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Abstract: We investigate cold nuclear matter (CNM) effects on the productions of isolated prompt photons and y+jet
in proton-lead collisions at 8.16 TeV under next-to-leading order perturbative quantum chromodynamics calculations
with four parameterizations for nuclear parton distribution functions (nPDFs), i.e., DSSZ, EPPS16, nCTEQ15, and
nIMParton. Our theoretical calculations provide good descriptions of the pp baseline in the ATLAS collaboration and
make predictions for future experimental results at p+Pb collisions. We calculate the dependence of the nuclear modi-
fication factor of isolated prompt photons on transverse momentum p% and pseudo-rapidity r” at very forward and
backward rapidity regions, and we demonstrate that the forward-to-backward yield asymmetries Y;;{)m as a function

of p% with different nPDF parameterizations have diverse behaviors. Furthermore, the nuclear modification factor of
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isolated-y+jet Rppb
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Jet

. . . 1 .
as a function of y+jet's pseudo-rapidity 7,5e = 5(777 +1yer) at different average transverse mo-

menta p;"g = —(p% +pr ) has been discussed. This can facilitate a tomographic study of CNM effects with precise

2

locations in a rather wide kinematic region by varying the transverse momenta and rapidities of both isolated photons

and jets in p+A collisions.
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1 Introduction

In high-energy nuclear physics, productions of
prompt photons and photon-associated jets with high
transverse momentum are valuable observations of the
short-distance dynamics of quarks and gluons [1]. Be-
cause the prompt photon is precisely calculable by per-
turbative quantum chromodynamics (pQCD) at higher or-
der corrections and carries no color charge like other
gauge bosons, it has been widely regarded as an optimal
probe of the initial state of collisions [2-6], as well as an
excellent tag of an inversive parton (jet) to quantify the
mechanisms of jet quenching in ultrarelativistic heavy-
ion collisions [7-14]. In the past few years, the ATLAS
[15-17] and CMS [18-20] collaborations have made many
measurements on isolated prompt photon and y-+jet pro-
ductions in proton-proton, proton-nucleus, and nucleus-
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nucleus collisions. The isolated photon's nuclear modific-
ation factor depending on the photon transverse energy
E] measured in most central Pb-Pb collisions has large
uncertainty, it also shows centrality dependence at lim-
ited EY intervals [7]. y+jet events have been discussed to
extend the study of the tomography of quark-gluon
plasma (QGP) created in heavy-ion collisions. For in-
stance, the distribution of photon plus jet transverse mo-
mentum imbalance (xj7 =pi/ p%) indicates that most of
the jet's initial energy would be damped and deposited in
most central Pb+Pb collisions [20]. In this study, we em-
ploy the productions of isolated photons and photontjet
in pt+A collisions to probe the initial-state cold nuclear
matter (CNM) effects.

In elementary hadron-hadron collisions, with pQCD,
the cross-section of the leading particle (and jet) could in
general be expressed as a convolution of the parton distri-
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bution functions (PDFs), hard partonic cross-section, and
fragmentation functions (FFs) if applicable. The PDF for
a parton i from the free proton ( fl.” (x,0%)) is nonperturbat-
ive in the frame of the QCD collinear factorization theor-
em [21, 22] and its evolution in the scale Q? can be depic-
ted as the DGLAP equations [23-25]. In p+A collisions,
PDFs in the nuclear environment should be modified ow-
ing to different CNM effects, such as shadowing, anti-
shadowing, the EMC effect, and Fermi motion [26]. It is
expected that the QCD factorization theorem may hold
for nuclei as a good approximation, and we can replace
the PDF in a free proton ( fip (x, 0%)) with the nuclear PDF
(nPDF) (f(x,0%) to effectively include different CNM
effects to study hard processes in p+A collisions.

In the past three decades, our understanding of global
fits of nPDFs have been regularly enriched by the grow-
ing experimental results of the fixed-target deep inelastic
scattering (DIS) and low-mass Drell-Yan (DY) dilepton
measurements [27-29], as well as the theoretical predic-
tions from leading order (LO) up to next-to-next-to-lead-
ing order (NNLO) [30-33]. In the DSSZ framework [34],
the global analysis for the nPDFs is presented as the ratio
of parton distributions in a proton of a nucleus and in a
free proton, R (x,0%) = fA(x,0%)/f"(x,0%) , evolving at
the initial scale Qp = 1 GeV. The DSSZ analysis not only
uses the /*/u—DIS datasets and p+A DY datasets, but also
first includes the inclusive pion production in the deuter-
on and gold collisions at PHENIX to constrain the nucle-
ar gluon PDF. EPPS16 [35] is an extension of the previ-
ous EPS09 framework [36] with the additional experi-
mental data from proton-lead collisions at the LHC [37-
39] for the first time. It offers a less biased and flavor-
dependent fitting analysis for nuclear PDFs. Following
the CTEQ global PDF fitting framework [31, 40, 41],
nCTEQI15 [42] describes the nuclear dependence of nPD-
Fs at next-to-leading order (NLO) on different nuclei, in-
cluding Pb. nIMParton [43] is a global analysis based on
two datasets of nuclear DIS data, which either only con-
tains isospin-scalar nuclei or all nuclear data. The differ-
ence between the fitting functions obtained by these two
datasets is in the shadowing (small x region) effects. In
addition, Fermi motion, the off-shell effect, nucleon
swelling, and parton-parton recombination are con-
sidered together in the nIMParton framework. Other para-
meterizations of nPDFs have also been proposed [44-48],
and so far, owing to the lack of sufficient experimental
data, limited constraints and large uncertainties appear in
the nuclear gluon distribution, especially in the small-x
and large-Q? region, and the nuclear quark distribution at
large x for all sets of nPDFs.

In this work, we study the isolated prompt photon and
y+et productions in proton-lead collisions at LHC en-
ergy +/syy =8.16TeV using the JETPHOX NLO pQCD
software [1, 49, 50] with updated proton PDFs _ CT14

parametrization [41]. The nPDF parametrizations (DSSZ,
EPPS16, nCTEQI15) are performed at NLO accuracy and
the nIMParton is based on LO calculations with parton-
parton recombination. These four sets of nPDF paramet-
erizations have been utilized in obtaining the photon and
photon-associated jet cross-sections in p+A collisions.
We calculate the nuclear modification factors Ryp, for
isolated photon production as a function of transverse
momentum p% and pseudo-rapidity n” at both forward and
backward rapidity regions, the forward-backward asym-
metry Ys;{)m for isolated photon production as a function
of pJ, and the nuclear modification factors Rppy, for y+jet
production as a function of n, at limited p7® intervals.
We address the quantification of dominant Bjorken x re-
gions detected under different specific rapidity and trans-
verse momentum ranges.

The remainder of this paper is organized as follows:
in Section 2, we describe our pQCD predictions of
prompt-photon-associated-jet inclusive cross-sections in
proton-proton collisions at 8§ TeV. In Section 3, we dis-
cuss the nuclear modification of isolated prompt photon
productions at both forward and backward regions at 8.16
TeV. In Section 4, the CNM effects on photon+jet pro-
ductions are studied at different transverse momentum in-
tervals at 8.16 TeV. Finally, we summarize this work in
Section 5.

2 Photon and photon+jet productions in P+P

High-pt prompt photons mainly arise from two pos-
sible mechanisms in hadronic collisions, produced dir-
ectly in the hard sub-processes referred to as "direct"
photons or fragmented from an energetic parton. We con-
sider that the NLO-inclusive cross-section for the produc-
tion of prompt photons with transverse momentum p is
given by the sum of the fragmentation and direct contri-
butions, written as [1, 50],

a’(p%) =4P (p%;,u;M; MF)
1
+;fo Lot (o M) D] M), (1)

where u is the renormalization scale, M is the initial state
factorization scale, and M is an arbitrary final state frag-
mentation scale. The contribution 67 denotes the parton-
ic cross-section for producing a parton convoluted with
the PDF of the incoming proton, and D] is the fragmenta-
tion function of a parton k (quarks, anti-quarks, and
gluon) into a photon. ¢ includes the partonic cross-sec-
tion for producing a direct photon and the corresponding
PDFs. Experimentally, there are also secondary photons
originated from hadron decay during the collisions, and
therefore an isolation cut would be applied for the sub-
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stantial production of photons. A photon is isolated if the
amount of deposited hadronic transverse energy Er is not
more than a specific upper limit Eif" in a fixed radius
Rio = \/ (n—ny)*>+(¢—¢,)? in pseudo-rapidity and azi-
muthal angle around the photon direction. This restric-
tion on the yields of isolated photons could not only re-
ject the secondary decay photons, but also reduce the
contribution from fragmentation processes. In the follow-
ing, we focus on the production of isolated photons and
isolated photon-tagged jets in hadronic collisions.

We calculate isolated photon and jet productions in
proton-proton collisions at 8 TeV using the JETPHOX
NLO pQCD program [1, 49, 50] with CT14 nPDFs [41]
in accordance with the ATLAS experiment [16]. The isol-
ated energy cut for a photon has been set as E&° <6 GeV,
and the isolated cone of radius in the pseudo-rapidity and
azimuthal angle plane is R.oe = 0.4. Moreover, photons
are selected if their transverse momentum p% > 130GeV
and |”] < 2.37, except for 1.37 < |”| < 1.56. Jets are recon-
structed by the anti-k; algorithm with cone size R =0.6
and p' > 100GeV and [7*'| <4.4. In Fig. 1, we calculate
the differential cross-section do-/dpX up to pX =1 TeV in
proton-proton collisions at 8 TeV, and our theoretical pre-
dication shows good agreement with the ATLAS experi-
mental results.
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Fig. 1.
jet as function of p% in p+p collisions at 8 TeV and the
NLO pQCD theoretical calculations JETPHOX).

(color online) Cross-section of isolated photon plus

3 Isolated photon in p+Pb collisions at very
forward and backward rapidity

The inclusive cross-section for the isolated photon
production in proton-nucleus collisions could be evalu-
ated by using nPDFs as substitutes for free-nucleon PD-
Fs in the collinear factorization framework as stated
above, which could effectively include different CNM ef-
fects.

In our calculations, we obtain the nPDFs f[A(x, Q%) by
multiplying the CT14 PDFs [41] with a flavor- and scale-

dependent factor R (x, 0%) taken from four different para-
meterizations, DSSZ [34], EPPS16 [35], nCTEQI15 [42],
and nIMParton [43]. These four parameterizations for the
nPDFs are similar, in that they categorize CNM effects
with Bjorken x region into shadowing, anti-shadowing,
EMC effect, and so on, but differ in the specific formal-
isms and parameters for describing the CNM effects and
the input experimental data used in the global fits. DSSZ,
nCTEQ15, and EPPS16 could be convoluted in the ex-
pression for calculating the photon production at NLO,
because they are also quantified in the NLO pQCD
framework. The LO results for photon production are ap-
plied with nIMParton parameterization to maintain the
consistency of the analysis.

The nuclear modification factors in proton+lead colli-
sions are defined as:

doP™ /dpr
(Neon)do PP /dpt

with (N.o) representing the number of binary nucleon-
nucleon collisions by the Glauber model [51].

Now we can make our theoretical predictions for the
isolated prompt photon production in p+p and p+Pb colli-
sions at the very forward rapidity region 3 <n” <4 at
vsvy =8.16TeV with ATLAS isolated cuts for phot-
ons [16], along with the photon transverse momentum
constrained in the range 40 GeV < p. <300 GeV. We dis-
play the nuclear modification ratio Rgpb as a function of
p% in the upper panel of Fig. 2. The momentum fraction
carried by the initial parton from the incoming particle
can be approximately estimated to LO as x,=

2)

Rppy =

T . .o
o (e™ + &™), where x| (x,,) is the initial parton com-
SNN

ing from the proton in the +z direction, x»(xyp) is the ini-
tial parton coming from lead in the —z direction in p +Pb
collisions, and y;  is the rapidity of y and the associated
jet respectively. The estimated average Bjorken (xpy) has
been defined as the event's average value of Bjorken xpy,
in the JetPhox simulation. In the bottom panel of Fig. 2,
we show the estimation of the parton's average mo-
mentum fraction off-nucleus based on NLO results in
JETPHOX. We have checked that (xp,) for the nPDF
parameterizations vary slightly from each other. We can
see that the average Bjorken (xp,) is lower than 0.055 at
the very forward rapidity region, which represents the
shadowing effect dominating the CNM effects.
Moreover, the average Bjorken (xpy,) has a positive linear
dependence with p% expected in its LO estimation.

In Fig. 2, we see that the shadowing effect of DSSZ is
unremarkable on the suppression of isolated photon pro-
duction in p+Pb collisions when the average Bjorken
(xpp) < 0.055. We also notice that DSSZ's Rgpb(p¥) shows

a very weak p? dependence, which means its shadowing

044104-3



Chinese Physics C

Vol. 43, No. 4 (2019) 044104

LI L I IR BRI B
Vs = 8.16 TeV,3 < g7 < 4,Eir < 3GeV

1.4 — - DSSZ
—— nIMParton
12 === nCTEQI15
L e EPPS16

\

\

o
= b
=

UL B B I

W
St
S

50 100 150 200 250
Py (GeV)

Fig. 2.
lear modification ratios Rypp, for p-Pb collisions at+/s = 8.16
TeV and 3 <n” <4 using the nCTEQ15, EPPS16, DSSZ,
and nIMParton nuclear modifications and the CT14 free-
proton PDFs. (Bottom) Corresponding average Bjorken
(xpp) as function of pJ.

(color online) (Upper) Comparison between the nuc-

effect is nearly independent of the photon's transverse
momentum in DSSZ at the forward rapidity region.
Meanwhile the other three parameterizations' shadowing
effects decrease with pJ increasing upon 3 < 7 < 4. Addi-
tionally, we observe that the shadowing of the brand-new
nPDF parametrization, nIMParton, is only weaker than
that of nCTEQ15 in our discussion.

In Fig. 3, a similar phenomenon of the positively lin-
ear correlation between (xp,) and p% has been shown at
backward rapidity —4 <7n” < -3. However, the estimated
average Bjorken (xp,) ranges from 0.25 to 0.8, which
mostly correspond to the EMC effect. We could go a little
further to distinguish the EMC maxima of the four differ-
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Fig. 3. (color online) Same as Fig. 2, except at backward

rapidity —4 <n? < -3.

ent parameterizations from each nuclear modification
factor's extreme point. For example, nIMParton's EMC
minimum appears at pZ =150 GeV and the correspond-
ing average Bjorken is located around (xpy) = 0.5, which
is the lowest in our results. We further investigate the cor-
relations between xp, and p% at both forward and back-
ward rapidities to NLO, as shown in Fig. 4. We observe
the broadening of Bjorken xp, at a specific pJ interval
owing to higher corrections, and the spreading of xpy, at
small pl is rather wider. Additionally, we can see a very
dense statistics cluster around the low p% in our Monte-
Carlo simulation, because of the possibility distribution
of the hard subprocesses for the photon production fol-
lowing double-logarithmic declining with the photon
transverse momentum.

Noting that the nuclear modification factor is sensit-

1
150000
05|
100000
5
02r1 50000
| . 0
0.1 [
50 100 150 200 250
Pr

(color online) (Left) NLO fluctuations at forward rapidity 3 <n” <4; (Right) NLO fluctuations at backward rapidity
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ive to the nPDF and p+p baseline [52], we may calculate
the ratio of the photon production at forward and back-
ward rapidity; this could eliminate the large uncertainty
in the free-nucleon PDFs, which could be used to probe
the CNM effects with less arbitrariness [12-14]. We
define the forward-backward yield asymmetry as:

asym _ 907/dpr(p+Pb =y + X)|yey, ,)
PP dor/dpr(p+Pb = ¥+ Xlyei—n-n]

3)

Our predictions of the forward-to-backward yield
asymmetries Y;;{)m for the isolated prompt photon produc-
tion in p+Pb collisions at v/s=8.16 TeV and 3 < |?| <
4 are shown in Fig. 5. As a result of the symmetry of the
colliding system, there is nearly no forward-to-backward
yield asymmetry observed in proton-proton collisions.
Y;;{)m is larger than one in p+Pb collisions, which means
the photon production suffers more suppression in the
backward-rapidity region. Overall, the EMC effect re-
duces the photon production more effectively than the
shadowing effect does. Moreover, we notice that the
value of Ys;{)m starts decreasing to one with all parameter-
izations owing to the decreasing of the EMC effect at rel-
atively high pl. This manifestation seems less obvious in
nCTEQ15, as its EMC maximum is close to the highest

boundary of p? and our approximate curve fitting.

e
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Fig. 5. (color online) Comparison between the forward-to-

backward asymmetry Y,sym for p-Pb collisions at+/syy =
8.16 TeV and 3 <5 <4 using the nCTEQ15, EPPS16,
DSSZ, and nIMParton nuclear modifications and the CT14
free-proton PDFs.

In order to further explore the impact of input nuclear
modifications on the cross-section of isolated prompt
photon productions in proton-nucleus collisions, we fur-
ther discuss the isolated photon's nuclear modification

factor Rgpb(ny) as a function of the photon's rapidity r” at
both forward and backward rapidities. The Fig. 6 shows a
growing suppression of the photon productions from
DSSZ, EPPS16, nIMParton, and nCTEQ15 at forward
pseudo-rapidity, which quantitatively appears in accord-

ance with the Rgpb(p@ at pl. = 50 GeV owing to the highest
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Foo010F =
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;7"/
Fig. 6. (color online) Same as Fig. 2, but as a function of

photon rapidity " .

statistics at the lowest-p]. region in the Monte-Carlo sim-

ulations exhibited above in Fig. 2. However, Rgpb (17”) shows
very weak ¥ dependence, because the variation of Bjorken
xpp is at the magnitude of 107 in the 3 <1 < 4region,
shown at the bottom of Fig. 6. Combining the results of
Rypy evolved with pY and 77, the suppression pattern of
isolated photons could be quantitatively analyzed through
(xpp) at both forward and backward rapidities. In Fig. 7,
the nuclear modification factors using the four different
nPDFs all show a nearly positive linear relation with 77,
the values of which agree with Rng(pp through the aver-

age Bjorken (xpp), as shown in Fig. 7 and Fig. 3, respect-

in REARS LR RS LAAAE RS AR RALLS LR RS RN R
10 VS = 8.16 TeV,Ei* < 3GeV_
r —- DSSZ 40 GeV <p} <300 GeV ]
[ —— nIMParton —4<n'<-3 ]
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208 =
~ C ]
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% S E
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0.15F =
—4.5-39-38-3.7-3.6-3.5-34-33-32-3.1-3.0
;77
Fig. 7. (color online) Same as Fig. 2, but as a function of

photon rapidity " .
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ively. The nCTEQ15 parameterization gives a stronger
suppression than the others, which could be confirmed in

the prediction of R;Pb ( p%) at the low-p? region in Fig. 3.

4 Isolated photontjet in p+Pb

As compared to isolated photon production, the isol-
ated-photon-associated jet production in p+A reactions
has more leverage power to access CNM effects in a
wider kinematic region owing to its exclusive property.
To understand the nuclear modifications for isolated-
prompt-photon-associated jet productions, one usually es-
timates the momentum fractions of the initial-state par-
tons at LO to evaluate the contribution to CNM effects by
the final-state kinematics, namely x;, defined above. In
the following, we are enlightened by the work on dijets

production in the CMS collaboration [53], and provide
. - 1 Y

the y+jet pseudo-rapidity 7y = 5(777 +nye) distributions

of a photon-tagged jet in a specific range of their average

avg _ 1 Jet

transverse momentum p; 5 (p¥+ Py ) As 1, would

1 .
be equal to 3 In(xp/xpp) in the center-of-mass frame when

two partons collide with each other at LO, the NLO simu-
lation would give rise to complicated correlations
between xp, (xp) and 7y4e, describing the nuclear matter's
influence, as shown in Fig. 8. We also compute the cor-
relations between xpp/xp and 7,5, in the interval of 115
GeV < p1® <4000 GeV in Fig. 8. It is shown though at
NLO accuracy, that both distributions of xp, and x, over
Tyie: are rather wide, when the ratio xpy/x, at NLO is
rather narrow and centered at values at LO with very high
statistics.
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Fig. 8.

. . . e . <Xy >
In Fig. 9, we notice that there are tiny shifts in 2

< X1 >
as a function of 7, caused by nuclear matter. Based on

the relation between 7,y and (xpy), we could assess the
predominant regions of 7,5 for different CNM effects.
The y+jet production is sensitive to shadowing (e >
1.6), anti-shadowing (—0.2 <7 < 1.6), and EMC ef-
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Fig. 9. (color online) Ratio of (x2)/(x1) in p+Pb and p+p

collisions as a function of 77,jet, considering different CNM
effects descriptions.
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(color online) Correlation between xpy /xp (Left), xp (Middle), xpy, (Right), and y+jet pseudo-rapidity 77,e.

fects (5. < —0.2) in the 150 < p7'® < 200 interval, shown
by the black line in Fig. 10. The average Bjorken (xpy)
shows a nearly negative log-linear relation with 7y, and

becomes globally higher when the p* interval increases.

Furthermore, we discuss the nuclear modification
factor for y+jet production as a function of 7,5 at 115

GeV< po'® <4000 GeV, shown in Fig. 11, and 200

T
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Fig. 10. (color online) Mean Bjorken x of the parton from

the lead ion xp;, obtained from JetPhox as a function of 77, e
in different y+jet events' pf}vg intervals.
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Fig. 11.  (color online) (Upper) Nuclear modification factor
for y+jet production as a function of 7y at 115
GeV< p}*® <4000 GeV. The NLO pQCD calculation is
based on JetPhox with nCTEQ15, EPPS16, DSSZ, and
nIMParton as the nPDFs. (Bottom) Corresponding average

Bjorken (xpp) as function of 7?7et,

GeV< p1® <250 GeV, shown in Fig. 12. We have roughly
estimated that the nuclear modification factor is sensitive
to shadowing when 7, > 1.6 and is sensitive to the EMC
effect when 7, <—0.2. In the total average transverse
momentum interval (115 GeV< p{® <4000 GeV), we
found that nIMParton offers the strongest shadowing ef-
fect, EPPS16 has the most predominant anti-shadowing
effect and EMC effect, and the effects shown by DSSZ
are between those of nIMParton and EPPS16. Mean-
while, nCTEQ15 provides a nearly constant suppression
when 7,5 varies. When the average transverse mo-
mentum interval is limited to 200 GeV< p7® <250 GeV,
the shadowing of nCTEQIS5 starts to restore, and it re-
mains flattened at small 7, and large average Bjorken
(xpp). The shadowing of nIMParton and EPPS16 be-
comes more damped, EPPS16 has a clearer anti-shadow-
ing peak, and nIMParton and DSSZ begin to reveal anti-
shadowing peaks. DSSZ provides the strongest EMC sup-
pression in this situation. It is emphasized that by lever-
aging the rapidity and transverse momentum of both
photon and jets with measured p1® and 7, we can ac-
cess CNM effects in a wide regime and also allocate dif-
ferent kinematics precisely, where the differences among
varieties of nPDF sets may be investigated more effect-
ively.
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Fig. 12.  (color online) Same as Fig. 11, except for at 200
GeV< p1® <250 GeV

5 Summary

We calculate the productions of isolated prompt
photon and y+ jet in p+A with CNM effects from four
sets of nPDF parameterizations, i.e., DSSZ, EPPS16, nC-
TEQ15, and nIMParton, by utilizing the NLO pQCD ap-
proach (nIMParton at LO) at LHC 8.16 TeV. We present
the nuclear modification ratio of isolated prompt photon
R;A(p@ and RZA(nV), and that the find shadowing effect
and EMC effects dominate at the very forward- and back-
ward-rapidity regions, respectively. The prompt photon
nuclear modification ratio shows weak rapidity depend-
ence in the forward region and varies linearly in the back-
ward-rapidity region. The production of the isolated
photon associated with jet gives us the leveraged power
to study the tomography of CNM, and the CNM effects
of y+jet productions could be intuitively presented in the
constrained rapidity 7, and average transverse mo-
mentum p7'® region in our discussion. In terms of sensit-
ivity, comparisons of the CNM contribution of four dif-
ferent nPDF parameterizations have been exhibited, and
nCTEQ15 shows peculiar results compared to the others,
which could extend our understanding of the constraints
of different nPDF descriptions. It is noted that the nPDF
parametric form (nIMParton) proposed by the Institute of
Modern Physics in China has been applied for the first
time to investigate hard processes in ultrarelativistic
heavy-ion collisions, with a comparison against the pre-
dictions of three other mainstream nPDF groups.
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