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We report a study on the description of two-photon production of dimuons in proton-proton col-

lisions. We focus on the region of high transverse momentum of the muon pairs, where contri-

butions from proton dissociative events are important. Here one must go beyond the Weizsäcker-

Williams approximation of collinear photons and take the photon transverse momenta into ac-

count. The resulting formalism in the high-energy limit canbe understood as a type ofkT -

factorization where the transverse momentum dependent photon fluxes play the role of ”unin-

tegrated” photon densities. The calculation of the unintegrated photon fluxes for dissociative

events requires knowledge of proton structure functions ina broad range ofxBj andQ2, which we

will discuss.
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Figure 1: Mechanisms of lepton pair production throughtγγ-fusion: elastic-elastic, elastic-inelastic and
inelastic-inelastic processes.

1. Introduction

Recently, there has been much interest in exclusive processes at high energies, in which the
incoming protons emerge intact in the final state and some simple system is produced in the central
region. In practice, due to the incomplete instrumentationof detectors one has to include also the
dissociation of protons (see figure 1). Here we analyze the QED process of muon-pair production
(see e.g. [1]), in which case inelastic dissociation is -at least in principle- calculable in terms of
measured proton structure functions. Having the spin one, photon exchanges can contribute to the
same event topologies as the Pomeron exchange.

2. Formalism

Much useful information on the two-photon mechanism of particle production is found in [2].
Here however we are interested in distributions fully differential in muon variables, and it is best
to start from scratch from the direct evaluation of Feynman diagrams. We are interested in a case
where the final state lepton pair is separated by a large rapidity from all other final state particles,
which is a typical feature of the high-energy limit. In such alimit, the cross section differential in
the lepton rapiditiesy± and transverse momenta~pT± can be written in the form familiar from the
kT–factorization [3]:

dσ(AB→ Xl+l−Y)
dy+dy−d2~pT+d2~pT−

=

∫
d2~qT 1

π~qT
2
1

d2~qT 2

π~qT
2
2

F
(i)
γ∗/A(x1,~qT 1)F

( j)
γ∗/B(x2,~qT 2)

dσ ∗(p+, p−;~qT 1,~qT 2)

dy+dy−d2~pT+d2~pT−
.

(2.1)

where the longitudinal momentum fractions of photons are calculated from

x1 =
m⊥+√

s
ey+ +

m⊥−√
s

ey− , x2 =
m⊥+√

s
e−y+ +

m⊥−√
s

e−y− , m⊥± =
√

~pT
2
±+m2

l .

The important quantities are the unintegrated photon densitiesF
(el/inel)
γ∗/A (x,~qT) which read explic-

itly

F
(el)
γ∗/A(x,~qT) =

αem

π
(1−x)

[ ~qT
2

~qT
2+x2m2

A

]2 4m2
pG2

E(Q
2)+Q2G2

M(Q2)

4m2
p+Q2

(

1− Q2−~qT
2

Q2

)

,

(2.2)
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for the elastic, coherent contribution. It is calculated interms of the proton electric and magnetic
formfactorsGE,M(Q2), and

F
(inel)
γ∗/A (x,~qT) =

αem

π
(1−x)

∫ ∞

M2
thr

dM2
XF2(M2

X,Q
2)

M2
X +Q2−m2

p

(

1− Q2−~qT
2

Q2

)[ ~qT
2

~qT
2+x(M2

X −m2
A)+x2m2

A

]2
,

(2.3)

for the inelastic contribution in which the proton breaks upinto a system of invariant massMX,
over which we integrate here. It is a property of the high-energy limit that fluxes of transverse and
longitudinal virtual photons are equal and only the structure functionF2 = 2xF1+FL appears.

The other ingredient of our calculation is the off-shell cross section for the fusion of virtual
photons, which reads1:

dσ ∗(p+, p−;~qT 1,~qT 2)

dy1dy2d2~pT+d2~pT−
=

α2
em

~qT
2
1~qT

2
2

∑
λ ,λ̄

∣
∣
∣Bλλ̄ (p+, p−;q1,q2)

∣
∣
∣

2
δ (2)(~qT 1+~qT 2−~pT+−~pT−).

If we parametrize the lepton four-momenta in terms of their Sudakov-parameters as

p± = α±p1+β±p2+ p±⊥, β± =
~pT

2
±+m2

α±s
, (2.4)

the off-shell cross section takes a particularly simple form in terms of the variables [4]:

z± =
α±
α

,~kT = z−~pT+−z+~pT− . (2.5)

The familiar structures

Φ0 =
1

(~kT +z+~qT 2)2+ ε2
− 1

(~kT −z−~qT 2)2+ ε2
,

~ΦT =
~kT +z+~qT 2

(~kT +z+~qT 2)2+ ε2
−

~kT −z−~qT 2

(~kT −z−~qT 2)2+ ε2
, (2.6)

with ε2 = m2
l +z+z−~qT

2
1, enter the off-shell matrix element:

∑
λ ,λ̄

∣
∣
∣Bλλ̄ (p+, p−;q1,q2)

∣
∣
∣

2
= 2z+z−~qT

2
1

[

4z2
+z2

−~qT
2
1Φ2

0
︸ ︷︷ ︸

L

+(z2
++z2

−)~ΦT
2+m2

l Φ2
0

︸ ︷︷ ︸

T

+
[

~ΦT × ~qT 1

|~qT |
]2

−
(~ΦT ·~qT 1

|~qT 1|
)2

︸ ︷︷ ︸

TT′

+4z+z−(z+−z−)Φ0(~qT 1~ΦT)
︸ ︷︷ ︸

LT

]

.(2.7)

We indicated the terms corresponding to photon 1 being in thelongitudinal or transverse polariza-
tion states and the respective interference contributions.

3. Selected Results

The results shown here were obtained using a standard dipoleparametrization for the elastic
formfactors, and the Szczurek-Uleshchenko parametrization [5] for F2. We use two sets of cuts:

1Note that (the transverse) virtual photons carry the linearpolarizations parallel to~qT 1,~qT 2, and the averaging over
photon polarizations is in fact effected by the azimuthal integrations in eq.(2).
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Figure 2: Muon rapidity distributions for low-pT (left) and high-pT (right) cuts. We show separately the
elastic-elastic (solid), elastic-inelastic (dashed), inelastic-elastic (dotted) and inelastic-inelastic (dash-dotted)
mechanisms at

√
s= 7 TeV.

the low-pT cut, pT > 3GeV and the high-pT cut pT > 15GeV. The former is typical, say for
an analysis of (semi-)exclusiveϒ-production, while the latter for an analysis of theγγ →W+W−

process [6]. For the rapidities of muons we take|y±|< 2.5, and the mass of the excited stateMX in
the inelastic processes varies according tomp+mπ ≤ MX ≤ 1TeV.

In figure 2 we show the rapidity distribution of muons separately for the elastic-elastic (solid
line), elastic-inelastic (dashed line), inelastic-elastic (dotted line) and inelastic-inelastic (dash-
dotted line) mechanisms at

√
s = 7 TeV. We observe that inelastic cross sections are large. The

shape of the elastic-inelastic and inelastic-elastic distributions are asymmetric aroundy= 0. This
reflects the fact that the photon inducing the breakup tends to be harder than the one coupling to
the elastic vertex. Transverse momentum distributions of muons are shown in figure 3. Here we
observe thatpT distributions in the inelastic-elastic case are broader than in the elastic-elastic col-
lisions. In the inelastic-inelastic events the muonpT -distribution is still harder. This shows that
virtual photons contribute to thepT of muons. We also show the distribution in invariant mass of
theµ+µ−-pair. Here the most striking feature is that for the inelastic-elastic and inelastic-inelastic
collisions, the invariant mass distributions extend belowM = 2pcut

T . This is possible for pairs
which carry a finite transverse momentum~pT sum= ~pT++~pT−. As expected the effect of these
pairs is strongest for the inelastic-inelastic case. Obviously it cannot be described in the standard
Weizsäcker-Williams approach using collinear photons.
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Figure 3: Muon transverse momentum distributions for low-pT (left) and high-pT (right) cuts. We show sep-
arately the elastic-elastic (solid), elastic-inelastic (dashed), inelastic-elastic (dotted) and inelastic-inelastic
(dash-dotted) mechanisms at

√
s= 7 TeV.

Figure 4: Invariant mass distributions of theµ+µ−-pair for low-pt (left) and high-pt (right) cuts. We
show separately the elastic-elastic (solid), elastic-inelastic (dashed), inelastic-elastic (dotted) and inelastic-
inelastic (dash-dotted) mechanisms at

√
s= 7 TeV.
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4. Conclusion

We have reviewed the production of muon pairs by theγγ-fusion mechanism in proton-proton
collisions at LHC energies. Three different classes of processes (elastic-elastic, elastic-inelastic
and inelastic-inelastic) have been discussed. We proposeda method to calculate all three of the
above processes, which is the QED analogue to the familiarkT -factorization.

Here we have shown transverse momentum and rapidity distributions of muons, as well as
distributions in dimuon invariant mass and in the transverse momentum of the muon pair. Imposing
cuts on muon transverse momenta, all the three event classeselastic-elastic, elastic-inelastic, and
inelastic-inelastic) give contributions of similar magnitude. While the elastic-elastic contribution
is well under control, the inelastic contributions are subjected to uncertainties of the order of 20%
or even more for some regions of correlation observables.

Different regions of phase space of the muon pair are sensitive to structure functions in dif-
ferent ranges ofxBj andQ2. Unfortunately, at present there is no single set of structure functions
available in the literature which accurately treats all regions ofxBj andQ2.

The contribution fromγγ-fusion to a specific final state can be enhanced by imposing the con-
dition of no charged particles coming from the same vertex (see e.g. [1]). The inelastic processes
then become very important. However, one should still include absorption effects into the calcula-
tion. While some early discussion of absorptive effects in lepton pair production do exist [7], these
studies concentrate on an entirely different kinematic region than we do in this work.

We leave the investigation of absorptive corrections and a possibility of their direct measure-
ment to future studies.
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