCTfT
ki (ki+m2)2 ’

(33)

where Cr and fr are the color factor and the probabil-
ity of finding a color source of representation 7" within
the nucleon. Then, Eqgs. (28)) and 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
parameterize the jet-medium interaction.

C. The reduction to the higher-twist (HT) formula
under SGA

Another well-applied method to compute medium
modifications is the higher-twist approach [4I], where
one expands the calculation in powers of 1 /Eﬁ_ and keeps
the twist-four contributions. With such expansions,

Egs. and become

dNHT

dzngqZi _ qu(z) i

dN g, P ()| &

dzdeZ 99(2)

Po() | [, 2qd [ Art 1

09(?) / drt Ao (2 0(6>, (34)
Po(2) [ Jot £y U £5



with the twist-expanded formation time 7; being [90]

22(1—2)q™"
rp= LA (35)
L

The radiative transport parameter is defined as,

li CA
it =on [ Caoyfo o
0

which should not be confused with the collisional trans-
port parameter ¢g, since the range of k| integration is,
in general, different from the one used in Egs. and
() for calculating gg. In the original derivation, one as-
sumes that k2 /€2 is a small number and performs the
expansion before the k| integration, then, a consistent
integration range should be chosen as 0 < |k | < |[€.].
However, we would like to point out that there is a
certain level of ambiguity in the definition of the radia-
tive transport parameter in Eq. (36]). For example, one
can consider another way of obtaining the higher-twist
expansion 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.
and and neglecting boundary terms power sup-
pressed by 1/Q? that are not enhanced by the nuclear
size. The k, integration can then be worked out as

2/IB
Jl e2/ dr PN/ d’k

%asd)g 2kJ_ . EJ_ (EJ_ — kJ_)QA’I“-i_
dA ki (ﬂLka)Q 22(172’)q+

?/zp
Pji( / dr +—€2/ ﬂdki

CA QsPg Art 1
D Ol—=]. 37
Nda k? 7'} + Q? (37)
In comparison with the form of the higher-twist formula

in Eq. , it turns out that the effective radiative trans-
port parameter should be defined as

@/ 04 b, (1, k2
cjffd —EipN/ TA75¢95{29’ J‘)71'dki, (38)
£ A 1

dN(l)GHT
dzdﬁ2

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

. CaC e m?
Gl Zoz pN flAT 2 fr 1n+(9(£2>, (39)

2fT+O<mZ ei). (40)

A~ CA OT
rad
Z d £2 ’ Q2

A

2
So, there is an In % ambiguity when relating the radia-
tive transport parameter to the more fundamental input
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of jet-medium interaction. In this paper, we will use the
first choice in Eq. .

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 dV ](21 ) and arrive
at the averaged loss in energy. For example, using the
GW model, this is

GgwLLt | at/L*

et ()

Az < ag

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 general-
ized higher-twist (GHT) formula in Egs. 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
parton and nuclear medium can be treated as a
perturbative forward scattering cross-section. In
the HT approach, the effects of multiple scatter-
ings are absorbed into the ¢4 parameter. For
phenomenology, one can treat ¢"* as an effective
non-perturbative parameter, which can, in princi-
ple, 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
aspg(rg,k?), in Fig. we compare the spectra of
gluon emission 202 dNy,/dz/d€? 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 are the vacuum emission spectrum
dNgqe/dz/dE% = Pég)(z)/ﬁi 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
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FIG. 8. (Color online) In-medium splitting functions in the
generalized higher-twist approach (red) and the higher-twist
approach (blue) for two different values of transverse momen-
tum |€,| (rows) and different quark energy v in the nuclear
rest frame (columns). Black lines are vacuum-splitting func-
tions as a reference.

(|€L] = 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/€% ex-
pansion, it is not surprising that the difference between
GHT and HT is relatively small at large |€1| (bottom
row). Furthermore, at larger £, and smaller v (the bot-
tom left panel), the ratio L/7¢ ~ L/7} ~ 22?7_1“2)” > 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 notic-
ing 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/ < 1 unless z < 1 or (1 — 2z) < 1. Therefore,
the medium-induced collinear emissions are completely
suppressed, 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
as¢q(z4,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 dis-
cuss the phenomenological impact of such differences in
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FIG. 9. (Color online) Schematic plot of two types of con-
tribution 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

the result section.

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

It is mentioned at the end of Sec. [V Al that the modi-
fied splitting functions presented in Secs. [[VB|and [V (|
are inclusive over the number of the multiple collisions
and their kinematics. This is evident by noticing that
Egs. , , and are integrated over the location
rT and the transverse momentum k, of the multiple col-
lisions. On the other hand, the eHIJING event generator
samples multiple collisions stochastically according to the
procedure described at the end of Sec. [[TI]

Ideally, we would like to modify the splitting func-
tion consistently with the stochastic sample of the mul-
tiple collisions. This guarantees that if there are not
any parton-medium interactions sampled in a particu-
lar 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. and contains two classes of con-
tributions: 1) the collision between jet and medium (as
illustrated on the left of Fig. E[), and 2) the unitarity cor-
rection — 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 radia-
tive 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
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
yq' 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

{(r;rakl_l)v"' 7(rz'+7kl_i)7"' 7(T1j\L[>kJ_N)}' (42)

They form an important sampling of the following mea-
sure

QQ

> =B Cr aspy(rg, k)
+ + 2 ~i g\*g»
/r+ dr pN(’I“ ,bl)/o d ldA 71(3 5 (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 re-
placing the corresponding measure in Egs. (28] and
with the sum of the random samples

ngGqHT c
dzdf% Pgy(2) 1 P (2) & 1.
GHT 0 2 0 2
d;\szi%i ng(z) & ng(z 4t
iv: 2k ;- £, > (6L =k )*(rf —rd) (44)
— (€L —ky;)? 22(1 = 2)yq* '

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

dNg" 0 0 Ca
dzdeZ Po(2) | 1 Pog(2)ap | L %
ar 0 02 0 02
Zi\;gegi Py (2)] 1 Py (2 1
2k? 2 —rf)
) £2 _ k2 ) Lz(b 1 \"4 0 ) 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. and reduces to Pj(?) (2). It is also true that
a parton with smaller medium modifications to its split-
ting 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 production 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 emis-
sion Q3 < £ < Q% with Qo 2 Aqcp being a

~
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separation scale between the perturbative and non-
perturbative physics. In the leading-log approxima-
tion, terms like [as(Q2)In(Q?/Q3)]" are resumed and
leads to the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) [91H93] evolution of the fragmentation func-
tions with the energy scale. In a parton shower picture,
it is viewed as the scale evolution of the parton spectrum
from virtuality comparable to @? down to Q3. Thus,
subsequent splittings are ordered in decreasing virtual-
ity.

In Pythia8, the ordering quantity is chosen as the
transverse momentum |£, | generated in each splitting.
For a parton ¢ produced with £, ; in the previous split-
ting, to generate the next splitting in the channel ¢ — j,
the algorithm iteratively samples the Sudakov form fac-
tor Ag-?) (£19,€14), i.e., the probability of no emissions
between the kinematic regions £, 5 < £, < £ 4,

N
r= A (Ers 010) = N (46)

where r is a sample of a random number uniformly dis-
tributed between 0 and 1, and (NJ(ZO)> (15,21 4) the aver-
age number of vacuum radiations within the given kine-
matic regions,

Zmax (€m)
0 0
(e = [ R

/eil as(€2) &2, )
Y 27T2 ei ’

2
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Here the lower bound zn,;, and upper bound zy,.x of the
momentum fraction are determined by the minimum pos-
sible transverse momentum (¢, = 0.5 GeV in the default
Pythia8 setting). The solution of Egs. and
determines the transverse momentum £, 5 for the next
splitting ¢ — j. Then, the momentum fraction z is sam-
pled according to the splitting function Pj(? )(z) between
Zmin(Um) < 2 < Zmax(€m). Finally, samples falling out-
side of the physical domain zmin (€1 |2) < 7 < Zmax(|€1]2)
are rejected. This way, the full kinematics of the splitting
is given by z and £ 5.

In Pythia8, the upper bound of the first emission is
[€.] ~ @ and the whole interactive procedure termi-
nates when the sampled |€ | is below [,,,. At this point,
the perturbative parton shower gives way to the non-
perturbative modeling of hadronization. Pythia8 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 it-
eratively 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 dynam-
ical effects when jet parton propagates in a finite-size



medium, the parton shower dynamics is divided into dif-

ferent stages. For medium-induced contribution that in-

volves a large virtuality £2 > @2, the multiple emis-

sions are generated in a virtuality/scale ordered shower,

but with the set of medium modified splitting functions
dN dN© dN®M

L = 4ol T dzal® [5], which are developed in Eq.

or Eq. . An emission is sampled using the mod-
ified Sudakov factor

r= 019, 01,) = e Nitrztin)) (48)
Zmax (fm) e ,
<Nji(£L2,£L1)> :/ dz/ dEJ_
Zmin (fm) 832
dN©  gnND .
ledgi doar? (@2 < ﬁ)] (49)

The modified Sudakov is added by eHIJING to the
Pythia8 kp-ordered shower. The virtuality shower still
runs from £, ~ () down to £, = /,, but the medium
contribution is switched off from the Sudakov factor if
02 <Q2

If £2 becomes comparable or smaller than the screen-
ing/saturation scale 2, 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 7o < 77 <7y

r= Aji(TQ,Tl) = €_<NJ(1'1)>(T2’7—1)7 (50)

where 7 is a random number uniformly distributed from 0
to 1, and Aj; (12, 71) is the Sudakov factor, i.e., the proba-
bility of vetoing radiation within formation time between
79 and 7. The total number of gluons N, between the
two times is

Q2 de2 1 dN(,l)
<N(¢1))>(T27T1) :/ —L dz—2
j vy B Jo Tzl
2z(1 — +
@(7'1<Z(e22)p<T2). (51)
1

The starting time of the evolution is chosen as 71 = 1/Q.
The solution to Eq. 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 tpax = E/AéCD
— the typical timescale of hadronization.

VI. REMNANT, COLLISIONAL ENERGY LOSS,
AND HADRONIZATION

The Lund string hadronization model only applies to
a color-singlet multi-parton system. In e+p or pp colli-
sions, the entire system of the hard process plus the pro-
ton remnant remains color-neutral. For example, when a
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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 cal-
culating the jet sector, the “4” component of the gluon
and the nucleon are neglected in Egs. and .
However, it is critical to keep kT and p* finite when dis-
cussing the nucleon remnant. Since the invariant mass
square mQR of the nucleon remnant mass is positive,

my = (p—k)*=(1—=zy) (my—kTp~) -k, (52)
(1- xg)mz%
(1—z¢)p™

2 2
Bt — —mp — ki

, (53)

where in the last line, we have used z, < 1 and k? ~ Q2
for a typical collision. If we assume that the remnant
carries the baryon number, then mpg should at least
be comparable or greater than the mass of a proton
mpr 2 mp. Using z, < 1 and k% ~ Q2 for typical
collisions, one finds that k™ ~ 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 %FL ~ @Q?%/(2(1 — xg)Mv) via collisional
process — referred as collisional energy loss. In the
nuclear rest frame, the collisional energy loss is of or-

der ?\;, which is subleading to the radiative energy loss
AE ~ asQ?LIn Ig—; ~ QS—A?EAIB In % when either the
energy of the parton or the medium size is large. How-
ever, it may be important for fixed-target experiments.
For this reason, we provide an option to turn on colli-
sional energy loss using the simplified formula

_K

Dq

k= (54)

Its phenomenological effect is also demonstrated in the
result section.

To construct the remnant, the four-momentum of the
quark k, and diquark k4, 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

k; =k, —k, (55)
with &+ determined by the requiring (k, — k)? = mf!.

For partons generated in the shower algorithm, the col-
ors of the final-state partons are already assigned. We
implement 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. The first diagram depicts the color
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FIG. 10. (Color online) 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.

flow for the forward scattering of a quark with a con-
stituent quark of the nucleon, which is then broken into a
quark-diquark pair. For a gluon (the second and third di-
agrams), 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 pro-
duction in the semi-inclusive deep inelastic scattering
(SIDIS) process. In the Breit frame, one can perform a
three-dimensional (transverse and longitudinal momen-
tum) study of the hadron production. The SIDIS cross-
section normalized by the inclusive cross-section

. do’e+A—>h/de/dQ2/th/dp% (56)
~ doea(zp, Q?)/drp/dQ?

ANy asn
dzpdp.

provide a multidimensional calibration of the in-medium
jet dynamics with respect to x5, Q2, A, 2z, pr. Here,
zp, = Ey /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 Pythia8, and we shall comment on some
changes we made as compared to the default Pythia8 set-
tings for e+p simulations. Then, eHIJING e+ A results
are systematically compared to available data from the
CLAS experiment at Jefferson Laboratory (JLab), the
HERMES experiment at DESY, and the EMC experi-
ment at CERN.

Another application of eHIJING is the study of di-
hadron correlation. This observable was proposed to dis-
entangle 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
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rescaled di-hadron 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 simu-
lation of this observable using eHIJING.

Finally, we also make projections for experiments at
the future Electron-Ion Collider (EIC) and Electron-Ion
Collider in China (EicC). These new experiments cover
a wide range of zp and Q% and we use eHIJING to sim-
ulate its capabilities to determine the zg, Q% of the jet
transport parameter.

A. Baseline: SIDIS in electron-deuteron collisions

Compared to the default Pythia8 settings for e4+p DIS
mode, the first change is that we used the global recoil
instead of the dipole recoil scheme. The reason for this
non-standard choice, explained in Sec. [B] is that, at the
moment, we can only treat medium-modified showers as a
pure final-state effect. The impact on observables are also
discussed Sec. 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 7% and
K#* in e+ d collisions are shown in Fig. Red lines are
results simulated with the default hadronization settings
of Pythia8 with data points in black. Ratios of simulated
results over data are shown in the bottom panel.

We find that the zj spectra are harder than those ob-
served in the data. To improve the model simulations,
we further change the parameter “Mjop” in the Pythia8
hadronization module. It plays a role in setting the min-
imum invariant mass Wy, below which the standard
string breaking stops. Wnin = mg + mg + Miop is the
sum of Mp and the constituent masses of the quark
and anti-quark at the endpoints of the string. We de-
crease Msiop from the default value 1 GeV to zero, al-
lowing strings to continue to break into softer hadrons.
Simulations with M, = 0 are shown in blue in Fig.
The zj spectra are softened and the agreement with
data is improved, especially for K*. For all simulations
hereafter, we use Mgiop, = 0 in eHIJNG.

In Figs. and the pr spectra of 7% and K+
are compared with the HERMES data. Each panel
corresponds to the pr spectra in a different range of
zp. Simulation agrees well with the data in the range
pr < 1 GeV, except for pi~ spectra in the rightmost
panel (0.6 < z, < 0.8). This is because the dN/dz of
7~ is already underestimated in the large z; region. In
Pythia8, the transverse momentum of the hadron relative
to the direction of the virtual photon comes from several
sources:

e The primordial k7 of the quark inside the deuteron.
They are parametrized as a Gaussian distribution
with a @-dependent width parameter [55].
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FIG. 11.
T, 77, KT, and K~. The ratio is shown in the lower panel.

experimental data [94]. From left to right are the comparisons for 7
Simulations with the default Pythia8 parameters are shown in red. Simulations with Mo, = 0 GeV are shown in blue.
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FIG. 12. (Color online) Transverse momentum spectra of pion from Pythia8 with My, = 0 GeV compared to HERMES
experimental data [94] in different z; ranges. Red and blue lines and symbols are for 7+ and 7~ respectively.
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FIG. 13. (Color online) The same as Fig. but for kaons. Simulations are compared to HERMES experimental data [94].

fragmentation. Again, this is parametrized as a

e Momentum recoil of the leading quark from vacuum
gluon emissions in the initial state parton shower. Gaussian distribution with width /(k%) = 0.335
However, this is not a big effect in simulations for GeV.

HERMES and CLAS experiments due to the lim-

ited phase space. With these results, we consider the non-perturbative

models in Pythia8 to provide a good description of the

e Transverse momentum obtained during the string semi-inclusive hadron production e4d baseline for pp < 1



GeV. This is sufficient for studying most of the data at
CLAS, HERMES and EMC. However, at higher collid-
ing energies such as /s = 300 GeV in H1 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 pro-
duction have been studied in the following experiments:

e The first observation is made by the EMC exper-
iment [99] in the charged hadron spectra with d,
12, %4Cu, and '2°Sn targets. The muon beam en-
ergy is £ = 100, 280 GeV and the center of mass
energy /s,N = 13.7, 22.9 GeV.

e The HERMES experiment [29] bombards elec-
tron/position on fixed targets of d, >He, 4N, 2°Ne,
84Kr, and '3'Xe. The electron beam energy is
E =276 GeV and /scy = 7.24 GeV. Compared
to EMC experiment, HERMES has a differential
dataset and provides particle identification.

e Finally the CLAS experiment [96] has various tar-
gets including d, 2C, 55Fe, and 2°®Pb. The electron
beam energy is £ = 5.014 GeV and /scy = 3.21
GeV. Nuclear experiments with 12 GeV electron
beam energy are expected in the future.

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

The average Q? for CLAS and HERMES experiments
are about 1-3 GeV?2, while the dynamically generated
scale in the medium is about v/L is of order 1 GeVZ.
The parton energy loss in such a kinematic region is
large and thus ideal for testing the medium modifica-
tions 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, ~ ZhV/AZQCD < L, and
then undergo hadronic interactions that are not included
in eHIJING. For the EMC experiment, the average Q2
reaches 10.2 to 12.3 GeV?2, 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
Zh-

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

dNet a—sn/dzp /dp3
R (v, Q% 2z, pr) = + I 57
A( " T) dN{ed,ep}%h/dzh/dp% ( )
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dN/dz/dp% has been defined in Eq. (56). Events in
CLAS and HERMES experiments are selected with Q2 >
1 GeV?, photon-nucleon center-of-mass energy W, n > 2
GeV, and the inelasticity y = (p-q)/(p-11) < 0.85. Events
in the EMC experiment is required to have Q% > 2 GeV?
and y < 0.85. Additional cuts on zg, v will be specified
later in the discussion. Furthermore, the HERMES ex-
periment only counts hadrons in the photon-going direc-
tion 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

R4 for mt (2, > 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 param-
eter from 2 to 8 in the TMD gluon distribution model
(see Eq. ) and the solid lines correspond to the set
with K = 4. With the same K factor, HT approach re-
sults in stronger nuclear modification than the GHT ap-
proach. This is not surprising, as can be explained using
Fig. |8 with the same input to the TMD gluon distribu-
tion, medium corrections in the GHT approach is weaker
than the HT 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. How-
ever, we remark that here the variation of K is only in-
tended to show the sensitivity of R4 to the magnitude
of the jet-medium interaction rates. The values of K
have not been tuned to data. So Fig. does not mean
that the GHT approach is less effective than the HT ap-
proach. 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 pre-
vious studies. The higher-twist study in Ref. [5] sug-
gests 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 examina-
tion of the connection between the generalized higher-
twist and higher-twist approach to radiative parton en-
ergy loss [19], it is also realized that the effective radia-
tive jet transport parameter in the higher-twist approach
is smaller than that in the generalized higher-twist ap-
proach by a logarithmic factor of 21n(Q?/Q?).
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FIG. 14. (Color online) Ratio of 77 multiplicities between e+ 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.[d] Simulations

are compared to HERMES experimental data [29].
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FIG. 15.
compared to HERMES experimental data [29].

In Fig. we plot the Q? dependence of RTA+7 inte-
grated over z; > 0.2 and v > 6 GeV. The measured R4
is almost independent of Q2 for 1 < Q2 < 10 GeV?, while
the simulated R(Q?) slightly decreases with increasing
Q? but is consistent with the data within experimental
erTors.

2. =z dependence of the modification

R4 for 7t as a function of z;, from eHIJING is com-
pared to CLAS in Fig.[16] HERMES in Fig.[17]and EMC
data in Fig. respectively. The general trend across all
three experiments is that the zj, spectra are suppressed at
large zp. 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 fragmen-
tation 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 zj,.
This explains why the suppression is the strongest when

Q% [GeV?]

15 5 10 15 5 10 15
Q? [GeV?] Q? [GeV?]

(Color online) The same as Fig. but for the Q% dependence of the nuclear modification R4. Simulations are

Zh = 1.

Hadrons produced from the nuclear remnant con-
tribute to small 2z, which complicates the interpretation
of the observed modification. For example, the CLAS
experimental data display an enhancement at small z;, <
0.1 (not included in the plotting range of Fig. . To
suppress remnant, the HERMES experiment only uses
particles produced in the photon-going side in the photo-
nucleus center of mass frame (zp > 0). In the EMC
experimental data, the target fragmentation region is lo-
cated at much smaller z;, outside the kinematic cuts.

The three experiments cover a wide range of mass num-
bers from A = 4 to A = 208. The A dependence of R4 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 frame-
work. The advantage of the heavy-flavor probe is that
the heavy meson fragmentation function has a peak in
zn. In comparison, the pion fragmentation function is



18

150 ' Fe | Pb |

1.251

1.00 1

Ra

0.75 1

0.50 - T

0.25 1 1 . . <l §
0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00

Zh Zh Zh

FIG. 16. (Color online) Nuclear modification of the fragmentation function of 7+ as a function of 2, Ra = Dea(21)/Dea(zn)-
Simulations with higher-twist formula (blue dotted bands) and generalized formula (red crossed bands) are compared to the
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FIG. 17. (Color online) The same as Fig. but compare to the HERMES data [29] with an electron beam energy E. = 27.6
GeV.
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FIG. 18. (Color online) Similar to Fig. but compare to R4 from the EMC data [95] on charged particles with electron beam
energies E. = 100,280 GeV.

relatively featureless. As a result, modification of the zj Regarding the beam-energy dependence of R4 (z), the
spectra of heavy meson exhibits a non-monotonic struc- model seems to under-estimate the suppression in low-
ture that is more sensitive to the spectral shift caused by energy collisions in CLAS experiment but over-predicts
quark energy loss [39]. 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 en-
ergy collisions. On the other hand, since z, ~ Q%/2Muv,
it is also possible to change the z-dependence of the gluon
distribution so that the jet transport parameter should
increase slower with v in high-energy collisions. A sys-
tematic calibration, incorporating both hadronic effects
and a flexible model for the small-z gluon distribution,
can be performed in the future using existing data to
make a reliable prediction for future EIC experiments.

8. pr dependence of the modification

Besides energy loss, the parton also undergoes trans-
verse momentum broadening, which leads to the harden-
ing of the shape of the pr spectrum of hadrons in e+A
collisions. This can be seen in Fig. where the R4 for
7t increases with p%. Events are required to have v > 6
GeV and @ > 1 GeV and the spectra are integrated over
zp > 0.2. The A dependence of the slope of R4 of simu-
lations agrees with the data. Again, the GHT approach
results in a weaker modification than the HT approach.

To further elucidate the interplay between parton en-
ergy loss and transverse momentum broadening, we in-
vestigate the double differential modification Ra (2, p%).
Figs. and compare the simulated Ra(zp,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 understand-
ing 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 LT
correlates with the average amount of momentum

broadening (o LT) and the average energy loss
(o< (L*)?).

2. 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 colli-
sions follows a Poisson distribution around the av-
erage 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 aver-
age, 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. [VILC] “survival bias” will also help us to under-
stand why the broadening in the variance of the trans-

19

verse momentum spectra ApzT drops down to zero as zp,
approaches unity.

4. The flavor dependence of Ra

Up to this point, we have only discussed the nuclear
modification of 7T for which the fragmentation functions
in vacuum are well studied. Kaon and proton produc-
tions are complicated by in-medium strangeness produc-
tion and flavor conversion [97, [08][99], baryon production
mechanism [I00], as well as different hadronic absorption
cross sections [I01]. Even though eHIJING does not in-
clude the aforementioned mechanisms, a systemic study
of the flavor dependence of R4 with pure nuclear PDF
and medium-modified shower effects can still shed light
on the problem. In Fig. we compare R4(zp) for nt,
7% K+, K=, p,and p. The 7+ modification (top left) has
been discussed earlier. Using the same set of parameters
as w1, the description of neutral pions (top right) is also
satisfactory. For kaons, data suggest that K~ (middle
right) is slightly more suppressed than KT (middle left)
at intermediate zp, which is not captured by the sim-
ulation. The explanation for this discrepancy must be
rooted in the different valance structures of K (us) and
K™ (us) but can differ in details. For example, at the par-
tonic level, the @ 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
KT-N at low energy, which may apply to low-z; hadrons
that formed inside the nucleus. In either case, the R i

versus RS separation may carry information on the va-
lence structure of the heavy nuclei. Finally, there is a
more drastic difference between the R4 of proton and
anti-proton. This can be qualitatively understood with
the same reasoning as for kaons.

Summarizing the comparison to nuclear modifica-
tion factor R4 of the semi-inclusive hadron produc-
tion, 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,Q?%, z,, and pp. With the same input to the nuclear
gluon TMD, the generalized higher-twist approach re-
sults in smaller medium modifications than the higher-
twist approach. Finally, the current modeling cannot
fully describe the different suppression patterns between
Kt v.s. K~ and p v.s. p. This requires a more detailed
modeling of the interaction between the partons/hadrons
and the valence content of the nucleus.
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[29].

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

q’\ Im]7
(Ap7) = (ApT)ea — (APT)ed.

At leading order, (Ap2) has been calculated in the
higher-twist approach [I02], and the momentum broad-
ening 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 (Ap?.) oc L1+2V@sCa/m
at large path length [103]. Ref. [6] uses the NLO higher-
twist formula, includes the effect of fragmentation in the
calculation of pr broadening of hadrons A(p2.), and per-
forms a global extraction of the jet transport parameter
in the cold nuclear matter. In computing the hadron
transverse momentum broadening, Ref. [6] uses an ap-
proximate extension to the collinear fragmentation func-
tion. The hadron carries approximately zj, fraction of the
quark’s transverse momentum|I04], so the pr broadening
for the hadron is,

(58)

2 Cr
Zha

(Ap7) = zi(arL) = Qi(wp,@Q%),  (59)
where we have replaced (GrL) by the average value of the
saturation scale Q?(rp,Q?) times the quark over gluon

ratio of color Casimir factors.

2.z dependence of (Ap%)

In Fig. the transverse momentum broadening of
7wt is plotted as a function of z;, for different target

nuclei. For collision with a small nucleus like *He, the
(Ap2.) broadening is consistent with zero. For Ne, Kr,
and Xe, both the simulated (Ap2) and the data in-
crease with zp first and then decrease to zero as z, ap-
proaches unity. As discussed in Sec. this non-
monotonic feature is explained by a survival bias: the
surviving hadrons at large z; mostly come from par-
tons that suffer less scattering-induced energy loss[105]
and therefore less transverse momentum broadening. For
hadrons produced infinitely close to z, = 1, it can-
not undergo any collisions with the nucleus, and there
(Ap2)(zn, — 1) — 0. The survival bias is absent in the
leading-order formula in Eq. , where the pr 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 zj,.

To further illustrate this interplay between the effect
of parton energy loss and transverse momentum broad-
ening in inclusive hadron spectra, we examine in Fig.
the relative importance of the elastic and radiative en-
ergy loss in the pr broadening of 7T in e-Xe collisions
in the large z;, region. The black line is obtained from
the LO estimation using Q%(zp, Q% T4) and Ra(zp) ob-
tained with the model using K = 4. For such an estima-
tion, we take the typical values of zp = 0.1, Q? = 2.5
GeV?, (Ta) = 3rgA/3/4. R, is simulated 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 ef-
fect of transverse momentum broadening 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;, dependence of A(p?.)(zp) is
shifted from z; = 1 towards 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
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FIG. 20. (Color online) Nuclear modification of the TMD fragmentation function Ra(zn,pr) = Dea(2h,01)/Ded(2h,pT) as a
function of p% for different target nuclei (different rows) and different regions of zj, (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].

data is much improved in the large-z; region. In the
power counting of the jet sector, the small x gluon in
the nucleus has k™ = 0, leading to vanishing collisional
energy loss of the jet parton[I06]. But as we have seen
in Sec. a negative kT = —Kk3 /p; ~ —Q%/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 kT in the jet
sector, and the result is shown as the red solid line. For
the kinematics region used in Fig. ie., @ >1GeV,it
turns out that the collisional energy loss is very important
to understand the A(p2.) in the threshold region of zj, —
1. Because Q? only increases logarithmically with Qr,
one expects vanishing effects of elastic energy loss at large

Q.
3. xp and Q° dependence of (Ap%)

In Figs. [25]and [26] we integrate over final hadrons with
zp > 0.2 and W2 > 10 GeV? and plot (Ap2) as func-

tions of zp and Q2. The transverse momentum broad-
ening increases with xp and the simulation is consistent
with HERMES data in the large g region. In the next
section, we will predict that the transverse momentum
broadening increases at small xp achievable at the future
EIC, due to the xp dependence that we parametrized
in Q2. The pr-broadening also increases logarithmically
with Q2.

D. Medium-modified di-hadron fragmentation
function

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

1 d®Neyanghy
dNe+A‘,h1/d21 dzleQ
1 d?Ned—hihy
dNed—rhl/dzl d21d22

Rgh(zh 22) = (60)
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FIG. 21. (Color online) Similar to Fig. but compare to HERMES experimental data [29].

with z; > 25. In the numerator and denominator,
the double hadron spectra are normalized by the sin-
gle hadron spectra in e + A and e + d collisions, respec-
tively. The HERMES measurements select z; > 0.5 and
29 < 0.5 hadron pairs from events with W2 > 10 GeV?,
v>7GeV,Q%>1GeV? and y < 0.85.

The di-hadron correlation was initially proposed to dis-
tinguish between two different scenarios of hadron pro-
duction in e + A collisions [I07, [T08]. One extreme situa-
tion (the LO parton picture) is that a hard parton loses
energy in the medium and then fragments into hadrons
in the vacuum; therefore, the di-hadron pair is produced
from a common parton with a slightly reduced energy.
If one assumes the di-hadron fragmentation does not
strongly depend on the energy of the parton, the shape
of the double ratio in Eq. 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 radia-
tive correction to the parton picture [I07, [T08], there is a
contribution where the two hadrons fragments from dif-
ferent 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 cross-section.
As for di-hadron correlation from eHITJNG, it follows the
partonic picture modeling similarly to Refs. [107, [T08];
however, unlike the use of collinear fragmentation func-
tion in Refs. [I07, [1I0g], the hadronization of one parton
is not completely independent of another parton in the
Lund string model.

In Fig. we compare the di-hadron nuclear modi-
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FIG. 22. (Color online) The nuclear modification factor
of fragmentation function Ra(zp) 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, R4 of 7, 7% K+, K~ p, and § in e-Xe collisions
are shown.

fication factor from eHIJING to the HERMES data for
N, Kr, 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 z5. The
nuclear modification factor is above unity at z5 ~ 0.1
and decreases at intermediate z5 and, eventually, has the
tendency of rising again when 29 approaches 0.5. Simu-
lation of eHIJING with either HT or GHT qualitatively
describes the decreases of Rap,(22) at small z5, but fails to
explain the rise near zo = 0.5. The region 25 ~ z; =~ 0.5
is an interesting kinematic region, the energy of the pho-
ton 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
z9 = 0.5. The increase below zo = 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.

23

VIII. PREDICTIONS FOR FUTURE e+ A

EXPERIMENTS

In this last section, we use the eHIJING to make pre-
dictions for the CLAS experiment at the Jefferson Lab
with 12 GeV electron beam energy, the Electron-Ion Col-
lider at the Brookhaven National Laboratory (EIC) [2],
and the proposed Electron-Ton 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
experiments 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 momen-
tum broadening at small xp provides a stringent test on
the model for small-z gluon distribution and parton dy-
namics.

Q% zp (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

TABLE I. (Color online) Ranges of Q* and x5 for the regions
labeled in Fig. 2§

In Fig. the accessible kinematic region for EIC
(E. = 10 GeV, Exy = 100 GeV), EicC (E, = 3 GeV,
Ey =15 GeV) and CLAS-12 is shown between the solid
lines, dashed lines and below the dotted line, respectively.
The upper and lower bounds are obtained for 0.01 <
y < 0.95. Within the coverage of these experiments, we
select six regions in the (5, Q%) plane, as listed in Tab.
[ 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 Q2 is the hardest scale
in the problem.

In Fig. [29] we show the nuclear medication factor
of charged hadron fragmentation functions R4(zy) (left)
and Ra(pr) (right, with 0.2 < z;, < 0.5) for regions A, B,
C, D, E. The magnitude of the suppression factor R4 (zy)
at large zj is reduced as one increases Q2 or decreases
xp. This is because the parton energy in the nuclear
rest frame v increases for both cases and this effect over-
whelms the increase of § at large Q2 and small z 3.

Shown in Fig.|[30]is the transverse momentum broaden-
ing as a function of hadron energy fraction z; in regions
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
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FIG. 24. (Color online) Effect of momentum broadening,
medium-modified evolution, and collisional energy loss on the
shape of A(p%)(z) in e-Xe collisions. The black line shows
the LO formula in Eq. . 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 in-
cludes the effect of the collisional energy loss. Data are from
HERMES experiment [30].

or when z; approaches unity, energy loss transports the
broadened parton towards lower z;, and effectively flat-
tens the A(p2.)(zp).

Finally, in Fig. we show the pp-broadening of
charged pions with 0.2 < z;, < 0.5 as a function of xp for
two different regions of 2 < Q? < 6 GeV?. 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

dzp,

2
F f 0.2 hd Ld d 2
Q*(x5,Q%) 2ndepdQ

2y~ OF
N 6

f 0.2 dzhda:BdQZ

The qualitative increase of A(p%) at small z and large
Q? from eHIJING simulations and the LO formula is sim-
ilar. However, due to parton energy loss and radiative
broadening, the differences are sizable. Therefore, under-
standing the radiative correction to transverse momen-
tum broadening and reducing the theoretical uncertainty
in the medium-induced radiation formula is important to
interpret the data and extract §(xz, @?) at future exper-
iments.

IX. SUMMARY AND OUTLOOK

Hadron and jet production in DIS with nuclear targets
are key observables to understanding nuclear partonic
structures in lepton-nucleus collisions. The gluon distri-
bution at small Bjorken z g and its saturation phenomena
are closely related to the measurable pr broadening of
hadrons and jets. In the meantime, parton shower evolu-
tion and hadronization 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 me-
diated by small-z gluons whose distribution is mod-
eled with a parametric transverse-momentum-dependent
gluon distribution function ¢4(x4,k1;Qs). The satura-
tion scale Q)5 in ¢4 is determined self-consistently, which
in turn fixes the jet transport parameter ¢, = Q%/L of
the cold nuclear matter. The locations and the momen-
tum transfer of the multiple collisions are sampled ac-
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FIG. 26. (Color online) Similar to Fig. except as a function of the photon virtuality Q* compared to HERMES [30] data.

cording to the differential collision rates. With the ex-
change of a small-z 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 general-
ized higher-twist (GHT) approach. The medium-induced
splitting with a transverse momentum larger than @
is implemented in the Sudakov form factor of the pp-
ordered parton shower in Pythia8. Multiple medium-
induced emissions with scales below Qs 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 nu-
clear size dependence. The model can explain, in partic-
ular, the interplay between elastic and radiative energy
loss, and the transverse momentum broadening. Fur-

thermore, we demonstrate that it can also describe less
inclusive observables, such as the nuclear modification of
di-hadron production in e+ A collisions. Of course, there
are still discrepancies in the exclusive limit, for exam-
ple, the z;, &~ 1 region of the single-hadron production or
the zo ~ 0.5 of the double-hadron production in nuclear
collisions.

We also use eHIJING to study the zp and Q? depen-
dence of the jet transport parameter through the single-
hadron transverse momentum broadening. At small zp
and low @2, the pr broadening agrees with LO analysis
that directly connects to the saturation scale as probed
by the leading quark. At high @2, the model also includes
radiative effects on the pp-broadening providing indirect
access to the transport parameter. The pp broadening of
a single hadron is complicated by hadronization effects
and is sensitive to the form of the fragmentation func-
tions. 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 im-
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FIG. 28. (Color online) The region enclosed between solid
lines is the kinematic reach of a typical EIC setup (E. =
10 GeV, Ex = 100 GeV) in the 25, Q? plane. The region
enclosed between dashed lines is for EicC (E. = 3 GeV, Exy =
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 ymin = 0.01 and ymax = 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?(xp,Q?%) ensuring that Q7 is always the hardest scale in
the simulation.

provements: medium-modified flavor production g — ¢@
and double scattering with a quark of the nucleus (flavor-
changing processes), as well as the hadronic transport in
low-energy collisions. Second, another focus of the future

EIC is the medium modification of heavy flavor produc-
tion, and one should consider including mass effects in
the multiple collisions and medium-modified parton ra-
diation. The NLO hard cross-sections with shower are
essential to describe the entire pr-spectra at large Q2 in
the DIS, in particular at small xp. 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 eHI-
JING focuses on the large-zp (x5 > 0.1/AY3) physics
as required Eq. @) that states the region of validity
of the geometric picture used in eHIJING. At small zp
(rp < 0.01), the power counting and the geometric pic-
ture 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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FIG. 29. (Color online) The nuclear modification factor of the fragmentation function in regions as labeled in Fig. Left:
modification of D(z) for all charged hadrons. Right: modification of D(pr) for 0.2 < 2z, < 0.5. K = 4 is used for the calculation.
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Appendix A: The medium expectation value of the
gluon field correlator

The transverse-momentum distribution of the jet par-
ton 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)

Poa o ip—d) 4
oA (q>(pq>2+ieg}>A

ei(qu)’erefi(ki —q1)sL
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when coupled to collinear partons highly boosted to the
positive light-cone direction, the k*, ¢ integration can
be directly performed and set £~ = 0 and y~ = 0 in the
A field and only the A~ component contributes at this
power. The gluon correlator is evaluated in a nuclear
wave function |A). Due to color confinement, the corre-
lator is only non-vanishing within the same nucleon N
at the impact parameter b;. The average over the nu-
clear wave function is reduced to that of a 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 ,
e, p(st,bi+s,)=p(sT,by)+s.-Vip(st, 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

- 9s 7
(@m)* 2m ™ da k- XL pidg +

e D NIAT) () AT (q)|N)

ﬁ—zﬁ] a

(NI(A™) (2o Py, k) AT (2g Py, k1) |IN)

(

mass, then to the zeroth order of the gradient expansion
the spatial integral of s; imposes k; = q . Finally, the
contour integration sets k= = ¢~ = kﬁ_/2p+ = TyDn>
with z, = 2pk? /2pTappy = zpk? /Q?. It should be
noted that in the presence of collinear radiation, z, can
be different, but in the current eHIJING approximation,
the same formula for x4 is applied in both cases with or
without collinear radiation.

Appendix B: Comparison of the Pythia8 default
versus the dipole recoil shower for DIS

For a parton branching with given transverse momen-
tum and momentum sharing fraction among the final-
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FIG. 32. (Color online) The rapidity distribution in the lab
frame. Comparison between Pythia8 simulations using the
default shower and the dipole-recoil shower.

state partons, the one-to-two-body system a — b+ c can-
not fulfill the conversation of four momenta. In Pythia8,
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+c+d can
always restore energy-momentum conversation by prop-
erly 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 (ini-
tial) state. Another method to restore energy-momentum
conservation is called the global recoil method, where
the entire event is shifted accordingly after the branch-
ing a — b+ c.

The dipole recoil mode of Pythia8 is recommended for
the study of DIS for two reasons. First, the dipole re-
coil approach does not change Q? = —(fy — £1)? of the
event. Second, the IF dipole alone can produce the singu-
lar 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. However, in the current version
of eHIJING, we choose to implement the medium mod-
ifications to the parton splitting function in the global
recoil mode with both initial-state and final-state radia-
tors. 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 determi-
nation of Q2 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
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Comparison between Pythia8 simulations using the default
shower and the dipole-recoil shower.

recoil option while keeping such problems in mind for
further developments. Here, we investigate the differ-
ence between the two modes in the description of the
single-hadron distribution in the SIDIS process of e+p
collisions. In Fig. we compare the rapidity distribu-
tion of the charged hadrons. The filled and open symbols
are simulations with global recoil and dipole recoil, re-
spectively. We tested three different ) regions as shown
in different colors and symbols. A similar comparison of
the transverse momentum spectra in Fig. We find
that the charged particle distribution in the lab frame is
similar for the two recoil approaches.

The situation is different if one presents the results in
the Breit frame. Fig. and [35] shows the zj, and pr
distributions in the Breit frame. There are notable dif-
ferences in particle production close to the phase space
boundary. The global recoil option produces fewer par-
ticles 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 R4
too much. For dN/dpr the difference is drastic when
pr > 1.5 GeV at low @ and the situation is improved for
10 < @ < 15 GeV. This is because that the hard 2 — 2
scattering does not generate any transverse momentum
in the Breit frame, making the py spectra much more
sensitive to the shower algorithm than the particle spec-
tra in the laboratory frame. Even though this should not
affect our comparison to CLAS and HERMES data at
low pr, we do remind the users of the eHIJING genera-
tor that there are known issues in the baseline at large
pr in the Breit frame.
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Breit frame from Pythia8 simulations using the default shower
and the dipole-recoil shower.
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