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Large transverse momentum dilepton and photon

production by photoproduction processes *
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Abstract: We calculate the production of large transverse momentum dileptons and photons by using direct

and resolved photoproduction processes in relativistic heavy ion collisions. Considering the central collisions of

heavy nuclei at Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC) energies, we find that

the photoproduction processes modify the dilepton and photon production in the large transverse momentum

region.
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1 Introduction

Real photons and dileptons are considered to

be a useful probe for the investigation of strongly-

interacting media due to their very long mean free

path. One of the important goals in the study of

relativistic heavy ion collisions is to identify various

sources for producing the electromagnetic informa-

tion. The photons (virtual photons) are produced

from various processes in relativistic heavy ion colli-

sions. These sources include primary hard photons

from initial parton collisions [1–8], thermal photons

from the quark-gluon plasma (QGP) [9–18], hadronic

gas [19–21], jet-photon conversion [22–25], and pho-

tons from hadronic decays after freeze-out [26]. The

parton collisions are a well-known source of large

transverse momentum (PT) photons (virtual pho-

tons).

In this paper we study the production of large PT

dileptons and photons produced by photoproduction

processes in relativistic heavy ion collisions. The pho-

toproduction processes play a fundamental role in the

ep deep-inelastic scattering at the Hadron-Electron

Ring Accelerator (HERA)(
√

s =300 GeV) [27–29].

We extend the photoproduction mechanism to the rel-

ativistic heavy ion collisions. A high energy photon

emitted from the incident electron directly interacts

with the proton by the interaction of the γp → jets

in the ep deep-inelastic scattering. Charged partons

of the colliding nucleons can also emit high energy

photons and resolved photons. Then these photons

(resolved photons) interact with the partons of other

nucleons in relativistic heavy ion collisions [30–32].

2 Photoproduction

In direct photoproduction processes, the high en-

ergy photon emitted from the charged parton of the

incident nucleon interacts with the parton of another

incident nucleon by the interaction of qγ → qγ
∗ (γ)

[32]. A virtual photon can decay into a lepton pair,

therefore the cross section of the production of large

PT dileptons can be written as [3]

dσAB→l+l−X

dM 2dP 2
Tdy

=
α

3M 2

√

1−
4m2

l

M 2

(

1+
2m2

l

M 2

)

×Eγ∗

dσAB→γ∗X

d3P
, (1)

where the term
√

1−4m2
l /M

2 represents the mass

threshold for producing the dilepton, ml is the lepton

mass, and M is the invariant mass of the lepton pair.
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The cross section of large PT virtual photons pro-

duced by direct photoproduction processes (dir. pho.)

in hadronic collisions (AB→γ
∗X) is given by

Eγ∗

dσdir.pho.

d3P
=

2

π

∫
dxa

∫
dxbGa/A(xa,Q

2)

×Gb/B(xb,Q
2)fγ/qa

(za)
xaxbza

xaxb−xax2

×
dσ̂

dt̂
(xa,xb,za,PT,M 2), (2)

where Ga/A(xa,Q
2) and Gb/B(xb,Q

2) are the par-

ton distributions of nucleons, fγ/qa
(za) is the pho-

ton spectrum from the quark, xa and xb are the mo-

mentum fractions of the partons. Here the square

of the center-of-mass energy for the subprocess is

ŝ = xaxbzasNN. The momentum fraction za of the

photon emitted from the quark is

za =
xbx1−τ

xaxb−xax2

, (3)

where

x1 =
1

2
(x2

T +4τ)
1/2

ey, (4)

and

x2 =
1

2
(x2

T +4τ)
1/2

e−y, (5)

here xT = 2PT/
√

sNN, τ = M 2/sNN.
√

sNN is the en-

ergy in the center-of-mass system. y is the rapidity of

the system. In this paper, we choose the mass range

as 100 MeV6 M 6300 MeV. The subscript a(b) de-

notes the parton of the nucleon A(B). The parton a

of the incident nucleon A can emit a large PT photon,

then the high energy photon interacts with the par-

ton b of another incident nucleon B by the interaction

of qbγ→ q(γ∗→ l+l−).

The photon spectrum from the charged parton can

be expressed as [30–32]

fγ/q(z) = e2
q

α

2π

1+(1−z)2

z
ln

(

Q2
1

Q2
2

)

, (6)

where eq is the charge of the quark, α is the electro-

magnetic coupling parameter, and z is the momen-

tum fraction of the photon emitted from the charged

parton. The values Q2
1 = ŝ/4−m2

l and Q2
2 = 1 GeV2

stand for the maximum and minimum values of the

momentum transfer, respectively. Here ŝ is the square

of the center-of-mass energy for the subprocess. Al-

though the photoproduction process contains higher-

order QED coupling parameters, the photon spec-

trum from the quark may enhance its contribution.

The photon spectrum from the quark depends on

the collision energy
√

sNN. We express the pho-

ton spectrum as fγ/q(z) ∝ ln
(

(ŝ/4−m2
l )/1 GeV2

)

=

ln(
√

sNN/1 GeV)2 +ln(xaxbza · · ·/4−m2
l /sNN), where

ŝ = xaxbzasNN for direct photoproduction processes

and ŝ = xaxbzaza′sNN for resolved photoproduction

processes. Since the collision energy at the RHIC

(
√

sNN=200 GeV) and the LHC (
√

sNN=5500 GeV)

is large, the photon spectrum from the quark may

be important in the photoproduction processes of the

relativistic heavy ion collisions.

The QED Compton process qγ→ qγ
∗ can be ob-

tained by the following ratio [2]

dσ̂/dt̂(qγ→ qγ
∗)

dσ̂/dt̂(qg→ qγ∗)
= 6

α

αs

e2
q, (7)

and we have

dσ̂

dt̂
(qγ→ qγ

∗) =
πα2e4

q

ŝ2
2

(

−
t̂

ŝ
−

ŝ

t̂
−

2M 2û

ŝt̂

)

, (8)

where the Mandelstam variables are ŝ = xaxbzasNN,

û= M 2−xbx1sNN and t̂ = M 2−xax2zasNN.

The parton distribution G(x,Q2) of the nucleon

is [6]

G(x,Q2) = R(x,Q2) [Zp(x,Q2)+Nn(x,Q2)]/A, (9)

where R(x,Q2) is the nuclear modification of the

structure function [7], Z is the proton number, N

is the neutron number and A is the nucleon number.

p(x,Q2) and n(x,Q2) are the parton distributions of

the proton and neutron, respectively. Since protons

and neutrons have different numbers of up and down

valence quarks, the isospin effect of nucleons can be

expressed by the sum of the parton distributions of

the proton and neutron.

If the parton a of the incident nucleon A emits

a resolved photon, the parton a′ of the resolved

photon interacts with the parton b of another inci-

dent nucleon B by the interactions of qa′ q̄b → gγ
∗,

qa′gb → qγ
∗ and qbga′ → qγ

∗ [32]. The cross sec-

tion of large PT virtual photons produced by resolved

photoproduction processes (res. pho.) is given by

Eγ∗

dσres.pho.

d3P
=

2

π

∫
dxa

∫
dxb

∫
dza′Ga/A(xa,Q

2)

×Gb/B(xb,Q
2)fγ/qa

(za)

×Gq
a
′/γ(za′ ,Q2)

xaxbzaza′

xaxbza′ −xaza′x2

×
dσ̂

dt̂
(xa,xb,za,za′ ,PT,M 2), (10)

where Gq
a
′/γ(za′ ,Q2) is the parton distribution of the

resolved photon [8]. Here the variable za is

za =
xbx1−τ

xaxbza′ −xaza′x2

. (11)
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The subprocesses of resolved photoproduction

processes of the annihilation and Compton scatter-

ing are given by [2]

dσ̂

dt̂
(qq̄→ gγ

∗) =
πααse

2
q

ŝ2

8

9

(

û

t̂
+

t̂

û
+

2M 2ŝ

t̂û

)

, (12)

and

dσ̂

dt̂
(qg→ qγ

∗) =
πααse

2
q

ŝ2

1

3

(

−
t̂

ŝ
−

ŝ

t̂
−

2M 2û

ŝt̂

)

. (13)

The Mandelstam variables in resolved photoproduc-

tion processes are ŝ= xaxbzaza′sNN, û = M 2−xbx1sNN

and t̂ = M 2−xax2zaza′sNN. The strong coupling con-

stant is given by

αs =
12π

(33−2Nf) ln(Q2/Λ2)
, (14)

where Nf is the number of quark flavors and Λ is

the QCD scale parameter. We choose the momen-

tum scales as Q2 = 4P 2
T and Λ = 0.2 GeV.

The categories of real photons with large PT are

similar to the cases of the dilepton production. The

cross sections of real photons can be derived from the

cross sections of the dilepton production if M 2 = 0.

Now the maximum momentum transfer Q2
1 is ŝ/4 in

the real photon production.

The cross section of real photons produced by di-

rect photoproduction processes is given by the follow-

ing

Eγ

dσdir.pho.

d3P
=

2

π

∫
dxa

∫
dxbGa/A(xa,Q2)

×Gb/B(xb,Q
2)fγ/qa

(za)
xaxbza

xaxb−xax2

×
dσ̂

dt̂
(qγ→ qγ,xa,xb,za,PT), (15)

where the cross section dσ̂/dt̂(qγ → qγ) is derived

from Eq. (8) (but with M 2 = 0). The real photon

production induced by resolved photoproduction pro-

cesses is

Eγ

dσres.pho.

d3P
=

2

π

∫
dxa

∫
dxb

∫
dza′Ga/A(xa,Q

2)

×Gb/B(xb,Q
2)fγ/qa

(za)

×Gq
a
′/γ(za′ ,Q2)

xaxbzaza′

xaxbza′ −xaza′x2

×
dσ̂

dt̂
(xa,xb,za,za′ ,PT), (16)

where the subprocesses are similar to the cases in

Eqs. (12) and (13) (but with M 2= 0).

3 Other production sources

In the first stage of relativistic heavy ion collisions,

the prompt photons (virtual photons) are those pro-

duced by Compton scattering qg→ qγ(or γ
∗ → l+l−),

annihilation of two partons qq̄ → gγ(or γ
∗ → l+l−),

and bremsstrahlung emitted from final state partons

ab → (c → xγ(or γ
∗ → l+l−))d [1–3, 13]. The initial

parton collisions are the main source of hard photon

(virtual photon) production [3–5].

In the QGP phase, thermal photons are also pro-

duced by Compton scattering qthgth → qthγ and an-

nihilation qthq̄th → gthγ of thermal partons [10, 11].

The leading order production of thermal dileptons

with the low invariant mass and transverse momen-

tum are produced by qthq̄th →γ
∗ → l+l− [9, 12].

The jet-photon conversion is induced by Comp-

ton scattering (qthgjet(or qjetgth)→ qγ) and annihila-

tion (qjetq̄th(or qthq̄jet)→ gγ) of jets passing through

the thermal medium. The contribution of jet-photon

conversion is also important in the large PT region

[22, 23]. However, the spectrum of dileptons pro-

duced by jet-dilepton conversion (qjetq̄th(or qthq̄jet)→

γ
∗ → l+l−) falls off with the transverse momentum of

dileptons faster than the spectrum of primary hard

dileptons in the large PT region [24, 25].

The background photons and dileptons are those

produced from hadronic phase (hadronic reactions)

[19–21] and the stage of freeze-out (radiative decays of

resonance states) [26]. The background spectrum of

hadronic decays (π0 → γγ, η→ γγ etc.) can be sub-

tracted from the inclusive photon spectrum by using

the statistical techniques of mixed-events in experi-

ments [15]. All the thermal electromagnetic informa-

tion of QGP phase and hadronic phase are low PT

spectra. It is a challenge to identify the thermal in-

formation of the QGP phase from the hadronic phase

[12].

4 Numerical results

From Figs. 1–4 we plot the contribution of direct

and resolved photoproduction processes at RHIC and

LHC energies. The direct and resolved photoproduc-

tion processes modify the dilepton spectra in the re-

gion of PT > 1 GeV at the RHIC and PT > 4 GeV

at the LHC (the panel b of Figs. 1 and 2). The

contribution of real photons produced by direct and

resolved photoproduction processes is in the region

of PT > 3 GeV at the RHIC and PT > 7 GeV at the

LHC (the panel b of Figs. 3 and 4). The modification
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is not prominent at RHIC energies, but the contribu-

tion of photoproduction processes becomes evident in

the large PT region at LHC energies.

Since the thermal information is dominant in the

low PT region, the contribution of thermal dileptons

and photons is also calculated. The initial tempera-

ture of the QGP is chosen as T0 = 370 MeV at the

RHIC and T0 = 845 MeV at the LHC.

The spectra of the jet-dilepton conversion drop

rapidly with the transverse momentum of dileptons

due to the attenuation function [25, 32] (the panel a

of Figs. 1 and 2). Since the rate of the jet-photon

conversion is Rjet−QGP ∝ fjet, the spectra of the jet-

photon conversion do not fall off quickly with the

transverse momentum [22, 23] (the panel a of Figs. 3

and 4).

Fig. 1. (a) The production of large PT dileptons at RHIC energies. Direct dileptons (dir.) are produced

by qg → ql+l− and qq̄ → gl+l−; fragmentation dileptons (fra.) are produced by ab → (c → xl+l−)d; pho.

denotes direct (dir. pho.) and resolved (res. pho.) photoproduction processes. (b) The contribution of direct

and resolved photoproduction processes at RHIC energies. The dashed line is the sum of direct dileptons,

fragmentation dileptons, thermal dileptons and jet-dilepton conversions. The solid line is the sum of direct

dileptons, fragmentation dileptons, thermal dileptons, jet-dilepton conversions, and dileptons produced by

direct and resolved photoproduction processes.

Fig. 2. The same as Fig. 1 but for Pb+Pb collisions at the LHC.
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Fig. 3. (a) The production of large PT photons at RHIC energies. Direct photons (dir.) are produced by

qg → qγ and qq̄→ gγ; fragmentation photons (fra.) are produced by ab→ (c→ xγ)d. (b) The contribution

of photoproduction processes at RHIC energies. The dashed line is the sum of direct photons, fragmen-

tation photons, thermal photons, and jet-photon conversions. The solid line is the sum of direct photons,

fragmentation photons, thermal photons, jet-photon conversions, and photons produced by photoproduction

processes.

Fig. 4. The same as Fig.3 but for Pb+Pb collisions at LHC energy

Jets passing through the QGP will lose energy. In-

duced gluon bremsstrahlung, rather than elastic scat-

tering of partons, is the dominant mechanism of the

jet energy loss [13, 22, 23, 33, 34]. Based on the AMY

formulism, the energy loss of the final state partons

can be described as a dependence of the final state

parton spectrum dNjet/dE on time [13, 35]. Besides,

the energy loss of jets can be scaled as the square of

the distance traveled through the medium [36]. Jets

travel only a short distance through the plasma before

the jet-photon (or virtual photon) conversion, and do

not lose a significant amount of energy. The energy

loss effect of jets before they convert into photons

(or virtual photons) is found to be small, about 20%

[13, 22, 23]. We consider the effective energy loss of

jets in the calculation.
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5 Conclusion

We study the large PT dilepton and photon pro-

duction in relativistic heavy ion collisions induced by

photoproduction processes. In the direct photopro-

duction, the charged parton of the incident nucleon

emits a large PT photon, then the high energy photon

interacts with the parton of another incident nucleon.

If the photon emitted from the charged parton is re-

solved, the parton of the resolved photon can inter-

act with the parton of the nucleon. Our numerical

results show that the photoproduction is not promi-

nent at the RHIC, but becomes evident in the large

PT region at the LHC.
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