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We calculate the production cross section for dileptons, photons, and light vector mesons (ρ, ω, and φ) produced
by the photoproduction processes in relativistic heavy ion collisions. The jet-quenching effects for fragmentation
processes with pT > 2 GeV and the jet-medium interaction with pT > 4 GeV for the fast jets passing through the
quark-gluon plasma in Pb-Pb collisions are also considered. The numerical results of photoproduction processes
can improve the contribution of dileptons, photons, and light vector meson production in p-p and Pb-Pb collisions
at Large Hadron Collider energies.
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I. INTRODUCTION

Hadronic processes for large transverse momentum dilep-
tons, photons, and light vector meson production is a vital
goal in ultrarelativistic heavy ion collisions at the Large
Hadron Collider (LHC). Since dileptons and photons do not
participate in the strong interaction directly thus they will have
no final-state interactions in a strongly interacting system with
an electromagnetic mean-free path that is much larger than
the typical size of this system [quark-gluon plasma (QGP)].
Hence dileptons and photons have long been proposed as ideal
probes in the study of hot-dense nuclear matter. Moreover, the
light vector meson production in p-p collisions is important
as a baseline for heavy ion studies.

Recently, the measurement of dileptons, photons, and
light vector mesons (ρ, ω, and φ) at LHC energies was
performed by the ALICE Collaboration [1–5] and CMS
Collaboration [6,7] for p-p collisions with

√
sNN = 7.0 TeV

and Pb-Pb collisions with
√

sNN = 2.76 TeV. Furthermore,
a big enhancement is shown in ALICE Collaboration direct
photon data that cannot be interpreted by perturbative quantum
chromodynamics (pQCD) next-to-leading-order results for
pT < 4 GeV with

√
s = 2.76 TeV [2]. In recent years, various

processes of dileptons, photons, and light vector meson pro-
duction in relativistic heavy ion collisions have been proposed:
primary hard photons from initial parton collisions [8–14],
photon-photon collisions in ultraperipheral collisions [15,16],
thermal parton interaction in the QGP [17–23], hadronic
gas [24–26], hadronic decays after freeze-out [27], jet-medium
interaction in the thermal medium [28–36], the color glass con-
densate [37–39], and the preequilibrium Glasma stage [40,41],
the purely diffractive mechanism that a real or virtual photon
fluctuates into a vector meson through the exchange of the
pomeron [42–44], the double diffractive process (Balitzkij-
Fadin-Kuraev-Lipatov effects) [45,46], the recombination of
thermal partons [47], and the dynamical quark coalescence
based on the multiphase transport model [48].

In the present paper, we extend the photoproduction mech-
anism which plays a fundamental role in the ep deep inelastic
scattering at the Hadron Electron Ring Accelerator [49–51]
to the dileptons, photons, and light vector meson production
in p-p collisions and Pb-Pb collisions at LHC energies. At
high energies, the nucleus or the charged partons can emit

high-energy photons (and hadronlike photons) in relativistic
nucleus-nucleus collisions. The photoproduction processes
may be direct and resolved which are sensitive to the gluon
distribution in the nucleus. In the direct photoproduction
processes, the high-energy photon emitted from the nucleus
or the charged parton of the incident nucleus interacts with the
parton of another incident nucleus by the interaction of quark-
photon Compton scattering and gluon-photon fusion. In the
resolved photoproduction processes, the uncertainty principle
allows the high-energy hadronlike photon for a short time to
fluctuate into a quark-antiquark pair which then interacts with
the partons of another incident nucleus by quark-antiquark
annihilation, quark-gluon Compton scattering, and gluon-
gluon fusion. For the fragmentation processes and jet-medium
interaction processes, the high-energy photon from the nucleus
or the charged partons will interact with the partons of another
incident nucleus by the interaction of γ + q(g) → jets for
direct photoproduction processes, and the partons of the
high-energy hadronlike photon can interact with the partons of
another incident nucleus by q + q̄ → jets and q + g → jets
for the resolved photoproduction processes. Subsequently
the quark (or gluon) jets can pass through the quark-gluon
plasma and lose their energy before fragmenting into dileptons,
photons, light vector mesons, or interacting with the thermal
partons of the hot-dense medium (jet-quenching effects).

The paper is organized as follows. In Sec. II we present the
production of large-pT dileptons and photons in p-p collisions
and Pb-Pb collisions. The inelastic, semielastic, and elastic
photoproduction processes are presented. The production rate
of fragmentation and jet-dilepton (photon) conversion which
includes the jet-quenching effects is also discussed. In Sec. III
we investigate the production of light vector mesons from
the photoproduction processes. The numerical results for p-p
and Pb-Pb collisions at LHC energies are plotted in Sec. IV.
Finally, a conclusion is given in Sec. V.

II. PHOTOPRODUCTION PROCESSES FOR LARGE- pT

DILEPTONS AND PHOTONS

Since photons and dileptons do not participate in the strong
interaction directly, the photon or dilepton production can
probe the strong interacting matter (QGP). We consider in our
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calculation that the dileptons and photons can be produced
by the elastic, semielastic, and inelastic photoproduction
processes in relativistic heavy ion collisions.

A. Large- pT dilepton production

The dileptons can be produced by the initial parton
collisions(the annihilation and Compton scattering of partons).
The cross section for dileptons produced by the initial parton
hard scattering processes (dir-fra.) in hadronic collisions can
be written as [9]

dσAB→�+�−X

dM2dp2
T dy

=
∫

dxafA(xa,Q
2)fB(xb,Q

2)
xaxb

xa − x1

× α

3πM2

√
1 − 4m2

�

M2

(
1 + 2m2

�

M2

)
dσ̂ab→γ ∗d

dt̂
,

(1)

where xb = (xax2 − τ )/(xa − x1) is the parton’s momentum
fraction. The variables are x1 = 1

2 (x2
T + 4τ )1/2 exp(y), x2 =

1
2 (x2

T + 4τ )1/2 exp(−y), xT = 2pT /
√

s, and τ = M2/s, and
y is the rapidity. dσ̂ /dt̂(ab → γ ∗d) denotes the differential
cross section of subprocesses,

dσ̂

dt̂
(qq̄ → γ ∗g) = 8

9

πααse
2
f

ŝ2

(
t̂

û
+ û

t̂
+ 2M2ŝ

t̂ û

)
, (2)

dσ̂

dt̂
(qq̄ → γ ∗γ ) = 2

3

πα2e4
f

ŝ2

(
t̂

û
+ û

t̂
+ 2M2ŝ

t̂ û

)
, (3)

dσ̂

dt̂
(qg → γ ∗q) = 1

3

πααse
2
f

ŝ2

(
− û

ŝ
− ŝ

û
− 2M2 t̂

ŝû

)
, (4)

where ŝ = (pa + pb)2, t̂ = (pc − pa)2, and û = (pc − pb)2

are the Mandelstam variables for the subprocesses and M is
the invariant mass of dileptons.

The parton distribution function fA(xi,Q
2) of the nucleon

is given by [52,53]

fA(xi,Q
2) = RA(xi,Q

2)

[
Z

A
p(xi,Q

2) + N

A
n(xi,Q

2)

]
, (5)

where RA(xi,Q
2) is the nuclear modification factor [54], Z

is the proton number, N is the neutron number, and A is
the nucleon number; p(xi,Q

2) and n(xi,Q
2) are the parton

distribution functions of protons and neutrons, respectively.
The large-pT dileptons produced by semielastic photopro-

duction processes can be divided into the semielastic direct
photoproduction processes (semi.dir-fra.) and semielastic re-
solved photoproduction processes (semi.res-fra.).

In the semielastic direct photoproduction processes
(semi.dir.), incident nucleus A can emit a photon, then the
high-energy photon interacts with parton b of another incident
nucleus B by the interactions of quark-photon Compton
scattering. The cross section of a dilepton produced by the

semi.dir. can be written as

dσ semi.dir.
AB→�+�−X

dM2dp2
T dy

= 2
∫

dxafγ/N (xa)fB(xb,Q
2)

xaxb

xa − x1

× α

3πM2

√
1 − 4m2

�

M2

(
1 + 2m2

�

M2

)
dσ̂γ b→γ ∗d

dt̂
,

(6)

where dσ̂ /dt̂(γ b → γ ∗d) denotes the differential cross sec-
tion of subprocesses,

dσ̂

dt̂
(qγ → γ ∗q) = 2πα2e4

f

ŝ2

(
− û

ŝ
− ŝ

û
+ 2M2 t̂

ŝû

)
, (7)

where ŝ = (pa + pb)2, t̂ = (pc − pa)2, and û = (pc − pb)2

are the Mandelstam variables for the subprocesses and M is
the invariant mass of dileptons.

In the semielastic resolved photoproduction processes
(semi.res.), parton a′ from the resolved photon emitted by
incident nucleus A can interact with parton b of another
incident nucleus B via the interactions of quark-antiquark
annihilation and quark-gluon Compton scattering. The large-
pT dileptons produced by the semi.res. in the hadronic
collisions satisfy the following invariant cross section:

dσ semi.res.
AB→�+�−X

dM2dp2
T dy

= 2
∫

dxadxbfγ/A(xa)fB(xb,Q
2)

×fγ (za,Q
2)

xaxbza

xaxb − xax2

α

3πM2

√
1 − 4m2

�

M2

×
(

1 + 2m2
�

M2

)
dσ̂a′b→γ ∗d

dt̂
, (8)

where fγ (za,Q
2) is the parton distribution function of the

resolved photon [55].
For a charged ion moving with a relativistic factor γ � 1,

only the electromagnetic field is present, and it attains large
values since the nuclear charge then acts as a whole. At
Q2 ∼ 1/b2 ∼ 1/R2 the form factor is still not zero, the photon
spectrum of a pointlike nucleus with a cutoff at Q2 ≈ 1/R2

was used which is equivalent to neglecting the nuclear size
for high-energy heavy ion collisions, where b is the impact
parameters and R is the radius of the nucleus. The equivalent
photon spectrum function for the nucleus can be obtained from
a semiclassical description of high-energy electromagnetic
collisions. A relativistic nucleus with Z times the electric
charge moving with a relativistic factor γ � 1 with respect
to some observer develops an equally strong magnetic-field
component; hence, it resembles a beam of real photons where
the photon spectrum function of low photon energies can be
written as [56,57]

fγ/N (ω) = 2Z2α

πω
ln

( γ

ωR

)
, (9)

where ω is the photon’s momentum and R = bmin is the
radius of the nucleus (bmin is the cutoff of impact). In the
logarithmic approximation, the results obtained by a purely
classical treatment or by including the form factor are related
to each other through a rescaling of the relativistic factor (γ ).
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For p-p collisions, the equivalent photon spectrum function
of a proton can be obtained from the Weizsäcker-Williams
approximation [58–60],

fγ/p(x) = α

2πx
[1 + (1 − x)2]

×
[

ln A − 11

6
+ 3

A
− 3

2A2
+ 1

3A3

]
, (10)

where x is the photon’s momentum fraction, mp is the mass
of the proton, A = 1 + 0.71 GeV2/Q2

min with

Q2
min = −2m2

p + 1

2s

[(
s + m2

p

)(
s − xs + m2

p

)
− (

s − m2
p

)√(
s − xs − m2

p

)2 − 4m2
pxs

]
, (11)

at high energies Q2
min is given to a very good approximation

by m2
px2/(1 − x). Propagated uncertainties to the final cross

sections are on the order of 10% for p-p collisions and
20% for Pb-Pb collisions since covering different form-factor
parametrizations and the convolution of the nuclear photon
fluxes [15].

The inelastic photoproduction physics for producing dilep-
tons is very important in the research of relativistic heavy
ion collisions. The inelastic photoproduction processes can be
divided into three categories: inelastic direct photoproduction
processes (inel.dir-fra.), inelastic resolved photoproduction
processes (inel.res-fra.), and inelastic two-photon processes
(inel.dou-fra.).

In the inelastic direct photoproduction processes, the
photon from parton a of nucleus A interacts with parton b from
nucleus B via the photon-quark interaction. The invariant cross
section for large-pT dilepton production by the inel.dir-fra. can
be written as

dσ inel.dir.
AB→�+�−X

dM2dp2
T dy

= 2
∫

dxadxbfA(xa,Q
2)fB(xb,Q

2)

×fγ/q(za)
xaxbza

xaxb − xax2

α

3πM2

(
1 + 2m2

�

M2

)

×
√

1 − 4m2
�

M2

dσ̂γ b→γ ∗d

dt̂
, (12)

where za is the photon’s momentum fraction.
The equivalent photon spectrum function of a parton is

given by [61–63]

fγ/q(x) = α

π
e2
f

{
1 + (1 − x)2

x

[
ln

(
E

m

)
− 1

2

]

+x

2

[
ln

(
2

x
−2

)
+1

]
+ (2 − x)2

2x
ln

(
2 − 2x

2 − x

) }
,

(13)

where x is the photon’s momentum fraction, ef , E, and m are
the charge, energy, and mass of the parton, respectively.

In the inelastic resolved photoproduction processes, parton
a′ from the resolved photon emitted by parton a of nucleus
A interacts with the parton from nucleus B via the quark-
antiquark annihilation and quark-gluon Compton scattering.

The invariant cross section for large-pT dilepton production
by the inel.res-fra. is given by

dσ inel.res.
AB→�+�−X

dM2dp2
T dy

= 2
∫

dxadxbdzafA(xa,Q
2)fB(xb,Q

2)

×fγ/q(za)fγ (z′
a,Q

2)
xaxbzaz

′
a

xaxbza − xazax2

α

3πM2

×
√

1 − 4m2
�

M2

(
1 + 2m2

�

M2

)
dσ̂a′b→γ ∗d

dt̂
, (14)

where z′
a is the momentum fraction of the parton from the

resolved photon.

B. Fragmentation dilepton production

We investigate the fragmentation processes which include
the effect of the energy loss of hard partons traversing the
hot-dense QGP for the large-pT dilepton production. Jet
quenching was a powerful tool to investigate properties of the
dense medium. Energy loss of the parton before fragmenting
into hadrons will modify the fragmentation function. It
leads to a suppression of single-particle inclusive spectra.
Considering in our calculation the fragmentation dileptons
can be produced by the initial parton hard scattering, elastic
two-photon processes (el.dou-fra.), semielastic processes, and
inelastic photoproduction processes which include the effect
of jet quenching.

The invariant cross section of fragmentation dileptons
produced by the dir-fra. is given by

dσ dir-fra.
AB→�+�−X

dM2dp2
T dy

=
∫

dxadxbfA(xa,Q
2)fB(xb,Q

2)

× xaxb

xaxb − τ

α

3πM2

√
1 − 4m2

�

M2

(
1 + 2m2

�

M2

)

×z∗
c

zc

Dγ ∗/q(z∗
c ,Q

∗2)

zc

dσ̂ab→cd

dt̂
, (15)

where Dγ ∗/q(z∗
c ,Q

∗2) is the virtual photon fragmentation
function [11], z∗

c = zc/(1 − �E/pc), p∗
c = pc − �E, and

�E = [CRαs/N (E)](L2μ2/λg) ln(E/μ) is the energy loss of
the jet [64–66], where N (E) = 4, μ = 0.5 GeV, CR is the
color Casimir of the jet, and λg is the average gluon mean-free
path. The factor z∗

c/zc appears because of the in-medium
modification of the virtual photon fragmentation function [67].
dσ̂ab→cd/dt̂ is the cross section for the subprocesses [8],

dσ̂

dt̂
(qq ′ → qq ′) = πα2

s

ŝ2

4

9

ŝ2 + û2

t̂2
, (16)

dσ̂

dt̂
(qq → qq) = πα2

s

ŝ2

[
4

9

(
ŝ2 + û2

t̂2
+ t̂2 + û2

ŝ2

)
− 8

27

ŝ2

t̂ û

]
,

(17)

dσ̂

dt̂
(qq̄ → q ′q̄ ′) = πα2

s

ŝ2

4

9

t̂2 + û2

ŝ2
, (18)
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dσ̂

dt̂
(qq̄ → qq̄) = πα2

s

ŝ2

[
4

9

(
ŝ2 + û2

t̂2
+ t̂2 + û2

ŝ2

)
− 8

27

ŝ2

t̂ û

]
,

(19)

dσ̂

dt̂
(qq̄ → gg) = πα2

s

ŝ2

[
32

27

ŝ2 + û2

t̂ û
− 8

3

t̂2 + û2

ŝ2

]
, (20)

dσ̂

dt̂
(qg → qg) = πα2

s

ŝ2

[
−4

9

ŝ2 + û2

ŝû
+ ŝ2 + û2

t̂2

]
, (21)

dσ̂

dt̂
(gg → qq̄) = πα2

s

ŝ2

[
1

6

t̂2 + û2

t̂ û
− 3

8

t̂2 + û2

ŝ2

]
, (22)

dσ̂

dt̂
(gg → gg) = πα2

s

ŝ2

[
9

2

(
3 − t̂ û

ŝ2
− ŝû

t̂2
− ŝ t̂

û2

)]
, (23)

where αs is the running coupling constant.
The invariant cross section of fragmentation dileptons

produced by the semi.dir-fra. and the semi.res-fra. can be
written as

dσ semi.dir-fra.
AB→�+�−X

dM2dp2
T dy

= 2
∫

dxadxbfγ/A(xa)fB(xb,Q
2)

xaxb

xaxb − τ

α

3πM2

√
1 − 4m2

�

M2

(
1 + 2m2

�

M2

)
z∗
c

zc

Dγ ∗/q(z∗
c ,Q

∗2)

zc

dσ̂γ b→cd

dt̂
, (24)

dσ semi.res-fra.
AB→�+�−X

dM2dp2
T dy

= 2
∫

dxadxbdzafγ/A(xa)fγ (za,Q
2)fB(xb,Q

2)
xaxbza

xaxbza − τ

α

3πM2

×
√

1 − 4m2
�

M2

(
1 + 2m2

�

M2

)
z∗
c

zc

Dγ ∗/q(z∗
c ,Q

∗2)

zc

dσ̂a′b→cd

dt̂
, (25)

respectively, where zc is is the momentum fraction of the final-state dilepton. The cross section of subprocess dσ̂γ b→cd/dt̂ is
given by

dσ̂

dt̂
(qγ → qg) = 8

9

πααse
2
f

s2

[
− û

ŝ
− ŝ

û

]
, (26)

dσ̂

dt̂
(gγ → qq̄) = 1

3

πααse
2
f

s2

[
t̂

û
+ û

t̂

]
, (27)

where ŝ = (pa + pb)2, t̂ = (pc − pa)2, and û = (pc − pb)2 are the Mandelstam variables for the subprocesses.
The fragmentation dileptons produced by the el.dou-fra. satisfy the following invariant cross section:

dσ el.dou-fra.
AB→�+�−X

dM2dp2
T dy

=
∫

dxadxb

dL

dW 2

xaxb

xaxb − τ

α

3πM2

√
1 − 4m2

�

M2

(
1 + 2m2

�

M2

)
Dγ ∗/q(zc,Q

2)

zc

dσ̂γ γ→cd

dt̂
, (28)

where dL/dW 2 is the two-photon luminosity given by [56,57]

dL

dW 2
= 16

3

Z2
1Z

2
2α

2

π2W 2
ln3

(
2γ√

R1R2W

)
, (29)

with W 2 = 4ω1ω2 and b1 min = b2 min = R1 + R2. The cross section for the subprocess is given by

dσ̂

dt̂
(γ γ → qq̄) = 2

3

πα2e2
f

ŝ2

[
t̂

û
+ û

t̂

]
, (30)

where ŝ = (pa + pb)2, t̂ = (pc − pa)2, and û = (pc − pb)2 are the Mandelstam variables for the subprocesses.
The invariant cross section of fragmentation dileptons produced by the inel.dir-fra., the inel.res-fra., and the inel.dou-fra. is

given by

dσ inel.dir-fra.
AB→�+�−X

dM2dp2
T dy

=
∫

dxadxbdzafA(xa,Q
2)fB(xb,Q

2)fγ/q(za)
xaxbza

xaxbza − τ

α

3πM2

√
1 − 4m2

�

M2

(
1 + m2

�

M2

)

×z∗
c

zc

Dγ ∗/q(z∗
c ,Q

∗2)

zc

dσ̂γ b→cd

dt̂
, (31)

dσ inel.res-fra.
AB→�+�−X

dM2dp2
T dy

=
∫

dxadxbdzadz′
afA(xa,Q

2)fγ/q(za)fγ (z′
a,Q

2)fB(xb,Q
2)

xaxbzaz
′
a

xaxbzaz′
a − τ

α

3πM2

√
1 − 4m2

�

M2

×
(

1 + m2
�

M2

)
z∗
c

zc

Dγ ∗/q(z∗
c ,Q

∗2)

zc

dσ̂a′b→cd

dt̂
, (32)
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dσ inel.dou-fra.
AB→�+�−X

dM2dp2
T dy

=
∫

dxadxbdzadzbfA(xa,Q
2)fγ/q(za)fB(xb,Q

2)fγ/q(zb)
xaxbzazb

xaxbzazb − τ

α

3πM2

√
1 − 4m2

�

M2

×
(

1 + m2
�

M2

)
z∗
c

zc

Dγ ∗/q(z∗
c ,Q

∗2)

zc

dσ̂γ γ→cd

dt̂
, (33)

respectively, where fγ/q(x) is the equivalent photon spectrum function for the parton of the nucleus given by Eq. (13).

C. Large- pT photon production

The prompt photons which do not come from the decay of large momentum hadrons can be divided into two categories: direct
photons and fragmentation photons. The basic mechanisms of prompt photon production at the leading order are as follows:
quark-antiquark annihilation (qq̄ → gγ ), quark-gluon Compton scattering (qg → qγ ), and bremsstrahlung radiation from the
final-state parton (q → qγ and g → gγ ). In the elastic, semielastic, and inelastic photoproduction processes, the large-pT

real photons can be produced by the direct processes, resolved processes, and the fusion interaction of double photons and
fragmentation processes.

Before the formation of hot-dense nuclear matter, the invariant cross section of the photons produced by hard collisions of
high-energy initial partons is given by [9]

E
dσAB→γX

dp3
= 1

π

∫
dxafA(xa,Q

2)fB(xb,Q
2)

xaxb

xa − x1

dσ̂ab→γ d

dt̂
, (34)

where xa and xb = xax2/(xa − x1) are the parton’s momentum fraction. The variables are x1 = 1
2xT exp(y), x2 = 1

2xT exp(−y),
and xT = 2pT /

√
s. y is the rapidity. dσ̂ /dt̂(ab → γ d) denotes the differential cross section of subprocesses [8],

dσ̂

dt̂
(qq̄ → γg) = 8

9

πααse
2
f

ŝ2

(
t̂

û
+ û

t̂

)
, (35)

dσ̂

dt̂
(qq̄ → γ γ ) = 2

3

πα2e4
f

ŝ2

(
t̂

û
+ û

t̂

)
, (36)

dσ̂

dt̂
(qg → γ q) = 1

3

πααse
2
f

ŝ2

(
− û

ŝ
− ŝ

û

)
, (37)

dσ̂

dt̂
(gg → γ γ ) = α2α2

s

8πŝ2

⎛
⎝ Nf∑

f =1

e2
f

⎞
⎠

2 ⎛
⎝1

8

⎧⎨
⎩

[
ŝ2 + t̂2

û2
ln2

(−ŝ

t̂

)
+ 2

ŝ − t̂

û
ln

(−ŝ

t̂

)]2

+
[
ŝ2 + û2

t̂2
ln2

(−ŝ

û

)
+ 2

ŝ − û

t
ln

(−ŝ

û

) ]2

+
[
t̂2 + û2

ŝ2
ln2

(
t̂

û

)
+ 2

t̂ − û

ŝ
ln

(
t̂

û

) ]2
}

+1

2

[
ŝ2 + t̂2

û2
ln2

(−ŝ

t̂

)
+ 2

ŝ − t̂

û
ln

(−ŝ

t̂

)
+ ŝ2 + û2

t̂2
ln2

(−ŝ

û

)
+ 2

ŝ − û

t̂
ln

(−ŝ

û

)

+ t̂2 + û2

ŝ2
ln2

(
t̂

û

)
+ 2

t̂ − û

ŝ
ln

(
t̂

û

)]

+π2

2

{[
ŝ2 + t̂2

û2
ln2

(−ŝ

t

)
+ ŝ − t̂

û

]2

+
[
ŝ2 + û2

t̂2
ln2

(−ŝ

û

)
+ ŝ − û

t̂

]2
}

+ 4

⎞
⎠ , (38)

where α is the electromagnetic coupling constant, αs is the running coupling constant, and Nf is the flavor of quarks.
The invariant cross section of large-pT photons produced by the semi.dir-fra. and the semi.res-fra. can be written as

E
dσ semi.dir-fra.

AB→γX

dp3
= 2

π

∫
dxafγ/N (xa)fB(xb,Q

2)
xaxb

xa − x1

dσ̂γ b→γ d

dt̂
, (39)

E
dσ semi.res-fra.

AB→γX

dp3
= 2

π

∫
dxadxbfγ/N (xa)fB(xb,Q

2)fγ (za,Q
2)

xaxbza

xaxb − xax2

dσ̂a′b→γ d

dt̂
, (40)

044908-5



GONG-MING YU AND YUN-DE LI PHYSICAL REVIEW C 91, 044908 (2015)

respectively, where za is the momentum fraction of the parton from the resolved photon and dσ̂ /dt̂(γ b → γ d) denotes the
differential cross section of subprocesses,

dσ̂

dt̂
(qγ → γ q) = 2πα2e4

f

ŝ2

(
− û

ŝ
− ŝ

û

)
, (41)

where ŝ = (pa + pb)2, t̂ = (pc − pa)2, and û = (pc − pb)2 are the Mandelstam variables for the subprocesses.
The invariant cross section of large-pT photons produced by the el.dou-fra. is given by

E
dσ el.dou-fra.

AB→γX

dp3
= 1

π

∫
dxa

dL

dW 2

xaxb

xa − x1

dσ̂γ γ→γ d

dt̂
, (42)

where dL/dW 2 is the two-photon luminosity given in Eq. (29). The cross section for the subprocesses can be written as

dσ̂

dt̂
(γ γ → γ γ ) = 4α4

πŝ2

⎛
⎝ Nf∑

f =1

e2
f

⎞
⎠

4 ⎛
⎝1

8

⎧⎨
⎩

[
ŝ2 + t̂2

û2
ln2

(−ŝ

t̂

)
+ 2

ŝ − t̂

û
ln

(−ŝ

t̂

)]2

+
[
ŝ2 + û2

t̂2
ln2

(−ŝ

û

)
+ 2

ŝ − û

t
ln

(−ŝ

û

)]2

+
[
t̂2 + û2

ŝ2
ln2

(
t̂

û

)
+ 2

t̂ − û

ŝ
ln

(
t̂

û

)]2
⎫⎬
⎭

+1

2

[
ŝ2 + t̂2

û2
ln2

(−ŝ

t̂

)
+ 2

ŝ − t̂

û
ln

(−ŝ

t̂

)
+ ŝ2 + û2

t̂2
ln2

(−ŝ

û

)
+ 2

ŝ − û

t̂
ln

(−ŝ

û

)
+ t̂2 + û2

ŝ2
ln2

(
t̂

û

)

+2
t̂ − û

ŝ
ln

(
t̂

û

) ]
+ π2

2

{[
ŝ2 + t̂2

û2
ln2

(−ŝ

t

)
+ ŝ − t̂

û

]2

+
[
ŝ2 + û2

t̂2
ln2

(−ŝ

û

)
+ ŝ − û

t̂

]2
}

+ 4

⎞
⎠ ,

(43)

where α is the electromagnetic coupling constant, αs is the running coupling constant, and Nf is the flavor of quarks.
The invariant cross section of large-pT photons produced by the inel.dir-fra., the inel.res-fra., and the inelastic two-photon

photoproduction (inel.dou.) can be written as

E
dσ inel.dir.

AB→γX

dp3
= 2

π

∫
dxadxbfA(xa,Q

2)fB(xb,Q
2)fγ/q(za)

xaxbza

xaxb − xax2

dσ̂γ b→γ d

dt̂
, (44)

E
dσ inel.res-fra.

AB→γX

dp3
= 2

π

∫
dxadxbdzafA(xa,Q

2)fB(xb,Q
2)fγ/q(za)fγ (z′

a,Q
2)

xaxbzaz
′
a

xaxbza − xazax2

dσ̂a′b→γ d

dt̂
, (45)

E
dσ inel.dou.

AB→γX

dp3
= 1

π

∫
dxadxbdzafA(xa,Q

2)fB(xb,Q
2)fγ/q(za)fγ/q(zb)

xaxbzazb

xaxbza − xax2

dσ̂γ γ→γ d

dt̂
, (46)

respectively, where z′
a is the momentum fraction of the parton from the resolved photon.

D. Fragmentation photon production

The invariant cross section for fragmentation photons produced by the dir-fra. is given by

E
dσ dir-fra.

AB→γX

dp3
= 1

π

∫
dxadxbfA(xa,Q

2)fB(xb,Q
2)

z∗
c

zc

Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂ab→cd

dt̂
, (47)

where zc is the momentum fraction of the final-state real photon, Dγ/q(z∗
c ,Q

∗2) is the real photon fragmentation function [8,10],
z∗
c = zc/(1 − �E/pc), p∗

c = pc − �E, and �E is the energy loss of the jet. The factor z∗
c/zc appears because of the in-medium

modification of the real photon fragmentation function [67].
The fragmentation photons produced by photoproduction processes can be divided into semielastic fragmentation processes

and inelastic fragmentation processes.
The invariant cross section of fragmentation photons produced by the semi.dir-fra., the semi.res-fra., and the el.dou-fra. can

be written as

E
dσ semi.dir-fra.

AB→γX

dp3
= 2

π

∫
dxadxbfγ/N (xa)fB(xb,Q

2)
z∗
c

zc

Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂γ b→cd

dt̂
, (48)

E
dσ semi.res-fra.

AB→γX

dp3
= 2

π

∫
dxadxbdzafγ/N (xa)fγ (za,Q

2)fB(xb,Q
2)

z∗
c

zc

Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂a′b→cd

dt̂
, (49)
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E
dσ el.dou-fra.

AB→γX

dp3
= 1

π

∫
dxadxb

dL

dW 2

Dγ/q(z∗
c ,Q

∗2)

zc

z∗
c

zc

dσ̂γ γ→cd

dt̂
, (50)

respectively, where dL/dW 2(xa,xb) is the two-photon luminosity given by Eq. (29).
The invariant cross section for fragmentation photons from the inel.dir-fra., the inel.res-fra., and the inel.dou-fra. can be

written as

E
dσ inel.dir-fra.

AB→γX

dp3
= 2

π

∫
dxadxbdzafA(xa,Q

2)fγ/q(za)fB(xb,Q
2)

z∗
c

zc

Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂γ b→cd

dt̂
, (51)

E
dσ inel.res-fra.

AB→γX

dp3
= 2

π

∫
dxadxbdzadz′

afA(xa,Q
2)fγ/q(za)fγ (z′

a,Q
2)fB(xb,Q

2)
z∗
c

zc

Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂a′b→cd

dt̂
, (52)

E
dσ inel.dou-fra.

AB→γX

dp3
= 1

π

∫
dxadxbdzadzbfA(xa,Q

2)
z∗
c

zc

fγ/q(za)fB(xb,Q
2)fγ/q(zb)

Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂γ γ→cd

dt̂
, (53)

respectively, where z′
a is the momentum fraction of the parton from the resolved photon.

E. Jet-dilepton (photon) conversion

The dileptons and photons are considered to be a useful
probe for the investigation of the evolution of the QGP
due to their very long mean-free path. The jet-dilepton
(photon) conversion turns into an important dilepton (photon)
production source in the QGP. Jets crossing the hot and dense
plasma will lose their energy. Induced gluon bremsstrahlung,
rather than elastic scattering of partons, is the dominant
contribution of the jet energy loss [28,29,68,69]. Quark jets
lose energy at less than half the rate as gluon jets, and the
quark jets form the main fraction of jet events. The energy loss
effect of jets before they convert into dileptons is found to be
small, just about 20% [28]. Using the relativistic kinetic theory,
we rigorously derive the production rate for the jet-dilepton
(photon) conversion in the hot medium. We compare the
contribution of the jet-medium interaction with the thermal
emission and the Drell-Yan process.

In the central nucleus-nucleus collisions, the cross section
of the Drell-Yan process for the dilepton production can be
obtained as [19]

dσDY

dM2dy
= K

4πα2

9M4

∑
q

e2
q[xafq/A(xa,Q

2)xbfq̄/B(xb,Q
2)

+ xafq̄/A(xa,Q
2)xbfq/B (xb,Q

2)], (54)

where xa = (M/
√

s) exp(y) and xb = (M/
√

s) exp(−y) are
the momentum fractions. A K factor of 1.5 is used to account
for the next-leading-order corrections.

The yield of thermal dileptons produced by quark-antiquark
annihilation in the hot medium is given by [19,25,70]

dN thermal

dM2d4x
= σ (M)

2(2π4)
T M3K1

(
M

T

)
, (55)

where K1(x) = √
π/(2x) exp(−x) is the Bessel function.

The cross section of the qq̄ → �+�− interaction can be
written as [19]

σ (M) = NcN
2
s

∑
q

e2
q

4π

3

α2

M2

√
1 − 4m2

�

M2

(
1 + 2m2

�

M2

)
, (56)

where Nc = 3 and Ns = 2 are the color and spin degeneracy
of the quarks and m� is the mass of the lepton.

The fast quark jets passing through the hot and dense
medium can produce large mass dileptons by annihilation with
the thermal antiquarks. In the relativistic kinetic theory, the
yield for the jet-dilepton conversion can be written as [34]

dNjet−�+�−

dM2d4x
= σ (M)M2

2(2π4)

∫
d|p|fjet(p)T e−M2/4|p|T , (57)

where d4x = τ dτ r dr dη dφ is the space-time integration. In
the Bjorken model, the initial temperature can be assigned by
the transverse profile function as T (r) = T0[2(1 − r2/R2

⊥)]1/4

with R⊥ = 1.2 Å1/3 fm.
The phase-space distribution of the quark jets passing

through the hot and dense quark-gluon plasma is given
by [28,29,34]

fjet(p) = 1

gq

(2π )3

πR2
⊥τp⊥

dNjet

d2p⊥dy
R(r)

× δ(η − y)�(τmax − τ )�(R⊥ − r), (58)

where gq = 6 is the spin-color degeneracy of the parton, η is
the space-time rapidity, R(r) = 2(1 − r2/R2

⊥) is the transverse
profile function, and τmax is smaller than the lifetime of the
quark-gluon plasma and the time taken by the jet produced at
position r to reach the surface of the quark-gluon plasma.

The jet spectrum for the nucleus-nucleus collisions is
obtained by

dNjet

d2pT dy

∣∣∣∣
y=0

= TAA

dσjet

d2pT dy

∣∣∣∣
y=0

, (59)

where TAA = 9 Å
2
/8πR2

⊥ is the nuclear thickness for the
central collisions.

The invariant cross section for jets produced by the initial
parton hard scattering processes (dir.) in hadronic collisions
can be written as

dσ dir.
jet

d2pT dy
= 1

π

∫
dxafA(xa,Q

2)fB(xb,Q
2)

× xaxb

xa − x1

dσ̂ab→cd

dt̂
, (60)
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where xa and xb = xax2/(xa − x2) are the momentum fraction
of the partons. The variables are x1 = 1

2xT exp(y), x2 =
1
2xT exp(−y), and xT = 2pT

√
s. dσ̂ /dt̂(ab → cd) denotes

the differential cross section of subprocesses.
At high energies, the fast jets can also be produced by the

hard photoproduction processes. The invariant cross section of
jets produced by the semi.dir-fra. and the semi.res. is given by

dσ semi.dir.
jet

d2pT dy
= 2

π

∫
dxafγ/N (xa)fB(xb,Q

2)

× xaxb

xa − x1

dσ̂γ b→cd

dt̂
, (61)

dσ semi.res.
jet

d2pT dy
= 2

π

∫
dxadxbfγ/N (xa)fB(xb,Q

2)

×fγ (za,Q
2)

xaxbza

xaxb − xax2

dσ̂a′b→cd

dt̂
, (62)

where za is the momentum fraction of the parton from the
resolved photon.

The invariant cross section of jets produced by the inel.dir-
fra., the inel.res-fra., and the inel.dou. can be written as

dσ inel.dir.
jet

d2pT dy
= 2

π

∫
dxadxbfA(xa,Q

2)fB(xb,Q
2)

×fγ/q(za)
xaxbza

xaxb − xax2

dσ̂γ b→cd

dt̂
, (63)

dσ inel.res.
jet

d2pT dy
= 2

π

∫
dxadxbdzafA(xa,Q

2)fB(xb,Q
2)

×fγ/q(za)fγ (z′
a,Q

2)
xaxbzaz

′
a

xaxbza − xazax2

dσ̂a′b→cd

dt̂
,

(64)

dσ inel.dou.
jet

d2pT dy
= 1

π

∫
dxadxbdzafA(xa,Q

2)fB(xb,Q
2)

×fγ/q(za)fγ/q(zb)
xaxbzazb

xaxbza − xax2

dσ̂γ γ→cd

dt̂
,

(65)

respectively, where z′
a is the momentum fraction of the parton

from the resolved photon.
We investigate an important source of real photons orig-

inating from the passage of the high-energy jets through the
quark-gluon plasma (jet-photon conversion). A fast jet passing
through the quark-gluon plasma will interact with the ther-
mal parton by quark-antiquark annihilation and quark-gluon
Compton scattering. The yield of photon production by the
quark-antiquark annihilation and quark-gluon Compton scat-
tering in the hot-dense medium can be approximated as [17,19]

E
dN (a)

d3p d4x
= ααsN

2
s

16π2
f (p)T 2

∑
q

e2
q

[
ln

(
4ET

m2
th

)
+ C

]
, (66)

E
dN (C)

d3p d4x
= ααsNsNε

16π2
f (p)T 2

∑
q

e2
q

[
ln

(
4ET

m2
th

)
+ C ′

]
,

(67)

respectively, where 2m2
th = g2T 2/3, C = −1.916 13, C ′ =

−0.416 13, and Ns = 2 is the spin degeneracy of the
quark, Nε = 2 is the spin degeneracy of the gluon, α is the
electromagnetic coupling constant, and αs is the strong running
coupling constant. The phase-space distribution of the jets
produced in a nuclear collision can be approximated as f (p) =
fth(p) + fjet(p), where fth(p) is the thermal distribution of
the partons in the hot-dense QGP [17,19] and fjet(p) is the
high-energy fast jets from the hard parton scattering processes
and the photoproduction processes given in Eqs. (60)–(65).

III. LARGE- pT LIGHT VECTOR MESON PRODUCTION

In relativistic heavy ion collisions, a complicated hadronic
system with a large multiplicity of particles is formed,
involving the possibility of QGP formation. The light vector
meson appears to be a sensitive probe of quark-gluon plasma
by using the pQCD calculation. Indeed, the strange quark
component (ss̄) of the φ meson makes its study interesting
in connection with the strangeness enhancement observed
in relativistic heavy ion collisions. In the present paper, we
extend the photoproduction mechanism to the electromag-
netic fragmentation production of the light vector meson
in ultrarelativistic heavy ion collisions. The electromagnetic
fragmentation function Dγ→V for a photon to split into a light
vector meson V is given by [71,72]

Dγ→V = 3�e+e−
V

αMV

, (68)

where α is the electromagnetic coupling constant and �e+e−
V

and MV are the electronic width and mass of the light vector
meson, respectively.

A. Photoproduction processes in large- pT light vector
meson production

The light vector mesons can be produced by the initial
parton collisions (the annihilation and Compton scattering of
partons) and gluon-gluon fusion processes. The cross section
for Drell-Yan-type inclusive light vector meson production in
hadronic collisions can be written as

dσAB→V X

dp2
T dy

=
∫

dxafA(xa,Q
2)fB(xb,Q

2)

× xaxb

xa − x1

dσ̂ab→γ d

dt̂
Dγ→V , (69)

where xa and xb = xax2/(xa − x1) are the parton’s mo-
mentum fraction. The variables are x1 = 1

2xT exp(y), x2 =
1
2xT exp(−y), and xT = 2pT /

√
s, and y is the rapidity.

dσ̂ /dt̂(ab → γ d) denotes the differential cross section of
subprocesses.

The invariant cross section of large-pT light vector mesons
produced by the semi.dir-fra., the semi.res., and the el.dou-fra.
can be written as

dσ semi.dir-fra.
AB→V X

dp2
T dy

= 2
∫

dxafγ/N (xa)fB(xb,Q
2)

× xaxb

xa − x1

dσ̂γ b→γ d

dt̂
Dγ→V , (70)
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dσ semi.res.
AB→V X

dp2
T dy

= 2
∫

dxadxbfγ/N (xa)fB(xb,Q
2)

×fγ (za),Q2 xaxbza

xaxb − xax2

dσ̂a′b→γ d

dt̂
Dγ→V ,

(71)

dσ el.dou-fra.
AB→V X

dp2
T dy

=
∫

dxa

dL

dW 2

xaxb

xa − x1

dσ̂γ γ→γ d

dt̂
Dγ→V , (72)

respectively, where za is the momentum fraction of the parton
from the resolved photon.

The invariant cross section of large-pT light vector mesons
produced by the inel.dir-fra., the inel.res-fra., and the inel.dou.
can be written as

dσ inel.dir-fra.
AB→V X

dp2
T dy

= 2
∫

dxadxbfA(xa,Q
2)fB(xb,Q

2)

×fγ/q(za)
xaxbza

xaxb − xax2

dσ̂γ b→γ d

dt̂
Dγ→V ,

(73)

dσ inel.res-fra.
AB→V X

dp2
T dy

= 2
∫

dxadxbdzafA(xa,Q
2)fB(xb,Q

2)

×fγ/q(za)fγ (z′
a,Q

2)
xaxbzaz

′
a

xaxbza − xazax2

×dσ̂a′b→γ d

dt̂
Dγ→V , (74)

dσ inel.dou.
AB→V X

dp2
T dy

=
∫

dxadxbdzafA(xa,Q
2)fB(xb,Q

2)

×fγ/q(za)fγ/q(zb)
xaxbzazb

xaxbza−xax2

dσ̂γ γ→γ d

dt̂
Dγ→V ,

(75)

respectively, where z′
a is the momentum fraction of the parton

from the resolved photon.

B. Fragmentation processes in large- pT light vector
meson production

The large-pT direct photons can be used as the trigger
for the light vector mesons. The trigger light vector mesons
are produced by the fragmentation of partons that have also
traversed the hot and dense medium and lose energy [36]. The
invariant cross section for fragmentation photons produced by
the dir-fra. is given by

dσ dir-fra.
AB→V X

dp2
T dy

=
∫

dxadxbfA(xa,Q
2)fB(xb,Q

2)

×z∗
c

zc

Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂ab→cd

dt̂
Dγ→V , (76)

where zc is the momentum fraction of the final light vector
meson, Dγ/q(z∗

c ,Q
∗2) is the real photon fragmentation func-

tion, z∗
c = zc/(1 − �E/pc), p∗

c = pc − �E, and �E is the

energy loss of the jet. The factor z∗
c/zc appears because of the

in-medium modification of the trigger photon fragmentation
function [67]. The yield of light vector mesons depends on the
production of the trigger photon [36].

The invariant cross section of fragmentation light vector
mesons produced by the semi.dir-fra., the semi.res-fra., and
the el.dou can be written as

dσ semi.dir-fra.
AB→V X

dp2
T dy

= 2
∫

dxadxbfγ/N (xa)fB(xb,Q
2)

×z∗
c

zc

Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂γ b→cd

dt̂
Dγ→V , (77)

dσ semi.res-fra.
AB→V X

dp2
T dy

=2
∫

dxadxbdzafγ/N (xa)fγ (za,Q
2)

×fB(xb,Q
2)

z∗
c

zc

Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂a′b→cd

dt̂
Dγ→V ,

(78)

E
dσ el.dou-fra.

AB→V X

dp2
T dy

=
∫

dxadxb

dL

dW 2

Dγ/q(z∗
c ,Q

∗2)

zc

×z∗
c

zc

dσ̂γ γ→cd

dt̂
Dγ→V , (79)

respectively, where dL/dW 2(xa,xb) is the two-photon lumi-
nosity given by Eq. (29).

The invariant cross section for fragmentation light vector
mesons based on the inel.dir-fra., the inel.res-fra., and the
inel.dou-fra. can be written as

dσ inel.dir-fra.
AB→V X

dp2
T dy

= 2
∫

dxadxbdzafA(xa,Q
2)fB(xb,Q

2)

×fγ/q(za)
z∗
c

zc

Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂γ b→cd

dt̂
Dγ→V ,

(80)

dσ inel.res-fra.
AB→V X

dp2
T dy

= 2
∫

dxadxbdzadz′
afA(xa,Q

2)

×fγ/q(za)fγ (z′
a,Q

2)fB(xb,Q
2)

z∗
c

zc

×Dγ/q(z∗
c ,Q

∗2)

zc

dσ̂a′b→cd

dt̂
Dγ→V , (81)

dσ inel.dou-fra.
AB→V X

dp2
T dy

=
∫

dxadxbdzadzbfA(xa,Q
2)fγ/q(za)

×fB(xb,Q
2)fγ/q(zb)

z∗
c

zc

Dγ/q(z∗
c ,Q

∗2)

zc

×dσ̂γ γ→cd

dt̂
Dγ→V , (82)

respectively, where z′
a is the momentum fraction of the parton

from the resolved photon.
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C. Jet-medium interaction processes in large- pT light vector
meson production

The associated light vector mesons are produced from
the jet-medium interaction of the surviving jets after their
passing through the hot and dense nuclear medium, whereas
the trigger photons may come from the jet-photon conversion
in relativistic heavy ion collisions. Hence, the light vector
meson production in the hot and dense nuclear medium will
depend on the jet-photon conversion at the production vertex as
well as on the energy loss of the jets during their propagation
in the nuclear medium [13,36,73]. The yield of light vector
meson production by the quark-antiquark annihilation and
quark-gluon Compton scattering in the hot-dense medium can
be approximated as

E′ dNjet−V

d3p′d4x
=

(
E

dN (a)

d3p d4x
+ E

dN (C)

d3p d4x

)
Dγ→V , (83)

where Dγ→V is the electromagnetic fragmentation function
for a photon to split into a light vector meson given in
Eq. (68). E dN (a)/d3p d4x and E dN (C)/d3p d4x are the yield
of trigger photons given in Eqs. (66) and (67), respectively.

IV. NUMERICAL RESULTS

At high energies, the equivalent photon spectrum obtained
from semiclassical description of high-energy electromagnetic
collisions for the nucleus is fγ/N ∝ Z2 ln γ , the relativistic
factor γ = E/mN = √

s/2mN � 1 becomes very large at

FIG. 1. (Color online) (a) The invariant cross section of large-
pT dilepton production for p-p collisions at

√
s = 7.0 TeV. The

dashed line (dark yellow) is for the initial parton hard scattering
processes [leading order (LO)], the dotted line (red) is for the
semielastic photoproduction processes [semi.(dir.+res.)], the dashed-
dotted line (blue) is for the inelastic photoproduction processes
[inel.(dir.+res.+dou.)], the dashed-dotted-dotted line (dark cyan) is for
the fragmentation dileptons produced by semielastic photoproduction
processes [semi.(dir+res)-fra.], the short-dashed line (magenta) is for
the fragmentation dileptons produced by inelastic photoproduction
[inel.(dir+res+dou)-fra.], and the solid line (black) is for the sum of
the above processes. (b) The same as panel (a) but for p-p collisions
at

√
s = 14.0 TeV.

Large Hadron Collider energies. Indeed, the proton equiv-
alent photon function obtained from Weizsäcker-Williams
approximation is fγ/p ∝ ln A ∝ ln(s/m2

p), where mp is the
proton mass. Since the collision energy

√
s at the Large

Hadron Collider is very large, the photon spectrum becomes
important. Therefore the contribution of semielastic photo-
production processes is evident at Large Hadron Collider
energies. For the inelastic photoproduction processes, the
equivalent photon spectrum for the charged parton is fγ/q ∝
ln(E/mq) = ln(

√
s/2mq) + ln(x), where mq is the charged

parton mass. Hence the photon spectrum for the charged parton
becomes prominent at Large Hadron Collider energies. The
numerical results of our calculation for dileptons, photons,
and light vector meson production produced by the hard
photoproduction processes in relativistic heavy ion collisions
are plotted in Figs. 1–12.

In Figs. 1–3, we plot the contribution of the dileptons
produced by the semielastic and inelastic photoproduction
processes for the mass range of 200 MeV < M < 750 MeV in
relativistic heavy ion collisions. In Figs. 1 and 2, the dilepton
spectra of semielastic and inelastic photoproduction processes
(the dotted line and dashed-dotted line) are compared with the
dileptons spectra of the initial parton hard scattering processes
(the dashed line) for p-p collisions and Pb-Pb collisions at the
LHC, respectively. The contribution of the photoproduction
processes is prominent at LHC energies. Indeed, the frag-
mentation dileptons produced by the semielastic and inelastic
photoproduction processes (the dashed-dotted-dotted line and

FIG. 2. (Color online) (a) The invariant cross section of large-pT

dilepton production for Pb-Pb collisions at
√

s = 2.76 TeV. The
dashed line (dark yellow) is for the initial parton hard scattering
processes (LO), the dotted line (red) is for the semielastic photopro-
duction processes [semi.(dir.+res.)], the dashed-dotted line (blue) is
for the inelastic photoproduction processes [inel.(dir.+res.+dou.)],
the dashed-dotted-dotted line (dark cyan) is for the fragmenta-
tion dileptons produced by semielastic photoproduction processes
[semi.(dir+res)-fra.], the short-dashed line (magenta) is for the
fragmentation dileptons produced by inelastic photoproduction
[inel.(dir+res+dou)-fra.], and the solid line (black) is for the sum
of the above processes. (b) The same as panel (a) but for Pb-Pb
collisions at

√
s = 5.5 TeV.
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FIG. 3. (Color online) (a) The dilepton yield for Pb-Pb collisions
with

√
s = 2.76 Å TeV. The dashed line (dark yellow) is for

the thermal dilepton, the dotted line (red) is for the jet-dilepton
conversion from the initial parton hard scattering processes, the
dashed-doted line (blue) is for the jet-dilepton conversion from the
inelastic photoproduction processes, the dashed-dotted-dotted line
(dark cyan) is for the jet-dilepton conversion from the semielastic
photoproduction processes, the short-dashed line (magenta) is for the
Drell-Yan processes, and the solid line (black) is the sum of all the
above processes. (b) The same as panel (a) but for Pb-Pb collisions
at

√
s = 5.5 Å TeV.

FIG. 4. (Color online) (a) The invariant cross section of large-pT

photon production for p-p collisions at
√

s = 7.0 TeV. The dashed
line (dark yellow) is for the initial parton hard scattering processes
(LO), the dotted line (red) is for the semielastic photoproduction
processes [semi.(dir.+res.)], the dashed-dotted line (blue) is for the in-
elastic photoproduction processes [inel.(dir.+res.+dou.)], the dashed-
dotted-dotted line (dark cyan) is for the fragmentation dileptons pro-
duced by semielastic photoproduction processes [semi.(dir+res)-fra.],
the short-dashed line (magenta) is for the fragmentation dileptons
produced by inelastic photoproduction [inel.(dir+res+dou)-fra.], and
the solid line (black) is for the sum of the above processes. (b) The
same as panel (a) but for p-p collisions at

√
s = 14.0 TeV.

FIG. 5. (Color online) (a): The direct photon production in Pb-
Pb collisions with

√
s = 2.76 Å TeV. The data points are from the

ALICE Collaboration [2], the dashed line (dark yellow) is for the
initial parton hard scattering processes (LO), the short-dashed line
(magenta) is for the direct photons from photoproduction processes,
and the solid line (black) is the sum all the above processes. (b)
The fragmentation photon production in Pb-Pb collisions with

√
s =

2.76 Å TeV. The dashed line (dark yellow) is the initial parton hard
scattering processes (LO), the dashed-dotted-dotted line (dark cyan)
is for the semi-inelastic photoproduction processes, the short-dashed
line (magenta) is for the inelastic photoproduction processes, and the
solid line (black) is the sum. (c) The real photon production in Pb-Pb
collisions with

√
s = 5.5 Å TeV. The dashed line (dark yellow) is for

the initial parton hard scattering processes (LO), the dotted line (red)
is for the semielastic photoproduction processes [semi.(dir.+res.)], the
dashed-dot line (blue) is for the inelastic photoproduction processes
[inel.(dir.+res.+dou.)], the dashed-dotted-dotted line (dark cyan) is for
the fragmentation dileptons produced by semielastic photoproduction
processes [semi.(dir+res)-fra.], the short-dashed line (magenta) is for
the fragmentation dileptons produced by inelastic photoproduction
[inel.(dir+res+dou)-fra.], and the solid line (black) is for the sum of
the above processes.

short-dashed line) is evident in the region of pT > 2 GeV for
Pb-Pb collisions with

√
s = 2.76 and

√
s = 5.5 TeV. In Fig. 3,

we plot the results for jet-dilepton conversion in the QGP. The
fast jets produced by the semielastic and inelastic photoproduc-
tion processes passing through the thermal medium will lose
their energies. Compared with the spectra of the Drell-Yan
processes (the short-dashed line) and thermal dilepton (the
dotted line), we find that the contribution of jet-dilepton
conversion from semielastic and inelastic photoproduction
processes (the dashed-dotted line and dashed-dotted-dotted
line) is evident for PT > 4 GeV in Pb-Pb collisions.

The spectra of real photons produced by the photopro-
duction processes are plotted in Figs. 4–6. Compared with
the photons’ spectra of the initial parton hard scattering
processes (the dashed line), the contribution of photons pro-
duced by semielastic and inelastic photoproduction processes
(the dotted line and dashed-dotted line) is prominent at
LHC energies (Fig. 4). Furthermore, we compare with the
ALICE Collaboration direct photon data [2] which has a big
enhancement for pT < 4 GeV in Fig. 5(a). We find that the
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FIG. 6. (Color online) (a) The photon yield for Pb-Pb collisions
with

√
s = 2.76 Å TeV. The dashed line (dark yellow) is for the jet-

photon conversion from the initial parton hard scattering processes,
the dashed-dotted line (blue) is for the jet-photon conversion from
the semielastic photoproduction processes, the dashed-dotted-dotted
line (magenta) is for the jet-photon conversion from the inelastic
photoproduction processes, and the solid line (black) is the sum of all
the above processes. (b) The same as panel (a) but for Pb-Pb collisions
at

√
s = 5.5 Å TeV.

FIG. 7. (Color online) (a) The invariant cross section of ρ meson
production for p-p collisions at

√
s = 7.0 TeV. The dashed line (dark

yellow) is for the initial parton hard scattering processes (LO), the
dotted line (red) is for the semielastic photoproduction processes
[semi.(dir.+res.)], the dashed-dotted line (blue) is for the inelastic
photoproduction processes [inel.(dir.+res.+dou.)], the dashed-dotted-
dotted line (dark cyan) is for the ρ meson produced by semielastic
photoproduction fragmentation processes [semi.(dir+res)-fra.], the
short-dashed line (magenta) is for the ρ meson produced by inelastic
photoproduction fragmentation processes [inel.(dir+res+dou)-fra.],
and the solid line (black) is for the sum of the above processes.
(b) The same as panel (a) but for ω meson production. (c) The same
as panel (a) but for φ meson production.

FIG. 8. (Color online) The same as Fig. 7 but for the light vector
meson production in p-p collisions with

√
s = 14.0 TeV.

contribution of direct photons produced by photoproduction
processes (the dashed-dotted line) cannot be negligible for
Pb-Pb collisions with

√
s = 2.76 TeV [Fig. 5(a)]. Indeed,

the contribution for fragmentation photons produced by
the semielastic and inelastic photoproduction processes (the
dashed-dotted-dotted line and short-dashed line) is evident in
p-p and Pb-Pb collisions [Figs. 4, 5(b), and 5(c)]. For the
thermal photons, the contribution from the semielastic and
inelastic photoproduction processes (the dashed-dot line and

FIG. 9. (Color online) (a) The invariant cross section of ρ meson
production for p-p collisions at

√
s = 7.0 TeV. The dashed line (dark

yellow) is for the initial parton hard scattering processes (LO), the
dotted line (red) is for the semielastic photoproduction processes
[semi.(dir.+res.)], the dashed-dotted line (blue) is for the inelastic
photoproduction processes [inel.(dir.+res.+dou.)], the dashed-dotted-
dotted line (dark cyan) is for the ρ meson produced by semielastic
photoproduction fragmentation processes [semi.(dir+res)-fra.], the
short-dashed line (magenta) is for the ρ meson produced by inelastic
photoproduction fragmentation processes [inel.(dir+res+dou)-fra.],
and the solid line (black) is for the sum of the above processes.
(b) The same as panel (a) but for ω meson production. (c) The same
as panel (a) but for φ meson production. The φ meson data points are
from the ALICE Collaboration [5].
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FIG. 10. (Color online) The same as Fig. 9 but for the light vector
meson production in Pb-Pb collisions with

√
s = 5.5 Å TeV.

dashed-dotted-dotted line) becomes evident for pT > 4 GeV
in Pb-Pb collisions (Fig. 6).

We also plot the spectra of light vector mesons produced by
the photoproduction processes in Figs. 7–12. Compared with
the production cross section of the initial parton hard scattering
processes (the dashed line), the contribution of light vector
mesons produced by semielastic and inelastic photoproduction
processes (the dotted line and dashed-dotted line) is prominent
at LHC energies (Figs. 7–10). Indeed, the contribution for light
vector mesons produced by the semielastic and inelastic pho-

FIG. 11. (Color online) (a) The ρ meson yield for Pb-Pb col-
lisions with

√
s = 2.76 Å TeV. The dashed line (dark yellow) is

for the jet-medium interaction that the jet produced by the initial
parton hard scattering processes, the dashed-dotted line (blue) is for
the jet-medium interaction that the jet produced by the semielastic
photoproduction processes, the dashed-dotted-dotted line (magenta)
is for the the jet-medium interaction that the jet produced by the
inelastic photoproduction processes, and the solid line (black) is the
sum of all the above processes. (b) The same as panel (a) but for
ω meson production. (c) The same as panel (a) but for φ meson
production.

FIG. 12. (Color online) The same as Fig. 11 but for the light
vector meson production in Pb-Pb collisions with

√
s = 5.5 Å TeV.

toproduction fragmentation processes (dashed-dotted-dotted
line and short-dashed line) is evident in p-p and Pb-Pb
collisions (Figs. 7–10). Furthermore, we compare with the
ALICE Collaboration φ meson data [5] for Pb-Pb collisions in
Fig. 9(c). We find that the contribution of a φ meson produced
by photoproduction processes cannot be negligible for Pb-Pb
collisions with

√
s = 2.76 TeV [Fig. 9(c)]. The contribution

for light vector mesons produced by the jet-medium interac-
tion based on the semielastic and inelastic photoproduction
processes (the dashed-dotted line and dashed-dotted-dotted
line) becomes evident for pT > 4 GeV in Pb-Pb collisions
(Figs. 11 and 12).

V. CONCLUSION

We have investigated the production of dileptons, real
photons, and light vector mesons by the direct and resolved
photoproduction processes in p-p collisions with

√
s = 7

and
√

s = 14 TeV and Pb-Pb collisions with
√

s = 2.76 and√
s = 5.5 TeV. At the early stages of relativistic heavy ion

collisions, the incident nucleus or the charged parton of the
incident nucleus can emit large-pT photons, then the high-
energy photons interact with the partons of another incident
nucleon by the quantum electrodynamics Compton scattering
and photon-gluon fusion. Furthermore, the hadronlike photons
also can interact with the partons of the nucleus by annihilation
and Compton scattering. Indeed, the fast jets produced by the
direct and resolved photoproduction processes pass through
the hot and dense plasma and interact with the thermal
partons of the quark-gluon plasma. The numerical results for
photoproduction processes can improve the contribution of
dileptons, photons, and light vector mesons production in p-p
and Pb-Pb collisions at LHC energies.
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[66] M. Gyulassy, P. Lévai, and I. Vitev, Nucl. Phys. B 594, 371

(2001).
[67] X.-N. Wang and Z. Huang, Phys. Rev. C 55, 3047 (1997).
[68] M. Gyulassy and M. Plümer, Phys. Lett. B 243, 432
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