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Outline

• Motivation: why study photon-initiated processes at the LHC?

• Semi-exclusive processes with rapidity gaps: how do we include a 
rapidity veto within the standard inclusive approach?

• Comparison to CMS 7 and 8 TeV           data.µ+µ�
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Figure 1: Schematic diagram corresponding diffractive topology described in text, corre-
sponding to case that quark of rapidity yq is emitted beyond the edge of a LRG region.

Due to strong qt ordering, the transverse momentum of the recoiled quark is given by −qt,
that is equal and opposite to that of the final–state photon. The rapidity of this quark is

yq ≃ − ln
qt
2p′q

. (6)

We require that the quark be produced with rapidity greater than some yLRG, corresponding
to the end of the experimentally defined gap2: in this case, it is convenient to work in terms
of the rapidity interval, δ = yp − yLRG between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition yq > yLRG in this notations takes
the form

yp − yq = ln

(
qt
mp

z

x(1− z)

)
< δ , (7)

and thus to obtain the modified photon PDF, corresponding to the kinematics with a LRG
present, we have to supplement the integrand in (1) by a Θ function which ensure that the
condition (7) is satisfied. This gives3

γ(x,Q2) = γ(x,Q2
0) +

α

2π

∫ Q2

Q2
0

dQ
′2

Q′2

∑

q

∫ 1

x

dz

z

(
Pγγ(z) γ(

x

z
,Q

′2)

+ Pγq(z)q(
x

z
,Q

′2)Θ(δ − |yp − yq|)
)

, (8)

≡ γ(x,Q2
0) + γevol(x,Q

2; δ) . (9)

where qt =
√
(1− z)Q′2. Due to strong qt ordering all the previous partons emitted during

the evolution will have larger rapidities, y > yq, and therefore evidently do not spoil the
rapidity gap; this condition is therefore sufficient for a LRG to be present.

2For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ηLRG = − ln [tan (θLRG/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.

3If we consider the evolution equation (1) in terms of the scale qt then the limit (7) corresponds to a
simple upper limit on the momentum fraction, z.

4

�

Figure 1: Schematic diagram corresponding to the di↵ractive topology described in text,
where a quark of rapidity y

q

is emitted beyond the edge of a LRG region.

the intact proton or the N⇤ excitation and the central system. This is also the case for
the incoherent input term: since the input value of Q2

0

⇠ 1 GeV2 is small and we have the
kinematic requirement on the quark q

t

< Q
0

, this implies that the transverse momentum
of the final–state quark produced in the incoherent emission is small, and the rapidity of
the produced secondaries is large, that is, similar to the outgoing proton/N⇤ rapidity in the
coherent case3.

Next, we consider the second term in (1), that is due to the DGLAP evolution. At LO,
this corresponds to the splitting of a quark with a fraction x/z of the proton momentum ~p to
a photon with longitudinal momentum xp (where p = |~p|) and squared transverse momentum

q2
t

= (1� z)Q2 , (9)

and to a s–channel quark with longitudinal momentum

p0
q

=
x(1� z)

z
p . (10)

Due to strong q
t

ordering, the transverse momentum of the recoiled quark is given by �q
t

,
that is equal and opposite to that of the final–state photon. The rapidity of this quark is

y
q

' � ln
q
t

2p0
q

. (11)

We require that the quark be produced with rapidity greater than some y
LRG

, corresponding
to the end of the experimentally defined gap4: in this case, it is convenient to work in terms
of the rapidity interval, � = y

p

� y
LRG

between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition y

q

> y
LRG

in this notation takes
the form

y
p

� y
q

= ln

✓
q
t

m
p

z

x(1� z)

◆
< � , (12)

3For very large rapidity gaps, i.e. as the limit of the gap region approaches y
max

= ± log(mp/
p
s), the

decay products of the excited system may extend into the gap region. In this case, we have to consider each
component of the input contribution individually, keeping only the part for which the produced secondaries
do not spoil the rapidity gap.

4For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ⌘

LRG

= � ln [tan (✓
LRG

/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.
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• In era of high precision phenomenology at the LHC: NNLO 
calculations rapidly becoming the ‘standard’. However:

• Thus at this level of accuracy, must consider a proper account of 
EW corrections. At LHC these can be relevant for a range of 
processes (                                                         ).
• For consistent treatment of these, must incorporate QED in initial 
state: QED corrections to DGLAP evolution and a photon PDF.

↵2
S(MZ) ⇠ 0.1182 ⇠ 1

70
↵QED(MZ) ⇠

1

130

! NLO EW and NNLO QCD corrections can be comparable in size.

W , Z, WH, ZH, WW , tt, jets...

3

Why study photon-initiated processes? (1)



• Excess of events at               seen so far only in      final-state, and not 
e.g. in dijet mass spectrum. What if this is due to a new state     which 
couple dominantly to photons? 
• Subject of a range of studies: arXiv:1512.05751, 1512.05776, 
1512.08502,1512.04933,1601.00624,1601.00386,1601.01144,1601.01571,1601.006
38,1601.01712,1601.07167,1602.00475,1601.07564… 
• If this is the case, essential to have the most precise possible calculation 
of the     initial-state        important to understand photon PDF.

750GeV ��

��

4
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Why study photon-initiated processes? (2)
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• Unlike the quark/gluons, photon is colour-singlet object: can lead 
naturally to large rapidity gaps (LRGs) in the final state:

‣ ‘Exclusive’ production: LRGs between centrally produced object       
and outgoing intact protons.
‣ ‘Semi-exclusive’: protons may break up, but LRGs still present 
between      and dissociation products.

• We will consider the latter processes: 
test of gap survival, and potentially most 
direct probe available at LHC for               
- large variations between different sets 
(limited constraints).

X

�(x,Q2)

Why study photon-initiated processes? (3)
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FIG. 10: Comparison of various NLO photon PDFs at the scale Q = 3.2 GeV: CT14QED with

pγ0 = 0% (green), CT14QED with pγ0 = 0.14% (black), MRST2004QED0 using current quark

masses (orange), MRST2004QED1 using constituent quark masses (brown), and NNPDF2.3QED

with αs = 0.118 and average photon (blue).

at small values of x. This difference is most likely due to the different approaches to the

evolution of the PDFs taken by the different groups. Whereas in the MRST and CTEQ-

TEA approaches, the QCD and QED scales are chosen identical and evolved together, in

the NNPDF approach the QCD and QED scales are separate and the two scales are evolved

successively. This difference in the evolution at small x is consistent with the behavior seen

in the right panel of Fig. 2 in Ref. [6], where the NNPDF photon PDF also is smaller at

small x and large Q2 than when it is evolved using the code partonevolution [7, 17].

Another observation from Fig. 11, concerning the CT14QED and MRST2004QED pho-

ton PDFs is that the impact of the initial photon distribution becomes less significant as

Q2 increases and more photons are produce through radiation off the quarks. From these

plots we see that the fractional deviation between the different photon PDFs decreases with

increasing Q2. In fact at very small x and large Q2 the differences in the sea quark distribu-

tions of the PDFs presumably have more impact on the photon PDF than does the initial

photon distribution.

IV. DISCUSSION AND CONCLUSION

In this paper, we have presented CT14QED, which is the first set of CT14 parton distri-

bution functions obtained by including QED evolution at leading order (LO) with next-to-

leading order (NLO) QCD evolution in the global analysis by the CTEQ-TEA group. This

development will provide better theory predictions to compare with the precision data, such

as Drell-Yan pair production, measured at the LHC. The CT14QED PDFs are based on the

CT14 NLO initial distributions with the addition of an initial photon PDF. (There is also

an inconsequential rescaling of the quark sea PDFs, in order to maintain the momentum

20
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Abstract

We consider photon–initiated events with large rapidity gaps in proton–proton colli-
sions, where one or both protons may break up. We formulate a modified photon PDF
that accounts for the specific experimental rapidity gap veto, and demonstrate how
the soft survival probability for these gaps may be implemented consistently. Finally,
we present some phenomenological results for the two–photon induced production of
lepton and W boson pairs.

1 Introduction

Photon–initiated processes at the LHC allow us to study �p and two–photon interactions
at unprecedented collision energies, for a range of final states. In inclusive processes taking
account of electroweak corrections is of increasing importance for precision phenomenology,
and an essential ingredient in these is the introduction of a photon parton distribution func-
tion (PDF), where data such as the electroproduction of an isolated photon ep ! e�X at
HERA, and electroweak boson production at the LHC are sensitive to the size of the photon
distribution (see [1, 2, 3] for studies by the global parton fitting groups).

In addition to the inclusive case, it also natural to consider photon–initiated exclusive
and di↵ractive processes. The colour–singlet photon exchange can lead naturally to rapidity
gaps in the final state, and in addition these modes o↵er some important and potentially
unique advantages. For example, di↵ractive vector meson production provides a probe of the
gluon PDF at low x and Q2, as well as possible gluon saturation e↵ects, �� ! W+W� pair
production provides a precise probe of potential anomalous gauge couplings [4, 5, 6], while
the theoretically well understood case of lepton pair production, �� ! l+l�, is sensitive to
the e↵ect of soft proton interactions [7, 8] as well as potentially being useful for luminosity

ar
X

iv
:1

60
1.

03
77

2v
3 

 [h
ep

-p
h]

  1
9 

A
pr

 2
01

6

The photon and rapidity gaps

• arXiv:1601.03772: aim to give systematic treatment of the effect of 
LRG vetoes on the photon PDF.
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Figure 1: Schematic diagram corresponding diffractive topology described in text, corre-
sponding to case that quark of rapidity yq is emitted beyond the edge of a LRG region.

Due to strong qt ordering, the transverse momentum of the recoiled quark is given by −qt,
that is equal and opposite to that of the final–state photon. The rapidity of this quark is

yq ≃ − ln
qt
2p′q

. (6)

We require that the quark be produced with rapidity greater than some yLRG, corresponding
to the end of the experimentally defined gap2: in this case, it is convenient to work in terms
of the rapidity interval, δ = yp − yLRG between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition yq > yLRG in this notations takes
the form

yp − yq = ln

(
qt
mp

z

x(1− z)

)
< δ , (7)

and thus to obtain the modified photon PDF, corresponding to the kinematics with a LRG
present, we have to supplement the integrand in (1) by a Θ function which ensure that the
condition (7) is satisfied. This gives3

γ(x,Q2) = γ(x,Q2
0) +

α

2π

∫ Q2

Q2
0

dQ
′2

Q′2

∑

q

∫ 1

x

dz

z

(
Pγγ(z) γ(

x

z
,Q

′2)

+ Pγq(z)q(
x

z
,Q

′2)Θ(δ − |yp − yq|)
)

, (8)

≡ γ(x,Q2
0) + γevol(x,Q

2; δ) . (9)

where qt =
√
(1− z)Q′2. Due to strong qt ordering all the previous partons emitted during

the evolution will have larger rapidities, y > yq, and therefore evidently do not spoil the
rapidity gap; this condition is therefore sufficient for a LRG to be present.

2For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ηLRG = − ln [tan (θLRG/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.

3If we consider the evolution equation (1) in terms of the scale qt then the limit (7) corresponds to a
simple upper limit on the momentum fraction, z.
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Figure 1: Schematic diagram corresponding to the di↵ractive topology described in text,
where a quark of rapidity y

q

is emitted beyond the edge of a LRG region.

the intact proton or the N⇤ excitation and the central system. This is also the case for
the incoherent input term: since the input value of Q2

0

⇠ 1 GeV2 is small and we have the
kinematic requirement on the quark q

t

< Q
0

, this implies that the transverse momentum
of the final–state quark produced in the incoherent emission is small, and the rapidity of
the produced secondaries is large, that is, similar to the outgoing proton/N⇤ rapidity in the
coherent case3.

Next, we consider the second term in (1), that is due to the DGLAP evolution. At LO,
this corresponds to the splitting of a quark with a fraction x/z of the proton momentum ~p to
a photon with longitudinal momentum xp (where p = |~p|) and squared transverse momentum

q2
t

= (1� z)Q2 , (9)

and to a s–channel quark with longitudinal momentum

p0
q

=
x(1� z)

z
p . (10)

Due to strong q
t

ordering, the transverse momentum of the recoiled quark is given by �q
t

,
that is equal and opposite to that of the final–state photon. The rapidity of this quark is

y
q

' � ln
q
t

2p0
q

. (11)

We require that the quark be produced with rapidity greater than some y
LRG

, corresponding
to the end of the experimentally defined gap4: in this case, it is convenient to work in terms
of the rapidity interval, � = y

p

� y
LRG

between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition y

q

> y
LRG

in this notation takes
the form

y
p

� y
q

= ln

✓
q
t

m
p

z

x(1� z)

◆
< � , (12)

3For very large rapidity gaps, i.e. as the limit of the gap region approaches y
max

= ± log(mp/
p
s), the

decay products of the excited system may extend into the gap region. In this case, we have to consider each
component of the input contribution individually, keeping only the part for which the produced secondaries
do not spoil the rapidity gap.

4For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ⌘

LRG

= � ln [tan (✓
LRG

/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.
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The photon and rapidity gaps: setup

R

�(x1, µ
2)

�(x2, µ
2)

• Consider photon-initiated production of a system     :

�(R) =

Z
dx1dx2 �(x1, µ

2)�(x2, µ
2) �̂(�� ! R)

but require no additional particles out to rapidity          .

• Question: how does this modify the photon PDF                ?�(x,Q2)

yLRG

X



The photon PDF

• As with other partons, the photon obeys a DGLAP evolution equation:
strong coupling ↵

S

have recently been calculated in [29], and are included here2. Thus, we
have

�(x, µ2) = �(x,Q2

0

) +

Z
µ

2

Q

2
0

↵(Q2)

2⇡

dQ2

Q2

Z
1

x

dz

z

✓
P
��

(z)�(
x

z
,Q2)

+
X

q

e2
q

P
�q

(z)q(
x

z
,Q2) + P

�g

(z)g(
x

z
,Q2)

◆
, (6)

where the input distribution �(x,Q
0

) = �coh(x,Q
0

)+ �incoh(x,Q
0

) and P
�q

(z) and P
�g

(z) are
the NLO (in ↵

S

) splitting functions. At LO we have

P
�g

(z) = 0 , (7)

P
�q

(z) =


1 + (1� z)2

z

�
, (8)

P
��

(z) = �2

3

"
N

c

X

q

e2
q

+
X

l

e2
l

#
�(1� z) , (9)

where the indices q and l denote the light quark and the lepton flavours respectively, see [29]
for the full NLO results. We find that including the NLO form of the DGLAP evolution
reduces the predicted cross section for M

R

= 750 GeV by about 5% compared to LO, with
the suppression being slightly larger at the highest rapidities.

What are the uncertainties on the above expressions? The main source is in fact due
to varying the factorization scale in the photon PDF, indicating the potential importance
of higher–order contributions. Varying µ

R

(in ↵ and ↵
s

) and µ
F

independently between
(M

R

/2, 2M
R

) for M
R

= 750 GeV, we find that there is a ⇠ ±10% variation in the predicted
�� luminosity, and hence in the predicted inclusive cross section. This is dominantly due to
the factorization scale variation, while if we set µ

R

= µ
F

some compensation in fact occurs,
so that the variation is instead ⇠ 5%. There is also some error associated with the PDF
uncertainty of the quark and gluon PDFs which enter the photon DGLAP evolution. Here,
we take MMHTNLO [30] PDFs3: calculating the PDF uncertainty in the usual way we find
less than a ⇠ ±2% variation.

In addition there is some uncertainty due to the quark treatment in the ‘incoherent’
emission term in the input PDF �(x,Q2

0

), and the related question of the choice of starting
scale Q

0

, which acts as an upper limit on the scale for photon emission in both the coherent
and incoherent input components; here we take Q

0

= 1 GeV. We choose to freeze the quark

2Strictly speaking, to be consistent we should also include the �� ! R matrix element at NLO, however if
the experimental value of the R ! �� width is taken this implicitly includes higher order–QCD corrections,
while for the simplest case that R does not couple to coloured particles these corrections are zero.

3Strictly speaking, a set which includes the photon PDF in the fit should be used, however an up–to–
date fit within the framework described in this paper is not currently available, and moreover this will only
influence the PDFs at higher order in ↵, so will be a small e↵ect.

5

• Thus PDF at scale     given in terms of:

‣ PDF at starting scale                        .
‣ Evolution term from, due to emission from quarks up to scale    .

• Question: how do we model the starting distribution                 ?

µ

Q0 ⇠ 1GeV

µ

�(x,Q2
0)

P�q
P�g P��

8

NLO in QCD



The starting distribution
• Take approach of A.D. Martin and M.G. Ryskin, arXiv:1406.2118. 
Photon at                       given as sum of coherent and incoherent terms:

p p

9

Figure 2: The photon PDF x�(x, µ2) subject to the rapidity gap constraint (12), for di↵erent
values of � and for µ2 = 200, 104 GeV2, with the usual inclusive PDF shown for comparison.

We now consider some numerical results. As described above, for the input photon PDF,
following [25] we include a coherent component due to purely elastic photon emission and an
incoherent component due to emission from the individual quark lines, such that

�(x,Q2

0

) = �
coh

(x,Q2

0

) + �
incoh

(x,Q2

0

) , (15)

with

�
coh

(x,Q2

0

) =
1

x

↵

⇡

Z
Q

2
<Q

2
0

0

dq2
t

q2
t

+ x2m2

p

✓
q2
t

q2
t

+ x2m2

p

(1� x)F
E

(Q2) +
x2

2
F
M

(Q2)

◆
, (16)

where q
t

is the transverse momentum of the emitted photon, and Q2 is the modulus of the
photon virtuality, given by

Q2 =
q2
t

+ x2m2

p

1� x
, (17)

The functions F
E

and F
M

are the usual proton electric and magnetic form factors

F
M

(Q2) = G2

M

(Q2) F
E

(Q2) =
4m2

p

G2

E

(Q2) +Q2G2

M

(Q2)

4m2

p

+Q2

, (18)

with

G2

E

(Q2) =
G2

M

(Q2)

7.78
=

1
�
1 +Q2/0.71GeV2

�
4

, (19)

in the dipole approximation, where G
E

and G
M

are the ‘Sachs’ form factors. The incoherent

6

‣ Coherent: due to elastic               emission        connection to purely 
exclusive production.
‣ Incoherent: emission from individual quarks. Some theoretical 
guidance, but known less precisely.

p ! p� )

p

�
coh

�
incoh

Q0 ⇠ 1GeV



Solving the DGLAP equation
• Returning to photon DGLAP evolution equation:

strong coupling ↵
S

have recently been calculated in [29], and are included here2. Thus, we
have

�(x, µ2) = �(x,Q2

0

) +

Z
µ

2

Q

2
0

↵(Q2)

2⇡

dQ2

Q2

Z
1

x

dz

z

✓
P
��

(z)�(
x

z
,Q2)

+
X

q

e2
q

P
�q

(z)q(
x

z
,Q2) + P

�g

(z)g(
x

z
,Q2)

◆
, (6)

where the input distribution �(x,Q
0

) = �coh(x,Q
0

)+ �incoh(x,Q
0

) and P
�q

(z) and P
�g

(z) are
the NLO (in ↵

S

) splitting functions. At LO we have

P
�g

(z) = 0 , (7)

P
�q

(z) =


1 + (1� z)2

z

�
, (8)

P
��

(z) = �2

3

"
N

c

X

q

e2
q

+
X

l

e2
l

#
�(1� z) , (9)

where the indices q and l denote the light quark and the lepton flavours respectively, see [29]
for the full NLO results. We find that including the NLO form of the DGLAP evolution
reduces the predicted cross section for M

R

= 750 GeV by about 5% compared to LO, with
the suppression being slightly larger at the highest rapidities.

What are the uncertainties on the above expressions? The main source is in fact due
to varying the factorization scale in the photon PDF, indicating the potential importance
of higher–order contributions. Varying µ

R

(in ↵ and ↵
s

) and µ
F

independently between
(M

R

/2, 2M
R

) for M
R

= 750 GeV, we find that there is a ⇠ ±10% variation in the predicted
�� luminosity, and hence in the predicted inclusive cross section. This is dominantly due to
the factorization scale variation, while if we set µ

R

= µ
F

some compensation in fact occurs,
so that the variation is instead ⇠ 5%. There is also some error associated with the PDF
uncertainty of the quark and gluon PDFs which enter the photon DGLAP evolution. Here,
we take MMHTNLO [30] PDFs3: calculating the PDF uncertainty in the usual way we find
less than a ⇠ ±2% variation.

In addition there is some uncertainty due to the quark treatment in the ‘incoherent’
emission term in the input PDF �(x,Q2

0

), and the related question of the choice of starting
scale Q

0

, which acts as an upper limit on the scale for photon emission in both the coherent
and incoherent input components; here we take Q

0

= 1 GeV. We choose to freeze the quark

2Strictly speaking, to be consistent we should also include the �� ! R matrix element at NLO, however if
the experimental value of the R ! �� width is taken this implicitly includes higher order–QCD corrections,
while for the simplest case that R does not couple to coloured particles these corrections are zero.

3Strictly speaking, a set which includes the photon PDF in the fit should be used, however an up–to–
date fit within the framework described in this paper is not currently available, and moreover this will only
influence the PDFs at higher order in ↵, so will be a small e↵ect.

5
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NLO in QCD

• As              we can simplify to very good approx: take     and     as 
independent of    .

• The self-energy contribution                              and therefore this term on 
RHS of DGLAP                      i.e. at same    as LHS.

P��(z) ⇠ �(1� z)

! Can solve the photon DGLAP equation!

↵ ⌧ 1 q g

�

⇠ �(x,Q2)
x
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Solving the DGLAP equation
• We find:of the photon PDF can be solved exactly, giving

�(x, µ2) = �(x,Q2

0

)S
�

(Q2

0

, µ2) +

Z
µ

2

Q

2
0

↵(Q2)

2⇡

dQ2

Q2

Z
1

x

dz

z

✓ X

q

e2
q

P
�q

(z)q(
x

z
,Q2)

+ P
�g

(z)g(
x

z
,Q2)

◆
S
�

(Q2, µ2) , (5)

⌘ �in(x, µ2) + �evol(x, µ2) , (6)
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this correction is not negligible, in particular for larger masses; we have S
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As described above, the solution (5) is only exact if we neglect the dependence of the
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and P
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respectively. These correspond to O(↵2) corrections to the photon evolution, and are therefore
formally higher–order in ↵, so that they can be safely neglected. To confirm this expectation,
we have compared (5) with the result of solving (1) numerically with the P
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term included in
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The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q
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, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
PDF. For the coherent input component, there is naturally a large rapidity gap between
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term in the quark
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The above equations correspond to the fully inclusive distribution, that is without any
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quark and gluon PDFs on the photon PDF, through the P
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and P
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respectively. These correspond to O(↵2) corrections to the photon evolution, and are therefore
formally higher–order in ↵, so that they can be safely neglected. To confirm this expectation,
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and only considering QED evolution (i.e. using the QECDS
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and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
the APFEL evolution code [27], with the results with and without the P
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term in the quark
evolution coinciding to a very similar level, irrespective of the evolution scheme used.

The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q
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, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
PDF. For the coherent input component, there is naturally a large rapidity gap between
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The Sudakov factor
• Solution to DGLAP equation:of the photon PDF can be solved exactly, giving
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this correction is not negligible, in particular for larger masses; we have S
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and P
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and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
the APFEL evolution code [27], with the results with and without the P
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term in the quark
evolution coinciding to a very similar level, irrespective of the evolution scheme used.

The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q
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, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
PDF. For the coherent input component, there is naturally a large rapidity gap between
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and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
the APFEL evolution code [27], with the results with and without the P
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term in the quark
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The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q
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, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
PDF. For the coherent input component, there is naturally a large rapidity gap between
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respectively. These correspond to O(↵2) corrections to the photon evolution, and are therefore
formally higher–order in ↵, so that they can be safely neglected. To confirm this expectation,
we have compared (5) with the result of solving (1) numerically with the P
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and only considering QED evolution (i.e. using the QECDS
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and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
the APFEL evolution code [27], with the results with and without the P
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term in the quark
evolution coinciding to a very similar level, irrespective of the evolution scheme used.

The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q
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, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
PDF. For the coherent input component, there is naturally a large rapidity gap between
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this correction is not negligible, in particular for larger masses; we have S
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As described above, the solution (5) is only exact if we neglect the dependence of the

quark and gluon PDFs on the photon PDF, through the P
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and P
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terms in their evolution,
respectively. These correspond to O(↵2) corrections to the photon evolution, and are therefore
formally higher–order in ↵, so that they can be safely neglected. To confirm this expectation,
we have compared (5) with the result of solving (1) numerically with the P
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the quark evolution, at LO in ↵

S

and only considering QED evolution (i.e. using the QECDS
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and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
the APFEL evolution code [27], with the results with and without the P
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term in the quark
evolution coinciding to a very similar level, irrespective of the evolution scheme used.

The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q
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, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
PDF. For the coherent input component, there is naturally a large rapidity gap between

4

Pq(l)�(z) � ! qq(ll) )
Q0 µ

!Allows seperation:

to be readily applied to case of rapidity gap veto.

P(no branching) = e���

�� = P(� ! qq(ll))



13

The photon and rapidity gaps: again

yLRGyX yq yp

�
emission

| {z }

Figure 1: Schematic diagram corresponding diffractive topology described in text, corre-
sponding to case that quark of rapidity yq is emitted beyond the edge of a LRG region.

Due to strong qt ordering, the transverse momentum of the recoiled quark is given by −qt,
that is equal and opposite to that of the final–state photon. The rapidity of this quark is

yq ≃ − ln
qt
2p′q

. (6)

We require that the quark be produced with rapidity greater than some yLRG, corresponding
to the end of the experimentally defined gap2: in this case, it is convenient to work in terms
of the rapidity interval, δ = yp − yLRG between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition yq > yLRG in this notations takes
the form

yp − yq = ln

(
qt
mp

z

x(1− z)

)
< δ , (7)

and thus to obtain the modified photon PDF, corresponding to the kinematics with a LRG
present, we have to supplement the integrand in (1) by a Θ function which ensure that the
condition (7) is satisfied. This gives3

γ(x,Q2) = γ(x,Q2
0) +

α

2π

∫ Q2

Q2
0

dQ
′2

Q′2

∑

q

∫ 1

x

dz

z

(
Pγγ(z) γ(

x

z
,Q

′2)

+ Pγq(z)q(
x

z
,Q

′2)Θ(δ − |yp − yq|)
)

, (8)

≡ γ(x,Q2
0) + γevol(x,Q

2; δ) . (9)

where qt =
√
(1− z)Q′2. Due to strong qt ordering all the previous partons emitted during

the evolution will have larger rapidities, y > yq, and therefore evidently do not spoil the
rapidity gap; this condition is therefore sufficient for a LRG to be present.

2For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ηLRG = − ln [tan (θLRG/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.

3If we consider the evolution equation (1) in terms of the scale qt then the limit (7) corresponds to a
simple upper limit on the momentum fraction, z.

4

�

Figure 1: Schematic diagram corresponding to the di↵ractive topology described in text,
where a quark of rapidity y

q

is emitted beyond the edge of a LRG region.

the intact proton or the N⇤ excitation and the central system. This is also the case for
the incoherent input term: since the input value of Q2

0

⇠ 1 GeV2 is small and we have the
kinematic requirement on the quark q

t

< Q
0

, this implies that the transverse momentum
of the final–state quark produced in the incoherent emission is small, and the rapidity of
the produced secondaries is large, that is, similar to the outgoing proton/N⇤ rapidity in the
coherent case3.

Next, we consider the second term in (1), that is due to the DGLAP evolution. At LO,
this corresponds to the splitting of a quark with a fraction x/z of the proton momentum ~p to
a photon with longitudinal momentum xp (where p = |~p|) and squared transverse momentum

q2
t

= (1� z)Q2 , (9)

and to a s–channel quark with longitudinal momentum

p0
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=
x(1� z)

z
p . (10)

Due to strong q
t

ordering, the transverse momentum of the recoiled quark is given by �q
t

,
that is equal and opposite to that of the final–state photon. The rapidity of this quark is
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' � ln
q
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2p0
q

. (11)

We require that the quark be produced with rapidity greater than some y
LRG

, corresponding
to the end of the experimentally defined gap4: in this case, it is convenient to work in terms
of the rapidity interval, � = y

p

� y
LRG

between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition y
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> y
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in this notation takes
the form
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3For very large rapidity gaps, i.e. as the limit of the gap region approaches y
max

= ± log(mp/
p
s), the

decay products of the excited system may extend into the gap region. In this case, we have to consider each
component of the input contribution individually, keeping only the part for which the produced secondaries
do not spoil the rapidity gap.

4For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ⌘

LRG

= � ln [tan (✓
LRG

/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.
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• How does this effect photon?of the photon PDF can be solved exactly, giving
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where the photon Sudakov factor

S
�

(Q2

0

, µ2) = exp

 
�1

2

Z
µ

2

Q

2
0

dQ2

Q2

↵(Q2)

2⇡

Z
1

0

dz
X

a=q, l

P
a�

(z)

!
, (7)

corresponds to the probability for the photon PDF to evolve from scales Q
0

to µ without
further branching; here P

q(l)�

(z) is the � to quark (lepton) splitting function at NLO in ↵
s

.
At LO it is given by

P
a�

(z) = N
a

⇥
z + (1� z)2

⇤
, (8)

whereN
a

= N
c

e2
q

for quarks andN
a

= e2
l

for leptons, while the factor of 1/2 in (7) is present to
avoid double counting over the quark/anti–quarks (lepton/anti–leptons). The Sudakov factor
is generated by resumming the term proportional to P

��

, due to virtual corrections to the
photon propagator, which is a relatively small correction to the photon evolution. However
this correction is not negligible, in particular for larger masses; we have S

�

⇠ 0.97� 0.93 for
M

X

= 20� 500 GeV.
As described above, the solution (5) is only exact if we neglect the dependence of the

quark and gluon PDFs on the photon PDF, through the P
q�

and P
g�

terms in their evolution,
respectively. These correspond to O(↵2) corrections to the photon evolution, and are therefore
formally higher–order in ↵, so that they can be safely neglected. To confirm this expectation,
we have compared (5) with the result of solving (1) numerically with the P

q�

term included in
the quark evolution, at LO in ↵

S

and only considering QED evolution (i.e. using the QECDS

scheme [27] described below) for concreteness; the contribution from P
g�

only enters at NLO
in ↵

S

and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
the APFEL evolution code [27], with the results with and without the P

q�

term in the quark
evolution coinciding to a very similar level, irrespective of the evolution scheme used.

The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q

0

, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
PDF. For the coherent input component, there is naturally a large rapidity gap between
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As described above, the solution (5) is only exact if we neglect the dependence of the

quark and gluon PDFs on the photon PDF, through the P
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and P
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terms in their evolution,
respectively. These correspond to O(↵2) corrections to the photon evolution, and are therefore
formally higher–order in ↵, so that they can be safely neglected. To confirm this expectation,
we have compared (5) with the result of solving (1) numerically with the P
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term included in
the quark evolution, at LO in ↵

S

and only considering QED evolution (i.e. using the QECDS

scheme [27] described below) for concreteness; the contribution from P
g�

only enters at NLO
in ↵

S

and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
the APFEL evolution code [27], with the results with and without the P

q�

term in the quark
evolution coinciding to a very similar level, irrespective of the evolution scheme used.

The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q

0

, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
PDF. For the coherent input component, there is naturally a large rapidity gap between
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Effect of veto on evolution
of the photon PDF can be solved exactly, giving
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q�

term included in
the quark evolution, at LO in ↵

S

and only considering QED evolution (i.e. using the QECDS

scheme [27] described below) for concreteness; the contribution from P
g�

only enters at NLO
in ↵

S

and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
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The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q
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, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
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4

x

x/z

x(1� z)/z

• Working in terms of interval                        between proton and gap, 
requirement that rapidity of final-state quark                  translates to

yLRGyX yq yp

�
emission

| {z }

Figure 1: Schematic diagram corresponding diffractive topology described in text, corre-
sponding to case that quark of rapidity yq is emitted beyond the edge of a LRG region.

Due to strong qt ordering, the transverse momentum of the recoiled quark is given by −qt,
that is equal and opposite to that of the final–state photon. The rapidity of this quark is

yq ≃ − ln
qt
2p′q

. (6)

We require that the quark be produced with rapidity greater than some yLRG, corresponding
to the end of the experimentally defined gap2: in this case, it is convenient to work in terms
of the rapidity interval, δ = yp − yLRG between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition yq > yLRG in this notations takes
the form

yp − yq = ln

(
qt
mp

z

x(1− z)

)
< δ , (7)

and thus to obtain the modified photon PDF, corresponding to the kinematics with a LRG
present, we have to supplement the integrand in (1) by a Θ function which ensure that the
condition (7) is satisfied. This gives3
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where qt =
√
(1− z)Q′2. Due to strong qt ordering all the previous partons emitted during

the evolution will have larger rapidities, y > yq, and therefore evidently do not spoil the
rapidity gap; this condition is therefore sufficient for a LRG to be present.

2For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ηLRG = − ln [tan (θLRG/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.

3If we consider the evolution equation (1) in terms of the scale qt then the limit (7) corresponds to a
simple upper limit on the momentum fraction, z.
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Figure 1: Schematic diagram corresponding to the di↵ractive topology described in text,
where a quark of rapidity y

q

is emitted beyond the edge of a LRG region.

the intact proton or the N⇤ excitation and the central system. This is also the case for
the incoherent input term: since the input value of Q2

0

⇠ 1 GeV2 is small and we have the
kinematic requirement on the quark q

t

< Q
0

, this implies that the transverse momentum
of the final–state quark produced in the incoherent emission is small, and the rapidity of
the produced secondaries is large, that is, similar to the outgoing proton/N⇤ rapidity in the
coherent case3.

Next, we consider the second term in (1), that is due to the DGLAP evolution. At LO,
this corresponds to the splitting of a quark with a fraction x/z of the proton momentum ~p to
a photon with longitudinal momentum xp (where p = |~p|) and squared transverse momentum
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and to a s–channel quark with longitudinal momentum

p0
q

=
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We require that the quark be produced with rapidity greater than some y
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, corresponding
to the end of the experimentally defined gap4: in this case, it is convenient to work in terms
of the rapidity interval, � = y
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between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition y
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the form
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3For very large rapidity gaps, i.e. as the limit of the gap region approaches y
max

= ± log(mp/
p
s), the

decay products of the excited system may extend into the gap region. In this case, we have to consider each
component of the input contribution individually, keeping only the part for which the produced secondaries
do not spoil the rapidity gap.

4For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ⌘

LRG

= � ln [tan (✓
LRG

/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.
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Figure 1: Schematic diagram corresponding diffractive topology described in text, corre-
sponding to case that quark of rapidity yq is emitted beyond the edge of a LRG region.

Due to strong qt ordering, the transverse momentum of the recoiled quark is given by −qt,
that is equal and opposite to that of the final–state photon. The rapidity of this quark is

yq ≃ − ln
qt
2p′q

. (6)

We require that the quark be produced with rapidity greater than some yLRG, corresponding
to the end of the experimentally defined gap2: in this case, it is convenient to work in terms
of the rapidity interval, δ = yp − yLRG between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition yq > yLRG in this notations takes
the form

yp − yq = ln

(
qt
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z

x(1− z)

)
< δ , (7)

and thus to obtain the modified photon PDF, corresponding to the kinematics with a LRG
present, we have to supplement the integrand in (1) by a Θ function which ensure that the
condition (7) is satisfied. This gives3
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where qt =
√
(1− z)Q′2. Due to strong qt ordering all the previous partons emitted during

the evolution will have larger rapidities, y > yq, and therefore evidently do not spoil the
rapidity gap; this condition is therefore sufficient for a LRG to be present.

2For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ηLRG = − ln [tan (θLRG/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.

3If we consider the evolution equation (1) in terms of the scale qt then the limit (7) corresponds to a
simple upper limit on the momentum fraction, z.
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Figure 1: Schematic diagram corresponding to the di↵ractive topology described in text,
where a quark of rapidity y

q

is emitted beyond the edge of a LRG region.

the intact proton or the N⇤ excitation and the central system. This is also the case for
the incoherent input term: since the input value of Q2

0

⇠ 1 GeV2 is small and we have the
kinematic requirement on the quark q

t

< Q
0

, this implies that the transverse momentum
of the final–state quark produced in the incoherent emission is small, and the rapidity of
the produced secondaries is large, that is, similar to the outgoing proton/N⇤ rapidity in the
coherent case3.

Next, we consider the second term in (1), that is due to the DGLAP evolution. At LO,
this corresponds to the splitting of a quark with a fraction x/z of the proton momentum ~p to
a photon with longitudinal momentum xp (where p = |~p|) and squared transverse momentum
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We require that the quark be produced with rapidity greater than some y
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, corresponding
to the end of the experimentally defined gap4: in this case, it is convenient to work in terms
of the rapidity interval, � = y
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between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition y
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3For very large rapidity gaps, i.e. as the limit of the gap region approaches y
max

= ± log(mp/
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s), the

decay products of the excited system may extend into the gap region. In this case, we have to consider each
component of the input contribution individually, keeping only the part for which the produced secondaries
do not spoil the rapidity gap.

4For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ⌘

LRG

= � ln [tan (✓
LRG

/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.
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yq > yLRG

and thus to obtain the modified photon PDF, corresponding to the kinematics with a LRG
present, we have to simply supplement the integrand in (5) by a ⇥ function which ensures
that the condition (12) is satisfied. This gives5

�(x, µ2) = �(x,Q2
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⌘ �in(x, µ2) + �evol(x, µ2; �) , (14)

where q
t

=
p
(1� z)Q2 and in the final expression serves to define the �–dependent evolution

component �
evol

(x, µ2; �). Due to strong q
t

ordering all the previous partons emitted during
the evolution will have larger rapidities, y > y

q

, and therefore evidently do not spoil the
rapidity gap; this condition is therefore su�cient for a LRG to be present.

We now consider some numerical results. As described above, for the input photon PDF,
following [26] we include a coherent component due to purely elastic photon emission and an
incoherent component due to emission from the individual quark lines, such that
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where q
t

is the transverse momentum of the emitted photon, and Q2 is the modulus of the
photon virtuality, given by

Q2 =
q2
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1� x
, (17)

The functions F
E

and F
M

are the usual proton electric and magnetic form factors
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with
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=

1
�
1 +Q2/0.71GeV2

�
4

, (19)

5If we consider the evolution equation (5) in terms of the scale qt then the limit (12) corresponds to a
straightforward upper limit on the momentum fraction, z.

6

• And photon PDF becomes simply:

• Due to strong     ordering, all previous emissions will have             y > yq > yLRGqt



15

Modified photon PDF
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Figure 2: The photon PDF x�(x, µ2) subject to the rapidity gap constraint (12), for di↵erent
values of � and for µ2 = 200, 104 GeV2, with the usual inclusive PDF shown for comparison.

in the dipole approximation, where G
E

and G
M

are the ‘Sachs’ form factors. The incoherent
input term is given by6

�
incoh

(x,Q2

0

) =
↵

2⇡

Z
1

x

dz

z


4

9
u
0

⇣x
z

⌘
+

1

9
d
0

⇣x
z

⌘� 1 + (1� z)2

z

Z
Q

2
0

Q

2
min

dQ2

Q2 +m2

q

�
1�G2

E

(Q2)
�
,

(20)
where

Q2

min

=
x

1� x

�
m2

�

� (1� x)m2

p

�
, (21)

accounts for the fact that the lowest proton excitation is the �–isobar, and the final factor
(1�G2

E

(Q2)) corresponds to the probability to have no intact proton in the final state (which
is already included in the coherent component). Here m

q

= m
d

(m
u

) when convoluted with
d
0

(u
0

), and the current quark masses are taken. As the quark distributions are frozen for
Q < Q

0

, this represents an upper bound on the incoherent contribution. Although other
models for this incoherent component may also be taken, the conclusions which follow are
relatively insensitive to the specific choice, and so for simplicity we will not consider them
here. We also note that it is possible to account explicitly for the first �–isobar excitation
in the coherent component, see [26], however this does not have a noticeable e↵ect on the
results which follow, and is omitted here.

In Fig. 2 we show the e↵ect of including the rapidity gap constraint (12) on the photon
PDF, for two choice of scale and for di↵erent values of �. Here, and in all numerical results
which follow, we for concreteness use MMHT2014 NLO PDFs [28] for the quark term in
(13). The suppression in the PDFs relative to the inclusive case, which becomes stronger
as � decreases, is clear. In addition, we can see that the suppression is stronger at lower
x and higher µ2, as expected from (12): in the former case, the outgoing quark in the

6In fact, we take the slightly di↵erent form described in footnote 3 of [26], with as in (20) the replacement
F
1

(Q2) ! GE(Q2) made to give a more precise evaluation for the probability of coherent emission.

7

• Suppression due to LRG veto clear, in particular at:

‣ Lower     : outgoing quark has on average lower long. momentum 
(lower     )
‣ Higher      :  outgoing quark has on average higher     .

x

Q2

yq

qt
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Modified photon PDF
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Figure 3: As in Fig. 2, but with the NNPDF2.3QED [2] set taken for the input PDF at
Q2

0

= 2GeV2. The 68% confidence error bands are shown in the inclusive case.

q ! q� splitting has on average lower longitudinal momentum, while in the latter the quark
transverse momentum is higher, such that in both cases the quark tends to be produced
more centrally. These e↵ects are not limited to the particular approach to modelling the
photon PDF described above: in Fig. 3 we show the same plots as before, but using the
NNPDF2.3QED [2] photon PDF as input7. The increased suppression with decreasing x and
increasing Q2 is again clear, with the resulting PDFs generally lying outside the uncertainty
band in the inclusive PDF.

We end this section with some comments. First, we note that qualitatively speaking the
inclusion of the ⇥ function in the integral (13) plays the role of the Sudakov factor in gluon–
mediated central exclusive production (CEP) processes, see e.g. [29], that is, it accounts for
the probability for no secondary partons emission. In the case of pure CEP processes, such
emission is entirely forbidden, whereas here we only require that no secondaries are emitted
into the veto region. Second, in accounting for the veto condition (12) in the case of the
NLO splitting functions we should consider vetoes on the two emitted partons individually,
i.e. qg(qq) for P

�q

(P
�g

). However since the e↵ect of the NLO correction is rather small
(⇠ 5% ) here we for simplicity use the same veto as in the LO case. This corresponds to
a veto on the kinematics of the parton pair and so only gives an approximate indication
of the e↵ect to the NLO contribution. In addition, we emphasise that (13) corresponds to
the survival of the LRG in terms of the secondary partons only. A complete evaluation, in
which the probability that no secondary hadrons spoil the gap would require a Monte Carlo
simulation which accounts for the fluctuations during the fragmentation and hadronization

7We note that the PDF evolution for the NNPDF set is performed in the so–called QECDS scheme [27],
where the QED and QCD factorization scales are treated seperately, with the QED evolution performed first.
In the context of our approach, this corresponds to evaluating the quark PDFs in (1) at fixed scale Q2

0

(we
treat the QED evolution here at LO in ↵s, consistently with NNPDF, and hence no gluon term is present).
However, as discussed in [27], this QECDS scheme leads to potentially large unresummed logarithms at higher
scales, and we use it here and in all NNPDF results which follow only for the sake of comparison.

8

• Similar picture with e.g. NNPDF set: suppression outside of (large) PDF 
uncertainty.
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Survival effects
• Not the end of the story. Protons may interact additionally- underlying 
event. Include probability that this does not happen: the survival factor.

• However this probability depends on the separation in impact parameter 
of the colliding protons:

b⊥

p

p

‣ Low scale                :           and          
‣ High scale                    :          and

�(x,Q2
0)

�

evol(x,Q2) bt #

bt " S2 "
S2 #

hS2i M2

X

= 200GeV2 M2

X

= 104 GeV2

(coh., coh.) 0.95 0.89
(coh., incoh.) 0.84 0.76
(incoh., incoh.) 0.18 0.18
(evol., coh.) 0.83 0.74
(evol., incoh.) 0.16 0.16
(evol., evol.) 0.097 0.097

Table 1: Average survival factor for di↵erent components of the photon PDFs �(x,M2

X

), for
di↵erent systems of mass M

X

produced with Y
X

= 0. The coherent, incoherent and evolution
components are shown for (proton 1, proton 2).

space, in which case we simply have

hS2

eik

i =
Z

d2b
t

F 2

1

(b
t

)e�⌦(bt) , (28)

where b
t

is the impact parameter separation of the two protons, F
1

(b
t

) is the Fourier transform
of the Dirac form factor, and ⌦(b

t

) is the so–called proton opacity; physically, exp (�⌦(b
t

))
represents the probability of no inelastic scattering at impact parameter b

t

. Here, as above,
we work in the single–channel approximation for the sake of clarity, but in actual calculations
we use the two–channel approach described in [37].

The above discussion only applies for the case that the evolution components are probed
from both protons, however we must also consider the mixed case, where we probe the
evolution component from one proton and the input from the other. Such a process will
induce a distinct proton impact parameter distribution from the cases above, leading to a
di↵erent survival factor. The precise size of this can be readily calculated by adjusting (27)
to include an integral over the photon q

t

emitted from the input side. However here care must
again be taken as in (24) to include the correct vector dependence on the incoming photon q

t

on the input side. As the transverse momentum q
2t

(say) on the evolution side is much larger
than the k

t

transferred through the exchanged pomeron, the q
2t

dependence factorizes from
the k

t

integral in (22), and q
2t

can be averaged over at the cross section level, leaving only
a dependence on q

1t

in the screened amplitude. We find that this averaging washes out the
dependence (24) seen in the purely coherent/incoherent contributions, such that the survival
factor here does not in fact depend on the quantum numbers of the produced object.

We now consider some numerical results for the average survival factors. To calculate
these, we use model 4 of [37], which applies a two–channel eikonal approach, in which the
incoming proton is considered to be a coherent superposition of two di↵ractive ‘Good–Walker’
(GW) eigenstates [38], each of which may scatter elastically. In this situation, we have some
freedom as to how the expression (26) may be suitably generalised, that is how the photon
GPDF couples to the individual GW eigenstates. By default, we assume that these are the
same as the coupling to the pomeron taken in [37], that is H�

i

⇠ �
i

· F
1

(t), for eigenstate

13
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Survival effects
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Figure 6: �� luminosity at
p
s = 13 TeV in the inclusive and semi–exclusive cases, with

� = 5 for both protons. For demonstration purposes, the semi–exclusive luminosities are
shown both with and without survival e↵ects included. In the left hand figure the absolute
luminosities, while in the right hand figure the ratios to the inclusive luminosity are shown.

i = 1, 2, where �
i

is coupling to the pomeron. However, this is not the only possibility: for
larger x where the quark contribution to H� is more important, it may be more sensible to
instead assume that this coupling is universal, i.e. simply H�

i

⇠ F
1

(t). A further question is
whether the proton form factor F

1

is the appropriate choice: it may be be more suitable, in
particular at low x, to take the same form factors as in [37] for the coupling of the pomeron
to the GW eigenstates. In fact, it turns out that these di↵erent choices generally have a
small e↵ect on the observable predictions; we will comment on this further below.

The corresponding average survival factors for all combinations of photon PDF compo-
nents from each proton are given in Table 1. A large range of expected suppression factors
is evident, with as anticipated S2 for the lower scale (and hence more peripheral) coherent
production process being higher than for the higher scale evolution component. The survival
factor for the incoherent component of the input PDF is seen to be particularly small: this is
due to the (1�G2

E

(t)) factor in (20), which accounts for probability to have no intact proton
in the final state, and is therefore peaked towards larger t, i.e. less peripheral interactions,
where it is less likely to produce an intact proton.

These results have important implications for the standard factorisation formula

�(X) =

Z
dx

1

dx
2

�(x
1

, µ2)�(x
2

, µ2) �̂(�� ! X) , (29)
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• As      depends on proton    , it is sensitive to emission process for both 
protons      can no longer define independent                   .

• Instead have effective     luminosity:

as, using (14) and (15), we have

�(x
1

, µ2)�(x
2

, µ2) ! �
coh

(x
1

, µ2)�
coh

(x
2

, µ2) + �
incoh

(x
1

, µ2)�
incoh

(x
2

, µ2)

+ �
evol

(x
1

, µ2; �)�
evol

(x
2

, µ2; �) +
�
�
coh

(x
1

, µ2)�
incoh

(x
2

, µ2)

+ �
coh

(x
1

, µ2)�
evol

(x
2

, µ2; �) + �
incoh

(x
1

, µ2)�
evol

(x
2

, µ2; �)

+ 1 $ 2
�
. (30)

Crucially, each of these six independent contributions now has a distinct (and in principle, x
and/or µ dependent) survival factor associated with it, and therefore the simple factorisation
implied by (29), where the photon flux associated with each proton i can be factorised in terms
on an independent PDF �(x

i

, µ2), no longer holds; instead, this now depends on the state of
the other interacting proton, through the influence this has on the survival factor. Physically,
this is to be expected, as the survival factor is generated by additional soft proton–proton
interactions, which then prevent all of the physics associated with the initial–state photon
produced by a given proton being considered independently from the other proton. Such
factorisation breaking e↵ects have already been seen in, for example, di↵ractive production at
HERA, where the predictions using the so–called di↵ractive PDFs are known to dramatically
overshoot the data when naively applied in hadron–hadron collisions [39].

It is therefore not possible to show equivalent plots to Fig. 2 demonstrating the impact of
survival e↵ects on the individual photon PDF. Instead, we can consider the �� luminosity,
given by

dL
dM2

X

=
1

s

Z
1

⌧

dx
1

x
1

�(x
1

,M2

X

)�(⌧/x
1

,M2

X

) , (31)

where ⌧ = M2

X

/s and we take µ2 = M2

X

as the scale of the PDFs. Such a variable also gives
a clearer picture of the suppression we can expect in physical cross sections, as comparing
with (29) we have

�(X) =

Z
dM2

X

dL
dM2

X

�̂(�� ! X) . (32)

The photon–photon luminosity at
p
s = 13 TeV is shown in Fig. 6 (left), for inclusive and

semi–exclusive (� = 5 for both protons) production. For demonstration we show the latter
case both with and without survival e↵ects included. We can see that the inclusion of the
condition (12) leads to a factor of ⇠ 2 reduction in the luminosity, roughly consistently with
Fig. 2, while the inclusion of survival e↵ects leads to a further suppression of a similar size.
That the suppression due to both e↵ects is similar in size is not necessarily to be expected,
and indeed for di↵erent choices of � and/or

p
s, the relative contribution of these e↵ects will

di↵er. It is also interesting to consider how the suppression varies with the central system
mass, M

X

. This is shown in Fig. 6 (right), and in both cases the dependence is seen to
relatively mild. The suppression due to introducing the � cut decreases at both low and high
M

X

, due to the counteracting e↵ects seen in Fig. 2: while increasing M
X

leads to a generally
larger suppression due to the higher scale at which the PDF is evaluated, this also leads to
a larger average x value probed, for which the suppression is less, with similar, but opposite,
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S2 bt

) �

veto(x, µ2)

��

⌧ = M2
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CMS semi-exclusive         : 7 TeVµ+µ�
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP/2013-084
2013/08/22

CMS-FSQ-12-010

Study of exclusive two-photon production of W+W� in pp
collisions at

p
s = 7 TeV and constraints on anomalous
quartic gauge couplings

The CMS Collaboration⇤

Abstract

A search for exclusive or quasi-exclusive W+W� production by photon-photon in-
teractions, pp ! p(⇤)W+W�p(⇤), at

p
s = 7 TeV is reported using data collected by

the CMS detector with an integrated luminosity of 5.05 fb�1. Events are selected by
requiring a µ±e⌥ vertex with no additional associated charged tracks and dilepton
transverse momentum pT(µ±e⌥) > 30 GeV. Two events passing all selection re-
quirements are observed in the data, compared to a standard model expectation of
2.2 ± 0.4 signal events with 0.84 ± 0.15 background. The tail of the dilepton pT dis-
tribution is studied for deviations from the standard model. No events are observed
with pT > 100 GeV. Model-independent upper limits are computed and compared to
predictions involving anomalous quartic gauge couplings. The limits on the param-
eters aW

0,C/L2 with a dipole form factor and an energy cutoff Lcutoff = 500 GeV are of
the order of 10�4.

Published in the Journal of High Energy Physics as doi:10.1007/JHEP07(2013)116.

c� 2013 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license

⇤See Appendix A for the list of collaboration members

ar
X

iv
:1

30
5.

55
96

v3
  [

he
p-

ex
]  

21
 A

ug
 2

01
3

• CMS select sample of                           events with enhanced exclusive 
component: veto on extra tracks with              .
• To give exclusive cross section, they derive correction factor from larger    
sample of            events in same region. Present ratio

of measured          events to exclusive LPAIR prediction.
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Figure 3: Invariant mass distribution of the muon pairs for the elastic selection with no additional track
on the dimuon vertex. The dashed lines indicate the Z-peak region. The hatched bands indicate the
statistical uncertainty in the simulation.

Table 1: Total number of data events compared to the sum of all the background events ex-
pected in the two control regions, after trigger and preselection criteria. The uncertainties are
statistical only.

Region Data Simulation Data/Simulation
Elastic 820 906 ± 9 0.91 ± 0.03
Dissociation 1312 1830 ± 17 0.72 ± 0.02
Total 2132 2736 ± 19 0.78 ± 0.02

of dimuons produced via two-photon interactions, we use the data to determine an effective,
observed “luminosity” of two-photon interactions at high energies relevant for W-pair pro-
duction. For this purpose, the number of detected dimuon events with invariant mass over
160 GeV, corrected for the DY contribution, is divided by the prediction for the fully exclusive,
elastic production predicted by LPAIR,

F =
Nµµ data � NDY

Nelastic

����
m(µ+µ�)>160 GeV

.

F = 3.23 ± 0.53.
(3)

This factor F is then be applied to scale the CALCHEP signal prediction and obtain the total
cross section for two-photon W+W� production including elastic and proton dissociative con-
tributions. This assumes the dilepton kinematics are the same in elastic and proton dissociative
production, with the difference in efficiency arising from the requirement of zero extra tracks
originating from the W+W� production vertex.

A total uncertainty of 16% on this factor F is assigned, which has two independent sources.
The first source is a 15.5% statistical uncertainty in the determination of this factor from the
high-mass dimuon data. The second source is due to applying the scale factor derived from the
matrix-element LPAIR generator to the gg ! W+W� signal sample produced with CALCHEP
according to the equivalent photon approximation (EPA) [47]. This is checked by comparing
the LPAIR prediction with the EPA prediction for muon pair production above 160 GeV in in-

W+W� ! l⌫l⌫

|⌘| < 2.4

µ+µ�

µ+µ�

!             rapidity veto cross section with                   !µ+µ� yLRG = 2.4
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Comparison to CMS data

F

Inclusive 10.9

� = 6.5 3.6

� = 6.5, �
incoh

= 0 3.0

CMS [22] 3.23± 0.53

Table 4: Predictions for ratio F of semi–exclusive to exclusive µ+µ� cross sections, with
M

µµ

> 160 GeV, pµ? > 20 GeV, |⌘µ| < 2.4 at
p
s = 7 TeV, for a rapidity gap veto with

� = 6.5, compared to the measurement of [22] which closely corresponds to this scenario.
Consistently with [22], no survival factor is applied for the purely exclusive cross section.

the prediction is in excellent agreement with the CMS measurement of F = 3.23±0.53. Such
an encouraging level of agreement, given the various ingredients that enter in the calculation,
is not trivial; we recall in addition that the uncertainty on such a result is expected to be
at the ⇠ 10% level, see the discussion in the preceding section, and hence is of the same
order as the experimental uncertainty. We also show for comparison the prediction with
the incoherent contribution (20) turned o↵; this result, which is about ⇠ 20% lower, is also
completely consistent with the data within current uncertainties. With further data and
a reduction in the (dominantly statistical) uncertainty on the measured F it may become
possible for the incoherent contribution in our approach to be pinned down, although given
that the theoretical uncertainties are of the same order as this 20% di↵erence, this may be
challenging.

It is also interesting to consider the predicted ratios F using other available photon PDFs,
namely the NNPDF2.3QED [2], CT14QED [3] and the older MRST2004QED [1] sets. This
is achieved by applying the same procedure as above, but instead using these sets for the
input PDF in (13) at the corresponding staring scale Q

0

of the set. Unfortunately, for the
NNPDF set one added complication is that as no separation is made between the coherent
and incoherent inputs, there is a certain amount of freedom in how to treat the survival factor
in these cases, which from Table 1 we can see are generally quite di↵erent. As the coherent
contribution is expected on general grounds to be dominant, we assume the inputs to be
purely coherent when calculating the survival factor, however a more complete treatment
would give a somewhat smaller value for F ; making the unphysical assumption that the
input is completely incoherent, the predicted F is ⇠ 30� 40% smaller. More realistically, the
correct predictions for F could be ⇠ 10% smaller than the quoted value. For simplicity, we
make the same assumption for the MRST2004QED set, with the results of a more precise
treatment being well within the PDF uncertainty range. The CT14QED set is constrained
using ZEUS data on isolated photon production in DIS [43], and is interpreted in [3] as being
due to the purely inelastic production12. In the context of our approach, this corresponds

12The ZEUS data are selected by requiring that at least on track associated with the proton side is
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• Consider prediction before/after veto, find excellent agreement:

F

CT14 3.1 – 5.1

NNPDF2.3 4.0± 3.7

MRST2004 1.2 – 5.3

CMS [22] 3.23± 0.53

Table 5: Predictions for ratio F as in Table 4, but with the input photon PDF calculated
using the NNPDF2.3QED [2] (NLO in QCD, ↵

s

(M
Z

) = 0.118), CT14QED [3] and the older
MRST2004QED [1] sets. The MRST2004 range corresponds to the constituent and current
quark mass results, the CT14 range to the results with the photon momentum fraction
p�
0

between 0 – 0.14%, and the NNPDF2.3 uncertainties correspond to a 68% confidence
envelope.

to a purely incoherent input component at Q
0

: we therefore add this to the coherent input
(16), with the corresponding survival factors included as described in the previous sections.

In Table 5 we show predictions for these three PDF sets, with uncertainties calculated
as described in the Table caption. In all cases these are completely consistent with the
CMS data, within the very large PDF uncertainties. The NNPDF and MRST predictions,
which include no explicit coherent input, span a large range above and below the measured
value of F . On the other hand the CT prediction, for which we have included the coherent
contribution explicitly, predicts F & 3, consistently with our prediction with �

incoh

= 0 in
Table 4 (the values are not precisely the same as the evolution is now performed at LO in ↵

s

,
consistently with [3]), but extends to significantly higher values of F than in our approach,
well beyond the measurement. Given the size of the PDF uncertainties, it is clear that
including constraints of this type, even allowing for some conservative theoretical uncertainty,
could have a dramatic e↵ect in constraining the photon PDF within these approaches. It is
also worth emphasising that the data are in excellent agreement with a dominantly coherent
contribution, as calculated in this paper.

6 Conclusions

There are two reasons to include the photon as a parton in the proton. First, in inclusive
production the influence of electroweak corrections is increasingly relevant as we enter the era
of precision LHC phenomenology, where NNLO QCD calculations are becoming the standard

reconstructed. Such a requirement will remove the contribution from the coherent component, and from MC
is found to correspond to a constraint of WX > 5 GeV on the mass of the produced hadronic system [44].
As at least part of the input incoherent component is expected to fail this extra track requirement, some
care may be needed in using these data to constrain the photon PDF, although a study of this is beyond the
scope of the current work.

22

• All in agreement within very large uncertainties.

• Can also compare to other 
photon PDF predictions:

! Even taking conservative estimate of our model uncertainties 
(e.g.     ), can dramatically improve constraints on               !S2

�(x, µ2)
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CMS 8 TeV dataEUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP/2016-073
2016/04/18

CMS-FSQ-13-008

Evidence for exclusive gg ! W+W� production and
constraints on anomalous quartic gauge couplings in pp

collisions at
p

s = 7 and 8 TeV

The CMS Collaboration⇤

Abstract

A search for exclusive or quasi-exclusive gg ! W+W� production, via pp !
p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤) at

p
s = 8 TeV, is reported using data corresponding

to an integrated luminosity of 19.7 fb�1. Events are selected by requiring the pres-
ence of an electron-muon pair with large transverse momentum pT(µ±e⌥) > 30 GeV,
and no associated charged particles detected from the same vertex. The 8 TeV re-
sults are combined with the previous 7 TeV results (obtained for 5.05 fb�1 of data).
In the signal region, 13 (2) events are observed over an expected background of
3.9 ± 0.6 (0.84 ± 0.15) events for 8 (7) TeV, resulting in a combined excess of 3.4s over
the background-only hypothesis. The observed yields and kinematic distributions
are compatible with the standard model prediction for exclusive and quasi-exclusive
gg ! W+W� production. Upper limits on the anomalous quartic gauge coupling
operators aW

0,C (dimension-6) and fM0,1,2,3 (dimension-8), the most stringent to date,
are derived from the measured dilepton transverse momentum spectrum.

Submitted to the Journal of High Energy Physics

c� 2016 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license

⇤See Appendix A for the list of collaboration members
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• 8 TeV measurement:
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Figure 3: Dilepton invariant mass for the µ+µ� (left) and e+e� (right) final states with an
acoplanarity requirement, |1 � Df(`+`�)/p| < 0.01, and zero additional tracks associated to
the dilepton vertex. The data (points with error bars) are compared to the simulated sam-
ples (histograms) in the top panels, and the data/MC ratios are shown in the bottom panels.
The exclusive-production simulated samples are scaled to the number of events in data for
m(`+`�) < 70 GeV or m(`+`�) > 106 GeV. The Drell–Yan simulation is scaled to the number
of events in data for 70 < m(`+`�) < 106 GeV. The last bin in both plots is an overflow bin and
includes all events with invariant mass greater than 200 GeV.

from proton dissociation is therefore estimated directly from the data, rather than relying on
simulation.

To estimate the contribution due to proton dissociation in a kinematic region similar to the
W+W� signal, we select a sample of dilepton events with invariant mass greater than 160 GeV,
corresponding to the threshold for the production of two on-shell W bosons, with no additional
tracks associated with the dilepton vertex. We then compute the ratio of the number of events
measured in this region to the predicted number of elastic pp ! p`+`�p events, with the
additional track veto efficiency correction applied and the Drell–Yan contribution subtracted
from the data. This results in a scale factor F = 4.10 ± 0.43, with the uncertainty determined
from the statistical uncertainty of the data control sample, that is used to correct the elastic
pp ! pW+W�p prediction to the total pp ! p(⇤)W+W�p(⇤) prediction, including proton
dissociation.

Figure 4 shows the dilepton invariant mass distribution for events with no additional tracks at
the dilepton vertex. The theoretical double-dissociation contribution (blue dotted line on top of
the sum of all other simulated data samples in Fig. 4) is much larger than the data, because the
value of the gap survival probability factor is too high in the calculations, whereas at high dilep-
ton mass the data are consistent with a very low survival probability for this contribution. For
a 100% gap survival probability in double-dissociation processes, the scale factor to correct the
elastic prediction would be F = 7.71 ± 0.57, by applying the same procedure described above
but using the single- and double-dissociation simulated samples. If the double-dissociation
contribution is assumed to be negligible (i.e. if we take its associated gap survival factor to

• Our central prediction: F = 3.7

!Good agreement. More precise future data (mass dependence…) 
will further probe photon PDF and this approach.
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Conclusions

• Photon PDF has range of phenomenological applications at the LHC, and 
a more precise knowledge of it is a higher priority.
• The colour-singlet photon initial state can lead naturally to large rapidity 
gaps in the final state.
• Can no longer apply inclusive PDFs, but with modifications for:

‣ Rapidity veto in DGLAP equation.
‣ Soft survival effects.

can make robust predictions for such semi-exclusive processes.

• Comparing to CMS data on semi-exclusive          production: agreement 
very encouraging, demonstrates how such processes can give (the most) 
competitive constrains on the photon PDF.

µ+µ�


