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The photoproduction of large pT dileptons, photons, and light vector mesons in p-p, p-Pb, and Pb-Pb
collisions at LHC energies is studied, where the fragmentation processes and the ultra-incoherent photon
channel are included. An exact treatment is developed for photoproduction processes in heavy ion
collisions, which recovers the equivalent photon approximation (EPA) in the limit Q2 → 0 and can avoid
double counting effectively. The full kinematical relations are also achieved. We present the results as the
distributions in Q2, pT , and yr, and the total cross sections are also estimated. The numerical results
indicate that the contribution of photoproduction processes is evident in the large pT and yr regions and
starts to play a fundamental role in p-Pb collisions. The ultra-incoherent photon emission is an important
channel of photoproduction processes, which can provide the meaningful contributions. EPA is only
applicable in small y and Q2 domains and is very sensitive to the values of ymax and Q2

max. The EPA errors
appear when y > 0.29 and Q2 > 0.1 GeV2 and are rather serious in p-Pb and Pb-Pb collisions. When
dealing with widely kinematical regions, the exact treatment needs to be adopted.
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I. INTRODUCTION

Photoproduction processes are such reactions that a
photon from the projectile interacts with the hadronic
component of the target. The traditional method for study-
ing these types of interactions is equivalent photon approxi-
mation (EPA), which can be traced back to early works by
Fermi, Weizsäcker and Williams, and Landau and Lifshitz
[1–4]. The central idea of EPA is that the electromagnetic
field of a fast charged particle can be interpreted as an
equivalent flux of photons distributed with some density
nðωÞ on a frequency spectrum [5–7]. Therefore, the cross
section can be approximated by the convolution of the
photon flux with the relevant real photoproduction cross
section. The photon flux is the very important function that
significantly decides the accuracy of photoproduc-
tion processes. Since the convenience and simplicity of
EPA, photoproduction processes have been investigated
both experimentally and theoretically. First of all,

photoproduction of dileptons, photons, and low-mass
vector mesons (ρ;ω and ϕ) can provide valuable informa-
tion on the hot and dense state of strongly interacting
matter, and low-mass vector mesons can also be used to test
the nonperturbative regime of QCD [8–14]. Secondly,
inclusive photonuclear processes are of particular interest
for the study of small-x parton densities, while dijet [15],
heavy flavor [16], and quarkonia photoproduction can be
applied to extract small-x gluon densities in protons and
nuclei [17]. Thirdly, exclusive production of heavy vector
mesons ðJ=Ψ;ϒÞ offers a useful approach to constrain the
small-x nuclear gluon density and provides a rather direct
measurement of nuclear shadowing [18]. Finally, the
photoproduction mechanism plays a fundamental role in
the ep deep inelastic scattering at the Hadron Electron Ring
Accelerators [19] and is also an important part of current
experimental efforts at the Large Hadron Collider (LHC)
[20]. Besides, it is the dominant channel in ultraperipheral
collisions [21–25]. Because of these interesting features,
photoproduction processes are recognized as a remarkable
tool to improve our understanding of strong interactions at
high-energy regime.
Although the tremendous successes have been achieved,

the discussion about the accuracy of EPA and its appli-
cability range is still inadequate. EPA is usually adopted to
processes that are actually not applicable, and a number of
imprecise statements and some widely used equivalent
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photon spectra are obtained beyond the EPA validity range
[26–41]. Especially in the case of heavy-ion collisions at
LHC energies, the validity of EPA is crucial to the accuracy
of photoproduction processes, since its influence is
enlarged by the high photon flux. The equivalent photon
flux scales as the square of nuclear charge Z2, which is a
large enhancement factor for the cross section. Thus, heavy
ions have a considerable flux advantage over the proton;
especially at the LHC energies, the intense heavy-ion beam
represents a prolific source of quasireal photons. For these
reasons, we consider that it is meaningful and necessary to
derive in details EPA in heavy-ion collisions and to discuss
important errors and inaccuracies encountered in its
application.
On the other hand, there are two types of photon

emission mechanisms in high-energy heavy-ion collisions:
coherent-photon emission (coh.) and incoherent-photon
emission (incoh.). In the first type, the virtual photons
are radiated coherently by the whole nucleus, which
remains intact after photons emitted. In the second type,
the virtual photons are emitted incoherently by the indi-
vidual constituents (protons or even quarks) inside the
nucleus, and as a weakly bound system, the nucleus will
dissociate after photons emitted. For convenience, in the
second type, we further denote the process in which
photons emitted from protons inside the nucleus as ordi-
nary-incoherent photon emission (OIC), and denote that
from quarks inside nucleus as ultra-incoherent photon
emission (UIC). When different photon emission mecha-
nisms are considered simultaneously, we have to weight
these different contributions for avoiding double counting.
But, in fact, this serious trouble is encountered in most
works and caused the large fictitious contributions [27–33].
Furthermore, there are a lot of studies for these photon

emission processes, and the ultra-incoherent photon emis-
sion mechanism has been used in the two-photon processes
[42,43]. However, the application of this mechanism from
the individual quarks, to our knowledge, is insufficient in
photoproduction processes. Authors in Ref. [44] calculated
the cross sections for photon-induced dileptons production
in p-Pb collisions at LHC, and then they used these
processes to probe the photonic content of the proton.
Authors in Ref. [45] calculated the inclusive production of
prompt photons in DIS, which involves direct, fragmenta-
tion, and resolved contributions, and they compared the
theoretical predictions with H1 and ZEUS data. In
Ref. [46], Klein and Nystrand presented a Monte Carlo
simulation program, STARTlight, which calculated the
cross sections for a variety of UPC final states, where
the light vector mesons photoproduction are discussed. In
Ref. [47], Dittmaier and Huber studied the dileptons
production processes involving photons in the initial state,
where the electroweak corrections are included. There are
also a lot of other works for the photoproduction of theses
final states. However, the photon emission types in all of
theses above works are coherent.

According to the purposes discussed above, in the
present work, we investigate the photoproduction of large
pT photons, dileptons, and light vector mesons in p-p,
p-Pb, and Pb-Pb collisions at LHC energies. An exact
treatment is developed that recovers EPAwhen the virtual-
ity of photon Q2 → 0 and can avoid double counting
effectively, where the effect of magnetic form factor is
included. The relevant kinematical relations matched with
the exact treatment are also achieved. We present the
comparisons between the EPA results and the exact ones
as the distributions in Q2, pT , and yr; the total cross
sections are also estimated.
The rest of the paper is organized as follows. In Sec. II,

we present the formalism of exact treatment for the
photoproduction of large pT dileptons, photons, and light
vector mesons in p-p, p-Pb, and Pb-Pb collisions, where
the direct, resolved, and fragmentation contributions are
involved. Based on the method of Martin and Ryskin, the
coherent, ordinary-incoherent, and ultra-incoherent contri-
butions are considered simultaneously. In Sec. III, we
switch the formulae of exact treatment to the approximate
ones of EPA by taking Q2 → 0 and discuss the several
widely applied equivalent photon fluxes. In Sec. IV, we
present the numerical results of the distributions in Q2, pT ,
and yr, and the total cross sections at LHC energies. We
summarize the paper in Sec. V.

II. GENERAL FORMALISM OF EXACT
TREATMENT

A consistent analysis of the terms neglected in going
from the accurate expression of the diagram of Fig. 1 to the
EPA one permits in a natural manner one to estimate the
applicability range of EPA and its accuracy. As a gener-
alization of the leptoproduction framework, the exact
treatment consist of two important parts. Firstly, the photon
radiated from the projectile is off mass shell and no longer
transversely polarized; thus, we can expand the density of
this virtual photon by using the transverse and longitudinal

FIG. 1. The general photoproduction processes. The virtual
photon emitted from the projectile α interacts with parton b in
nucleus B. X is the sum of residue of B after scattering with the
photon. α can be the nucleus or its parton (protons or quarks).
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operators. Secondly, the square of the electric form factor
F2
1ðQ2Þ is used as the probability or weighting factor (WF)

to distinguish the contributions from the different photon
emission processes, and thus, the double counting can be
avoided.

A. The accurate expression of cross section for the
general process αB → αγ�X

The general form of cross section for the process αþ
B → αþ γ� þ X in Fig. 1 is

dσðαþB→ αþ γ� þXÞ

¼
X
b

Z
dxbfb=Bðxb;μ2bÞdσðαþ b→ αþ γ� þ dÞ; ð1Þ

where xb ¼ Pb=PB is the parton’s momentum fraction, and
fb=Bðxb; μ2bÞ is the parton distribution function of massless
parton b in nucleus B,

fAi ðxi; μ2i Þ ¼ RA
i ðxi; μ2i Þ½Zpiðxi; μ2i Þ þ Nniðxi; μ2i Þ�; ð2Þ

where the factorized scale is chosen as μi ¼
ffiffiffiffiffiffiffiffi
4p2

T

p
,

Riðx; μ2i Þ is the nuclear modification function that reflects
the nuclear shadowing effect [48], Z is the proton number,
N ¼ A − Z is the neutron number, and A is the nucleon
number. piðx; μ2Þ and niðx; μ2Þ are the parton distributions
of the protons and neutrons [49], respectively.
Denoting the virtual photo-absorption amplitude by Mμ,

the differential cross section in the parton level can be
presented as

dσðαþ b→ αþ γ� þ dÞ

¼ e2αe2

Q2

MμM�νρμν
4pCM

ffiffiffiffiffi
s0

p d3pα0

ð2πÞ32Eα0
dPS2ðqþPb;pc;pdÞ; ð3Þ

where pCM and
ffiffiffiffiffi
s0

p
are the momentum and energy of

αb CM frame, respectively. eα is the charge of projectile α.
Eα0 is the energy of the scattered projectile, and we employ
the short-hand notation,

dPSnðP;p1;…;pnÞ ¼ ð2πÞ4δ4
�
P−

Xn
i¼1

pi

�Yn
i¼1

d3pi

ð2πÞ32Ei
;

ð4Þ

for the Lorentz invariant N-particle phase-space element.
ρμν is the density matrix of the virtual photon produced by
projectile α,

ρμν ¼ −
�
gμν −

qμqν

q2

�
F2ðQ2Þ

−
ð2Pα − qÞμð2Pα − qÞν

q2
F1ðQ2Þ: ð5Þ

F1ðQ2Þ and F2ðQ2Þ are the general notations for the form
factors of projectile.
To obtain theQ2 dependent cross section, it is convenient

to do the calculations in the rest frame of α, where jqj ¼
jpα0 j ¼ r,Q2¼−q2¼ðpα−pα0 Þ2¼ 2mαð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2þm2

α

p
−mαÞ,

d3pα0 ¼ r2drd cos θdφ, and y ¼ ðq · PbÞ=ðpα · PbÞ ¼
ðq0 − jpbjr cos θ=EbÞ=mα. By using the Jacobian determi-
nant,

d cos θdr ¼
����Dðr; cos θÞ
Dðy;Q2Þ

����dydQ2 ¼ Eα0Eb

2jpbjr2
dydQ2; ð6Þ

the cross section of subprocess αþ b → αþ γ� þ d can be
further expressed as follows:

dσðαþ b → αþ γ� þ dÞ

¼ e2αe2

Q2

Wμνρμν
4ð2πÞ3λ0

�
λ0

λ

dydQ2dφffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − f2ðs0; mα; mbÞ

p
�
; ð7Þ

with

λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½s0 − ðmα −mbÞ2�½s0 − ðmα þmbÞ2�

q
;

λ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ŝ − ðmq −mbÞ2�½ŝ − ðmq þmbÞ2�

q
;

fðs0; mα; mbÞ ¼
2mαmb

s0 −m2
α −m2

b

; ð8Þ

where Wμν ¼ 1
2

R
MμM�νdPS2ðqþ Pb;pc; P0

bÞ.
In order to take into account explicitly gauge invariance, it

is convenient to use the following linear combinations [50]:

Qμ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−q2

ðq ·PbÞ2 − q2P2
b

s �
Pμ
b − qμ

q ·Pb

q2

�
;

Rμν ¼ −gμν þ ðq ·PbÞðqμPν
b þ qνPμ

bÞ− q2Pμ
bP

ν
b −P2

bq
μqν

ðq ·PbÞ2 − q2P2
b

;

ð9Þ

they satisfy the relations: qμQμ ¼ qμRμν ¼ 0, QμQμ ¼ 1.
Having expended Wμν in these tensors, we obtain

Wμν ¼ RμνWT þQμQνWS: ð10Þ

The dimensionless invariant functionsWT andWS are simply
connected with the cross section for transverse or scalar
photon absorption σT and σS, respectively,
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σTðγ� þ b → γ� þ dÞ ¼ WT

λ0
;

σSðγ� þ b → γ� þ dÞ ¼ WS

λ0
: ð11Þ

Thus, the differential cross section of subprocess αþ b →
αþ γ� þ d can finally be expressed as

dσ
dQ2

ðαþ b → αþ γ� þ bÞ

¼ dy
e2ααem
4π

yρμν
Q2

½RμνσTðγ� þ b → γ� þ dÞ þQμQν

× σSðγ� þ b → γ� þ dÞ�
�
λ0

yλ
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − f2ðs0; mα; mbÞ
p

�

¼ dy
e2ααem
2π

�
yρþþ

Q2
σTðγ� þ b → γ� þ dÞ þ yρ00

Q2

×
1

2
σSðγ� þ b → γ� þ dÞ

��
λ0

yλ
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − f2ðs0; mα; mbÞ
p

�
;

ð12Þ

where the electromagnetic coupling constant is chosen as
αem ¼ 1=137, and

ρþþ ¼ Rμνρμν
2

¼ F1ðQ2Þ
�
2ð1 − yÞ

y2
−
2m2

α

Q2

�
þ F2ðQ2Þ;

ρ00 ¼ QμQνρμν ¼ F1ðQ2Þ y
2 þ 4ð1 − yÞ

y2
− F2ðQ2Þ: ð13Þ

Finally, it is necessary to discuss the detailed expressions
of the form factors for each photon emission mechanism.
For the case of coherent-photon emission, the projectile α is
nucleus, and thus, the general notations F1ðQ2Þ and
F2ðQ2Þ in Eq. (13) turn into the elastic nucleus form
factors accordingly. If the projectile is a proton, mα ¼ mp,
F1ðQ2Þ and F2ðQ2Þ can be written as [40]

Fcoh
1 ðQ2Þ ¼ G2

EðQ2Þ þ ðQ2=4m2
pÞG2

MðQ2Þ
1þQ2=4m2

p
;

Fcoh
2 ðQ2Þ ¼ G2

MðQ2Þ; ð14Þ

where electric form factor GEðQ2Þ can be parameterized by
the dipole form: GEðQ2Þ ¼ 1=ð1þQ2=0.71 GeVÞ2, and
the magnetic form factor isGMðQ2Þ ¼ 2.793GEðQ2Þ. If the
projectile is lead, mα ¼ mPb, F1ðQ2Þ and F2ðQ2Þ are
changed accordingly,

Fcoh
1 ðQ2Þ ¼ Z2F2

emðQ2Þ;
Fcoh
2 ðQ2Þ ¼ μ2F2

emðQ2Þ; ð15Þ

where

FemðQ2Þ ¼ 3

ðQRAÞ3
½sinðQRAÞ

−QRA cosðQRAÞ�
1

1þ a2Q2
ð16Þ

is the electromagnetic form factor parameterization from the
STARlight MC generator [44], in which RA ¼ 1.1A1=3 fm,

a ¼ 0.7 fm, and Q ¼
ffiffiffiffiffiffi
Q2

p
. It should be mentioned that in

the Martin-Ryskin method [51], the square of the electric
form factor is used as the coherent probability or weighting
factor in thep-p collision:wc ¼ G2

EðQ2Þ, while the effect of
magnetic form factor is neglected. In the present paper, we
extend the central ideal of thismethod to dealwith the photon
emission processes in heavy-ion collisions, where the effect
of magnetic form factor is also included.
For the case of incoherent emission, the projectile α is the

parton inside the nucleus, and the remaining probability,
1 − wc, has to be considered for avoiding double counting.
In p-p collision, the general notations F1ðQ2Þ and F2ðQ2Þ
in Eq. (13) have the following forms:

Fincoh
1 ðQ2Þ ¼ Fincoh

2 ðQ2Þ ¼ 1 − G2
EðQ2Þ: ð17Þ

While in p-Pb and Pb-Pb collisions, the incoherent
reactions should further be distinguished as the ordinary-
incoherent and ultra-incoherent photon emissions. For
ordinary-incoherent photon emission, the projectile is the
proton inside the lead; mα ¼ mp, and F1ðQ2Þ and F2ðQ2Þ
should be expressed as

FOIC
1 ðQ2Þ ¼ ½1 − F2

emðQ2Þ�G2
EðQ2Þ 4m

2
p þ 7.8Q2

4m2
p þQ2

;

FOIC
2 ðQ2Þ ¼ ½1 − F2

emðQ2Þ�7.8G2
EðQ2Þ; ð18Þ

and for ultra-incoherent photon emission, the projectile is
the quark inside the lead, mα ¼ mq ¼ 0; since the neutron
cannot emit photon coherently, the weighting factor for the
proton and neutron inside nucleus are different:

FUIC
1p ðQ2Þ ¼ FUIC

2p ðQ2Þ ¼ ½1 − F2
emðQ2Þ�½1 −G2

EðQ2Þ�;
FUIC
1n ðQ2Þ ¼ FUIC

2n ðQ2Þ ¼ ½1 − F2
emðQ2Þ�: ð19Þ

B. The Q2 distribution of large pT dileptons production

Since photons, dileptons, and the dileptonic decay
channel of light vector mesons do not participate in the
strong interactions directly, their productions have long
been proposed as ideal probes of quark-gluon plasma
(QGP) properties. In the present section, we employ the
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accurate expression Eq. (12) to give the Q2 dependent
differential cross sections for large pT dileptons photo-
production. Here, large pT means that the transverse
momentum of the final state is larger than 1 GeV. In the
initial state, the photoproduction processes may be direct
and resolved [14]. In the direct photoproduction processes,
the high-energy photon, emitted from the projectile α,
interacts with the partons b of target nucleus B by the
interactions of quark-photon Compton scattering. In the
resolved photoproduction processes, the uncertainty prin-
ciple allows the high-energy hadronlike photon to fluctuate
into a color singlet state with multiple qq̄ pairs and gluons.
Due to this fluctuation, the photon interacts with the
partons in B like a hadron, and the subprocesses are
quark-antiquark annihilation and quark-gluon Compton
scattering. We must keep in mind that the distinction
between these two types contributions does not really
exist; only the sum of them has a physical meaning.
Actually, as always with photons, the situation is quite
complex. Together with three different photon emission
mechanisms mentioned previously, we have six classes of
processes: coherent-direct (coh. dir.), coherent-resolved
(coh. res.), ordinary-incoherent direct (OIC dir.), ordi-
nary-incoherent resolved (OIC res.), ultra-incoherent direct
(UIC dir.), and ultra-incoherent resolved (UIC res.) proc-
esses. These abbreviations will appear in many places of
the remaining content, and we do not explain its mean-
ing again.
For the case of coherent-direct processes, the virtual

photon emitted from the whole incident nucleus A interacts
with parton b of target nucleus B via photon-quark
Compton scattering, and nucleus A remains intact after
photon emitted. The differential cross section of large pT
dileptons produced in this channel can be written as

dσcoh:dir:

dQ2
ðAþ B → Aþ lþl− þ XÞ

¼ 2
X
b

Z
dM2dxbfb=Bðxb; μ2bÞ

αem
3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r

×

�
1þ 2m2

l

M2

�
dσ
dQ2

ðAþ b → Aþ γ� þ dÞ; ð20Þ

whereM is the invariant mass of dileptons, andml is lepton
mass. The factor of two in Eq. (20) arises because both
nuclei emit photons and thus, serve as targets. However, for
the p-Pb collision, the photon emitter can be either proton
or lead; instead the factor of 2, these two contributions have
to be summed together.
The partonic cross section dσðAþb→Aþ γ� þdÞ=dQ2

is the same as Eq. (12), and the expressions of the
transverse and scalar photon cross sections are

dσ̂T
dt̂

ðγ� þ b → γ� þ dÞ

¼ 2πα2eme4b
ðŝþQ2Þ2

�
−
t̂
ŝ
−
ŝ
t̂
−M2Q2

�
1

ŝ2
þ 1

t̂2

�

þ2ðQ2 −M2Þ û
ŝ t̂

�
þ 4πα2eme4b

Q2ûðt̂ −M2Þ2
t̂2ðŝþQ2Þ4 ;

dσ̂S
dt̂

ðγ� þ b → γ� þ dÞ ¼ 2πα2eme4b
Q2ûðt̂ −M2Þ2
t̂2ðŝþQ2Þ4 ; ð21Þ

where eb is the charge of massless quark b, ŝ, t̂, and û are
the Mandelstam variables, and its detailed expressions for
each case can be found in the Appendix.
For the case of ordinary-incoherent direct processes, the

photon emitter is the proton a inside the nucleus A, and the
corresponding cross section is

dσOIC dir:

dQ2
ðAþ B → XA þ lþl− þ XÞ

¼ 2ZPb

X
b

Z
dM2dxbfb=Bðxb; μ2bÞ

αem
3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r

×

�
1þ 2m2

l

M2

�
dσ
dQ2

ðpþ b → pþ γ� þ dÞ: ð22Þ

And for the case of ultra-incoherent direct processes, the
virtual photon emitted from the quarks a inside nucleus A
interacts with parton b of nucleus B via the photon-quark
interaction, and A is allowed to break up after the photon is
emitted. Similarly, the corresponding differential cross
section has the form of

dσUIC dir:

dQ2
ðAþ B → XA þ lþl− þ XÞ

¼ 2
X
a;b

Z
dM2dxadxbfa=Aðxa; μ2aÞfb=Bðxb; μ2bÞ

αem
3πM2

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r �
1þ 2m2

l

M2

�
dσ
dQ2

ðaþ b → aþ γ� þ dÞ;

ð23Þ

where xa ¼ pa=PA is parton’s momentum fraction,
fa=Aðxa; μ2aÞ is the parton distribution function of nucleus

A, μa ¼
ffiffiffiffiffiffiffiffi
4p2

T

p
, and the cross section of the partonic

processes aþ b → aþ γ� þ d can be derived from
Eqs. (12) and (21) with mα ¼ mq ¼ 0 and eα ¼ ea, where
ea is the charge of massless quark a.
In the coherent-resolved processes, the incident nucleus A

emits a high-energy virtual photon, and then the parton a0
from the resolved photon interacts with the parton b from
another incident nucleus B via quark-antiquark annihilation
or quark-gluon Compton scattering, and A remains intact
after photon emitted. The relevant differential cross section is
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dσcoh:res:

dQ2
ðAþ B → Aþ lþl− þ XÞ

¼ 2
X
b

X
a0

Z
dM2dydxbdza0dt̂fb=Bðxb; μ2bÞfγðza0 ; μ2γÞ

×
e2ααem
2π

yρþþ
coh

Q2

αem
3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r �
1þ 2m2

l

M2

�
dσa0b→γ�d

dt̂
;

ð24Þ

where fγðza0 ; μ2γÞ is the parton distribution function of the

resolved photon [52], and μγ ¼
ffiffiffiffiffiffiffiffi
4p2

T

p
, za0 denotes the

parton’s momentum fraction of the resolved photon emitted
from the nucleus A. The involved subprocesses are
qa0 q̄b → γ�g, qa0gb → γ�q and ga0qb → γ�q; its cross sec-
tions can be found in Ref. [53].
In the ordinary-incoherent resolved processes, the emit-

ter of resolved virtual photon is the protons inside nucleus,
and the corresponding cross section is

dσOIC res:

dQ2
ðAþ B → XA þ lþl− þ XÞ

¼ 2ZPb

X
b

X
a0

Z
dM2dydxbdza0dt̂fb=Bðxb; μ2bÞ

× fγðza0 ; μ2γÞ
αem
2π

yρþþ
OIC

Q2

αem
3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r �
1þ 2m2

l

M2

�

×
dσa0b→γ�d

dt̂
: ð25Þ

In the ultra-incoherent resolved processes, the quarks inside
nucleus A emit a hadronlike virtual photon, and then the
parton a0 of this resolved photon interacts with parton b
inside nucleus B, and A is broken up after the photon is
emitted. The relevant differential cross section is

dσUIC res:

dQ2
ðAþ B → XA þ lþl− þ XÞ

¼ 2
X
a;b

X
a0

Z
dM2dydxadxbdza0dt̂fa=Aðxa; μ2aÞ

× fb=Bðxb; μ2bÞfγðza0 ; μ2γÞe2a
αem
2π

yρþþ
UIC

Q2

αem
3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r

×

�
1þ 2m2

l

M2

�
dσa0b→γ�d

dt̂
: ð26Þ

C. The pT and yr distributions of large pT dileptons
production

The distributions in pT and the rapidity yr can be
obtained by using the Jacobian determinant. It needs to

be emphasized that one should add a term with the
exchange ðyr → −yrÞ in the formulae of yr distribution,
which reflects the fact that each colliding nucleus can serve
as a photon emitter and as a target.
In the final state, the photoproduction of large pT

dileptons can be divided into two categories: direct dilep-
tons produced from a direct final photon, which directly
coupled to a quark of the hard subprocess, and fragmenta-
tion dileptons produced by the bremsstrahlung emitted
from the final state partons [1]. In the following, we will
take into account all these aspects.

1. Large pT direct dileptons production

It is straightforward to obtain the distributions in pT and
yr, by accordingly reordering and redefining the involved
integration variables. At the beginning, the Mandelstam
variables should be written in the forms,

ŝ ¼ m2
b −M2 þ 2 cosh yrMT

ffiffiffî
s

p
;

t̂ ¼ M2 −Q2 − 2MT ½Êγ cosh yr − p̂CM sinh yr�;
û ¼ M2 þm2

b − 2MT ½Êb cosh yr þ p̂CM sinh yr�; ð27Þ

where yr ¼ð1=2Þ lnðEþpzÞ=ðE−pzÞ, MT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þM2

p
is the dilepton transverse mass. Êγ ¼ ðŝ −Q2−

m2
bÞ=ð2

ffiffiffî
s

p Þ, Êb ¼ ðŝþm2
b þQ2Þ=ð2 ffiffiffî

s
p Þ and p̂CM ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½ðŝþQ2 −m2
bÞ2 þ 4Q2m2

b�
q

=ð2 ffiffiffî
s

p Þ are the energies

and momentum in γ�b CM frame.
For the case of direct photoproduction processes, the

variables xb and t̂ should be transformed into the following
form by using the Jacobian determinant,

dt̂dxb ¼ J dyrdpT ¼
���� Dðxb; t̂Þ
Dðyr; pTÞ

����dyrdpT: ð28Þ

Thus, the corresponding differential cross sections of large
pT direct dileptons production can be expressed as

dσcoh:dir:

dyrdpT
ðAþ B → Aþ lþl− þ XÞ

¼ 2
X
b

Z
dM2dQ2dyfb=Bðxb; μ2bÞJ

αem
3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r

×

�
1þ 2m2

l

M2

�
dσ

dQ2dydt̂
ðAþ b → Aþ γ� þ dÞ; ð29Þ
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dσOIC dir:

dyrdpT
ðAþ B → XA þ lþl− þ XÞ ¼ 2ZPb

X
b

Z
dM2dQ2dyfb=Bðxb; μ2bÞJ

αem
3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r

×

�
1þ 2m2

l

M2

�
dσ

dQ2dydt̂
ðpþ b → pþ γ� þ dÞ; ð30Þ

dσUIC dir:

dyrdpT
ðAþ B → XA þ lþl− þ XÞ ¼ 2

X
a;b

Z
dM2dQ2dydxafa=Aðxa; μ2aÞfb=Bðxb; μ2bÞJ

αem
3πM2

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r �
1þ 2m2

l

M2

�
dσ

dQ2dydt̂
ðaþ b → aþ γ� þ dÞ; ð31Þ

For the case of resolved contributions, we should choose the variables t̂γ and za0 to do the similar transformation,

dt̂γdza0 ¼ J dyrdpT ¼
���� Dðza0 ; t̂γÞ
Dðyr; pTÞ

����dyrdpT: ð32Þ

The corresponding differential cross sections are

dσcoh:res:

dyrdpT
ðAþ B → Aþ lþl− þ XÞ ¼ 2

X
b

X
a0

Z
dM2dQ2dydxbfb=Bðxb; μ2bÞfγðza0 ; μ2γÞJ

× e2α
αem
2π

yρþþ
coh

Q2

αem
3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r �
1þ 2m2

l

M2

�
dσa0b→γ�d

dt̂
; ð33Þ

dσOIC res:

dyrdpT
ðAþ B → XA þ lþl− þ XÞ ¼ 2ZPb

X
b

X
a0

Z
dM2dQ2dydxbfb=Bðxb; μ2bÞfγðza0 ; μ2γÞ

× J
αem
2π

yρþþ
OIC

Q2

αem
3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r �
1þ 2m2

l

M2

�
dσa0b→γ�d

dt̂
; ð34Þ

dσUIC res:

dyrdpT
ðAþ B → XA þ lþl− þ XÞ ¼ 2

X
a;b

X
a0

Z
dM2dQ2dydxadxbfa=Aðxa; μ2aÞfb=Bðxb; μ2bÞ

× fγðza0 ; μ2γÞJ e2a
αem
2π

yρþþ
UIC

Q2

αem
3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r �
1þ 2m2

l

M2

�
dσa0b→γ�d

dt̂
; ð35Þ

where the Mandelstam variables of resolved photoproduction processes are the same as Eq. (27) but for Q2 ¼ 0.

2. Large pT fragmentation dileptons production

The fragmentation dileptons production is also an important channel that involves a perturbative part—the
bremsstrahlung of the virtual photon—and a nonperturbative part, which is described by the dilepton fragmentation
function [54],

Dlþl−
qc ðzc;M2; Q2Þ ¼ αem

3πM2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

M2

r �
1þ 2m2

l

M2

�
Dγ�

qcðzc; Q2Þ; ð36Þ

where zc ¼ 2pT cosh yr=
ffiffiffî
s

p
is the momentum fraction of the final state dileptons, and Dγ�

qcðzc; Q2Þ is the virtual photon
fragmentation function.
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First of all, we should rewrite the Mandelstam variables
as following forms for fragmentation dileptons production:

ŝ ¼ yxbs
NA

−Q2;

t̂ ¼ −Q2 −
ŝ

2 coshðyrÞ
e−yr þ Q2

2 coshðyrÞ
eyr ;

û ¼ −
ŝ

2 coshðyrÞ
eyr −

Q2

2 coshðyrÞ
eyr : ð37Þ

In this case, the variables zc and t̂ should be chosen to do
the transformation,

dt̂dzc ¼ J dyrdpT ¼
���� Dðzc; t̂Þ
Dðyr; pTÞ

����dyrdpT: ð38Þ

For the case of coherent-direct processes, the corre-
sponding differential cross section can be expressed as

dσcoh:dir:-frag:

dyrdpT
ðAþ B → Aþ lþl− þ XÞ ¼ 2

X
b;c

Z
dM2dQ2dydxbfb=Bðxb; μ2bÞDlþl−

qc ðzc; Q2Þ

×
J
zc

dσ
dQ2dydt̂

ðAþ b → Aþ cþ dÞ; ð39Þ

where the cross section dσðAþ b → Aþ cþ dÞ=dQ2 has been discussed in Eq. (12), and the partonic subprocesses
involved in this channel are qγ� → qγ, qγ� → qg and gγ� → qq̄. For qγ� → qγ, its cross sections are the same as Eq. (21),
but for M2 ¼ 0, while for qγ� → qg, the transverse and scalar photon cross sections are calculated in the following:

dσ̂T
dt̂

ðγ� þ q → gþ qÞ ¼ 8παemαse2q
3ðŝþQ2Þ2

�
−
t̂
ŝ
−
ŝ
t̂
þ 2Q2

û
ŝ t̂

�
þ 16παemαse2q

3

Q2û
ðŝþQ2Þ4 ;

dσ̂S
dt̂

ðγ� þ q → gþ qÞ ¼ 8παemαse2q
3

Q2û
ðŝþQ2Þ4 ; ð40Þ

and also for the subprocess gγ� → qq̄,

dσ̂T
dt̂

ðγ� þ g → qþ q̄Þ ¼ παemαse2q
ðŝþQ2Þ2

�
t̂
û
þ û

t̂
− 2Q2

ŝ
û t̂

�
−
2παemαse2q
ðŝþQ2Þ2

Q2ŝ
ðûþQ2Þ2 ;

dσ̂S
dt̂

ðγ� þ g → qþ q̄Þ ¼ −
παemαse2q
ðŝþQ2Þ2

Q2ŝ
ðûþQ2Þ2 : ð41Þ

For the cases of ordinary- and ultra-incoherent direct processes, the differential cross sections are

dσOIC dir:-frag:

dyrdpT
ðAþ B → XA þ lþl− þ XÞ ¼ 2ZPb

X
b;c

Z
dM2dQ2dydxbfb=Bðxb; μ2bÞDlþl−

qc ðzc; Q2Þ

×
J
zc

dσ
dQ2dydt̂

ðpþ b → pþ cþ dÞ; ð42Þ

dσUICdir:-frag:

dyrdpT
ðAþ B → XA þ lþl− þ XÞ ¼ 2

X
a;b;c

Z
dM2dQ2dydxadxbfa=Aðxa; μ2aÞfb=Bðxb; μ2bÞ

×Dlþl−
qc ðzc; Q2ÞJ

zc

dσ
dQ2dydt̂

ðaþ b → cþ dÞ: ð43Þ

For the case of resolved contributions, the differential cross sections of large pT fragmentation dileptons can be
presented as
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dσcoh:res:-frag:

dyrdpT
ðAþ B → Aþ lþl− þ XÞ ¼ 2

X
b

X
a0;c

Z
dM2dQ2dydxbdza0fb=Bðxb; μ2bÞfγðza0 ; μ2γÞ

×Dlþl−
qc ðzc; Q2ÞJ

zc
e2α

αem
2π

yρþþ
coh

Q2

dσa0b→cd

dt̂
; ð44Þ

dσOIC res:-frag:

dyrdpT
ðAþ B → XA þ lþl− þ XÞ ¼ 2ZPb

X
b

X
a0;c

Z
dM2dQ2dydxbdza0fb=Bðxb; μ2bÞ

× fγðza0 ; μ2γÞDlþl−
qc ðzc; Q2ÞJ

zc

αem
2π

yρþþ
OIC

Q2

dσa0b→cd

dt̂
; ð45Þ

dσUIC res:-frag:

dyrdpT
ðAþ B → XA þ lþl− þ XÞ ¼ 2

X
a;b

X
a0;c

Z
dM2dQ2dydxadxbdza0fa=Aðxa; μ2aÞ

× fb=Bðxb; μ2bÞfγðza0 ; μ2γÞDlþl−
qc ðzc; Q2ÞJ

zc
e2a

αem
2π

yρþþ
UIC

Q2

dσa0b→cd

dt̂
; ð46Þ

where the involved subprocesses are qq → qq, qq0 → qq0,
qq̄ → qq̄, qq̄ → q0q̄0, qq̄0 → qq̄0, qg → qγ, qg → qg, and
gg → qq̄ [53]. The Mandelstam variables of resolved
contributions are the same as Eq. (37) but for Q2 ¼ 0.

D. Photoproduction of large pT photons
and light vector mesons

In relativistic nucleus-nucleus collisions, a complicated
hadronic system with a large multiplicity of particles is
formed, involving the possibility to form a phase of QCD
matter, QGP, which exists at extremely high temperature
and density. The ALICE experiment has been designed to
study the physics of this QCD phase via heavy-ion
collisions. The photons and light mesons (ρ;ω, and ϕ)
appear to be sensitive probes of QGP, which can be used to
extract the key information on this matter. Photons couple
weakly to charged particles and not at all to themselves, so
they are ideal tools for precision measurements. They do
not participate in the strong interaction directly; thus, the
photons do not likely suffer further collisions after they are
produced. And for light vector mesons, the strangeness
enhancement can be accessed through the measurement of
ϕ meson production, while the measurement of the ρ
spectral function can be used to reveal in-medium mod-
ifications of hadron properties close to the QCD phase
boundary. Moreover, it is interesting by itself, since it
provides insight into soft QCD processes in the LHC
energy range [55]. Calculations in this regime are based on
QCD inspired phenomenological models that must be
tuned to data [8].
The photons and light vector mesons productions have

received many studies within EPA [56]. In this section, we
would like to extend the photoproduction mechanism to

study the production of large pT photons and the electro-
magnetic fragmentation production of the light vector
mesons in p-p, p-Pb, and Pb-Pb collisions. The invariant
cross sections of real photons production can be directly
derived from those of dileptons production if the invariant
mass of dileptons is zero ðM2 ¼ 0Þ. For the electromag-
netic fragmentation production of the light vector mesons,
we adopt the following electromagnetic fragmentation
function Dγ→V for a photon splitting to a light vector
meson [57]:

Dγ→V ¼ 3ΓV→eþe−

αemmv
; ð47Þ

where mv is the vector meson’s mass, and ΓV→eþe− is the
electronic width.

III. EQUIVALENT PHOTON SPECTRUM

The idea of EPA was first developed by Fermi [1] and
was extended to include the interaction of relativistic
charged particles by Weizsäcker and Williams, and the
method is now known as the Weizsäcker-Williams method
(WWM) [2]. EPA as a useful technique has been widely
applied to obtain various cross sections for charged
particles production in relativistic heavy-ion collisions
[50]. Its application range has been extended beyond the
realm of QED, such as equivalent pion method, which
describes the subthreshold pion production in nucleus-
nucleus collision [58]; the nuclear WWM that describes
excitation processes induced by the nuclear interaction in
peripheral collisions of heavy ions [59]; and a non-Abelian
WWM describing the boosted gluon distribution functions
in the nucleus-nucleus collision [60]. Although tremendous

PHOTOPRODUCTIONS OF DILEPTONS, PHOTONS, AND LIGHT … PHYS. REV. D 104, 074023 (2021)

074023-9



successes have been achieved, the discussion about the
accuracy of EPA and its applicability range are still
insufficient. A number of imprecise statements pertaining
to the essence and the advantages of EPA were given
[26–33]. For example, some improper kinematical bounds
are widely used in the calculations [37–42]; the integration
of some widely adopted spectra are performed over the
entire kinematically allowed region, which leads to erro-
neous expressions; EPA is applied to the processes that are
essentially inapplicable [42]. The serious double counting
exists when the different photon emission mechanisms are
considered simultaneously [27–33].
We have developed the exact treatment for photopro-

duction processes in heavy-ion collisions in Sec. II, which
can reduce to EPA by taking Q2 → 0. Detailed discussion
can be also found in Ref. [50]. In the present section, we
switch the accurate expression Eq. (12) to EPA form, which
provides us a powerful and overall approach to study the
features of EPA in heavy-ion collisions. In addition, a
number of widely employed photon spectra are discussed.
The EPA consists in ignoring the fact that the photon in the
photo-absorption amplitude is off mass shell and no longer
transversely polarized from real photo-absorption. As a
result, the photoproduction processes can be factorized in
terms of the real photo-absorption cross section and the
equivalent photon spectrum. Therefore, when switching to
the approximate formulae of EPA, two simplifications
should be performed. Firstly, the scalar photon contribution
σS is neglected; secondly, the term of σT is substituted by its
on-shell value.
Taking Q2 → 0, the linear combinations in Eq. (9) can

reduce to

lim
Q2→0

QμQν ¼ −εμνS ¼ −
qμqν

q2
;

lim
Q2→0

Rμν ¼ εμνT ¼ −gμν þ ðqμPν
b þ qνPμ

bÞ
q · Pb

: ð48Þ

Since gauge invariant qμWμν ¼ 0, the EPA form of the
cross section in Eq. (12) can be written as

lim
Q2→0

dσ
dy

ðαþ b → αþ γ� þ dÞ

¼
�
dQ2

e2ααem
2π

yρþþ

Q2

�
σTðγ� þ b → γ� þ dÞ

����
Q2¼0

¼ dfγðyÞσTðγ� þ b → γ� þ dÞ
����
Q2¼0

: ð49Þ

fγðyÞ is the most general form of equivalent photon
spectrum, which is associated with various particles,

dfγðyÞ
dQ2

¼ αem
2π

y
Q2

�
F1ðQ2Þ

�
2ð1 − yÞ

y2
−
2m2

α

Q2

�
þ F2ðQ2Þ

	

≈
αem
πyQ2

�
ð1 − yÞ

�
1 −

Q2
min

Q2

�
F1ðQ2Þ þ y2

2
F2ðQ2Þ

�
;

ð50Þ

where the specific expressions of F1ðQ2Þ and F2ðQ2Þ for
different photon emission mechanisms have been given in
Eqs. (14)–(19). Actually, the last equation of Eq. (50) is the
origin of various practically employed photon spectra [61],
which is derived by assuming that Q2

min ¼ y2m2
α=ð1 − yÞ;

this is the leading order term of complete expression
in the expansion of Oðm2

αÞ and is only valuable when
m2

α ≪ 1 GeV2. However, m2
p and m2

Pb do not satisfy this
condition; this leads to about 10% errors in various spectra.
For the case of coherent-photon emission of proton, a

widely applied equivalent photon spectrum has been inves-
tigated by Kniehl [40], which is derived from Eq. (50) by
including the effect of both the magnetic dipole moment and
the corresponding magnetic form factor of the proton. By
settingQ2

max → ∞, he obtained the following formwith a ¼
4m2

p=0.71 GeV2 ¼ 4.96 and b ¼ 2.79:

fKnðyÞ ¼
αem
2π

y

�
c1x ln

�
1þ c2

z

�
− ðxþ c3Þ ln

�
1 −

1

z

�

þ c4
z − 1

þ c5xþ c6
z

þ c7xþ c8
z2

þ c9xþ c10
z3

�
;

ð51Þ

where x and z depend on y, x ¼ 1=2 − 2=yþ 2=y2, and
z ¼ 1þ ay2=4ð1 − yÞ.
Another most important photon spectrum is the semi-

classical impact parameter description, which excludes the
hadronic interaction easily. The calculation of this photon
spectrum is explained in Ref. [62], and the final result can
be presented as

fSCðyÞ ¼
2Z2αem

π

�
c
υ

�
2 1

y

�
ξK0K1 þ

ξ2

2

�
υ

c

�
2

ðK2
0 − K2

1Þ
�
;

ð52Þ

where υ is the velocity of the point charge Ze, K0ðxÞ
and K1ðxÞ are the modified Bessel functions, and
ξ ¼ bminmAy=υ.
For the case of coherent-photon emission of lead, Drees,

Ellis, and Zeppenfeld [37] developed an equivalent photon
spectrum (DEZ) that excludes the contribution of F2ðQ2Þ.
Based on the assumptions y ≪ 1,Q2

max → ∞ andF2
PbðQ2Þ≈

expð− Q2

Q2
0

Þ, they obtained
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(a) (b) (c)

(d) (e) (f)

FIG. 2. The Q2 distribution of dileptons photoproduction at LHC energies. The upper panels show the ratios of differential cross
sections in different forms to the exact ones. The lower panels show the exact results of Q2 dependent differential cross sections, while
the left, central, and right panels plot the corresponding results in p-p, p-Pb, and Pb-Pb collisions, respectively. (a)–(c): Black solid, blue
dot, and magenta dash dot dot lines are for the ratios of EPA result to the exact one for the coherent-photon emission [coh:ðdir:þ res:Þ],
ordinary-incoherent photon emission [OIC ðdir:þ res:Þ], and ultra-incoherent photon emission [UICðdir:þ res:Þ], respectively. Red
dash line—the ratio of the result with no contribution of magnetic form factor (NMFF) to the exact one. Dark cyan dash dot line—the
ratio of EPA result with ymax ¼ 1 to the exact one. (d)–(f): Black solid and blue dot lines denote the exact result of differential cross
section for the coherent photon emission [coh:ðdir:þ res:Þ] and ultra-incoherent photon emission [UICðdir:þ res:Þ], respectively. Red
dash line—the exact result of differential cross section for the incoherent photon emission [incoh.(dir.+res.)] in panel (d) and for the
ordinary-incoherent photon emission [OIC ðdir:þ res:Þ] in panels (e) and (f).

(a) (b) (c)

(d) (e) (f)

FIG. 3. Same as Fig. 2 but for photons photoproduction.
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fDEZðyÞ

¼ αem
π

�
−
expð−Q2

min=Q
2
0Þ

y
þ
�
1

y
þM2

Q2
0

y

�
Γ
�
0;
Q2

min

Q2
0

��
;

ð53Þ

whereQ2
min ¼ m2

Pby
2 andΓða;Q2

min=Q
2
0Þ ¼

R∞
y ta−1e−tdt. It

should be noticed that y ≪ 1 means Q2
max ≪ 1, which

contradicts with the assumption Q2
max → ∞. This error will

be discussed later on.
For the case of incoherent-photon emission of quarks,

there is a widely used equivalent photon spectrum that
neglects the weighting factors and takes Q2

min ¼ 1 GeV2

and Q2
max ¼ ŝ=4 [28–33],

fγ=q ¼ e2a
αem
2π

1þ ð1 − yÞ2
y

ln
Q2

max

Q2
min

: ð54Þ

IV. NUMERICAL RESULTS

In this section, we present the numerical results. There
are several theoretical inputs that need to be provided. The
mass range of dileptons is 0.2 GeV < M < 0.75 GeV, and
the mass of the proton ismp ¼ 0.938 GeV [63]. The strong
coupling constant is taken as the one-loop form [64],

αs ¼
12π

ð33 − 2nfÞ lnðμ2=Λ2Þ ; ð55Þ

(a)

(d) (e)

(f)

(b)

(c)

FIG. 4. The exact results ofQ2 dependent differential cross sections for light vector mesons photoproduction. The left, central, and right
panels show the differential cross sections in p-p, p-Pb, and Pb-Pb collisions, respectively. The upper and lower panels plot the differential
cross section in the channel of coherent-photon emission and incoherent-photon emission, respectively. (a)–(f): Black solid, red dash, and
blue dot lines denote the exact results for direct photoproduction of ρ,ω, andϕ, respectively; those thick ones with different colors represent
the resolved contributions. It should be emphasized that the curves in panels (e) and (f) are the sum of OIC and UIC.

TABLE I. Total cross sections of the photons photoproduction
in the channel of coherent-photon emissions [coh:ðdir:þ res:Þ].
Coherent Exact EPA CCb EPA (Q2

max ∼ ŝ) EPA (ymax ¼ 1)

σpp
a 70.35 70.37 110.14 1200.48

δpp [%] 0.0 0.03 56.56 1606.50

σpPb ½μb� 357.26 357.25 581.55 17949.33
δpPb [%] 0.0 0.0 62.78 4924.22

σPbPb [mb] 13.45 13.45 23.01 1318.02
δPbPb [%] 0.0 0.0 71.05 9699.04

aRelative error to the exact result: δ ¼ σ=σExact − 1.
bEPA result with the coherence condition (CC).

TABLE II. Same as Table I but in the channel of ordinary-
incoherent photon emissions [OICðdir:þ res:Þ].

OIC Exact EPA CC
EPA

(Q2
max ∼ ŝ)

EPA
(ymax ¼ 1)

EPA
no WF

σpPb [μb] 2.78 2.77 6.73 9.67 7.97
δpPb [%] 0.0 0.0 142.33 248.37 186.98

σPbPb [μb] 117.79 117.84 288.80 495.42 352.81
δPbPb [%] 0.0 0.04 145.18 320.59 199.52
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with nf ¼ 3 andΛ ¼ 0.2 GeV. Furthermore, the coherence
condition [65] is adopted in the case of coherent-photon
emission, which means that the wavelength of the photon is
larger than the size of the nucleus, and the charged

constituents inside the nucleus should act coherently.
This condition limits Q2 and y to very low values
(Q2 ≤ 1=R2

A, RA ¼ A1=31.2 fm is the size of the nucleus),
Q2

max ∼ 0.027 GeV2 and 7.691 × 10−4 GeV2, and ymax ∼
0.16 and 1.42 × 10−4, for proton and lead, respectively.
Finally, the full partonic kinematics and the bounds of
involved variables are given in the Appendix.
In Fig. 2, the upper panels show the ratios of differential

cross sections in different forms to the exact ones for the
dileptons photoproduction. The lower panels show the
exact results of Q2 dependent differential cross sections.
The corresponding results in p-p, p-Pb, and Pb-Pb
collisions are presented in left, central, and right panels.
In upper panels [Figs. 2(a)–2(c)], the EPA results are almost
the same as the exact ones in small Q2 region; the
differences appear when Q2 > 0.1 GeV2 and become

(a)

(b) (e) (h)

(i)(f)(c)

(d) (g)

FIG. 5. ThepT distribution of dileptons photoproduction at LHCenergies. The left and central panels show the differential cross sections in
the channels of coherent-photon emission [coh:ðdir:þ res:Þ] and incoherent-photon emission processes [incoh: ðdir:þ res:Þ], respectively.
The right panels show the comparisons between the photoproduction processes and the hard scattering of initial partons (had. scat.). The
upper, central, and lower panels plot the corresponding results inp-p,p-Pb, and Pb-Pb collisions, respectively. (a)–(f): The black solid line is
for the exact results, the red dash and blue dot lines are for the EPA results based on the equivalent photon spectra, and the dark cyan dash dot
line denotes the exact results of fragmentation dileptons photoproduction. (g)–(i): The black solid line is for had. scat., the blue dot line is for
the exact results of photoproduction processes (coh:þ incoh:), the dark cyan dash dot line denotes the exact result of fragmentation dileptons
photoproduction [ðcoh:þ incoh:Þ-frag:], and the magenta dash dot dot line and yellow short dash line denote the EPA results based on the
equivalent photon spectra. The red dash line is for the sum of had. scat., direct dileptons, and fragmentation dileptons photoproductions. It
should be emphasized that the curves in panels (e) and (f) are the sum of OIC. and UIC.

TABLE III. Same as Table I but in the channel of ultra-
incoherent photon emissions [UICðdir:þ res:Þ].

UIC Exact EPA EPA no WF
EPA no WF

(Q2
min ¼ 1 GeV)

σpp [nb] 62.55 292.04 472.52 260.97
δpp [%] 0.0 366.85 655.38 317.18

σpPb ½μb� 22.27 174.40 227.23 142.80
δpPb [%] 0.0 683.24 920.49 541.32

σPbPb ½μb� 812.43 8219.03 9659.63 6116.08
δPbPb [%] 0.0 911.66 1088.98 653.16
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evident at large values of Q2. These differences are larger
and largest in the channels of ordinary-incoherent and
ultra-incoherent photon emissions and become more and
more obvious in p-Pb and Pb-Pb collisions, respectively. On
the contrary, the ratios of the results with ymax ¼ 1 to the
EPA ones are largest in small Q2 region and decrease with
increasing Q2. Comparing with the case of p-p collisions,
these ratios are larger and exist in the whole Q2 region in
p-Pb and Pb-Pb collisions (at Q2 ¼ 10−4 GeV2, the ratios
are 8.3, 19.1, and 28.4 in p-p, p-Pb, and Pb-Pb collisions,
respectively). Therefore, EPA is only applicable in very
restricted domain (small y and Q2 domains), and its errors
appear when y > 0.29 and Q2 > 0.1 GeV2 and become
prominent in p-Pb and Pb-Pb collisions.
We find that in panel (a), the result without the effect of

magnetic form factor (NMFF) nicely agrees with the exact
one when Q2 < 0.05 GeV2; the difference becomes evi-
dent when Q2 > 1 GeV2. Therefore, the contribution of
magnetic form factor is concentrated on the large Q2

domain. However, in panel (b), the difference only appears
at 0.05 GeV2 < Q2 < 100 GeV2, where the curves are
distorted. In the p-Pb collision, the photon emitter can
be both proton (γPb) and lead (γp). The distortion is caused
by the contribution of γPb, and the difference also comes

from the proton magnetic form factor GMðQ2Þ in γPb
process. Thus, the process γPb, which is usually neglected
in p-Pb collision [21], has non-negligible effect in large Q2

region. In panel (c), we observe that NMFF is consistent
with the exact one in the wholeQ2 region since the effect of
magnetic form factor of lead can be neglected compared to
its electric form factor, which is enhanced by the factor Z2

Pb.
In the lower panels [Figs. 2(d)–2(f)], the coherent and in-

coherent reactions dominate the small and largeQ2 regions,
respectively. They become comparable at Q2 ¼ 0.1 GeV2.
Comparing with the features of EPA derived from upper
panels, one can see that EPA is a good approximation for
coherent and ordinary-incoherent reactions. However, EPA
is in contradiction with ultra-incoherent reactions and will
cause the significant errors, which become rather serious in
p-Pb and Pb-Pb collisions. On the other hand, we also find
that the contributions of ultra-incoherent photon emissions
are always much larger than those of ordinary-incoherent
photon emissions in the whole Q2 domain. We will discuss
this point quantitatively in the following tables.
Figure 3 is similar to Fig. 2 but for photons photo-

production, where the ratios are much more evident.
Finally, we calculate the exact results of light vector mesons
photoproduction in Fig. 4. We find that the revolved con-
tributions are generally 2 orders of magnitudes (OOMs)

(a)

(b)

(c) (f) (i)

(e) (h)

(d) (g)

FIG. 6. Same as Fig. 5 but for photons production.
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larger than direct contributions; thus, the EPA errors in
photoproduction processes mainly come from the resolved
contributions.
To quantitatively estimate the errors caused by the widely

adopted kinematical limitations, and to discuss the double
counting encountered in literatures [26–42], we calculate the
total cross sections in Tables I–III. In Table I, the relative
errors caused by Q2

max ∼ ŝ are evident, but those caused by
ymax ¼ 1 are rather serious. These relative errors gradually
increase from p-p to Pb-Pb collisions. However, the EPA
resultswith coherence condition (CC)nicely agreewith exact
ones, since CC limits ymax and Q2

max to very low values,
which effectively avoid the errors from large y and Q2

domains. Therefore, EPA is very sensitive to the values of
ymax andQ2

max, the common optionsQ2
max ∼ ŝ or even∞, and

ymax ¼ 1 will cause the large errors.
Table II is similar to Table I but for the case of ordinary-

incoherent photon emissions, where the relative errors are
still evident. In Table III, we can quantitatively check the
inapplicability of EPA in ultra-incoherent reactions, where

the EPA errors are prominent and become larger and largest
in p-Pb and Pb-Pb collisions. We find that the EPA results
without weighting factor are the nonsense large values;
these unphysical results are caused by the double counting,
which is much more serious in ultra-incoherent reactions
compared to ordinary-incoherent reactions in Table II.
However, this trouble is often neglected in the most works
[27–33], where an artificial cutoff Q2 > 1 GeV2 is
adopted, but we can see that in Table III, the corresponding
results are still not accurate. Thus, the weighting factor can
effectively and naturally avoid double counting, and the
exact treatment is needed for ultra-incoherent photon
emissions. Otherwise, we observe that the exact results
of ultra-incoherent photon emissions in Table III are much
larger than those of ordinary-incoherent photon emissions
in Table II, and it is even comparable with coherent-photon
emissions in p-p collisions in Table I. Thus, ultra-incoher-
ent photon emissions are the important channel of photo-
production processes, especially when Z is not much larger
than one.

(a)

(b) (e) (h)

(i)(f)(c)

(d) (g)

FIG. 7. The exact results of pT dependent differential cross sections for light vector mesons photoproduction. The left [(a)–(c)] and
central panels [(d)–(f)] show the differential cross sections in the channels of coherent-photon emission [coh:ðdir:þ res:Þ] and
incoherent-photon emission processes [incoh:ðdir:þ res:Þ], respectively. The right panels [(g)–(i)] show the comparisons between the
photoproduction processes and the hard scattering of initial partons. The upper, central, and lower panels plot the corresponding results
in p-p, p-Pb, and Pb-Pb collisions, respectively. In panels (g)–(i), the black solid, red dash, and blue dot lines are for had. scat. of ρ, ω,
and ϕ, respectively. Those thick ones with different colors are the sum of had. scat. and photoproduction processes.
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In order to discuss the features of the photon spectra that
are widely employed in most works and estimate the
contribution of photoproduction processes. We plot the
pT dependent differential cross sections of dileptons
production in Fig. 5. The left and central panels show
the comparisons between the results based on the spectra
mentioned in Sec. III and the exact ones in the channels of
coherent- [coh:ðdir:þ res:Þ] and incoherent-photon emis-
sions [incoh:ðdir:þ res:Þ], respectively. The right panels
show the comparisons between the photoproduction proc-
esses and the initial partons hard scattering (had. scat.). The
upper, central and lower panels plot the corresponding results
in p-p, p-Pb, and Pb-Pb collisions. In Figs. 5(a)–5(f),
the results based on the referred spectra generally have the
non-negligible deviations from the exact ones. The spectrum
fKn [Eq. (51)] adopts Q2

max ¼ ∞ and ymax ¼ 1, which
include the large EPA errors from large Q2 and y domains.
Besides, fKn includes the effect of magnetic form factor,
which is concentrates on the large Q2 domain and should
essentially be excluded. The errors caused by fDEZ [Eq. (53)]
are largest, since fDEZ is based on the assumptions, Q2

max ∼
∞ and y ≪ 1, which contradict with each other (Q2

max ∼∞
means ymax ¼ 1). One exception is the result of fSC
[Eq. (52)], which nicely agrees with the exact one in p-Pb
collision, since this semiclassical photon flux effectively
excludes the hadronic interactions. However, its deviation

still cannot be neglected in Pb-Pb collision. Finally, the
results of incoherent photon spectrum fγ=q [Eq. (54)] are
about five times larger than the exact ones in each case; this
verifies again the inapplicability of EPA for ultra-incoherent
reactions. Actually, the errors of fγ=q should be much larger,
but an artificial cutoff Q2

min ¼ 1 GeV2 is employed for
avoiding the unphysical large value caused by double
counting.
In Figs. 5(g)–5(i), we observe that the contributions of

fragmentation dileptons production are generally about one
and two OOMs larger than those of direct dileptons
production in small and large pT domains, respectively.
It is even larger than had. scat. when pT > 10 GeV in the
p-p collision [panel (g)], and is an OOM larger than had.
scat. in the whole pT region in the p-Pb collision [panel
(h)]. Hence, fragmentation processes dominate the photo-
production processes at LHC energies. On the other hand,
we find that photoproduction processes give the non-
negligible corrections to had. scat. in p-p and Pb-Pb
collisions, especially in the large pT domain. In the
p-Pb collision, photoproduction processes start to play
the fundamental role in the production of dileptons. One
can see that the results of equivalent photon spectra provide
the large fictitious contributions to dileptons production,
and thus, the results in Refs. [27–33] are not accurate
enough, where the referred equivalent photon spectra are

(a)

(b) (e) (h)

(i)(f)(c)

(d) (g)

FIG. 8. Same as Fig. 5 but for yr distribution.
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(a) (d) (g)

(h)(e)(b)

(c) (f) (i)

FIG. 9. Same as Fig. 6 but for yr distribution.

(a)

(b) (e) (h)

(i)(f)(c)

(d) (g)

FIG. 10. Same as Fig. 7 but for yr distribution.
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adopted and the serious double counting exists. In addition,
we also find that the contributions of coherent-photon
emission are much larger than those of ordinary-incoherent
and ultra-incoherent photon emissions in p-Pb and Pb-Pb
collisions, since it is enhanced by Z2

Pb. However, this is very
different from the results in Ref. [28] where the situation is
opposite.
Figure 6 is similar to Fig. 5 but for photons photo-

production. The errors of referred spectra and the contri-
bution of photoproduction processes are more obvious.
Finally, we calculate the exact results of light vector mesons
photoproduction in Fig. 7. We observe that in panels (e) and
(f), the contributions of ultra-incoherent photon emissions
are an OOM larger than those of ordinary-incoherent
photon emissions; this verifies again the views derived
from Table III that ultra-incoherent photon emission is the
important channel of photoproduction processes in heavy-
ion collisions, which should not be neglected in the
calculations.
In Figs. 8–10, the yr distributions are plotted. It can be

seen that the contributions are dominant in the central yr
region. The EPA results based on the referred photon flux
functions generally have non-negligible errors compared to
the exact ones in the whole yr region. Besides, the
contributions of fragmentation dileptons photoproduction
are an OOM larger than those of direct dileptons photo-
production in central jyrj region and become four OOMs
larger in large values of yr [panels (a)–(f)]. In panels (g)–(i),
we can see that the photoproduction processes give the
evident corrections to had. scat., especially in the large yr
domain.

V. SUMMARY AND CONCLUSION

In this work, we studied the photoproduction of large pT
dileptons, photons, and light vector mesons in p-p, p-Pb,
and Pb-Pb collisions at LHC energies. An exact treatment
that recovers the EPA in the limit Q2 → 0 is developed by
performing a consistent analysis of the terms neglected in
going from the accurate expression to the EPA one, in
which the density of virtual photon is expanded by using
the transverse and longitudinal polarization operators, and
the square of electric form factor is used as weighting factor
for avoiding double counting. The full kinematical relations
are also achieved. In order to derive in details EPA in
heavy-ion collisions, we expressed the comparisons
between the EPA results and the exact ones as the
distribution in Q2. To quantitatively estimate the errors
caused by the common options of kinematical limitations,
and to discuss the double counting encountered in most
works [27–33], we calculated the total cross sections. In the
sequel, we plotted the pT and yr dependent differential
cross sections to estimate the contribution of photopro-
duction processes and to discuss the features of the photon
spectra, which are widely employed in most works.

The numerical results indicate that the contribution of
photoproduction processes is evident in the large pT and yr
domains, which mainly comes from the fragmentation
processes. In p-Pb collisions, the photoproduction proc-
esses start to play the fundamental role, which is larger than
had. scat. in the whole pT region. Otherwise, the ultra-
incoherent photon channel provides meaningful contribu-
tions to the photoproduction processes, especially when Z
is not much larger than 1.
On the other hand, EPA is only applicable in the small y

and Q2 regions and is very sensitive to the values of ymax

andQ2
max. The EPA errors appear when y > 0.29 andQ2 >

0.1 GeV2 and become larger and largest in p-Pb and Pb-Pb
collisions. The common options ymax ¼ 1 and Q2

max ∼ ŝ or
∞will cause the large errors. These features are compatible
with coherent and ordinary-incoherent reactions but are
essentially in contradiction with ultra-incoherent reactions
and will cause the significant errors that become rather
serious in p-Pb and Pb-Pb collisions. Furthermore, the
serious double counting exists when the different photon
emission mechanisms are considered simultaneously. The
several widely used equivalent photon spectra generally
lead to non-negligible errors, and the statements in liter-
atures [26–38] are imprecise. Therefore, the exact treatment
needs to be adopted when dealing with widely kinematical
regions.
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APPENDIX: FULL KINEMATICAL RELATIONS

We give here, for completeness and the reader’s con-
venience, a detailed account of the partonic kinematics that
is matched with the exact treatment in Sec. II.
The energy and momentum in αb CM frame read

Eα ¼
1

2
ffiffiffiffiffi
s0

p ðs0 þm2
α −m2

bÞ;

Eb ¼
1

2
ffiffiffiffiffi
s0

p ðs0 þm2
b −m2

αÞ;

pCM ¼ 1

2
ffiffiffiffiffi
s0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs0 −m2

α −m2
bÞ2 − 4m2

αm2
b

q
; ðA1Þ
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where s0 ¼ ðpα þ pbÞ2 is the CM energy square, and its
specific expressions for each photon emission processes are

s0jcoh: ¼ m2
A þm2

b þ
xb
NB

ðs −m2
A −m2

BÞ;

s0jOIC: ¼ m2
p þm2

b þ
xb

NANB
ðs −m2

A −m2
BÞ;

s0jUIC: ¼ m2
q þm2

b þ
xaxb
NANB

ðs −m2
A −m2

BÞ; ðA2Þ

where s ¼ ðpA þ pBÞ2 ¼ ðNA þ NBÞ2sNN=4 is the energy
square of AB CM frame.
For the case of direct photoproduction processes, the

involved Mandelstam variables are given by

ŝ ¼ ðqþ pbÞ2 ¼ yðs0 −m2
α −m2

bÞ þm2
b −Q2;

t̂ ¼ ðq − pcÞ2 ¼ ðzq − 1ÞðŝþQ2Þ;
û ¼ ðpb − pcÞ2 ¼ M2 − zqðŝþQ2Þ; ðA3Þ

where zq ¼ ðpc · pbÞ=ðq · pbÞ is the inelasticity variable.
For the case of resolved photoproduction processes, ŝ
in Eq. (A3) should be changed as ŝγ¼ðpa0 þpbÞ2¼
yza0 ðs0−m2

α−m2
bÞþm2

a0 þm2
b, and zq ¼ðpc ·pbÞ=ðpa0 ·pbÞ.

In the pT and yr distributions, the detailed expression of
the Jacobian determinant J is

J coh:dir: ¼
NB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsþQ2 −m2

bÞ2 þ 4Q2m2
b

q
yðs −m2

A −m2
BÞð1 − cosh yrmT=

ffiffiffî
s

p Þ ; ðA4Þ

TABLE IV. The bounds of integration variables forQ2 distribution. The bounds of variables for OIC are the same as coh., but the term
s=NA should be replaced by sNN in the case of Pb-Pb collision. ŝmin ¼ ŝγmin ¼ ðMTmin þ pTminÞ2 and p2

T ¼ t̂ðŝ ûþQ2M2Þ=ðŝþQ2Þ2.
Variables Coherent direct UIC direct Coherent resolved UIC resolved

zqmin ðM2 þ ŝÞ=2ŝ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðŝ −M2Þ2 − 4p2

Tminŝ
p

=2ŝ
zqmax ðM2 þ ŝÞ=2ŝþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðŝ −M2Þ2 − 4p2

Tminŝ
p

=2ŝ

t̂min ðzqmin − 1Þyxbs=NA ðzqmin − 1ÞyxaxbsNN ðz0qmin − 1Þzayxbs=NA ðz0qmin − 1ÞzayxaxbsNN

t̂max ðzqmax − 1Þyxbs=NA ðzqmax − 1ÞyxaxbsNN ðz0qmax − 1Þzayxbs=NA ðz0qmax − 1ÞzayxaxbsNN

zamin n n NAŝγmin=yxbs ŝγmin=yxaxbsNN

zamax n n 1 1

xbmin NAðŝmin þQ2Þ=ys ðŝmin þQ2Þ=yxasNN NAŝγmin=zamaxys ŝγmin=zamaxyxasNN

xbmax 1

xamin n ðŝmin þQ2Þ=ysNN n ŝγmin=zamaxysNN

xamax n 1 n 1

ymin NAðŝmin þQ2Þ=s NAŝγmin=zamaxs

ymax ½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2ð4m2

α þQ2Þðm2
α − s=NAÞ2

p
þ ðm2

α − s=NAÞQ2�NA=2m2
αs

TABLE V. Same as Table IV but for pT distribution. x1 ¼ NAŝ=s, zamax ¼ 1=ð1þQ2=4p2
TÞ [66]. The bounds of y are the same as

Table IV, we are not list it here.

Variables Coherent direct UIC direct Coherent resolved UIC resolved

Q2
min½GeV2� x21m

2
α=ð1 − x1Þ

Q2
max½GeV2� N−2=3

A 0.027 4p2
T N−2=3

A 0.027 4p2
T

jyrmaxj ln ½ðŝmax þM2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðŝmax −M2Þ2 − 4p2

T ŝmax

p
Þ=ðŝmax þM2 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðŝmax −M2Þ2 − 4p2

T ŝmax

p
Þ�=2

xbmin n n NAŝγ=zamaxys ŝγ=zamaxyxasNN

xbmax n n 1 1

xamin n ðŝþQ2Þ=ysNN n ŝγ=zamaxysNN

xamax n 1 n 1
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and J for the rest cases are: J OIC dir: ¼ NAJ coh:dir:.,
J UICdir: ¼ NAJ coh:dir:=xa. Those for resolved contribu-
tions can be derived from the case of direct photoproduc-
tion processes by J =xb. For fragmentation processes, the
Jacobian determinant can be presented as

J ¼ ŝþQ2

coshðyrÞ
ffiffiffî
s

p : ðA5Þ

We give the kinematical limitations for Q2 and pT
distributions in Tables IV and V. Those for yr distribution

are the same as Table V, but pT should be integrated
out,

pTmin ¼ 1;

pTmax ¼
1

2 cosh yr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�ðŝmax −M2Þ2
ŝmax

− 4sinh2yrM2

�s
: ðA6Þ

The kinematical limitations for fragmentation processes are
the same as above, but ŝ and ŝγ should be replaced by its
lower limits: ŝmin ¼ ŝγmin ¼ 4 cosh2 yrp2

T .
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