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The nuclear modification of jet splitting in relativistic heavy-ion collisions at RHIC and the LHC energies is
studied based on the higher twist formalism. Assuming coherent energy loss for the two splitted subjets,
a non-monotonic jet energy dependence is found for the nuclear modification of jet splitting function:
strongest modification at intermediate jet energies whereas weaker modification for larger or smaller
jet energies. Combined with the smaller size and lower density of the QGP medium at RHIC than at
the LHC, this helps to understand the groomed jet measurements from CMS and STAR Collaborations:
strong modification of the momentum sharing z, distribution at the LHC and no obvious modification
of zg distribution at RHIC. In addition, the observed nuclear modification pattern of the groomed jet zg
distribution cannot be explained solely by independent energy loss of the two subjets. Our result may be
tested in future measurements of groomed jets with lower jet energies at the LHC and larger jet energies

at RHIC, for different angular separations between the two subjets.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Jet quenching has been regarded as one of the most impor-
tant tools to study the novel properties of the quark-gluon plasma
(QGP) created in relativistic heavy-ion collisions at the Relativis-
tic Heavy-lon Collider (RHIC) and the Large Hadron Collider (LHC)
[1-3]. When high transverse momentum jet partons produced at
the early stage of heavy-ion collisions propagate through the hot
and dense QGP, they interact with the medium constituents [4-10].
This not only modifies the total energy of the jet partons, but also
changes the distribution of the energy inside and outside the jet
cone.

Earlier studies on jet-medium interaction and jet quenching in
heavy-ion collisions have mainly concentrated on the nuclear sup-
pression of high transverse momentum hadron production [11-14],
which tends to be more sensitive to the energy loss effect on the
leading parton of jet [15-17]. The studies of jet-related correla-
tion measurements, such as dihadron and y-hadron correlations,
have provided additional information on jet-medium interaction:
the nuclear modification of the away-side jet or hadron yields may
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be sensitive to jet energy loss [18-20], while the back-to-back an-
gular distributions may be utilized to probe the medium-induced
transverse momentum broadening [21-24].

After the launch of the LHC, much attention has been paid
to the production and nuclear modification of full jets in rela-
tivistic heavy-ion collisions [25-35]. Various full jet observables
have been explored and have provided much more detailed infor-
mation about the interaction between jets and the QGP medium
[36-59]. The nuclear modification of single inclusive jet rates, dijet
and y-jet transverse momentum imbalance distribution, etc., have
clearly shown that full jets may experience a significant amount
of energy loss during their propagation through the hot and dense
QGP medium. The nuclear modification of jet substructure observ-
ables, such as jet shape function and jet fragmentation function,
have indicated that the inner hard cone of the full jets is difficult
to be modified while the outer soft part of the jets may be easily
affected by the traversed QGP.

Recently, a new jet substructure observable, namely, the mo-
mentum sharing (zg) distribution of the groomed jets, has been
studied in relativistic heavy-ion collisions [60,61]. It utilizes the jet
grooming algorithms [60-65] to investigate the internal structure
of the full jets by removing the soft components of the jets. In the
soft drop de-clustering procedure [60,61] as adopted by CMS and
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STAR Collaborations, a reconstructed full jet (with radius R using
the anti-kt algorithm) is first re-clustered using the Cambridge-
Aachen (C/A) algorithm and then de-clustered by dropping the
softer branch until finding two hard branches with the following
condition satisfied:

min(pr1, P12) .y (AR>’3 (1)
- . = t —— 9
P11 + P12 E7UR

where pr; and prp are transverse momenta of the two hard sub-
jets, AR is their angular separation, zqy is the lower limit of the
momentum sharing zg [61]. CMS and STAR have measured the
normalized zg distribution with ze = 0.1, 8 =0 [66,67]; CMS
measurement has also applied the requirement AR > A =0.1. The
momentum sharing zg distribution provides a unique opportunity
to study the hard splitting of the partonic jet, and can be directly
used to probe the medium-induced jet splitting function in the
presence of the hot and dense QGP.

The experimental measurements from CMS Collaboration [66]
have indeed seen strong nuclear modification of the groomed jet
zg distribution at the LHC. Interestingly, the strength of the nu-
clear modification diminishes with increasing jet energies, which
is consistent with some theoretical studies [68-70]. However, the
measurements from STAR Collaboration [67] have observed no ob-
vious modification (at lower jet energies) at RHIC; this seems to
contradict with the expectation from the CMS result in terms of
the jet energy dependence of the nuclear modification of the z
distribution.

In this work, we present our study on the nuclear modifica-
tion of the jet splitting in relativistic heavy-ion collisions at RHIC
and the LHC based on the higher twist formalism [71,72]. We find
a non-monotonic jet energy dependence of the nuclear modifica-
tion of jet splitting function: strongest at intermediate jet energies,
and weaker at larger or smaller jet energies. This result is essential
to explain the CMS-STAR groomed jet puzzle, i.e., strong nuclear
modification of the momentum sharing zg distribution (with the
strength diminishing with increasing jet pt) at the LHC whereas
no obvious nuclear modification of the zg distribution at RHIC. An-
other interesting finding is that the measured nuclear modification
pattern of the zg distribution of groomed jets cannot be explained
solely by independent energy loss of the two subjets.

The paper is organized as follows. In Sec. 2 we provide a brief
introduction to the framework that we utilize to study jet splitting
and its nuclear modification in relativistic heavy-ion collisions. In
Sec. 3 we present our numerical results and compare them to the
experimental data of the groomed jet zg distribution from both
CMS and STAR. In Sec. 4 and 5, we analyze in detail the origin of
the non-monotonic jet energy dependence of the nuclear modifica-
tion of jet splitting function and the effect of independent energy
loss for the two subjets. The summary is provided in Sec. 6.

2. Jet splitting in vacuum and QGP

Using the jet grooming algorithms and the soft drop de-
clustering procedure, CMS and STAR have measured the normal-
ized distribution for the momentum sharing variable z; between
the two subjets in the groomed jets,

1 dNeyt
Nevt ng ’

p(zg) = (2)

The z, distribution may be directly related to the parton splitting
function as follows [61,68]:

K o=
fk;: dik2 Pi(zg, k)

pi(zg) = (3)

12 30 (%% 025 v 12
fzcut dxfsz dk? Pi(x,k7)
in which i denotes the jet flavor, k; represents the transverse
momentum of the splitted daughter parton with respect to the
parent parton, ka and kg are its lower and upper limits. The sym-
metrized transverse momentum dependent parton splitting func-
tion P;(x, kzl) is obtained by summing over all possible splitting
channels:

Pite k) = Y [Piceja (e k) + Pi (1 = x. I3 |. “)
il
In the light cone coordinate, one may define the four-momentum
of the parent parton at mid-rapidity as [pr,0,0], and then
the four-momenta of two daughter partons can be written as
[xpr. k% /(2xpr). k1] and [(1 — X)pr, k7 /(21 —x)pr), —k.]. One
may derive the geometric relation between k; and the relative
angle 6 between the two daughter partons as: k; = 2prx(1 —
x)tan(0/2). Therefore, the boundaries of k; integration read:
ka =2prx(1—x)tan(A/2) and kg = 2ptx(1—x) tan(R/2) in Eq. (3).
In the presence of QGP medium, the parton splitting function
in Eq. (4) has both vacuum and medium-induced contributions:

Pi(x,k}) = PY3(x, k2 ) + PM™4(x, k% ). (5)
The vacuum part of the splitting function reads:
a 1
PYC(x, k3) = —= P (%), 6
i ( J_) 27 1 ( )kﬁ_ ( )

where «; is the strong coupling constant and P}*“(x) is the stan-
dard transverse momentum independent splitting function in vac-
uum. To account for the running coupling effect, we take the scale
in o5 as: Q2 =k3 /[x(1 — x)]. Note that the above formula is valid
for single splitting, and to resume multiple splittings, there would
be a Sudakov form factor associated with the vacuum splitting
function. Here for simplicity, we work directly on single splitting
kernels. The inclusion of Sudakov factor for vacuum splitting would
lead to a slight change of the relative contributions from vacuum
and medium-induced splittings (this change requires a small ad-
justment of jet transport parameter § in our calculation in order
to describe the nuclear modification data); we leave this as a fu-
ture effort. In this work, the medium-induced contribution to the
parton splitting function is taken from the higher twist formalism
[71,72]:

2065
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1

PMed(x, k2 ) =

where 7 represents the time of parton-medium interaction, §g is
the gluon jet transport coefficient which denotes the transverse
momentum broadening per unit time via elastic scatterings, and
Tf =2Ex(1 — x)/ki is the formation time of the radiation (split-
ting) with E as the energy of the parent parton.

To evaluate the medium-induced splitting function in realistic
heavy-ion collisions, we couple Eq. (7) to hydrodynamic models
[73-76] that provide the space-time evolution of the QGP fire-
balls. With the knowledge of the local temperature T and flow
four-velocity u along the path of a given jet, the local § is calcu-
lated via:

=3 T3(t,7) p-u(z,7)
,T)=(o =
T3 (10,00 PO

, (8)
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where T (1, 6) and g are defined as the initial temperature and
transport coefficient at the center of central (0-10%) A+A colli-
sions, p* is the four-momentum of the propagating parton, and
the p-u/p? factor takes into account the flow effect on the effec-
tive value of g [78]. Throughout our following discussion, § gen-
erally denotes the quark transport coefficient; the gluon transport
coefficient g4 can be converted via the Casmir factors §Ca/Cr.

To directly compare to the measured jet splitting function
p°b5(zg) observed at a given pt € (pr,1, p1,2) range in the experi-
ments, one needs to convolute the above splitting function p(zg)
with both the initial parton spectra and the jet energy loss cal-
culation (in the presence of the medium). The expression for the
observed zg distribution reads:

1 -
- Z / d2XPX)
total .

1=4.8

pObS(zg) =

PE5=P3+AE,
< [ b PP (9)

Py =P} +AE:

Here, P(;() denotes the probability distribution for the initial pro-
duction vertex X of the jet parton in the transverse plane (for
A+A collisions) which is obtained via the Glauber model calcu-
lation. The initial momentum space distribution of jet partons are
calculated using the leading order perturbative QCD cross sections
convoluted with the CTEQ parameterizations [79] for the parton
distribution function and the EPS09 parameterizations [80] for the
initial state nuclear shadowing effect in A+A collisions. In the fol-
lowing discussion, the superscript “obs” on the left hand side of
Eq. (9) will be neglected for simplicity. The energy loss AE expe-
rienced by a given jet, which depends on the path (and thus its
production vertex and propagation direction), can in principle be
obtained via the integral of the medium-induced splitting function
weighted by the energy of emitted gluon:

AE = fdxdki(xE)FmEd(x, ki)a(% —x)0(k, —kg). (10)

Here, we only consider the energy loss due to the out-of-cone ra-
diation and treat the energy loss of the two splitted subjets as a
single parent jet parton interacting with the medium and lose en-
ergy coherently. Such (coherent energy loss) treatment is partly
motivated by the finding that the color coherence among the jet
constituents may not be resolved by the QGP medium [50,51,69]. It
is also consistent with our finding that using independent energy
loss for the two subjets cannot explain the observed pattern for
the nuclear modification of the momentum sharing z¢ distribution,
as will be illustrated in details in Sec. 5. We note that the above
semi-analytical evaluation using Eq. (10) neglects the effects due
to the possible multiple soft splittings and the variation of parton
energy during the propagation through the medium. To account for
these effects, in this work we use the linear Boltzmann transport
(LBT) model [24,81,82], that is based on the same higher twist for-
malism, to simulate the medium modified parton showers through
the QGP and extract the amount of energy (AE) that flows out-
side the jet cone R. Since a large cone size R = 0.4 is used in this
work, AE is usually small as compared to the initial jet energy. We
have verified that the obtained jet energy loss with this state-of-
the-art parton-by-parton simulation quantitatively agrees with the
direct estimation using Eq. (10) except for very small jet energies
for which the effect of jet energy variation during its propagation
is more important.
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Fig. 1. (Color online.) Vacuum jet splitting function for different jet pr ranges com-
pared to the groomed jet measurements in p+p collisions at \/syy = 5.02 TeV by
CMS [66], in p+p collisions at /Syy =200 GeV by STAR [67], and in p-Pb collisions
at /syy =5.02 TeV by ALICE [83].

3. Nuclear modification of jet splitting at RHIC and the LHC

In this section, we provide the numerical results for the nu-
clear modification of jet splitting function at the LHC and RHIC
and compare them to the experimental data from CMS and STAR
Collaborations. The nuclear modification factor of jet splitting func-
tion, Rp(z,), is defined as the ratio between the medium-modified
p(zg) in A4A collisions and the vacuum p(zg) in p+4p collisions:

p(zg) |aa
p(zg) lpp ’

where the denominator is the p+p baseline that only includes the
vacuum contribution, while the numerator is for A+A collisions
and includes both vacuum and medium-induced contributions.

We first show in Fig. 1 the vacuum jet splitting function for
different jet pr ranges. The experimental data for the groomed jet
momentum sharing zg distribution in p+p collisions at /syy =
5.02 TeV from CMS Collaboration, in p+p collisions at /Syy =
200 GeV from STAR Collaboration, and in p-Pb collisions at
JSNN = 5.02 TeV from ALICE Collaboration, are shown for com-
parison. Our calculation shows very weak dependence on the jet
pr of the vacuum jet splitting function. One can see that a reason-
able description of the zg distribution in p+p (and p-Pb) collisions
is obtained from our calculation, which serves as the baseline for
studying the medium modification in relativistic heavy-ion colli-
sions.

In Fig. 2, we present the nuclear modification factor Ry, of
single inclusive jet splitting function in central (0-10%) and mid-
peripheral (30-50%) Pb+Pb collisions at 5.02 ATeV. The evolution
profile of the QGP medium is provided by the (3+1)-dimensional
hydrodynamic model CLVisc [73,74]. Fig. 2 shows the results using
two different values of Gg (2 and 4 GeVZ/fm). One can see that the
modification of jet splitting function is stronger for larger value
of Go and in more central collisions. The use of §o =4 GeV?/fm
can describe quite well the nuclear modification data of the mo-
mentum sharing zg distribution from CMS Collaboration. To further
investigate the transverse momentum dependence of Rp(,), we
present in Fig. 3 the nuclear modification factor of jet splitting
function for more pr ranges in central (0-10%) Pb+Pb collisions.
Combining with the two panels for central (0-10%) collisions in
Fig. 2, we observe that within the pr ranges explored here (and
by CMS), the nuclear modification becomes weaker with increas-

ing jet pr.

p(zg) = (11)



426

N.-B. Chang et al. / Physics Letters B 781 (2018) 423-432

1.6

1.4

—

Pl n 7 PEL,
\S)

0.8

0.6

T
0-10%

R=0.4, AR>0.1

CMS

14OGeV<pT<160GeV °

I T
0-10%
1 60GeV<pT<1 80GeV

s
Z

— = G20 GeVZfm
—_ §,=40 GeVZ/fm ]

1.6

1.4

-

P/ PEYL,

0.8

0.6

Fig. 2. (Color online.) Nuclear modification factor Rpz,) of jet splitting function in central 0-10% and mid-peripheral 30-50% Pb+Pb collisions at 5.02 ATeV for two different
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Fig. 4. (Color online.) Nuclear modification factor Rp,) of single inclusive jet split-
ting function in central 0-20% Au+Au collisions at 200 AGeV. The experimental data
are taken for dijet events from STAR [67].

In Fig. 4, we show the nuclear modification factor Rp(,) of
single inclusive jet splitting function in central (0-20%) Au+Au
collisions at 200 AGeV and compare to the STAR result for the
triggered and recoiled jets in dijet events [67]. Here, the QGP
medium is simulated utilizing the (2+1)-dimensional viscous hy-
drodynamic model VISHNew [75,76]. The initial quark transport
coefficient is taken to be §o as 2 GeV2/fm in central Au+Au col-
lisions at 200 AGeV, which is half of that for central Pb+Pb colli-
sions at 5.02 ATeV due to the lower initial density and temperature
of the QGP medium. We can see that our calculation provides a
good description of the STAR measurements of the nuclear modi-
fication of the groomed jet zg distribution for both triggered and
recoiled jets. We note that in our current semi-analytical calcula-
tion, we have not applied the same trigger conditions as done by
STAR Collaboration. This is justified since STAR has observed simi-
lar (and small) magnitudes for the nuclear modification of zg dis-
tribution for both triggered and recoiled jets (while trigger condi-
tions used by STAR tend to select more hard-fragmenting triggered
jets which are expected to be less affected by the QGP medium
[46,51,77], the recoiled jets should experience more medium mod-
ification effect). We also point out that STAR measurement does
not require AR > 0.1, therefore, we show our result with smaller
values of AR cut (0.05 and 0.01 for py = 20-30 GeV). One
can see that for smaller AR cut, the nuclear modification ef-
fect for the zg distribution becomes smaller; this is because the
groomed jet splitting is more dominated by the vacuum contribu-
tion.

One interesting feature from the RHIC result is that both STAR
data and our calculation show much smaller nuclear modification
of the jet splitting function at RHIC than at the LHC. One obvious
effect is the smaller go and medium size due to the lower col-
lision energy (thus lower initial energy density and temperature)
at RHIC compared to the LHC. But even with the same value of
Go = 2 GeV?/fm for both RHIC and the LHC, the nuclear modifica-
tion is still weaker at RHIC, which is hard to explain based on the
naive expectation from the LHC result, i.e., the nuclear modifica-
tion is stronger for smaller jet energies. In fact, Fig. 4 shows the
opposite jet energy dependence at RHIC, i.e., weaker nuclear mod-
ification of jet splitting function for smaller jet energies. The origin
of this non-monotonic jet energy dependence will be analyzed in
detail in the next section.
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Fig. 5. (Color online.) The fractional contribution F™ from medium-induced jet split-
ting to the integrated jet splitting probability as a function of jet pt at RHIC and the
LHC.

4. Non-monotonic jet energy dependence of Rpz,)

In the previous section, we have seen that the nuclear modifica-
tion of jet splitting function exhibits a non-monotonic dependence
on jet energies. As we will show in this section, such non-mono-
tonic behavior originates from two competing factors when jet
pr increases (decreases): (1) the medium-induced contribution to
jet splitting function as compared to the vacuum contribution be-
comes smaller (larger); (2) the shape of the medium-induced split-
ting function with respect to x or z; becomes deeper (flatter).
The first factor can explain the diminishing nuclear modification of
the groomed jet momentum sharing zg distribution with increas-
ing jet pr (observed by CMS), while the second factor can explain
the observation of the small modification of the groomed jet zg
distribution for lower pr jets at RHIC (observed by STAR). The com-
bination of the above two effects generates a non-monotonic jet pr
dependence of the nuclear modification of jet splitting function.

The first factor can be easily understood from the fact that
within the higher twist formalism, the medium-induced splitting
function is directly controlled by [drq(r) /kzl as compared to
the vacuum splitting function. From the relation k; = 2prx(1 —
x)tan(6/2), the k; dependence can be directly translated to the jet
pr dependence for the groomed jet momentum sharing z; mea-
surements. As jet energy is increased, the medium-induced contri-
bution to jet splitting function decreases and accordingly the nu-
clear modification of the momentum sharing z; distribution tends
to diminish as well. To quantitatively illustrate such effect, we may
define the fractional contribution F[" from the medium-induced
splitting to the integrated jet splitting probability as follows:

2
Z]cé [2 dx fksz dkzlP,r-ned(x, k%)
F'm = 1/2 k2 —Avac —med ’ (12)
Jul? dx ft dict [P i) + PP i) |

In Fig. 5, we show this fractional contribution F{" for quark jets
as a function of the jet pt. One observes that the contribution from
the medium-induced splitting to the total jet splitting probability
becomes smaller as one increases the jet energies at both RHIC and
the LHC. The medium-induced contribution becomes very small for
jet pr > 400-500 GeV at the LHC. This explains the observation by
CMS Collaboration that the nuclear modification of the groomed
jet momentum sharing zg distribution diminishes for very large
jet pr.
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Fig. 6. (Color online.) Vacuum and medium-induced z; distribution for different val-
ues of jet pr at the LHC.

On the other hand, as jet pr decreases, the contribution from
the medium-induced splitting compared to the vacuum splitting
becomes more important. However, the nuclear modification of
the normalized momentum sharing z; distribution also depends
on the shape of the medium-induced splitting function. In fact,
the shape of the medium-induced splitting function with respect
to the momentum fraction x or zg are different between large
and small jet energies. Within the higher twist formalism, one can
show that:

2
k%

— 1 11 E;
/dkiP?Ed(x,ki)e{ /x, small E;

13
1/x3, large E. (13)

&
This indicates that with decreasing jet energy, the shape of the
medium-induced splitting function with respect to x becomes flat-
ter, changing from 1/x3 to 1/x for large and small jet energy limits.
More quantitative result for this behavior is shown in Fig. 6. One
can see that the medium-induced splitting function becomes flat-
ter with decreasing jet pr. Combining with the smaller gy and
smaller size of QGP medium at RHIC than at the LHC, our calcula-
tion can explain why STAR observes little nuclear modification of
the momentum sharing z, distribution for the groomed jets with
pr = 10-30 GeV.

Since there exists a non-monotonic dependence on jet energy,
the maximal nuclear modification of the jet splitting function
should be in the intermediate jet pr regime. In Fig. 7, we show
our prediction for the nuclear modification of the groomed jet
momentum sharing distribution as a function of jet prt. For the
purpose of good resolution, we only show the values of the nu-
clear modification factor Rp(z,) around the two endpoints: zg = 0.1
and zg = 0.5. The non-monotonic jet energy dependence of Rpz,)
can be clearly seen for both RHIC and the LHC. Note that the nu-
clear modification effect is smaller at RHIC than at the LHC (even
with the same value of o), which mainly originates from the fact
that both the size and the initial density of the QGP medium
are smaller at RHIC than at the LHC. From Fig. 7, we see that
the maximal nuclear modification of the groomed jet momentum
sharing zg distribution is at around 50-60 GeV at RHIC and at
around 70-90 GeV at the LHC, respectively. Future measurements
of groomed jets with a wider range of jet pr (lower jet energies at
the LHC or larger jet energies at RHIC) should be able to test our
result.
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Fig. 7. (Color online.) Jet pr dependence of the nuclear modification factor Rp(z,) of
the momentum sharing distribution for groomed jets at RHIC and the LHC for two
zg values: zg =0.105 and zg = 0.495.

5. Effect of independent subjet energy loss

In the previous sections, we have calculated the energy loss of
jets due to the out-of-cone radiation assuming that the two sub-
jets interact with the QGP medium coherently and lose energy like
a single parent parton. Based on such coherent energy loss as-
sumption for the two subjets, we are able to explain the CMS-STAR
puzzle and have found a non-monotonic jet energy dependence of
the nuclear modification of jet splitting function. In this section,
we will show that the application of independent (incoherent) en-
ergy loss to the two splitted subjets cannot explain the nuclear
modification pattern of the groomed jet momentum sharing zg
distribution observed by CMS and STAR Collaborations.

Consider a jet splitting into two subjets with the momentum
fractions z; and z; =1 — z;. Here we take z; < 0.5 <z, and
thus the initial momentum sharing variable zI™ = z;. If the two
subjets lose energy in the QGP medium independently, then af-
ter traversing the QGP, their energy fractions with respect to the
initial jet energy will be changed and are denoted as z; and Z).
From z1/z; <1, one typically obtains z;/z, < z1/z; <1 since the
fractional energy loss usually decreases with increasing jet energy.
One may further show that the final momentum sharing variable
2 = 7} /(z) + 24) < ZIM; this implies the momentum sharing zg
becomes smaller after independent energy loss of the two subjets.

We can test the above effect using the linear Boltzmann trans-
port model [24,81,82]. Here for simplicity, we assume that the jet
splits into two subjets at the starting time of the QGP formation
and then evolve in the QGP independently. The numerical result
for the shift of the z; value due to the independent energy loss
of the two subjets is shown in Fig. 8 for various jet pt. We ob-
serve that the value of the z; variable indeed becomes smaller,
which means the energies carried by the two subjets become more
asymmetric after independent energy loss. One naive expectation
would be that the momentum sharing variable zg distribution be-
comes deeper. However, this is not the case. Note that the value
of zgn can be smaller than the cut zq = 0.1 after independent
energy loss of the two subjets, as shown in Fig. 8. Events with
Zg < Zcyt = 0.1 do not contribute to the final normalized zg distri-
bution, therefore, the above expectation does not hold.

To perform a more quantitative analysis, we incorporate the ef-
fect of independent subjet energy loss on the modification of the
groomed jet zg distribution as:
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Fig. 8. (Color online.) The relation between Azg and zig“i considering independent
energy loss of the two subjets originated from gluon jets (at the LHC).
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where P(Azg\zfg“i) accounts for the effect of the momentum shar-
ing variable shift Azg; due to the independent subjet energy loss.
Since after subjet energy loss, the value of zg“ might be smaller
than zcy = 0.1, the final normalized momentum sharing distribu-

tion should be obtained as:

dNﬁn

fi

dzg"
f1/2 AindNin *
Zcut g dzg"

p™(zgM = (15)

First, we apply the independent subjet energy loss effect on
the vacuum splitting function; this mimics the picture that the
vacuum-splitted subjets lose energy independently in the QGP
medium via medium-induced radiative process. Similar study has
also been performed in Ref. [69]. Our result for the nuclear mod-
ification factor Rp,) is shown in Fig. 9. One can see that the
modification pattern of momentum sharing variable zg distribu-
tion is very different from the experimental data on the nuclear
modification of the normalized zg distribution obtained by CMS
and STAR Collaborations. In particular for large jet pr, there is an
enhancement at large z; and a suppression at small z; for the nor-
malized z, distribution. This indicates independent subjet energy
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Fig. 10. (Color online.) The modification effect on the medium-modified zg distri-
bution at the LHC due to the zg shift caused by independent energy loss (IEL) for
subjets.

loss may flatten the normalized zg distribution of the groomed
jets (in contradiction to the naive expectation from the z, shift to
smaller values).

In order to understand more clearly the independent sub-
jet energy loss effect on the zg distribution, we may analyze
Eq. (14) by taking the initial z; distribution to be a power law, i.e.,
dN™ /dzif ~1/(zi")*. Using a § function for the probability dis-
tribution P(Azg|zg‘i), one may perform the integration over dAzg.
The Taylor expansion for small Azg renders:

LR B B O o2 (16)
dzin | T (Zfimye Ziin ’
where J =1— dAii;"' is the Jacobian factor. One can
ng ini___fin
zg'=zg"+Azg

see from the above equation that the effect of independent subjet
energy loss on the normalized z distribution is controlled by both
the shape of the initial z distribution and the details of the zg
shift (Azg) as a function of zfg“i.

Applying the above argument to Fig. 9, since the initial in-
put is the vacuum splitting function with a roughly fixed « value
[Pvac(zg) ~ 1/zg, a ~ 1], the nuclear modification pattern of the
normalized zg distribution is almost entirely determined by the
shift Azg as a function of zg. From Fig. 8, one can see that the rel-
ative zg shift (the value of Azg/zg) at large zg is typically smaller
than that at small zg. Therefore, the shape of the z; distribution
will indeed become flatter after the inclusion of the zg shift caused
by independent subjet energy loss. In addition to such zg shift ef-
fect, the Jacobian factor |7|~! also plays a role in explaining the
detailed modification pattern as shown in Fig. 9. From Fig. 8, we
can see that dAzg/dzy is positive (17171 > 1) for small zg and
negative (|7|~! < 1) for large zg. This means that the Jacobian
factor will cause the suppression effect at large z; and the en-
hancement at low zg; this effect is opposite to the relative zg shift.
The combination of the above two competing effects gives the rich
modification pattern in Fig. 9 for the normalized zg distribution
caused by independent subjet energy loss.

The above flattening effect on the normalized z, distribution
caused by the zg shift also depends the initial z; distribution (i.e.,
the value of the power index «): the flattening effect is typi-
cally stronger for larger values of «. This can be clearly seen in
Fig. 10, where we show the effect of independent subjet energy
loss applied on the medium-modified z, distribution. This mimics
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from medium-induced splitting and the independent energy loss (IEL) for subjets.

the picture that the two subjets produced from medium-modified
splitting lose energy independently in the QGP medium. Compared
to Fig. 9, we indeed observe a stronger flattening effect on the nor-
malized z, distribution; this is because with the inclusion of the
medium-induced splitting contribution, the initial z; distribution
used here is deeper than the vacuum zg distribution.

In Fig. 11, we show the nuclear modification factor Rp(zg) of
the groomed jet zg distribution with the inclusion of indepen-
dent subjet energy loss as well as the medium-induced splitting.
We see that the medium-modified normalized z; distribution as
compared to the vacuum one is suppressed at large zg; such ef-
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fect is larger for smaller jet pr. Compared to the previous section
where the coherent energy loss of the two subjets is applied, the
most interesting feature is that for a wide range of jet pr explored
here, the non-monotonic jet pt dependence of the nuclear modifi-
cation factor Rp(z,) disappears when the independent energy loss
of the two subjets is applied together with the inclusion of the
medium-induced splitting contribution. This seems to suggest that
the independent (incoherent) subjet energy loss cannot explain the
experimental data on the nuclear modification factor of the nor-
malized zg distribution obtained by CMS and STAR Collaborations.
Considering that the two subjets would tend to decouple from
each other for sufficiently large angular separation, it would be in-
teresting to vary the angular separation between the two subjets
in future measurements in order to explore coherent and indepen-
dent subjet energy loss scenarios and in-between.

Finally, to illustrate the effects of different jet-medium interac-
tion mechanisms on the modification of the zg distribution, we
show in Fig. 12 the modification patterns of the groomed jet
momentum sharing z; distributions for three different scenarios.
For Case (1), we apply coherent energy loss of subjets on the
medium-modified zg distribution, which has been described in
details in Sections 2, 3 and 4. For Case (2), independent energy
loss of subjets is applied on the medium-modified z, distribution;
this describes the situation that the two subjets produced from
medium-modified splitting lose energy independently in the QGP
medium. For Case (3), we put independent subjet energy loss ef-
fect on the vacuum splitting function, which mimics the picture
that the vacuum-splitted subjets lose energy independently via
the medium-induced radiative process. Case (2) and Case (3) have
been elaborated above in this section. One can see the clear differ-
ence among different jet-medium interaction scenarios, and only
Case (1) can describe the CMS (and STAR) groomed jet measure-
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ments, especially the jet pr dependence for the nuclear modifica-
tion of the momentum sharing zg distribution. Our finding seems
to indicate that a large portion of the jets observed in the experi-
ments are not resolved by the QGP medium and act coherently as
a single jet (parton), consistent with the picture of color coherence
argued in Refs. [50,51,69].

6. Summary

We have studied the nuclear modification of jet splitting in rel-
ativistic heavy-ion collisions at RHIC and the LHC energies based
on the higher twist formalism. It is interesting to find that dif-
ferent subjet energy loss scenarios produce different nuclear mod-
ification patterns of jet splitting function. Our result shows that
the observed nuclear modification pattern of the zg distribution
of groomed jets cannot be explained solely by the independent
(incoherent) energy loss of the two splitted subjets. In contrast,
with the assumption of coherent energy loss of the two subjets in
the QGP medium, we have found a non-monotonic jet energy de-
pendence of the nuclear modification of jet splitting function: the
maximal modification at intermediate jet energies and diminishing
modification at larger and smaller jet energies. Combined with the
smaller size and lower density of the QGP medium at RHIC than
at the LHC, our result can explain the current puzzle between CMS
and STAR groomed jet measurements: strong nuclear modification
has been observed for the momentum sharing z, distribution at
the LHC while no obvious modification of the zg distribution has
been seen at RHIC.

This work constitutes an important contribution to the study of
jet-medium interaction and jet substructure in relativistic heavy-
ion collisions. Future measurements of the groomed jets with a
wider range of jet energies at both the LHC and RHIC can test
our finding about the non-monotonic jet energy dependence of
the nuclear modification of jet splitting function. To explore in de-
tail the coherence and decoherence effects for the full jets [50,51,
69], one may vary the angular separations between two subjets in
future groomed jet measurements. These studies will help our un-
derstanding on the branching (splitting) process and energy loss
mechanism of full jets during their traversing and interacting with
the hot and dense QGP produced in high-energy nucleus-nucleus
collisions.
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