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We calculate, for the first time, cross sections for single and central-diffractive as well as exclusive

diffractive production of dilepton pairs in proton-proton collisions. Several differential distributions are

shown. The inclusive diffractive processes are calculated using diffractive parton distributions extracted

from the analysis of diffractive structure function and dijet production at HERA. We find that the inclusive

single-diffractive Drell-Yan process is by about 2 orders of magnitude smaller than the ordinary Drell-Yan

process. The central-diffractive processes are smaller by 1 order of magnitude compared to single-

diffractive ones. We consider also exclusive production of dilepton pairs. The exclusive photon-pomeron

(pomeron-photon) process constitutes a background to the QED photon-photon process proposed to be

used for controlling luminosity at LHC. Both processes are compared then in several differential

distributions. We find a region of the phase space where the photon-pomeron or pomeron-photon

contributions can be larger than the photon-photon one.
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I. INTRODUCTION

The Drell-Yan (DY) production process is often used to
extract quark and antiquark distributions in the nucleon.
Next to open heavy quark production associated with
heavy-flavour semileptonic decays it is one of the most
important mechanisms for the inclusive production of lep-
tons. At large lepton rapidity the Drell-Yan process may be
very sensitive to the gluon distributions at small x [1]. Can
the diffractive mechanisms contribute to this region too?

The diffractive processes were intensively studied in ep
collisions at HERA. A formalism has been developed,
which shows how to calculate them in terms of the diffrac-
tive structure functions. The situation in proton-proton
collisions is more complicated. The single production dif-
fractive cross sections in proton-proton collisions constitute
usually less than 5% of standard inclusive cross sections.
They were calculated forW and Z boson [2], dijet [3], open
c �c [4] as well as for Higgs [5]. It was shown that a naive
Regge factorization leads to a sizeable overestimation of the
cross section and additional absorption mechanismmust be
included. Central-diffractive processes were calculated
only for jet [6], c �c [7] and Z0 [8]. Here we wish to calculate
their contribution for dilepton production. In this contextwe
will use diffractive parton distributions found by the H1
Collaboration in the analysis of the proton diffractive struc-

ture function FðDÞ
2 as well as dijet production in DIS [9].

It was discussed several times in the literature that the
double-photon production of dileptons in the pp !
pplþl� reaction can be considered as a luminosity monitor
for LHC [10]. Recently we have studied the mechanism of

dilepton production in �p ! lþl�p via exchange of
gluonic ladder [11]. The same mechanism can be used in
proton-proton collisions when the photon is in the inter-
mediate state and couples to the parent nucleon through the
proton electromagnetic form factor(s). It is therefore of
interest how this mechanism competes with the photon-
photon mechanism suggested as the luminosity monitor.
We think therefore that the evaluation of the cross section
for the diffractive exclusive mechanism is very important
in this context. We wish to make first predictions of the
cross section for the diffractive exclusive mechanism. We
will present several differential distributions in order to
understand the competition of the diffractive mechanism
with the QED one. We will try to identify regions of phase
space where the diffractive mechanism may dominate over
the QED mechanism which can be helpful in its experi-
mental identification.
This paper is organized as follows. In Sec. II we present a

formalismused to calculate diffractive processes and results
obtained for the single and double diffractive Drell-Yan
mechanism for

ffiffiffi
s

p ¼ 500, 1960, 14 000 GeV energy. In
Sec. III we recall a formalism which was used to calculate
the amplitude Mð�p ! ��ðq2ÞpÞ as well as we present a
formalism for the pp ! plþl�p reaction both via photon-
photon fusion and via photon-pomeron (pomeron-photon)
fusion. Next, we compare the results for both contributions.
The last section summarizes our paper.

II. INCLUSIVE DIFFRACTIVE
PRODUCTION OF DILEPTONS

A. Formalism

The mechanisms of the ordinary as well as diffractive
production of dileptons are shown in Figs. 1–3.
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In the following we apply the Ingelman and Schlein
approach [3].1 In this approach one assumes that the
Pomeron has a well defined partonic structure, and that
the hard process takes place in a Pomeron-proton or
proton-Pomeron [single diffraction (SD)] or Pomeron-
Pomeron [central diffraction (CD)] processes. We calcu-
late triple differential distributions

d�DY

dy1dy2dp
2
t

¼ K
jMj2

16�2ŝ2
½ðx1qfðx1; �2Þx2 �qfðx2; �2ÞÞ

þ ðx1 �qfðx1; �2Þx2qfðx2; �2ÞÞ�; (2.1)

d�SD

dy1dy2dp
2
t

¼ K
jMj2

16�2ŝ2
½ðx1qDf ðx1; �2Þx2 �qfðx2; �2ÞÞ

þ ðx1 �qDf ðx1; �2Þx2qfðx2; �2ÞÞ�; (2.2)

d�CD

dy1dy2dp
2
t

¼ K
jMj2

16�2ŝ2
½ðx1qDf ðx1; �2Þx2 �qDf ðx2; �2ÞÞ

þ ðx1 �qDf ðx1; �2Þx2qDf ðx2; �2ÞÞ�; (2.3)

for ordinary, single-diffractive, and central-diffractive pro-
duction, respectively. The matrix element squared for the
q �q ! lþl� process reads

jMðq �q ! lþl�Þj2

¼ 32�2�2
em

ðm2
l � t̂Þ2 þ ðm2

l � ûÞ2 þ 2m2
l ŝ

ŝ2
:

In this approach longitudinal momentum fractions are
calculated as

x1 ¼ mtffiffiffi
s

p ðey1 þ ey2Þ; x2 ¼ mtffiffiffi
s

p ðe�y1 þ e�y2Þ; (2.4)

withmt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp2

t þm2
l Þ

q
� pt. The distribution in the dilep-

ton invariant mass can be obtained by binning differential
cross section in Mlþl� .
We do not calculate the higher-order Drell-Yan contri-

butions and include them effectively with the help of a so-
called K factor. We have checked that this procedure is
precise enough in the case of ordinary Drell-Yan. The K
factor for the Drell-Yan process can be calculated as [13]

K ¼ 1þ �s

2�

4

3

�
1þ 4

3
�2

�
:

Here the running coupling constant �s ¼ �sð�2Þ is eval-
uated at �2 ¼ M2

lþl� .

The diffractive quark distribution of flavor f can be
obtained by a convolution of the flux of Pomerons fPðxPÞ
and the parton distribution in the Pomeron qf=Pð�;�2Þ:

qDf ðx;�2Þ ¼
Z

dxPd��ðx� xP�Þqf=Pð�;�2ÞfPðxPÞ

¼
Z 1

x

dxP
xP

fPðxPÞqf=P
�
x

xP
; �2

�
: (2.5)

The flux of Pomerons fPðxPÞ enters in the form integrated
over the four-momentum transfer

fPðxPÞ ¼
Z tmax

tmin

dtfðxP; tÞ; (2.6)

with tmin, tmax being kinematic boundaries.
Both pomeron flux factors fPðxP; tÞ as well as quark/

antiquark distributions in the pomeron were taken from the
H1 Collaboration analysis of diffractive structure function
and diffractive dijets at HERA [9]. The factorization scale
for diffractive parton distributions is taken as �2 ¼ M2

ll.

B. Absorption corrections

In our approach we use diffractive parton distributions
obtained from an analysis of HERA data. Up to now we
have assumed factorization which is known to be violated

FIG. 1. The ordinary leading-order Drell-Yan mechanism of
the lepton pair production.

FIG. 2. The mechanism of single-diffractive production of
dileptons.

FIG. 3. The mechanism of central-diffractive production of
dileptons.

1In the literature the dipole model was also used to estimate
diffractive processes [12].
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in hadron-hadron collisions. It is know that putting the
diffractive parton distributions to the parton formula for
proton-proton or proton-antiproton collisions leads to a
huge overestimation of the cross section [14]. This is in
agreement with theoretical arguments for the factorization
breaking in hadron-hadron collisions [15]. It is known that
soft interactions lead to an extra production of particles
which destroy the rapidity gaps related to pomeron ex-
change. Bjorken has introduced a notion of the rapidity
gap survival factor [16] which is a probability of no extra
soft interactions which would lead to fill in rapidity gap.
This idea was elaborated further and it is now rather
standard to include absorption effects in terms of the
rapidity gap survival factor. We shall discuss later how
the gap survival factor can be calculated. Different models
of absorption corrections (one-, two-, or three-channel
approaches) for diffractive processes were presented in
the literature. The absorption effects for the diffractive
processes were calculated, e.g., in [8,17,18]. The different
models give slightly different predictions. Usually an
average value of the gap survival probability hjSj2i is
calculated first and then the cross sections for different
processes are multiplied by this value. We shall follow
this somewhat simplified approach here also. Numerical
values of the gap survival probability can be found in
[8,17,18]. The survival probability depends on the colli-
sion energy. It is sometimes parametrized as

hjSj2ið ffiffiffi
s

p Þ ¼ a

bþ lnð ffiffiffi
s

p Þ : (2.7)

The numerical values of the parameters can be found in
the original publications. As discussed in [8,17] the ab-
sorptive corrections for single and central difractive DY
are somewhat different.

In the present analysis we take into account approach
presented in [17]. In this approach the probability that there
is no extra inelastic interactions can be written as

hjSj2i ¼
R jMðs; btÞj2 expð��ðbtÞÞd2btR jMðs; btÞj2Nd2bt

; (2.8)

where � is the opacity (or optical density) of the interac-
tion. Using above the formula together with the appropriate
amplitudes M2 they find the gap survival probabilities S2

for different types of diffractive processes. They calculate
S2 for three different values of the slope of the diffractive
inclusive cross sections as well as for different diffractive
processes: single, central, and double difractive (DD).
Their gap survival probabilities are given in Table. 1 in
Ref. [17].

In Ref. [8] another simple approach for how to include
absorptive corrections in difractive processes has been
presented. For instance, for central-diffractive production
the inclusion of absorptive corrections rely on the follow-
ing replacement:

fPðxP;1ÞfPðxP;2Þ !
Z

d2bd2b1d
2b2�

2ð ~b� ~b1 � ~b2Þ
� S2absðbÞfPðxP; b1ÞfPðxP; b2Þ: (2.9)

Using a Gaussian dependence of the pomeron fluxes on
b1 or b2 one gets

�S 2ðxP;1; xP;2Þ ¼ 1

4�B12ðxP;1; xP;2Þ
Z

d2bS2absðbÞ

� exp

�
� b2

4B12ðxP;1; xP;2Þ
�
: (2.10)

Here B12ðxP;1; xP;2Þ ¼ BðxP;1ÞBðxP;2Þ=ðBðxP;1Þ þ BðxP;2ÞÞ.
The absorption factor S2absðbÞ can be obtained in the two-

channel model (see the Appendix in [8]). This factor only
weakly depends on ðxP;1xP;2Þwhich justifies using an over-
all factor hjSj2i. The results obtained in this approach are
very similar to those obtained within the previous
approach.

C. Results

In this section we shall present several differential dis-
tributions for the inclusive diffractive production of the
dilepton pairs. Let us start from the presentation of one-
dimensional distributions.
In the presentation below, we shall show results for

dimuon production. The cross sections for dielectrons are
larger within the line thickness. In Fig. 4 we show invariant
mass distributions of the dilepton pair. We compare con-
tributions of diffractive and ordinary Drell-Yan processes.
The single-diffractive distributions are smaller than that for
the ordinary Drell-Yan by a factor of 10. The calculation
done assumes Regge factorization. Absorption corrections,
i.e., Regge factorization violation, can be taken into ac-
count by a multiplicative factor being a probability of a
rapidity gap survival (see, e.g., [8]). Such a factor is
approximately SGðSDÞ ¼ 0:13 and SGðCDÞ ¼ 0:06 for
the RHIC energy

ffiffiffi
s

p ¼ 500 GeV, SGðSDÞ ¼ 0:09 and
SGðCDÞ ¼ 0:04 for the Tevatron energy

ffiffiffi
s

p ¼ 1960 GeV,
and SGðSDÞ ¼ 0:05 and SGðCDÞ ¼ 0:02 for the LHC en-
ergy

ffiffiffi
s

p ¼ 14 TeV. The diffractive distributions shown are
multiplied in addition by these factors.
In Fig. 5 we show the ratios of the cross sections of

diffractive (single and central) to the ordinary Drell-Yan
for different energies

ffiffiffi
s

p ¼ 500, 1960, 14 000 GeV. We
have included here the gap survival factors. The ratios for
single-diffractive DY is almost independent of the dilepton
mass whereas that for central-diffractive DY slightly de-
creases with the dilepton mass. The result found here
differs from that found in the dipole approach in
Ref. [12]. The approach we use here for the production
of dilepton pairs was already used for other diffractive
processes in proton-proton collisions. In this sense it is a
standard approach used to describe diffractive processes.
The dipole picture was frequently discussed in the context
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of deep-inelastic scattering where its application is ob-
vious. The application of the dipole picture in hadron-
hadron collisions was discussed only in one paper, and
only ratios of cross sections were calculated. It is easier to
calculate ratios rather than the cross sections. A better
understanding of the differences between the two models
requires a calculation of differential cross sections in the
dipole approach.

In addition, the ratio for the single-diffractive compo-
nent is almost energy independent. This evident difference

between our approach and the dipole approach requires a
deeper understanding in the future.
In Fig. 6 we show a distribution in the transverse mo-

mentum of individual leptons for diffractive contributions
at

ffiffiffi
s

p ¼ 500, 1960, 14 000 GeV. For comparison we also
show the prediction for the ordinary Drell-Yan contribu-
tion. A somewhat strange shape for pt 2 ð0–1Þ GeV is a
consequence of the cut imposed on the dilepton invariant
mass Mll > 1 GeV, necessary to ensure validity of the
perturbative calculation.
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FIG. 4 (color online). Invariant mass (Mll) distributions for the ordinary Drell-Yan (black line), single-diffractive DY (dashed red
line), and central-diffractive DY (dotted blue line). The results are shown for energies

ffiffiffi
s

p ¼ 500, 1960, 14 000 GeVand the full lepton
rapidity interval.
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The rapidity distribution of the dilepton pair is shown in
Fig. 7. The distributions for the individual single-
diffractive mechanisms have maxima at large rapidities.
When adding both single-diffractive contributions we
obtain a distribution which has a shape similar to that for
the ordinary Drell-Yan. This means that the fraction of the
single-diffractive contribution is only weakly dependent on
the lepton pair rapidity. The central-diffractive contribu-
tion is concentrated at midrapidities. This is a con-
sequence of limiting integration over xP in Eq. (2.6) to
0:0< xP < 0:1.

Now we wish to discuss some two-dimensional distri-
butions. In Fig. 8 maps in (Mll, ypair) for the four different

processes are presented. The shapes for different processes
are somewhat different. In particularly the distribution of
the central-diffractive component is much narrower in the
rapidity of the lepton pair.
In Fig. 9 we show correlations in lepton rapidities (y1

is for e� and y2 is for eþ). The distributions are con-
centrated along the diagonal y1 ¼ y2. The distributions
for individual single-diffractive components are peaked
at large jy1j � jy2j. The LHC detectors have fairly large
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p ¼ 500, 1960, 14 000 GeV energy. Here Mll > 1 GeV.
Absorption effects are included here.
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coverage in pseudorapidity for leptons so a measure-
ment of such distributions in the near future is not
excluded.

In the present paper we have calculated the cross section
for a single-diffractive mechanism within a simple intuitive
Ingelman-Schlein model [3]. We find that the ratio of the
diffractive to the total cross section for dilepton pair pro-
duction depends only slightly on kinematical variables:
center-of-mass energy, Mll, ypair, or lepton transverse mo-

menta. In Ref. [12] such ratio was calculated in the frame-
work of the dipole approach to the Drell-Yan mechanism as
a function of dilepton invariant mass for different center-
of-mass energies. In this approach the ratio strongly de-
creases as a function of the center-of-mass energy and
increases as a function of the dilepton invariant mass.
This is quite opposite to the present predictions, where
the energy dependence of the ratio is rather slow and the
ratio rather decreases as a function of the dilepton invariant
mass.

III. EXCLUSIVE PRODUCTION OF DILEPTONS

A. pp ! plþl�p via photon-pomeron subprocesses

Before we go to the hadronic reaction let us start from
recalling the basic formula for the amplitude for exclusive
photoproduction of lepton pairs in the �p ! lþl�p
reaction.
As shown in Ref. [19] the forward �p ! ��p amplitude

is a sum of amplitudes for a given flavor and the amplitude
for a given flavor contribution can be written as

Mfð�p ! ��ðq2ÞpÞ
¼ W24��eme

2
f2

Z 1

0
dz

�
Z 1

0
�dk2?

Afðz; k2?; W2Þ
½k2? þm2

f � zð1� zÞq2 � i"� : (3.1)

The real and imaginary part of the forward timelike
Compton scattering amplitude takes the form:

FIG. 8 (color online). Two-dimensional distributions in dilepton invariant mass Mll and lepton pair rapidity ypair for ordinary
Drell-Yan (upper left panel), central-diffractive DY (upper right panel), and single-diffractive DY (lower panels) in pp collisions atffiffiffi
s

p ¼ 14 000 GeV. The cross sections for diffractive processes were multiplied by the gap survival factors.

G. KUBASIAK AND A. SZCZUREK PHYSICAL REVIEW D 84, 014005 (2011)

014005-6



=mMfð�p ! ��ðq2ÞpÞ ¼ W216�2�eme
2
f �

�
�ð4m2

f � q2Þ
Z 1

4m2
f

dM2
=mafðW2;M2Þ

M2 � q2

þ �ðq2 � 4m2
fÞ
�
PV

Z 1

4m2
f

dM2
=mafðW2;M2Þ

M2 � q2
þ �<eafðW2; q2Þ

��
;

<eMfð�p ! ��ðq2ÞpÞ ¼ W216�2�emc
2
f �

�
�ð4m2

f � q2Þ
Z 1

4m2
f

dM2
<eafðW2;M2Þ

M2 � q2

þ �ðq2 � 4m2
fÞ
�
PV

Z 1

4m2
f

dM2
<eafðW2;M2Þ

M2 � q2
� �=mafðW2; q2Þ

��
; (3.2)
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FIG. 9 (color online). Maps in y1 and y2 for the ordinary Drell-Yan (upper left panel), central-diffractive DY (upper right panel), and
single-diffractive DY (lower panels) in pp collisions at

ffiffiffi
s

p ¼ 14 000 GeV. The cross sections for the diffractive processes were
multiplied by the gap survival factors. The cross section takes maximal values along y1 � y2.
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where

afðW2;M2Þ¼ 1

M2

Z ð1=4ÞM2�m2
f

0

dk2?
J

AfðzðM2;k2?Þ;k2?;W2Þ:
(3.3)

Here afðW2;M2Þ is related to the diffractive amplitude for
the �p ! q �qp transition [20], however, with the spinorial
contractions from the final state performed. Function Af

is a convolution of unintegrated gluon distribution and
some auxiliary functions

=mAfðz; k2?; W2Þ ¼ �
Z 1

0

�d	2

	4
�sðq2ÞF ðxeff ; 	2Þ

� ½A0fðz; k2?ÞW0fðk2?; 	2Þ
þ A1fðz; k2?ÞW1fðk2?; 	2Þ�: (3.4)

The functions A1;0f, W1;0f can be found in Ref. [21].
In [19] we also show its derivation as well as other

details.
The amplitude for the exclusive hadroproduction (see

Fig. 10) can be written schematically as

M
3
4

pp!pplþl� ¼eF1ðq12Þð �u1��uaÞ

�
��ig��

t1

�
�
1

��ð
1ÞM
1

0
1

�p!��pðW2;Mll;t2Þ�
0
1
��

� ð
1
0Þ

�
��ig��

Mll

�
e �uð
3;p3Þ��vð
4;p4ÞþeF1ðq22Þð �u2��ubÞ

�
��ig��

t2

�
�
2

��ð
2ÞM
2
2
0

�p!��pðW1;Mll;t1Þ�

2
0��

� ð
2
0Þ

�
��ig��

Mll

�
e �uð
3;p3Þ��vð
4;p4Þ; (3.5)

where 
3, 
4 are helicities of lþ and l�, respectively.
Above Mll is the invariant mass of the lepton pair, F1 is
the Dirac electromagnetic form factor, and

M

0
�p!��pðW;Mll; tÞ / �

0

are amplitudes for the

photon-proton subprocess discussed briefly above. In the
present analysis we omit contributions related to the Pauli
electromagnetic form factors. Their contribution in the
integrated cross section is expected to be negligible. In
the present paper we concentrate rather on total cross
sections, i.e., rather on low spacelike photon virtualities.
The Pauli form factor is expected to give a sizeable con-
tribution at large spacelike photon virtualities due to its
tensorial structure. If we would like to go there we need
also to include these terms. We wish to note that the
understanding of the Pauli electromagnetic form factor
changed considerably in recent years because of the
Jefferson Laboratory studies on proton electromagnetic
form factors and due to theoretical progress in understand-
ing the interplay of single- and double-photon exchanges
(see, e.g., [22] and references therein). Neglecting the Pauli

form factor terms is consistent with not including longitu-
dinal photons (see below).
Expressing the matrix element �u1�

�ua�
�
�ð
1Þ in a

high-energy approximation in terms of kinematical varia-
bles, using orthogonality relation for polarization vectors
and parametrizing off-forword scattering amplitude as

M
1

�p!��pðW2;Mll; t2Þ

¼ M
1

�p!��pðW2;Mll; t2 ¼ 0Þ exp
�
B

2
t2

�
; (3.6)

M
1

�p!��pðW1;Mll; t1Þ

¼ M
1

�p!��pðW1;Mll; t1 ¼ 0Þ exp
�
B

2
t1

�
; (3.7)

we can write the four-body amplitude for the �Pþ P�
exchanges as

M

3
4

pp!pplþl� �
2eF1ðt1Þq1

z1t1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z1

p X

1

M
1

�p!��pðW2;MllÞ���ð
1Þ

�exp

�
B

2
t2

�
e

M2
ll

�uðp3;
3Þ��vðp4;
4Þ

þ 2eF1ðt2Þq2

z2t2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

p X

2

M
2

�p!��pðW1;MllÞ���ð
2Þ

�exp

�
B

2
t1

�
e

M2
ll

�uðp3;
3Þ��vðp4;
4Þ:

(3.8)

Above z1 and z2 are longitudinal momentum fractions of
the intermediate spacelike photons with respect to their
parent protons and q1 and q2 are two-dimensional vectors
related to the momentum transfer in the electromagnetic
vertices. Thematrix element is now two-dimensional in x, y
space (see [23]). The t dependence of the amplitude is
encoded in the exponential expðB2 tÞ form factor. The choice

of the slope parameter B was discussed in Ref. [19]. In the
first exploratory calculation presented here we sum only
over transverse photons, i.e., 
1, 
2 ¼ �1. While the con-
tribution of longitudinal timelike photons are known to be
important in inclusive Drell-Yan processes, their contribu-
tion in the diffractive process is expected to be small as
diffractive processes are known to conserve helicities.
There could be some violation of the helicity conservation
but this can be important only at larger spacelike photon
virtualities. The T ! L transition is suppressed as Q2=M2

ll

(similarly as for the exclusive vector meson production)
i.e., its contribution is small for small spacelike photon
virtualities. The contribution of longitudinal spacelike pho-
tons (L ! T and L ! L transitions) is also small at small
Q2. Therefore, neglecting longitudinal, (both spacelike and
timelike) photons is consistent with neglecting Pauli form
factor terms. It would be consistent to include all the terms
together but this goes beyond the scope of the present paper.
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The cross section is calculated as usually for a 2 ! 4
reaction:

� ¼
Z 1

2s
j �Mj2ð2�Þ4�4ðpa þ pb � p1 � p2 � p3 � p4Þ

� d3p1

ð2�Þ32E1

d3p2

ð2�Þ32E2

d3p3

ð2�Þ32E3

d3p4

ð2�Þ32E4

: (3.9)

To calculate the total cross section one has to perform an
8-dimensional integral numerically. The details for how to
conveniently choose kinematical integration variables are
explained in Ref. [24].

Some distributions initiated by the �P or P� subpro-
cesses can be calculated with good precision in the equiva-
lent photon approximation. A good example of such a
distribution is

d�

dypairdMll

¼!1

dN1ð!1Þ
d!1

d��p!lþl�p

dMll

ðW2;MllÞ

þ!2

dN2ð!2Þ
d!2

d��p!lþl�p

dMll

ðW1;MllÞ: (3.10)

Above dN1

d!1
or dN2

d!2
are photon fluxes in the first and second

nucleon. Their explicit form can be found, e.g., in [25]. The
differential distributions d�

dMll
were calculated and shown in

Ref. [19]. We have found that the equivalent photon ap-
proximation distributions are almost identical with corre-
sponding ones obtained for the four-body reaction as
discussed above.

B. pp ! plþl�p via photon–photon fusion

Here we present a formalism necessary for the calcula-
tion of the amplitude and cross section for the photon-
photon fusion. The basic mechanism is shown in Fig. 11.

The amplitude for the two-photon 2 ! 4 process shown
in Fig. 11 can be written as

Mpp!pplþl�

a
b!
1
2
3
4

¼ �uðp1;
1Þ��1

1 ðq1Þuðpa;
aÞ

�
��ig�1�1

t1

�
V�1�2


3
4
ðq1;q2;p3;p4Þ

�
��ig�2�2

t2

�
�uðp2;
2Þ��2

2 ðq2Þuðpb;
bÞ;
(3.11)

where the factor presented below describes the production
amplitude of a lþl� pair with helicities 
3, 
4 and mo-
menta p3, p4, respectively,

V�1�2

3
4

ðq1; q2; p3; p4Þ

¼ e2 �uðp3; 
3Þ
�
��1

q̂1 � p̂3 �m

ðq1 � p3Þ2 �m2
��2

� ��2
q̂1 � p̂4 þm

ðq1 � p4Þ2 �m2
��1

�
vðp4; 
4Þ:

�
�1

1 ðq1Þ and �
�2

2 ðq2Þ are vertex functions describing the
coupling of a virtual spacelike photon to the nucleon,
which can be expressed by the well-known electromag-
netic Dirac and Pauli form factors of the proton as

�
�1

1 ðq1Þ ¼ ��1F1ðq1Þ þ
i	p

2Mp

��1�1q�1
F2ðq1Þ; (3.12)

��2

2 ðq2Þ ¼ ��2F1ðq2Þ þ
i	p

2Mp

��2�2q�2
F2ðq2Þ; (3.13)

where

���¼ i

2
ð���������Þ; q1�p1�pa; q2�p2�pb:

(3.14)

Using the Gordon decomposition one can simplify the
tensorial structure

�
�1

1 ðq1Þ ¼ ðF1ðq1Þ þ 	F2ðq2ÞÞ��1 � 	F2ðq1Þ
2mN

ðpa þ p1Þ�1 ;

(3.15)

��2

2 ðq2Þ ¼ ðF1ðq2Þ þ 	F2ðq2ÞÞ��2 � 	F2ðq2Þ
2mN

ðpb þ p2Þ�2 :

(3.16)

As for the diffractive case in the present paper we neglect
contributions related to the Pauli form factors which are
very small for the integrated cross section.

FIG. 10. An example of the non-QED mechanism for the
production of opposite charge leptons in the pp ! pplþl�
reaction.

FIG. 11. The QED �� fusion mechanism of the exclusive
lepton pair production.
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C. Results

In this section we shall present results for exclusive
diffractive mechanism discussed above. We shall show
differential cross sections for �þ�� production via �P
or P� exchange and for comparison via �� fusion.2 Here
we shall concentrate on the LHC energy

ffiffiffi
s

p ¼ 14 TeV.
Let us start from the dilepton invariant mass distribution
shown in Fig. 12. The diffractive contribution is about two-
orders of magnitude smaller than that for the photon-
photon fusion. The shape of the distribution is rather
similar. We do not include here absorption effects neither

for the �� nor for the �P (P�). In both cases they are
rather small (see, e.g., [23]).
Absorption effects are large for purely hadronic exclu-

sive reactions (like for P-wave quarkonia production
pp ! ppc [26]) and small for photoproduction reactions
like pp ! ppJ=� or pp ! pp� [21,23]. We have shown
in our previous papers that absorption correction for the
latter case is quite small (a few percent) because rather
small proton recoil momenta are involved due to the pho-
ton propagator in the corresponding amplitude. The
present mechanism is of the second type. Technically,
inclusion of absorption effects in the four-body reaction
pp ! pplþl� is more involved than for the above men-
tioned three-body reactions, as the absorption effects de-
pend on the four-body phase space point.
As for the inclusive case, in Fig. 13 we also show

distribution for lepton pair rapidity. The diffractive com-
ponent is, in addition, decomposed into separate contribu-
tions corresponding to �P fusion (right bump) and P�
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FIG. 12 (color online). Dependence of the cross section on the
dilepton invariant mass for the �� (dashed line) and for the
diffractive mechanism (solid line).
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FIG. 13 (color online). Lepton pair rapidity distribution for the
�� (dashed line) and for the diffractive mechanism (solid line)
which is further decomposed into �P and P� contributions.
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FIG. 14 (color online). Distribution in relative azimuthal angle
between outgoing leptons.
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FIG. 15 (color online). Dependence on the transverse momen-
tum of the dilepton pair (pt;sum) for the diffractive (solid line) and

photon-photon (dashed line) contributions.

2In contrast to inclusive diffractive DY the cross section for
exclusive production of eþe� pairs is significantly bigger than
that for �þ�� production.
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fusion (left bump). It can be shown that without absorption
effects the two contributions add incoherently in the lepton
pair rapidity.3

In Fig. 14 we present azimuthal correlations between the
outgoing leptons for the �� fusion (dashed line) and for the
�Pþ P� exchanges (solid line). Azimuthal angle distri-
bution for the �� process peaks sharply at �	 180
 but
for the �Pþ P� process leptons prefer to go into the same
hemisphere. This distribution could be therefore used for
imposing cuts in order to enhance the contribution of the
new diffractive photoproduction mechanism.

In all the distributions presented above the �� mecha-
nism dominates over the diffractive one. Can the diffractive
mechanism be identified experimentally? The leptons in
�� process are emitted preferentially back-to-back and
their transverse momenta almost cancel. This means that
for this process the transverse momentum of the pair
should be small. It is not necessarily so for the diffractive
mechanism where the transverse momentum kick to a
proton due to the pomeron (gluonic ladder) exchange is
much bigger than that due to photon exchange. In Fig. 15
we show distribution in the transverse momentum of the
dilepton pair ( ~pt;sum ¼ ~p1t þ ~p2t). As expected, the

photon-photon contribution dominates at small transverse
momenta of the pair, while the photon-pomeron (pomeron-
photon) contributions dominate at transverse momenta

1
ξ

-8 -6 -4 -2 0

2ξ

-8

-6

-4

-2

0

-810

-710

-610

-510

-410

-310

-210

-110

1

10

γγ

1
ξ

-8 -6 -4 -2 0

2ξ

-8

-6

-4

-2

0

-810

-710

-610

-510

-410

-310

-210

-110

1

10

γ IP + IP γ

FIG. 16 (color online). Transverse momentum correlations of outgoing protons for the �� fusion (left panel) and for the �Pþ P�
exchange (right panel). The maxima of the cross section occur at �1; �2 � (-2,-2) (left panel) and �1; �2 � (-0.5,-0.5) (right panel).
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3This is not true for other distributions, in particular, for
azimuthal angle correlations between outgoing protons (see,
e.g., [23]).
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larger than about 1 GeV. We therefore think that imposing
a cut on the variable would be useful and perhaps necessary
to identify the diffractive photoproduction mechanism.

Can we further ‘‘pin down’’ the photoproduction mecha-
nism? Let us consider now two-dimensional correlations
for outgoing particles. Let us start with correlations be-
tween transverse momenta of outgoing protons. Since
transverse momenta of outgoing protons are rather small
(photon or pomeron exchange) we shall use �1 ¼
log10½p1t=1 GeV� and �2 ¼ log10½p1t=1 GeV� instead of
transverse momenta themselves. In Fig. 16 we show two-
dimensional correlations in the ð�1; �2Þ space. Different
patterns can be seen for the �� and diffractive mecha-
nisms. It is not clear to us at present if the measurement of
transverse momenta of protons will be precise enough to
impose cuts in the two-dimensional space.

We do similar analysis for transverse momenta of out-
going muons. Figure 17 shows two-dimensional distribu-
tion in transverse momentum of outgoing leptons. A strong
correlation between the transverse momentum of the nega-
tive and positive muon can be seen. The further from the
diagonal the bigger fractional contribution of the diffrac-
tive mechanism. We conclude that this figure contains
essentially similar information as the distribution in the
transverse momentum of the dilepton pair shown in Fig. 15.
In analogy to the inclusive case we consider correlations

in the lepton rapidity space. The situation on the two-
dimensional plane ðy3; y4Þ is shown in Fig. 18 for the ��
fusion (left panel) and for the �Pþ P� exchange (right
panel). We observe that the correlations for the diffractive
mechanism are stronger than that for the �� fusion.
Therefore, one could impose further cut on the difference
of the lepton rapidities: ydiff � y3 � y4.
How big are cross sections for the exclusive mechanisms

discussed in this section in comparison to those for inclu-
sive cross sections calculated in the Ingelman-Schlein
model corrected for absorption? In Fig. 19 we have col-
lected lepton pair rapidity distributions for different pro-
cesses: ordinary nondiffractive Drell-Yan, single and
central-diffractive Drell-Yan, exclusive production of di-
lepton pair via the �� fusion and via �Pþ P� exchanges.
In this plot we include absorption effects discussed in the
previous section. We observe that the cross section for the
��mechanism is larger than that for the single and central-
diffractive ones. On the other hand, the cross section for
exclusive diffractive production is of similar size as that for
the central-diffractive mechanism.
Further studies are clearly needed in order to demon-

strate whether measurements of the cross section of the
discussed mechanisms are possible.

IV. CONCLUSIONS

We have calculated distributions in lepton rapidity, lep-
ton transverse momentum as well as dilepton invariant

3
y

-10
-5

0
5

10
4y

-10
-5

0
5

10

 (
nb

)
4

dy 3
dy

σd

-610

-510

-410

-310

-210

-110

1
10

3
y

-10
-5

0
5

10
4y

-10
-5

0
5

10

 (
nb

)
4

dy 3
dy

σd

-610

-510

-410

-310

-210

-110

1
10

FIG. 18 (color online). Rapidity correlations of leptons for the �� fusion (left panel) and for the �Pþ P� exchange (right panel).
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p ¼ 14 000 GeV. The inclusive diffractive processes
are shown by the solid lines and the exclusive ones by the dashed
lines. Here we have included gap survival factors as explained in
the text.
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mass for inclusive single and central-diffractive production
of dileptons in proton-proton collisions. In these calcula-
tions we have used diffractive parton distributions found
from the analysis of the proton diffractive structure func-
tion and dijet production in deep-inelastic scattering.
Absorption effects have been taken into account by multi-
plying cross sections by gap survival factor. The distribu-
tions have been compared with the corresponding
distributions for ordinary nondiffractive Drell-Yan process.
The distribution in rapidity for the single-diffractive pro-
cess is very similar to that for the nondiffractive case. The
single-diffractive mechanism constitutes about a percent of
the inclusive mechanism. The cross section for central-
diffractive mechanism is smaller than that for single-
diffractive one by 1 order of magnitude.

In our approach the ratio of the diffractive to the total
cross section for the dilepton production only slightly
depends on the center-of-mass energy and the dilepton
mass. This is in evident contrast to earlier predictions
made within the dipole approach. This difference is not
understood so far and requires further theoretical studies.
Experimental studies would clearly shed more light on the
issue and would help in understanding the diffractive
mechanism in hadronic processes, certainly not fully
understood so far.

We have also calculated several differential distributions
for exclusive diffractive production of dileptons. Here the
photon-pomeron (pomeron-photon) is the driving mecha-
nism. We have applied here a formalism used previously
for the �p ! lþl�p reaction. This formalism was previ-
ously successfully tested for exclusive production of vector
mesons. The distributions for the diffractive exclusive
process were compared with corresponding distributions
for the QED photon-photon mechanism. We have found
regions of the phase space where the diffractive mechanism
dominates over the QED one. Several differential distribu-
tions have been shown and discussed. Experimental iden-
tification of the exclusive diffractive process is very
important in the context of the proposal to use the QED
photon-photon fusion to monitor luminosity at the LHC.
Clearly further Monte Carlo studies are necessary.
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