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Definition of diffraction

elastic single diffractive central exclusive

double diffractive DPEnon-diffractive (inclusive)

   no quantum numbers are exchanged 
   a new (diffractive) state is produced 
   characterised by large LRGs 
   mainly peripheral phenomenon (large b) 

“The diffractive process is caused by t-channel 
Pomeron exchange i.e. by the exchange 

corresponding to the rightmost singularity in the 
complex angular momentum plane with vacuum 

quantum numbers..” A. Martin

Basic features of diffraction:
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DiÆraction defined by leading proton
and/or large rapidity gap !

Birth of hard diÆraction

Ingelman-Schlein, Phys. Lett. 1985
Introduce hard scale to probe parton level

Monte Carlo model with eÆective
IP flux fIP/p(xIP , t)
IP parton densities fq,g/IP (z, Q2

)
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pert. QCD

Predictions:
jets etc. in diÆractive pp̄ events
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leading proton!
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Diffraction at Tevatron/LHC

Gap GapGap Jet JetGap Jet+JetJet+Jet

(a) (b) (c)

φ

η η η

φ φ

Kinematic variables

• t: 4-momentum transfer squared

• ξ1, ξ2: proton fractional momentum loss (momentum fraction of the
proton carried by the pomeron)

• β1,2 = xBj,1,2/ξ1,2: Bjorken-x of parton inside the pomeron

• M2 = sξ1ξ2: diffractive mass produced

• ∆y1,2 ∼ ∆η ∼ log 1/ξ1,2: rapidity gap
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Challenges: theory vs experiment

✓  The definition of diffraction is not unique
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slide from Per Grafstrom
( ATLAS)

slide from Per Grafstrom
( ATLAS)

   exchange of vacuum  
      quantum numbers

   intact protons and/or rapidity 
       gaps (no hadron activity) 

   gap definition

✓  QCD modelling of diffraction is a major problem

mapping is not one to one!

   fluctuations during the hadronisation process  
       (protons from recombination? gap size?) 

   low vs high mass diffractive dissociation 
   soft vs hard Pomeron 
   hard-soft factorisation breaking, etc

huge sensitivity to details!

3



Total, Elastic, Inelastic Cross-Section

S. Giani

Soft Donnachie-Landshoff Pomeron
1

2

3

4

ts

Rise: pomeron

Fall: reggeon

Rise in total and elastic CS: “discovery” of Pomeron!

named after Pomeranchuk

scattering matrix provided the foundations, with Regge theory providing the principal tool. With
the advent of QCD the emphasis shifted to the investigation of scattering processes at short distances
for which the strong coupling is small and perturbative methods can be exploited. However, soft
di↵raction and elastic scattering processes cannot be described by perturbative QCD, and Regge
theory remains an important tool. In Regge theory these process are described as the t-channel

exchange of “reggeons” (IR), which correspond to a sum of mesons (⇢0,!0, etc.) with the same

quantum numbers. The contribution of the reggeons to the elastic scattering cross section falls with

increasing centre-of-mass energy as s↵IR(0)�1 ⇠ 1/
p
s, where ↵IR(t) is the reggeon trajectory which

is a function of the Mandelstam four-momentum transfer squared, t. By the Optical Theorem, the
reggeon contribution to total cross sections likewise falls as the centre-of-mass energy increases. The
observed rise of total hadronic cross sections therefore mandated the emergence of a new reggeon,

with intercept ↵IP (0) > 1.0. To generate a non-falling total cross section, the exchange must have

isospin zero and even charge parity, C = +1, i.e. it has the quantum numbers of the vacuum. The

new reggeon was dubbed the pomeron (IP ) after Pomeranchuk, who had previously studied the

behaviour of vacuum exchange in Regge theory.

A
flA(r)
••• A
•

s
•••: t
••••

B
••
t

flB(t )
B

Figure 1: Elastic scattering between two hadrons A and B, at centre-of-mass energy
p
s. The

four-momentum transfer squared is t.

At high enough centre-of-mass energy, if one assumes the dominance of a single Regge pole,
the elastic scattering of strongly interacting particles may be described by pomeron exchange, see
Fig. 1. The elastic scattering amplitude for AB ! AB is thus approximated by

A(s, t)

s
= �A(t)�B(t) ⌘(t)

✓
s

s
0

◆↵IP (t)�1

(2.1)

where

⌘(t) = i� cot

✓
⇡↵IP (t)

2

◆
(2.2)

is the signature factor, ↵IP (t) is the pomeron trajectory, �A,B(t) fixes the coupling of the pomeron

to the external particles and s
0

is a constant. The Optical Theorem then relates the total cross

section for AB ! X, �T , to the imaginary part of the forward (t = 0) scattering amplitude via

ImA(s, 0) = s �T (s) (2.3)

and so

�T (s) = �A(0)�B(0)

✓
s

s
0

◆↵IP (0)�1

. (2.4)
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Thus we see that if the pomeron intercept ↵IP (0) > 1 the total cross section rises with energy, in

accord with the data. Conversely, the contributions of any Regge poles with ↵IR(0) < 1 (such as

those containing the ⇢ and ⇡) become negligible at su�ciently high energy.

One might hope that the properties of Regge poles, i.e. their intercepts and couplings,
would emerge from calculations based on QCD. To an extent that is what happens. For example,
the gluon is known to “reggeize” to a simple Regge pole in perturbative QCD after re-summing to

all orders in ↵s ln(s) (see for example Ref. [3] and references therein). However, calculations are

generally plagued by the need to focus on processes at short distances, where perturbation theory
is valid, and total hadronic cross sections certainly do not fall into that class. It is also far from
clear that amplitudes are dominated by a single Regge pole at high energies, although there is some

indication that this is so in the case of hadron-hadron elastic scattering at small (but not too small)

values of t [11, 12]. In that case, fits to data suggest the existence of a pomeron with intercept

↵IP (t) ⇡ ↵IP (0) + ↵0
IP t ⇡ 1.08 + (0.25 GeV�2) t. (2.5)

More recent analyses suggest that a global fit to all soft data from the ISR, Spp̄S and Tevatron may

require a pomeron with a higher intercept and substantial screening corrections (see for example

Refs. [13, 14, 15] and references therein).

fJA(t)
· AI••A

••••
!1YAXt •
l

•••
S

• ) x•JB

A
)(tAβ

t

)(tAβ

s
t t

t = 0

)0,,( ttgIPIPIP

B

t = 0

)0(β )0(Bβ

Figure 2: (a) Di↵ractive excitation of particle B to a state of mass MX by pomeron exchange. (b)
The corresponding cut diagram in the limit of large MX .

Regge theory is not restricted to the consideration of elastic scattering amplitudes. A

reggeon calculus can be developed, and used to tackle processes such as those illustrated in Fig. 2(a)

and Fig. 3(a). Again the dotted lines represent pomerons, and pomeron dominance is presumed to

pertain if the relevant sub-energies are large enough, i.e. �yAX >⇠ 3 in Fig. 2(a) and�yAX ,�yBX >⇠ 3

in Fig. 3(a), where �yAX is the rapidity interval between A and X (and similarly for �yBX). For

the single di↵ractive dissociation process represented in Fig. 2(a) one may write [16, 17]

M2

X

d�

dt dM2

X

= �A(t)
2 |⌘(t)|2

✓
s

M2

X

◆
2↵IP (t)�2

�BIP (M
2

X , t) (2.6)

and we are invited to think of �BIP (M2

X , t) as the total cross section for BIP scattering at energy

MX . It is to be noted that the normalization of �BIP (M2

X , t) is a matter of convention. Provided

MX is su�ciently large, we expect that it is itself driven by pomeron exchange and �BIP (M2

X , t) /

5

Albrow, Coughlin, Forshaw, Prog.Part.Nucl.Phys 65 (2010) 149

(M2

X)↵IP (0)�1. This is shown in Fig. 2(b) which illustrates the M2

X discontinuity in the relevant

three-body amplitude. We should stress that the pomeron is not a real particle and pomeron-
induced cross sections are not directly measurable; however they are useful constructs. Going one

step further, we can rewrite Eq. (2.6) as

d�

dt d⇠
= fIP/A(⇠, t) �BIP (M

2

X , t) (2.7)

where we define a pomeron “flux”

fIP/A(⇠, t) = �A(t)
2 |⌘(t)|2

✓
1

⇠

◆
2↵IP (t)�1

(2.8)

and ⇠ is the fractional energy lost by the beam particle A, i.e. M2

X = ⇠s. This approach describes

very well the HERA data on single di↵raction dissociation, albeit with a pomeron trajectory that

di↵ers from that in Eq. (2.5). In particular the t-dependence is consistent with a flat trajectory [9].
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Figure 3: (a) Diagram for double pomeron exchange. (b) The corresponding cut diagram in the
limit of large MX .

The study of double pomeron exchange (DIPE), illustrated in Fig. 3, has a long history [6,

7, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. In the Regge framework, such exchanges are responsible for

the CEP process, and we may write the cross section for A+B ! A+X +B in terms of the total
cross section for two pomerons to fuse, producing the central system X, �IPIP :

d�

dt
1

dt
2

d⇠
1

d⇠
2

= fIP/A(⇠1, t1)fIP/B(⇠2, t2) �IPIP (M
2

X , t
1

, t
2

) . (2.9)

Again, the ⇠i are the fractional energy losses, and kinematics fixes M2

X = ⇠
1

⇠
2

s. We shall return to

this formula for DIPE in Sections 4–6.

Eq. (2.7) and Eq. (2.9) clearly exhibit Regge factorization and the similarity to the two-

photon production case is striking - the pomeron flux playing the role of the Weiszäcker-Williams

flux in the case of photons (e.g. see Ref. [28]). Unfortunately Regge theory does not tell us how to

compute the cross section �IPIP (MX , t
1

, t
2

), although it does predict the behaviour for large MX .

So, although we have a model for the rapidity dependence of the central system, we are not able
to predict the overall production rate without further model dependence. Furthermore, we should

6
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compute the cross section �IPIP (MX , t
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), although it does predict the behaviour for large MX .

So, although we have a model for the rapidity dependence of the central system, we are not able
to predict the overall production rate without further model dependence. Furthermore, we should

6

Thus we see that if the pomeron intercept ↵IP (0) > 1 the total cross section rises with energy, in

accord with the data. Conversely, the contributions of any Regge poles with ↵IR(0) < 1 (such as

those containing the ⇢ and ⇡) become negligible at su�ciently high energy.

One might hope that the properties of Regge poles, i.e. their intercepts and couplings,
would emerge from calculations based on QCD. To an extent that is what happens. For example,
the gluon is known to “reggeize” to a simple Regge pole in perturbative QCD after re-summing to

all orders in ↵s ln(s) (see for example Ref. [3] and references therein). However, calculations are

generally plagued by the need to focus on processes at short distances, where perturbation theory
is valid, and total hadronic cross sections certainly do not fall into that class. It is also far from
clear that amplitudes are dominated by a single Regge pole at high energies, although there is some

indication that this is so in the case of hadron-hadron elastic scattering at small (but not too small)

values of t [11, 12]. In that case, fits to data suggest the existence of a pomeron with intercept

↵IP (t) ⇡ ↵IP (0) + ↵0
IP t ⇡ 1.08 + (0.25 GeV�2) t. (2.5)

More recent analyses suggest that a global fit to all soft data from the ISR, Spp̄S and Tevatron may

require a pomeron with a higher intercept and substantial screening corrections (see for example

Refs. [13, 14, 15] and references therein).
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Pomeron “flux”

not a particle!

• interpreted in QCD as a >two gluon exchange 
• not a simple pole but enigmatic non-local object

Optical theorems 

High-mass diffractive dissociation 
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DL’84,92

Mueller triple-Regge formalism

mylogo

Optical analogy
Reggeon theory

Lund cascade model
ˇ

Inelastic diffraction

Mueller triple-Regge formalism

Triple pomeron coupling: g3P

σ ∼ g2pP(t)gpP(0)g3P
(

s
M2
X

)2(α(t)−1)
(

M2
X
)(α(0)−1)
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Diffractive factorisation concept
mylogo

Optical analogy
Reggeon theory

Lund cascade model
ˇ

Ingelman-Schlein model for hard scattering:

Assumes a pomeron flux factor fPp(xP) and that the
pomeron has a parton substructure f Pq,g(zP ≡ β,Q2)

Fitted to data. One set of structure functions fits both soft and
hard diffraction at HERA
Implemented in POMPYT, CASCADE, and PYTHIA8 MC
Goulianos: renormalized pomeron flux
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Diffraction at HERA
DiÄractive Vector Meson Production
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DiÄractive Vector Meson Production
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J/ Photoproduction
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Inclusive DiÄractive DIS at HERA
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DiÄractive Dijet Production
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DiÄractive Dijets in DIS
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Diffractive DIS

1993: DiÆractive DIS discovery at HERA by ZEUS and H1

Surprise to many, although predicted
Event Topologies of Deep Inelastic Scattering
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~ 10 % of gap events!!!

DiÆractive DIS at HERA
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in terms of diffractive structure function

7
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Sensitivity to the color string topology fluctuations
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Gap-size is infrared sensitive observable !

Large gaps at parton level
normally string across ! hadrons fill up

SCI ! new string topologies, some with gaps

Gap events not ’special’, but fluctuation in colour/hadronisation

Size ¢ymax of largest gap in DIS events

SCI ) plateau in ¢ymax

characteristic for diÆraction

Small parameter sensitivity
— P = 0.5
· · · P = 0.1
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diffractive events 
from fluctuations 
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Color screening model

I Consider DDIS on parton level

I Color octet exchange

I Momentum dominantly exchanged
via hard gluon

I Soft rescattering of n ! 1 gluons

I No change in momenta

I Can change the color topology

I Obtain amplitude in impact space

I Method di↵ers from SCI
(prb. based. reconn.)

p

γ∗

p

e−
e−

hard soft

gap

MX

Pasechnik, Enberg, Ingelman

arxiv 1004.2912v3

x =

Q

2

2Pq

= �xP

� =

Q

2

Q

2

+M

2

X

Color screening model

I Soft amplitude unknown
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Soft gluons can only change phase of propagating  
quark and it’s color — should be resumed!

RP, Ingelman, Enberg

single parameter  
model 

gap survival  
is automatically 

incorporated

reconnection probability 
becomes dynamical

dynamics SCI



Diffractive W production in high-energy pp collisions
Regge models QCD inspired modelsFeatures: 

✓    clean environment (color singlet) 
✓    well-defined hard scale (tests of 
      QCD factorisation) 
✓    high sensitivity to the production 
      mechanism 
✓    large enough cross section to be 
      experimentally observed and tested
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model [2] is used for generating the di�ractive events. However, details in the Monte-Carlo
modeling such as the multi-parton interactions and the treatment of the proton remnants are
also crucial for the resulting leading proton spectrum, as we will demonstrate by comparing
di�erent versions and tunes of Pythia. As baseline we use Pythia version 6.425 with the
Perugia 0 tune [31], which mainly has been adjusted to data from the Tevatron. In the
following we will start by exploring the single leading proton spectra at LHC energies. We
will then turn to the rapidity distributions of the W ’s both at the Tevatron and the LHC.
Finally, we will discuss the question of the W charge asymmetry.

A. Single leading protons

The basic features of the single leading proton spectrum in di�ractive W ±X production
at 14 TeV are demonstrated in Fig. 2, showing the momentum distributions of protons and
small mass clusters. The latter are required to have the same quark content as a proton
and invariant masses mcl Æ 1.5 GeV, but are not required to be in a colour singlet state.
These cluster spectra have been scaled with a numerical factor such that they agree with the
leading proton spectra for large z. The colour exchange mechanism (SCI or GAL) can turn
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Figure 4. The di�erential cross sections in rapidity yW (top) and the corresponding charge
asymmetries (bottom) for the GAL (left) and SCI (right) models. The curves correspond to the
double leading protons, unless stated otherwise, obtained with Pythia 6.425 using the Perugia 0
(P0) tune model.

that in turn reduces the probability for the proton remnant to emerge as a colour singlet.
Turning to the charge asymmetry, it is again clearly visible for the inclusive production,
although mostly as an overall di�erence in the normalization for W + and W ≠ respectively.
The e�ects of requiring more and more leading protons can also be clearly seen giving
essentially no or little asymmetry for z > 0.9 in both models. The remaining asymmetry is
of the order a few percent and is the result of hadronisation e�ects, which again can be seen
comparing to the asymmetry for clusters and is thus well within an overall uncertainty of
the di�ractive Monte Carlo modeling.

In addition to looking at the kinematics of the W ±’s produced and the associated asymme-
tries, it is instructive to look at the spectra of leading protons on both sides simultaneously.
In order to make the picture as clean as possible we show in Fig. 6 the spectrum of protons
in the positive direction (z

+

) when requiring a leading proton also on the negative side (z≠)
with similar momentum fraction |z≠ ≠z

+

| < 0.025. In addition we show the results not only
for the GAL and SCI models but also the results when neither of them is applied.

Similarly to the case of single leading protons, the characteristic di�ractive peak at z æ 1
can also be seen for the case with double leading protons in Fig. 6 (top row). However, it
is visible at central W rapidities only. For more forward W bosons the peak disappears,
essentially due to momentum conservation. Thus in order to obtain a selection of di�ractive
events one has to apply also a cut on the rapidity of the W-bosons in addition to the cuts
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Mainly gluon-initiated diffraction at large Z!
SD/ND ~ 1 % for SCI/GAL 

close to Tevatron data!

Ingelman, RP, Rathsman, Werder
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Diffractive factorisation breaking in pp collisions

Incoming hadrons are not elementary — experience soft interactions dissolving them 
leaving much fewer rapidity gap events than in ep scattering

Sources of diffractive factorisation breaking: 

✓     soft survival (=absorptive) effects  
        (Khoze-Martin-Ryskin and Gotsman-Levin-Maor) 
        affecting e.g. the Pomeron flux (Goulianos) 

✓     interplay of hard and soft fluctuations in incoming  
        hadron wave function  

✓     saturated shape of the universal dipole cross section 
        for large dipole sizes

Jets, W, Z, b¯b, J/√ in diÆractive gap events at the Tevatron

R
hard

=

1

ætot

hard

R
1

xF
min

dxF
dæ

hard

dxF

R
hard

[%] Exp. observed
dijets CDF 0.75 ± 0.10
W CDF 1.15 ± 0.55
W DØ 1.08 +0.21

°0.19

b¯b CDF 0.62 ± 0.25
Z DØ 1.44 +0.62

°0.54

J/√ CDF 1.45 ± 0.25

Tevatron æ(hard diÆraction)

æ(hard)

ª 1% ø 10% ª æ(diÆractive DIS)

æ(DIS)

at HERA

IP model tuned at HERA, i.e. qIP (x,Q2

) and gIP (x,Q2

) fitted to DIS FD
2

) factor ª 10 too large æ(hard diÆraction) at Tevatron

Model can be cured by IP flux ’renormalisation’, but . . .

G. Ingelman: ‘Hard diÆraction - 20 years later’, Lepton-photon symposium 2005 8

Two distinct approaches treating the above effects: 

✓     Regge-corrected (KMR) approach — the first source of the  
        factorisation breaking is accounted at the cross section level by 
        “dressing” the factorisation formula by soft Pomeron exchanges 

✓     Color dipole approach — the universal way of inclusive/diffractive 
        scattering treatment, accounts for all the sources of Regge  
        factorisation breaking at the amplitude level (Kopeliovich, RP et al)



Central exclusive Higgs… etc production

In the forward limit

parton level The Durham (KMR) model

11

Spin-parity analyser!

Small CS/large uncertainties

of the Sudakov form factor. The result of Cudell, Hernandez, Ivanov and Dechambre [9] is
closer to our result but still slightly bigger. This is probably due to different unintegrated
gluon distribution. In particular, the Ivanov-Nikolaev UGDF used in their analysis includes
also a nonperturbative piece fitted to the data.
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FIG. 18: Total cross section for exclusive Higgs production for different gluon PDFs from the
literature. The calculation was done including off-shell effects.

In Fig. 18 we show the total cross section for exclusive production of Higgs boson as a
function of the Higgs mass for different gluon distributions for

√
s = 14 TeV. The difference

between different gluon PDFs comes mainly from a different lower cut-off parameter for gluon
transverse momenta in different gluon distributions. This is necessary and is dictated by the
construction of different UGDFs. In particular, different groups choose different initial scale
for QCD evolution and going below it often leads to unphysical solutions (negative glue for
instance). This forces one to put lower cut-off at the value of the initial scale. The cross
section for exclusive Higgs production obtained here is rather small2.

We have made the calculation of the cross section in the limit of real gluons in the hard
part (5.6) (σon

H ), as well as with an account of gluon virtualities (5.5) (σoff
H ). Contribution

of non-zeroth q21, q
2
2 in form factors G1,2 turns out to be negligibly small; difference between

σon
H and σoff

H is formed mainly by the second form factor G2, and gives about 6 %, so it is
much smaller than other theoretical uncertainties of the approach. The overall uncertainty
of 0+ Higgs CEP cross section was estimated in Ref. [4] to be up to a factor of 2.5.

In Fig. 19 we show a two-dimensional distribution of the Higgs in its rapidity and trans-
verse momentum. The Higgs production is concentrated around rapidity y = 0 and the
cross section quickly drops with Higgs transverse momentum. In Fig. 20 we show respective
projections on rapidity (left panel) and transverse momentum (right panel). The maximum
of the transverse momentum dependence occurs at about 0.4 GeV. The distribution reflects
a convolution of the nucleon form factors, i.e. is of purely nonperturbative nature.

Finally, we focus on angular correlations (see Fig. 21). In the figure we show distribution
in azimuthal angle between outgoing protons. As for the exclusive production of heavy
quarks there is a very small correlation between outgoing protons.

Note that the distribution in relative azimuthal angle between protons φpp strongly differs
from the distributions in azimuthal angle φq1q2

between interacting gluons ∼ cos2 φq1q2
due

2 Similarly small cross sections have been obtained very recently [15] when this paper was already finished.
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FIG. 21: Differential distribution in angle between outgoing protons for central exclusive Higgs

boson production. CTEQ6 PDF was used in this calculation.

the diffractive amplitude (3.1).

C. Irreducible bb̄ background for exclusive Higgs production
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FIG. 22: The bb̄ invariant mass distribution for
√
s = 14 TeV and for b and b̄ jets from Higgs decay

in the rapidity interval −2.5 < yb < 2.5 corresponding to the ATLAS detector. The absorption

effects for the Higgs boson and the background were taken into account by multiplying cross section
by the gap survival factor ⟨S2⟩ = 0.03. The left panel shows purely theoretical predictions, while

the right panel includes experimental effects due to experimental uncertainty in invariant mass
measurement. The left peaks (bumps) correspond to the Z0 contribution and the right ones to the
Higgs contribution.

Now we turn to the analysis of the bb̄ continuum as a background for the bb̄ Higgs signal.
In the left panel of Fig. 22 we show contributions of several CEP mechanisms to the bb̄ quark
invariant mass distribution. The diffractive bb̄ and Higgs contributions were calculated for
a selected (CTEQ6 [44]) collinear gluon distribution. The QED mechanism is also shown
by the short-dashed line. Natural decay width, calculated as in Ref. [41], was assumed in
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FIG. 22: The bb̄ invariant mass distribution for
√
s = 14 TeV and for b and b̄ jets from Higgs decay

in the rapidity interval −2.5 < yb < 2.5 corresponding to the ATLAS detector. The absorption

effects for the Higgs boson and the background were taken into account by multiplying cross section
by the gap survival factor ⟨S2⟩ = 0.03. The left panel shows purely theoretical predictions, while

the right panel includes experimental effects due to experimental uncertainty in invariant mass
measurement. The left peaks (bumps) correspond to the Z0 contribution and the right ones to the
Higgs contribution.

Now we turn to the analysis of the bb̄ continuum as a background for the bb̄ Higgs signal.
In the left panel of Fig. 22 we show contributions of several CEP mechanisms to the bb̄ quark
invariant mass distribution. The diffractive bb̄ and Higgs contributions were calculated for
a selected (CTEQ6 [44]) collinear gluon distribution. The QED mechanism is also shown
by the short-dashed line. Natural decay width, calculated as in Ref. [41], was assumed in
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The situation can be also quantified in a one-dimensional plot in a function of the dif-
ference of the quark and antiquark rapidities (see Fig. 25). The distributions for the signal
and background are very different. Imposing a cut on ydiff can significantly improve the
signal-to-background ratio.
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FIG. 25: Distribution in the difference of the quark and antiquark rapidities. Please note an extra

cut on the bb̄ invariant mass. Kinematical constraints are the same as in Fig. 22.

In Fig. 26 we show the distribution in the b-quark rapidity from Higgs decay and from
a narrow region of bb̄ invariant mass (given in the figure) for the diffractive bb̄ and photon-
photon components. While the Higgs contribution is concentrated at yb ∼ 0 the diffractive
component has maxima at the edges of the central detector. The γγ contribution is rather
flat across the range of the central detector. The different distributions in the b-quark
rapidity of the different components suggest that limiting to midrapidities (i.e. not using
the whole range of the detector) may help in improving the signal-to-background ratio.

Further useful handles to improve the situation are the jet transverse momenta which
can be measured in the central detector. The importance of the cuts on the jet transverse
momenta is illustrated in Fig. 27. Again we show the three components. While the signal
(Higgs) contribution is peaked at the transverse momenta being half of the Higgs mass, the
background contributions are flat or even have local maxima at low transverse momenta.
Imposing therefore a lower cut on jet transverse momenta can again significantly improve
the signal-to-background ratio without losing too much of the signal itself. Also, from
experimental point of view the b (b̄) jets can be well identified only above a certain cut on
their transverse momenta.

Now we wish to quantify the effect of cuts on the bb̄ invariant mass (missing mass exper-
imentally) distribution. We shall impose cuts in order not to loose too much Higgs signal.
In Fig. 28 we show the results for several scenarios (cuts). Here we omit the Z0 contribution
and concentrate solely on the Higgs signal. In the left upper corner we show result with
the cut only on quark and antiquark rapidities (the square in Fig. 24) i.e. not making use
of the whole coverage of the main LHC detectors. The signal is now above the diffractive
background. We also show, by the thin dashed line, the photon-photon background which is
only slightly smaller than the diffractive one. In the upper right corner we show the result
for the cut on the quark and antiquark rapidity difference (see parallel thick solid lines in
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Higgs CEP was proven to be hardly feasible at the LHC…
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‘Durham Model’ of central exclusive production

• The generic process pp → p + X + p is modeled perturbatively by the
exchange of two t-channel gluons.

• The use of pQCD is justified by the presence of a hard scale ∼ MX/2.
This ensures an infrared stable result via the Sudakov factor: the
probability of no additional perturbative emission from the hard process.

• The possibility of additional soft
rescatterings filling the rapidity
gaps is encoded in the ‘eikonal’
and ‘enhanced’ survival factors,
S2

eik and S2
enh.

• In the limit that the outgoing
protons scatter at zero angle, the
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• Protons can have some small       (scatter at non-zero angle), but if this is too 
big, they break up        strong suppression in non                 configuration.
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Jz = gg axis ⇡ beam axis

JP
z = 0+

New Monte Carlo implementation

• Dijet production previously implemented in Exhume and FPMC

• However, there have been a number of theoretical developments:

‣ Correct inclusion of Sudakov factor
‣ Consistent treatment of ‘skewed’ gluon PDFs
‣ Latest model of soft survival effects
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I. INTRODUCTION

Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)

burgh EH9 3JZ, United Kingdom, kUniversity of Heidelberg, D-
69120 Heidelberg, Germany, lUniversidad Iberoamericana, Mexico
D.F., Mexico, mUniversity of Manchester, Manchester M13 9PL,
England, nNagasaki Institute of Applied Science, Nagasaki, Japan,
oUniversity de Oviedo, E-33007 Oviedo, Spain, pQueen Mary, Uni-
versity of London, London, E1 4NS, England, qTexas Tech Univer-
sity, Lubbock, TX 79409, rIFIC(CSIC-Universitat de Valencia),
46071 Valencia, Spain,

p

p
IP

(a) jetjet

p

p

p

IP
IP

(b) jetjet

p p

η0ηp
_ ηp

FIG. 1: Illustration of event topologies in pseudorapidity,
η, and associated Pomeron exchange diagrams for dijet pro-
duction in (a) single diffraction and (b) double Pomeron ex-
change. The shaded areas on the left side represent “underly-
ing event” particles not associated with the jets [from Ref. [2]].
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FIG. 2: Leading order diagrams for (a) exclusive dijet and
(b) exclusive Higgs boson production in p̄p collisions.

Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample

Boonekamp et al.arXiv:1102.2531J. Monk and A. Pilkington, Comput.Phys.Commun. 175 (2006) 232

New Monte Carlo implementation

• Dijet production previously implemented in Exhume and FPMC

• However, there have been a number of theoretical developments:

‣ Correct inclusion of Sudakov factor
‣ Consistent treatment of ‘skewed’ gluon PDFs
‣ Latest model of soft survival effects
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Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)
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Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample
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Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)
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(b) exclusive Higgs boson production in p̄p collisions.

Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample
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teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,
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quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,
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where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
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tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:
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Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample

Boonekamp et al.arXiv:1102.2531J. Monk and A. Pilkington, Comput.Phys.Commun. 175 (2006) 232

New Monte Carlo implementation
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• However, there have been a number of theoretical developments:

‣ Correct inclusion of Sudakov factor
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I. INTRODUCTION

Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)
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FIG. 1: Illustration of event topologies in pseudorapidity,
η, and associated Pomeron exchange diagrams for dijet pro-
duction in (a) single diffraction and (b) double Pomeron ex-
change. The shaded areas on the left side represent “underly-
ing event” particles not associated with the jets [from Ref. [2]].
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FIG. 2: Leading order diagrams for (a) exclusive dijet and
(b) exclusive Higgs boson production in p̄p collisions.

Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample

Boonekamp et al.arXiv:1102.2531J. Monk and A. Pilkington, Comput.Phys.Commun. 175 (2006) 232

New Monte Carlo implementation

• Dijet production previously implemented in Exhume and FPMC

• However, there have been a number of theoretical developments:

‣ Correct inclusion of Sudakov factor
‣ Consistent treatment of ‘skewed’ gluon PDFs
‣ Latest model of soft survival effects

27 

EXCLUSIVE DijetÆ Excl. Higgs THEORY CALIBRATION 

p 

p 
_ 

} JJ  

Exclusive dijets 

PRD  77, 052004 (2008) 

EDS2013, Saariselca Hard Diffraction at CDF                     K. Goulianos   

Correct limit          on      integration:
T.D. Coughlin and J.R. Forshaw, JHEP 1001 (2010) 121

         factor dependent on gluon         
LHL, Phys. Rev. D88 (2013) 034029

As in V.A. Khoze, A.D. Martin, M.G. Ryskin, 
Eur.Phys.J. C73 (2013) 2503

‘�’ z

Rg Q?

4

I. INTRODUCTION

Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)

burgh EH9 3JZ, United Kingdom, kUniversity of Heidelberg, D-
69120 Heidelberg, Germany, lUniversidad Iberoamericana, Mexico
D.F., Mexico, mUniversity of Manchester, Manchester M13 9PL,
England, nNagasaki Institute of Applied Science, Nagasaki, Japan,
oUniversity de Oviedo, E-33007 Oviedo, Spain, pQueen Mary, Uni-
versity of London, London, E1 4NS, England, qTexas Tech Univer-
sity, Lubbock, TX 79409, rIFIC(CSIC-Universitat de Valencia),
46071 Valencia, Spain,

p

p
IP

(a) jetjet

p

p

p

IP
IP

(b) jetjet

p p

η0ηp
_ ηp

FIG. 1: Illustration of event topologies in pseudorapidity,
η, and associated Pomeron exchange diagrams for dijet pro-
duction in (a) single diffraction and (b) double Pomeron ex-
change. The shaded areas on the left side represent “underly-
ing event” particles not associated with the jets [from Ref. [2]].

p

p

p

p

g
g

g
Jet
Jet

(a)

p

p

p

p

g
g

g
H(b)

FIG. 2: Leading order diagrams for (a) exclusive dijet and
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Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample
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Good-Walker picture of diffractive scattering
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Completeness and orthogonality
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Single diffractive cross section

Important basis for the dipole picture!
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TABLE I: Interplay between the probabilities of hard and soft fluctu-
ations in a highly virtual photon and the cross section of interaction
of these fluctuations.

|Cα|2 σα σtot =
hard
∑

α=so f t
|Cα|2σα σsd=

hard
∑

α=so f t
|Cα|2σ2α

Hard ∼ 1 ∼ 1
Q2 ∼ 1

Q2 ∼ 1
Q4

Soft ∼ m2q
Q2 ∼ 1

m2q
∼ 1

Q2 ∼ 1
m2qQ2

independent. One can test this picture studying the Q2 depen-
dence of the diffractive DIS [26].
Since diffraction is a source of nuclear shadowing [27], that

also should scale in x. Indeed, most of experiment have not
found any variation with Q2 of shadowing in DIS on nuclei.
Only the NMC experiment managed to find a weak scaling
violation which agrees with theoretical expectations [28].
Notice that in spite of independence of Q2, both diffraction

and shadowing are higher twist effects. This is easy to check
considering photoproduction of heavy flavors. In this case the
hard scale is imposed by the heavy quarkmass, and diffraction
becomes a hard process with cross section vanishing as 1/m4Q.
Nuclear shadowing also vanishes as 1/m2Q.
The true leading twist diffraction and shadowing are asso-

ciated with gluon radiation considered below.

B. Diffractive Drell-Yan reaction

The dipole description of the Drell-Yan reaction in many
respects is similar to DIS. This is not a surprize, since the
two processes are related by QCD factorization. The cross
section of heavy photon (γ∗ → l̄l) radiation by a quark reads
[29, 30, 31, 32],

dσ(qp→ γ∗X)

d lnα
=

∫
d2rT |ΨT,L

γ∗q(α,rT )|2σqq̄(αrT ,x), (20)

Hereα is the fraction of the quark light-conemomentum taken
away by the dilepton; rT is the photon-quark transverse sepa-
ration; and the light-cone distribution functionΨ is similar to
one in DIS, Eq. (16), and can be found in [29, 30, 31].
Notice that the dileptons are radiated only in the fragmen-

tation region of the quark and are suppressed at mid rapidi-
ties. Indeed, due to CT the dipole cross section vanishes as
σqq̄(αrT ,x) ∝ α2 at α→ 0.
There is an important difference between DIS and DY re-

action. In the inclusive DIS cross section one integrates over
0 < α < 1, this is why this cross section is always a mixture
of soft and hard contributions (see Table 1). In the case of
DY reaction there is a new variable, x1, which is fraction of
the proton momentum carried by the dilepton. Since α > x1,
one can enhance the soft part of the DY cross section selecting
events with x1→ 1. This soft part of the DY process is subject

to unitarity corrections [33] which are more important than in
DIS [34].
Another distinction between DIS and DY is suppression of

the DY diffractive cross section. Namely, the forward cross
section of diffractive radiation qp→ l̄lqp is zero [30]. Indeed,
according to (10) the forward diffractive cross section is given
by the dispersion of the eigen amplitude distribution. How-
ever, in both eigen states |q⟩ and |qγ∗⟩ only quark interacts.
So the two eigen amplitudes are equal, and the dispersion is
zero.
Nevertheless, in the case of hadronic collision diffractive

DY cross section does not vanish in the forward direction. In
this case the two eigen states are |q̄q⟩ and |q̄qγ∗⟩ (for the sake
of simplicity we take a pion). The interacting component of
these Fock states is the q̄q dipole, however it gets a different
size after the q or q̄ radiate the photon. Then the two Fock
states interact differently, and this leads to a nonvanishing for-
ward diffraction. Notice that the diffractive cross section is
proportional to the dipole size [35].

C. Diffractive Higgs production

Diffractive higgsstrahlung is rather similar to diffractive
DY, since in both cases the radiated particle does not take
part in the interaction [35]. However, the Higgs coupling
to a quark is proportional to the quark mass, therefore, the
cross section of higgsstrahlung by light hadrons is vanishingly
small.
A larger cross section may emerge due to admixture of

heavy flavors in ligt hadrons. A novel mechanism of exclu-
sive Higgs production, pp→ Hpp, due to direct coaliscence
of heavy quarks, Q̄Q→ H was proposed in [36]. The cross
section of Higgs production was evaluated ssuming 1% of in-
trinsic charm (IC) [37] and that heavier flavors scale as 1/m2Q
[38]. The results are shown in Fig. 7 as function of Higgs
mass for different intrinsic heavy flavors.

FIG. 7: Cross section of exclusive diffractive Higgs production,
pp→Hpp, from intrinsic charm (IC), bottom (IB) and top (IT) [36].

semi-hard/ 
semi-soft softfluctuations

mylogo

Optical analogy
Reggeon theory

Lund cascade model
ˇ

b. Good–Walker formalism
Projectile with a substructure
The mass eigenstates, Ψk (with Ψin = Ψ0), can differ from
the eigenstates of diffraction Φn, with amplitudes Tn
Φn =

∑

k cnkΨk

Elastic amplitude: ⟨Ψ0|T |Ψ0⟩ =
∑

|cn0|2Tn = ⟨T ⟩
dσel/d2b ∼ (

∑

c2n0Tn)2 = ⟨T ⟩2

Amplitude for diffractive transition to mass eigenstate Ψk :
⟨Ψk |T |Ψ0⟩ =

∑

n c∗nkTncn0
dσdiff/d2b =

∑

k ⟨Ψ0|T |Ψk⟩⟨Ψk |T |Ψ0⟩ = ⟨T 2⟩

Diffractive excitation determined by the fluctuations:
dσdiff ex/d2b = dσdiff − dσel = ⟨T 2⟩ − ⟨T ⟩2

Exclusive states in diffractive excitation 9 Gösta Gustafson Lund University
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Eigenstates of interaction in QCD:  
color dipoles Dipole: 

•   cannot be excited 
•   experience only elastic scattering 
•   have no definite mass, but only separation 
•   universal – elastic amplitude can be  
    extracted in one process and used in another

γ (∗)γ (∗)γ ∗

σqq σqq

  
V

p p p p

Fig. 20: The dipole representation of the amplitudes for Compton scattering (a) and for meson production (b),
corresponding to the graphs in Figs. 17a and 18.

factorization schemes have been developed, which combine features of the collinear and kt factorization
formalisms.

The two different types of factorization implement different ways of separating different parts of
the dynamics in a scattering process. The building blocks in a short-distance factorization formula corre-
spond to either small or large particle virtuality (or equivalently to small or large transverse momentum),
whereas the separation criterion in high-energy factorization is the particle rapidity. Collinear and k t

factorization are based on taking different limits: in the former case the limit of large Q2 at fixed xB and
in the latter case the limit of small xB at fixed Q2 (which must however be large enough to justify the
use of QCD perturbation theory). In the common limit of large Q2 and small xB the two schemes give
coinciding results. Instead of large Q2 one can also take a large quark mass in the limits just discussed.

A far-reaching representation of high-energy dynamics can be obtained by casting the results of kt

factorization into a particular form. The different building blocks in the graphs for Compton scattering
and meson production in Figs. 17a and 18 can be rearranged as shown in Fig. 20. The result admits a
very intuitive interpretation in a reference frame where the photon carries large momentum (this may be
the proton rest frame but also a frame where the proton moves fast, see Fig. 14): the initial photon splits
into a quark-antiquark pair, which scatters on the proton and finally forms a photon or meson again. This
is the picture we have already appealed to in Sect. 1.2.

In addition, one can perform a Fourier transformation and trade the relative transverse momentum
between quark and antiquark for their transverse distance r, which is conserved in the scattering on the
target. The quark-antiquark pair acts as a color dipole, and its scattering on the proton is described by
a “dipole cross section” σqq̄ depending on r and on xIP (or on xB in the case of inclusive DIS). The
wave functions of the photon and the meson depend on r after Fourier transformation, and at small r
the photon wave function is perturbatively calculable. Typical values of r in a scattering process are
determined by the inverse of the hard momentum scale, i.e. r ∼ (Q2 + M2

V )−1/2. An important result of
high-energy factorization is the relation

σqq̄(r, x) ∝ r2xg(x) (7)

at small r, where we have replaced the generalized gluon distribution by the usual one in the spirit of the
leading log x approximation. A more precise version of the relation (7) involves the kt dependent gluon
distribution. The dipole cross section vanishes at r = 0 in accordance with the phenomenon of “color
transparency”: a hadron becomes more and more transparent for a color dipole of decreasing size.

The scope of the dipole picture is wider than we have presented so far. It is tempting to apply it
outside the region where it can be derived in perturbation theory, by modeling the dipole cross section
and the photon wave function at large distance r. This has been very been fruitful in phenomenology, as
we will see in the next section.

The dipole picture is well suited to understand the t dependence of exclusive processes, parameter-
ized as dσ/dt ∝ exp(−b|t|) at small t. Figure 21 shows that b decreases with increasing scale Q2 +M2

V

QCD factorisation

partonic interpretation of 
a scattering does depend on 

frame of reference!



Gluon distribution amplitudes and dipole CS
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In most cases, a scattering cross section in the target rest frame  
can be represented in terms of three basic ingredients: 
 

Gluon to quark-antiquark splitting amplitude: 

 
Gluon Bremsstrahlung off a quark:  
 
 
 

Universal dipole cross section:

X
µ+

µ−Y

X
µ+

µ−

J/ψ

p

p

Y

Figure 1. Dominate mechanism for inclusive associated J/ψ → µ+µ− and forward jet high-pT
production in pp collisions (left) and the corresponding Drell-Yan background (right). Effective
amplitudes for G∗ +G → G+ cc̄ and q → q+(γ∗ → µ+µ−) hard subprocesses are denoted by filled
black and filled dark grey circles, respectively, described later in Fig. 4.

2 Inclusive heavy flavor production in pp collisions: the dipole approach

A detailed study of production mechanisms for a heavy quark pair in different color and

parity states giving rise to quarkonia production such as χc, J/ψ, ψ′, Υ etc is of particular

importance and has been discussed in many articles so far (see e.g. Refs. [? ? ]). Various

models were applied ranging from QCD factorisation approaches (also explicitly accounting

for higher order QCD corrections) [? ] to non-perturbative ones attemting to incorporate

complicated color screening and medium effects in heavy ion collisions such as color octet

mechanisms and CGC-based approaches [? ]. Despite a large variety of different approaches,

a universality between corresponding descriptions remains questionable, especially, when it

concerns to the underlined QCD mechanism for such C-odd states as J/ψ, ψ′ and Υ.

In this paper we aim at developing an alternative framework to C-parity negative S-

wave QQ̄ states based upon the universal color dipole approach [? ]. This framework has

earlier been proven to work quite well for P -wave quarkonia production such as χc(J+)

in both pp and pA collisions in Refs. [? ]. In the considering case the latter calculations

become more cumbersome due to an extra gluon emission off the produced QQ̄ state as

indicated in Fig. 1, and this is the leading-order contribution to the respective J/ψ and Υ

production. The major part of possible higher order contributions due to e.g. soft gluon

emissions is effectively taken into account through the universal dipole cross section as was

argued e.g. in Ref. [? ]. It is also rather straightforward to generalise the results in pp

collisons to pA and AA collisions in the dipole approach so the current analysis should

be considered as a baseline for that. Let us start with an overview of the color dipole

framework for heavy quark QQ̄ pair production.

Figure 2. Typical contributions to the non-relativistic heavy quark pair QQ̄ production in
G → QQ̄ splitting subprocess in the color background of the target in the target rest frame.

– 2 –

= +

= +

= +

Figure 3. Dominating gluon shadowing contributions to the non-relativistic color singlet C-odd
heavy quark pair {QQ̄}1+ production with a soft gluon γ ≪ 1 (upper two lines) and amplitudes for
q → q + γ fluctuation (bottom line).

Under the above conditions one can derive the amplitudes for inclusive production of

heavy quark {QQ̄} pair separately in color-singlet 1± and color-octet 8± states in association

with soft gluon Gb in impact parameter representation in factorised form

Ã(s⃗, r⃗, ρ⃗) =

∫

d2k

(2π)2
d2κ

(2π)2
d2k3
(2π)2

A(k⃗, κ⃗, k⃗3) e
−ik⃗s⃗−iκ⃗r⃗−ik⃗3ρ⃗ , (2.6)

Ã1−(s⃗, r⃗, ρ⃗) =
i

2
ΦQQ̄(r⃗,β)Φ

1−
QG(r⃗, ρ⃗,β) δ

i
j

N2
c−1
∑

d=1

fdbaĈ
(d)(s⃗, ρ⃗) ,

Ã1+(s⃗, r⃗, ρ⃗) =
i

2
ΦQQ̄(r⃗,β)Φ

1+
QG(r⃗, ρ⃗,β) δ

i
j

N2
c−1
∑

d=1

ddbaĈ
(d)(s⃗, γρ⃗) ,

Ã8−(s⃗, r⃗, ρ⃗) =
3

2
ΦQQ̄(r⃗,β)Φ

8−
QG(r⃗, ρ⃗,β) (τg)

i
j

N2
c−1
∑

d=1

fdbedaegĈ
(d)(s⃗, ρ⃗) ,

Ã8+(s⃗, r⃗, ρ⃗) = −
3

2
ΦQQ̄(r⃗,β)Φ

8+
QG(r⃗, ρ⃗,β) (τg)

i
j

N2
c−1
∑

d=1

fdbefaegĈ
(d)(s⃗, ρ⃗) ,

where the limit small QQ̄ dipole and soft final gluon is adopted, i.e. |r⃗| ∼ m−1
Q ≪ |ρ⃗| ∼

|s⃗| ∼ λ−1, γ ≪ β, and do not expand!!!

Φ1−
QG(r⃗, ρ⃗,β) = Φ8−

QG(r⃗, ρ⃗,β) = ΦQG(ρ⃗+ βr⃗)− ΦQG(ρ⃗− β̄r⃗) ≃ r⃗ · ∇⃗ρΦQG(ρ⃗) , (2.7)

Φ1+
QG(r⃗, ρ⃗,β) =

1

2

{ 1

β̄
ΦQG(ρ⃗+ βr⃗) +

1

β
ΦQG(ρ⃗− β̄r⃗)

}

≃
1

2ββ̄
ΦQG(ρ⃗) ,

Φ8+
QG(r⃗, ρ⃗,β) = ΦQG(ρ⃗+ βr⃗) + ΦQG(ρ⃗− β̄r⃗)− 2ΦQG(ρ⃗) ≃ (2β − 1)r⃗ · ∇⃗ρΦQG(ρ⃗) ,
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such that C-odd states 8+ and 1+ are symmetric w.r.t. momenta of Q and Q̄, namely,

β ↔ β̄, r⃗ ↔ −r⃗, while C-even ones 8− and 1− are anti-symmetric. Function Ĉ(d)(s⃗, ρ⃗) is

the interference between the gluon-nucleon Gd + N → N∗ interaction amplitudes γ(d)(s⃗)

defined as

Ĉ(d)(s⃗, ρ⃗) =
2√
3

(

γ(d)(s⃗)− γ(d)(s⃗+ ρ⃗)
)

, (2.8)
∫

d2s
∑

X

⟨i|Ĉ(d)(s⃗, ρ⃗)Ĉ(d′)(s⃗, ρ⃗)|i⟩ = δdd′ σq̄q(ρ⃗) , (2.9)

The distribution amplitudes for gluon splitting Ga → {QQ̄} and subsequent gluon

radiation Q(Q̄) → Q(Q̄)+Gb for transversely (T) polarised Ga,b (λini,f = ±1) are given by

[? ]

ΦT
QQ̄ =

√
αs

∫

d2κ

(2π)2
(ξµQ)

†mQ(e⃗ini · σ⃗) + (1− 2β)(σ⃗ · n⃗)(e⃗ini · κ⃗) + i(e⃗ini × n⃗) · κ⃗
κ2 + ϵ2

ξ̃µ̄
Q̄
e−iκ⃗r⃗

=

√
αs

2π
(ξµQ)

†
{

mQ(e⃗ini · σ⃗) + i(1 − 2β)(σ⃗ · n⃗)(e⃗ini · ∇⃗r)− (e⃗ini × n⃗) · ∇⃗r

}

ξ̃µ̄
Q̄
K0(ϵr) ,

ΦT
QG =

√
αs

∫

d2k3
(2π)2

2(e⃗f · k⃗3)
k23 + τ2

e−ik⃗3ρ⃗ =
i
√
αs

π
(e⃗f · ∇⃗ρ)K0(τρ) , (2.10)

respectively, where ξ̃µ̄
Q̄
= iσy(ξ

µ̄
Q̄
)∗, n⃗ is the unit vector along the momentum, and

ϵ = mQ , τ2 = λ2 + γM2
QQ̄ , M2

QQ̄ =
m2

Q + κ2

ββ̄
.

The differential cross section of the process Ga + p → {QQ̄}Gb +X is then given by

dσ

dβ d ln γ
=

∫

d2rd2ρ |ΨQQ̄G(β, γ, r⃗, ρ⃗)|
2 Σ(β, γ, r⃗, ρ⃗) , (2.11)

|ΨQQ̄G|
2 =

1

8

1

2

∑

λini,f

∑

µ,µ̄

Nc
∑

i,j=1

N2
c−1
∑

a,b=1

ΨQQ̄GΨ
∗
QQ̄G ,

where summation over final-state Q, Q̄, Gb spin µ, µ̄ ,λf and color i, j, b indices and aver-

aging over intial gluon Ga spin λi and color a indices, respectively, is explicitly performed.

In Eq. (2.11), the effective dipole cross sections for each C-parity and color configuration

are given by

Σ1−(β, γ, r⃗, ρ⃗) = Σ8−(β, γ, r⃗, ρ⃗) = Σ8+(β, γ, r⃗, ρ⃗) = σGG(ρ) ≡
9

4
σq̄q(ρ) ,

Σ1+(β, γ, r⃗, ρ⃗) =
5

4
σq̄q(γρ) . (2.12)

It thus appears that 1− and 8± states get non-vanishing gluon shadowing corrections in

the limit γ → 0 governed by the soft scale ρ ≫ r which determines the size of effective

gluonic dipole while the QQ̄ dipole is vanishingly small. The gluonic dipole cross section

σGG differs from the quark one σq̄q by the Casimir factor 2N2
c /(N

2
c − 1) = 9/4 for Nc = 3.
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Figure 4. Heavy quark pair production in association with a forward quark: “Bramsstrahlung”
(upper line) vs “Fusion” mechanism (bottom line).

The differential cross section of the process q + p → q + {QQ̄}Gb +X is then given by

dσ

d lnα dβ d ln γ
=

∫

d2π⃗

(2π)2

∫

d2rd2ρ |Ψq{QQ̄}G(α,β, γ, π⃗, r⃗, ρ⃗)|
2 Σ(β, γ, r⃗, ρ⃗) , (2.15)

|Ψq{QQ̄}G|
2 =

1

3

1

2

∑

λ∗,f

∑

s,s′

∑

µ,µ̄

Nc
∑

l,m,i,j=1

N2
c−1
∑

b=1

Ψq{QQ̄}GΨ
∗
q{QQ̄}G ,

where λ∗ = T,L is the intermediate gluon polarisation, s, s′ and l,m are the spin indices

of the initial and final light quark, respectively, and the averaging over these indices in

the quark in the initial state is performed explicitly. Here, since there are no shifts in

positions of the projectile quark induced by interactions with the t-channel gluon from the

target nucleon, the effective dipole cross section Σ is the same as in Eq. (2.12) and it is

thus convenient to keep the distribution amplitude for the gluon bremsstrahlung off the

projectile light quark ΦqG∗ in momentum representation, i.e.

ΦL
qG∗(α, π⃗) =

√
αs

2(1 − α)Q

π⃗2 + α2m2
q
(ηsQ)

† ηs
′

Q , (2.16)

ΦT
qG∗(α, π⃗) =

√
αs (η

s
Q)

† (2− α)(e⃗∗ · π⃗) + imqα2(n⃗× e⃗∗) · σ⃗ − iα(π⃗ × e⃗∗) · σ⃗
π⃗2 + α2m2

q
ηs

′

Q ,(2.17)

for longitudinally (L) and transversely (T) polarised gluon G∗
a with polarisation vector

e⃗∗(λ∗ = ±1), respectively. Then, in Eq. (2.15) the total distribution amplitude Ψq{QQ̄}G is
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= +

= +

= +

Figure 3. Dominating gluon shadowing contributions to the non-relativistic color singlet C-odd
heavy quark pair {QQ̄}1+ production with a soft gluon γ ≪ 1 (upper two lines) and amplitudes for
q → q + γ fluctuation (bottom line).

Under the above conditions one can derive the amplitudes for inclusive production of

heavy quark {QQ̄} pair separately in color-singlet 1± and color-octet 8± states in association

with soft gluon Gb in impact parameter representation in factorised form

Ã(s⃗, r⃗, ρ⃗) =

∫

d2k

(2π)2
d2κ

(2π)2
d2k3
(2π)2

A(k⃗, κ⃗, k⃗3) e
−ik⃗s⃗−iκ⃗r⃗−ik⃗3ρ⃗ , (2.6)

Ã1−(s⃗, r⃗, ρ⃗) =
i

2
ΦQQ̄(r⃗,β)Φ

1−
QG(r⃗, ρ⃗,β) δ

i
j

N2
c−1
∑

d=1

fdbaĈ
(d)(s⃗, ρ⃗) ,

Ã1+(s⃗, r⃗, ρ⃗) =
i

2
ΦQQ̄(r⃗,β)Φ

1+
QG(r⃗, ρ⃗,β) δ

i
j

N2
c−1
∑

d=1

ddbaĈ
(d)(s⃗, γρ⃗) ,

Ã8−(s⃗, r⃗, ρ⃗) =
3

2
ΦQQ̄(r⃗,β)Φ

8−
QG(r⃗, ρ⃗,β) (τg)

i
j

N2
c−1
∑

d=1

fdbedaegĈ
(d)(s⃗, ρ⃗) ,

Ã8+(s⃗, r⃗, ρ⃗) = −
3

2
ΦQQ̄(r⃗,β)Φ

8+
QG(r⃗, ρ⃗,β) (τg)

i
j

N2
c−1
∑

d=1

fdbefaegĈ
(d)(s⃗, ρ⃗) ,

where the limit small QQ̄ dipole and soft final gluon is adopted, i.e. |r⃗| ∼ m−1
Q ≪ |ρ⃗| ∼

|s⃗| ∼ λ−1, γ ≪ β, and do not expand!!!
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QG(r⃗, ρ⃗,β) = ΦQG(ρ⃗+ βr⃗)− ΦQG(ρ⃗− β̄r⃗) ≃ r⃗ · ∇⃗ρΦQG(ρ⃗) , (2.7)
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The 3× 3 matrices T
(l)
abd(ij) in (A.3) act in the color space of the c̄c quarks, and the

indexes i, j correspond to the c and c̄, respectively

T
(1)
abd = τaτdτb, T

(2)
abd = τbτdτa, T

(3)
abd = τaτbτd,

T
(4)
abd = τdτbτa, T

(5)
abd = τdτaτb, T

(6)
abd = τbτaτd,

T
(7)
abd = i

N2
c −1∑

e=1
febdτaτe, T

(8)
abd = i

N2
c −1∑

e=1
fedbτeτa, T

(9)
abd = i

N2
c −1∑

e=1
fadeτeτb,

T
(10)
abd = i

N2
c −1∑

e=1
fadeτbτe, T

(11)
abd = i

N2
c −1∑

e=1
fabeτeτd ,

T
(12)
abd = i

N2
c −1∑

e=1
fabeτdτe, T

(13)
abd = i

N2
c −1∑

e,g=1
fabefedgτg,

T
(14)
abd = i

N2
c −1∑

e,g=1
fadefebgτg, T

(15)
abd = i

N2
c −1∑

e,g=1
febdfaegτg. (A.8)

Here λa = τa/2 are the Gell-Mann matrices.
Note that the matrices T

(l)
abd are not independent, but connected by linear relations (we

skip the indexes abd),

T (3) − T (1) + T (7) = 0, T (5) − T (1) + T (9) = 0,
T (4) − T (2) + T (8) = 0, T (6) − T (2) + T (10) = 0,
T (13) − T (11) + T (13) = 0, T (13) + T (14) + T (15) = 0,
T (15) − T (7) + T (8) = 0, T (14) − T (10) + T (9) = 0. (A.9)

The c-quark spinors ξ in (A.3) are defined in (11); {X} is the set of variables describing
the state X; the 15 vertex functions Γ̂l read

Γ̂1 = Û1(k⃗1,α1)V̂1(k⃗23,α2,α3),

Γ̂2 = V̂2(k⃗13,α1,α3)Û2(k⃗2,α2),

Γ̂3 = −α1Û1(k⃗1,α1)V̂1(k⃗23 − α3k⃗T ,α2,α3),

Γ̂4 = −α2V̂2(k⃗13 − α3k⃗T ,α1,α3)Û2(k⃗2,α2),

Γ̂5 = −α2α3Û1(k⃗1 − k⃗T ,α1)V̂1(k⃗23,α2,α3),

Γ̂6 = −α1α3V̂2(k⃗13,α1,α3)Û2(k⃗2 − k⃗T ,α2),

Γ̂7 = −α1Û1(k⃗1,α1)V̂1(k⃗23 + α2k⃗T ,α2,α3),

Γ̂8 = −α2V̂2(k⃗13 + α1k⃗T ,α1,α3)Û2(k⃗2,α2),

Γ̂9 = −α2α3Û1(k⃗1 − α1k⃗T ,α1)V̂1(k⃗23,α2,α3),

Γ̂10 = −α1α3V̂2(k⃗13,α1,α3)Û2(k⃗2 − α2k⃗T ,α2),

Γ̂11 = α3Û0(k⃗12 + α1k⃗T ,α1,α2)V̂0(k⃗3),
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color-singlet {QQ̄}1 pair onto a vector J/ψ or Υ state is often taken in a similar form as

to DIS γ → QQ̄ wave function such that

Ψ
λJ/ψ
QQ̄→J/ψ

(β, ρ⃗ ) ≃ (3.1)

J/ψ, ψ′, Υ

χc,b = ∝

Σ1− = Σ8− = Σ8+ =
9

4
σq̄q(ρ) , Σ1+ =

5

4
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Dipole approach vs NLO QCD: Drell-Yan
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dipole approach NLO pQCD 
parton model

longitudinal momentum fractions of the projectile (target) parton, x1 (x2), can be expressed
in terms of Lorentz invariant scalar products as

x1 =
2P2 · q

s
; x2 =

2P1 · q
s

, (2)

where P µ
1 (P µ

2 ) is the projectile (target) four momentum, qµ is the four momentum of the
dilepton, q2 = M2 > 0, and xF is the Feynman-x, xF = x1 − x2.

For most qualitative descriptions, it is sufficient to consider the DY process in terms of
the lowest order annihilation process, Eq. (1). Calculations with Eq. (1), however, under-
estimate measured DY cross sections by an overall factor. It is necessary to employ the
NLO framework for the DY process, in order to make quantitative predictions, see [11] for a
review. In addition, the DY cross section differential in the dileptons transverse momentum
receives huge corrections from higher order processes. Indeed, to lowest order, one would
not expect dileptons with large transverse momentum q⊥, in contrast to what is observed
in experiment. Even though the occurrence of perturbatively large transverse momenta can
be explained in NLO, it is not straightforward to calculate the shape of the q⊥-distribution
in the parton model. A resummation of large logarithms in q⊥/M [12] or alternatively the
introduction of an intrinsic transverse momentum [13] is necessary to avoid the divergence
of the differential cross section at q⊥ = 0.

In the parton model, all nonperturbative effects are parameterized in the parton distri-
bution functions qf , q̄f , which evolve according to the DGLAP evolution equations. For
DY in nuclear collisions, the parton distribution functions of the proton are simply replaced
by empirical nuclear parton distribution functions [14]. This approach does not explain the
dynamical origin of the nuclear effects

Figure 1: In the target rest frame, DY dilepton production looks like
bremsstrahlung. A quark or an antiquark from the projectile hadron scat-
ters off the target color field (denoted by the shaded circles) and radiates
a massive photon, which subsequently decays into the lepton pair. The
photon decay is not shown. The photon can be radiated before or after
the quark (antiquark) scatters.

Nuclear effects, effects from higher orders in perturbation theory, as well as other possible
nonperturbative effects, are more readily treated when the Drell-Yan process is viewed in
the target rest frame. Note that although cross sections are Lorentz invariant, the partonic
interpretation of high energy scattering processes does depend on the reference frame. In the
rest frame of the target, the production mechanism for high mass continuum dileptons looks

3

like bremsstrahlung [3, 4], see Fig. 1. In the high energy limit, when one can neglect terms
that are suppressed by a factor 1/energy, each of the two graphs factorizes into a production
vertex for the virtual photon times an amplitude for scattering a quark off the target. These
scattering amplitudes combine in the squared matrix element in exactly the same way as
in DIS, which makes it possible to express the DY cross section in terms of the same cross
section σN

qq̄ for scattering a qq̄-dipole off a nucleon (N) as in low-xBj DIS,

dσ(qN → γ∗X)

d ln α
=

∫
d2ρ |Ψγ∗q(α, ρ)|2 σN

qq̄(αρ, x) . (3)

Here, α is the light-cone momentum fraction the virtual photon takes away from its parent
quark, and ρ is the transverse separation between γ∗ and final quark. The electromagnetic
radiation, q → γ∗q, is described by the light-cone wavefunction Ψγ∗q(α, ρ), see Eqs. (A.18)
– (A.20), which can be calculated perturbatively. Summation over photon polarizations is
understood in Eq. (3). The dipole cross section σN

qq̄ is of nonperturbative origin and has to be
taken from phenomenology. The energy scale x of the dipole cross section will be discussed
in the next section. A detailed derivation of Eq. (3) is given in the appendix.

Using a phenomenological parameterization for the dipole cross section in Eq. (3) is a
very economical way to account for higher order and nonperturbative effects. The dipole
approach can even be applied at low values of M where perturbative QCD is not valid [15]. It
was found in a recent analysis [10] that most of E772 DY data (except some points at low M)
are reasonably well described in the dipole approach without introducing an arbitrary overall
normalization factor. In addition it was found that the transverse momentum distribution
does not diverge at q⊥ = 0, even without intrinsic transverse momentum.

We emphasize that the dipole approach does not describe an additional production mech-
anism for heavy dileptons. Rather, the two approaches are believed to describe the same
physics in different reference frames. Therefore, calculations in the NLO parton model and
in the dipole approach should give similar results for the DY cross section. This is what we
numerically check in this paper. In the following section, we compare numerical calculations
of the DY cross section (integrated over the transverse momentum of the dilepton) in both
approaches. In section 3, we also compare the predictions of dipole approach and parton
model for the DY transverse momentum distribution at RHIC.

2 Numerical comparison of the two approaches

In order to perform calculations that can be compared with experimental data, one has
to embed the partonic cross section, Eq. (3), into the hadronic environment. In the infinite
momentum frame, the momentum fraction of the projectile quark is x1, see Eq. (2). However,
when the scalar product defining x1 is evaluated in the target rest frame, one finds x1 = αz,
where z = x1/α is the momentum fraction of the incoming proton carried by the projectile
quark. The different meanings of x1 in the target rest frame and in the infinite momentum
frame is a manifestation of the frame dependence of partonic mechanisms. In the target rest
frame, x1 is the momentum fraction that the lepton pair takes from the projectile proton.

4

Thus, one obtains for the proton-nucleon DY cross section

d2σ(pN → l+l−X)

dM2dxF

=
αem

3πM2

x1

x1 + x2

∫ 1

x1

dα

α2

Nf∑

f=1

Z2
f

[
qf

(x1

α
, Q̃

)
+ q̄f

(x1

α
, Q̃

)]

×
∫

d2ρ |Ψγ∗q(α, ρ)|2 σN
qq̄(αρ, x) . (4)

We still need to know the scale Q̃ at which the projectile parton distributions are probed
and the energy x at which the dipole cross section enters. These quantities are not known
exactly, instead we have to rely on plausible arguments to determine their values. In order
to find Q̃, note that the transverse distances ρ that contribute to the DY cross section are
controlled by the extension parameter

η2 = (1 − α)M2 + α2m2
f . (5)

The numerically dominant term in the LC wavefunctions, Eqs. (A.18, A.19), is the one
that contains the Bessel function K1(ηρ). Since this function decays exponentially at large
arguments, the largest distances that can numerically contribute are of order ∼ 1/η. For
fluctuations with α → 1, these distances can become of the order of a typical hadronic radius,
in analogy to the aligned jet configurations in DIS [16]. On the other hand, the minimal value
of α is x1, so that the largest virtuality entering the calculation is Q̃2 = η2

max = (1− x1)M2.
We choose this quantity to be the hard scale at which the projectile parton distribution
is probed. The parton distribution functions (PDFs) are taken from CERNLIB [17]. The
quark mass is set to mf = 0 in all our calculations, see [10] for its numerical influence.

For the quark density of the projectile, we employ the leading order parameterization that
corresponds to the NLO parameterization used in the parton model calculation. This means
e.g. we use CTEQ5L in the dipole approach when comparing it with a NLO parton model
calculation using CTEQ5M. One should use leading order PDFs in the dipole approach,
because they are scheme independent and have a probabilistic interpretation.

The energy scale x of the dipole cross section in Eq. (4) is determined from the analogy
to DIS. In DIS, the argument of the dipole cross section is xBj = Q2/W 2, where Q is
the virtuality of the photon and W is the γ∗-proton cm energy. Therefore, we choose
x = M2/ŝ = αx2, where ŝ = sx1/α is the quark-proton cm energy squared.

Note that in the previous analysis [10], M2 and x2, instead of Q̃2 and x, were used. The
different choice of scales in this paper has the effect of increasing the cross section by a factor
of up to 2 for dilepton mass M ∼ 4 GeV. This is mostly due to the different choice of Q̃2.
Using αx2 instead of x2 is only a ∼ 10% effect at x2 < 0.1. These uncertainties vanish at
larger masses, M ∼ 8 GeV.
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Figure 2: Calculations in the dipole approach to DY and its modifica-
tion Eq. (9) compared to NLO parton model results at fixed target energy
(
√

s = 38.8 GeV). The CTEQ5M parameterization [22] is used for the
parton model calculation. The data are from E772 [23]. The curves and
data for the different mass bins have been rescaled for better visibility. In
all calculations, none of the free parameters of the dipole approach were
adjusted to DY data. Only DIS data have been used.
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Dipole approach predictions effectively account 
for higher order QCD corrections!
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Diffractive Abelian (e.g. Drell-Yan) radiation via dipoles

16

Diffractive 
Drell Yan 
(semi-hard)

X

l

l̄

γ∗p1

p2 p4

ΣX

2

=

IP

p p

p

p p

p
IP IP

IP, IR

FIG. 1: The cross section of the diffractive DY process summed over all excitation channels at
fixed effective mass MX (left panel) corresponding to the Mueller graph in Regge picture (right

panel).

of small xγ1 → 0 and large zp ≡ p+4 /p
+
2 → 1 the diffractive DY cross section is given by

the Mueller graph shown in Fig. 1. In this case, the end-point behavior is dictated by the
following general result

dσ

dzpdxγ1dt

∣

∣

∣

t→0
∝

1

(1− zp)2αIP (t)−1xε
γ1

, (1.3)

where αIP (t) is the Pomeron trajectory corresponding to the t-channel exchange, and ε is
equal to 1 or 1/2 for the Pomeron IP or Reggeon IR exchange corresponding to γ∗ emission
from sea or valence quarks, respectively (see Fig. 1).

As an alternative to the factorization based QCD approach, the dipole description of the
QCD diffraction, was presented in Refs. [11] (see also Ref. [12]). It is based on the fact that
dipoles of different transverse size r⊥ interact with different cross sections σ(r⊥), leading to
the single inelastic diffractive scattering with a cross section, which in the forward limit is
given by [11],

σsd

dp2⊥

∣

∣

∣

∣

∣

p⊥=0

=
⟨σ2(r⊥)⟩ − ⟨σ(r⊥)⟩2

16π
, (1.4)

where p⊥ is the transverse momentum of the recoil proton, σ(r⊥) is the universal dipole-
proton cross section, and operation ⟨...⟩ means averaging over the dipole separation.

The color dipole description of Drell-Yan inclusive process first introduced in Ref. [13]
(see also Ref. [14]), treats the production of a heavy di-lepton like photon bremsstrahlung,
rather than q̄q annihilation. Such a difference is a consequence of Lorentz non-invariance of
the space-time description of the interaction, which varies with the reference frame. Only
observables must be Lorentz-invariant.

The dipole approach applied to diffractive Drell-Yan reaction in Ref. [5], led to the QCD
factorisation breaking, which manifests itself in specific features like a significant damping
of the cross section at high

√
s compared to the inclusive DY case. This is rather unusual,

since a diffractive cross section, which is proportional to the dipole cross section squared,
could be expected to rise with energy steeper than the total inclusive cross section, like it
occurs in the diffractive DIS process. At the same time, the ratio of the DDY to DY cross
sections was found in Ref. [5] to rise with the hard scale, M2. This is also in variance with
diffraction in DIS, which is associated with the soft interactions [15, 16].

The absorptive corrections affect differently the diagonal and off-diagonal terms in the
hadronic current [17], in opposite directions, leading to an unavoidable breakdown of the

3

superposition has a Good-Walker structure

Diffractive DIS vs diffractive DY

interplay between hard and soft 
fluctuations is pronounced!

SD DY/gauge bosons SD heavy quarks    diffractive factorisation is  
        automatically broken  

   any SD reaction is a superposition 
        of dipole amplitudes  

    gap survival is automatically 
        included at the amplitude level on  
        the same footing as dip. CS  

    works for a variety of data  
         in terms of universal dip. CS
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FIG. 8: Cross section of diffractive production of heavy flavors
as function of energy. The experimental points are the results
of the E690 [44] and CDF [48] experiments.

cross section is integrated over xF > 0.85, and beauty
over xF > 0.9 (same for top). All the cross sections
steadily rise with energy. The cross sections of charm
and beauty production differ by about an order of mag-
nitude what confirms the expected leading twist behavior
1/m2

Q.
We also calculated the x1 distribution of a diffractively

produced charm quark by integrating over all other vari-
ables. x1 = p+

c /p+
p is the ratio of plus components of the

produced c-quark and the incoming proton. The results
are shown in Fig. 9 at RHIC and LHC energies.

Notice that to be compared with data (unavailable so
far) for production of charmed mesons, this result has
to be corrected for the fragmentation c → D which is
poorly known. The resulting behavior at x1 → 1 should
obey the end-point behavior dictated by Regge. There-
fore we expect it to be less steep than what is plotted in
Fig. 9. One may wonder: a convolution with the frag-
mentation function c → D may only result in a steeper
fall off at x1 → 1, how can it become less steep? The
answer is: the convolution procedure is incorrect, QCD
factorization badly fails at x1 → 1. The usual fragmen-
tation function measured, say, in e+e− annihilation, cor-
responds to a fast c-quark producing a jet and picking up
a slow light quark from vacuum to form a D-meson. In
hadronic collisions at large x1 hadronization occurs dif-
ferently: a fast projectile light quark picks up a slow c-
quarks produced perturbatively. Correspondingly, in the
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FIG. 9: The cross section of diffractive excitation of a proton
with charm production as function of fraction x1 of the initial
proton momentum carried by the charm quark. The cross
section is shown at the energies of RHIC and LHC.

case of diffractive production of a heavy flavored baryon
a leading projectile diquark can pick up the heavy quark.

Notice also that x1 has a bottom bound imposed by the
kinematics of diffraction, x1 > 4m2

Q/(1−xF )s, where xF

is the Feynman variable of the recoil proton in pp → Xp.
In order to comply with available data (see next section)
we integrate over xF > 0.85 for charm (also top), and
xF > 0.9 for beauty.

Our results for transverse momentum distribution of
diffractively produced quarks are presented in Figs. (10)-
(12) for different heavy flavors and energies.

There pT distributions hardly correlate with x1 of the
heavy quark, what is quite different from the usual sea-
gull effect. We remind, however, that this is not the
usual factorization based hadronization. In this case a
fast projectile quark-spectator picks up a slow heavy fla-
vor. Therefore, the transverse momentum of the pro-
duced heavy flavored meson is mainly controlled by the
transverse momentum of the light spectator.

To conclude this section, we should comment on the ac-
curacy of performed calculations. The main uncertainty
seems to be related to the absorptive (unitarity) correc-
tions. Comparing different models, the difference is not
dramatic, of the order of 10%, with a probability fac-
tor K = 0.14 at the Tevatron energy. However, all those
models may miss the specific dynamics of interaction dis-
cussed in Sect. VI and overestimate diffraction at the
LHC energy by much more than 10%. The next theoret-
ical uncertainty is related to the choice of heavy quark

Kopeliovich et al 2006RP et al 2011,12

We evaluate the absorptive correction (8.7) at the mean impact parameter ⟨b2⟩ = 2Bd and
for the Tevatron energy

√
s = 2TeV arrive at the negligibly small value Im fd(0, rd) ≈ 0.01.

However, the number of such dipole rises with hardness of the process,and may substan-
tially enhance the magnitude of the absorptive corrections. The gap survival amplitude for
nd projectile dipoles reads,

S(nd)
d =

[

1− Im fd(b, rd)
]nd. (8.8)

The mean number of dipoles can be estimated in in the double-leading-log approximation
to the DGLAP evolution formulated in impact parameters [43], the mean number of such
dipoles is given by

⟨nd⟩ =

√

12

β0
ln

(

1

αs(M2
G)

)

ln

(

(1− xF )
s

s0

)

. (8.9)

Here the values of Bjorken x of the radiated gluons is restricted by the invariant mass of
the diffractive excitation, x > s0/M2

X = s0/(1− xF )s. For the kinematics of experiments at
the Tevatron collider (see next section), 1− xF < 0.1,

√
s = 2TeV, the number of radiated

dipoles is not large, ⟨nd⟩ ! 6. We conclude that the absorptive corrections Eq. (8.8) to
the gap survival amplitude are rather weak, less than 5%, i.e. about 10% in the survival
probability. This correction is certainly small compared to other theoretical uncertainties of
our calculations. Notice that a similar correction due to radiation of soft gluons was found
in [44] for the gap survival probability in leading neutron production in DIS.

C. Comparison with data

Thus, our calculations effectively cover the gluon radiation, so the triple-Pomeron term
is included. This is important because this term dominates the diffractive cross section [46].
So we can compare with available data from the CDF experiment [9] on W and Z diffractive
production depicted in Fig. 10.
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FIG. 10: The diffractive-to-inclusive ratio as function of the invariant mass squared of the produced
dilepton. The CDF data for W and Z production were taken at the Tevatron energy (

√
s = 1.96

TeV). The first CDF data point corresponds to the W production, M2 = M2
W , the second – to the

Z production, M2 = M2
Z .

However, in order to compare our results with CDF data, we have to introduce in our
calculations the proper experimental cuts, namely, 0.03 < ξ ≡ 1 − xF < 0.1 [9]. Since our
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Sophisticated dipole cascades are being  
put into MC: Lund Dipole Chain model (DIPSY) 
Ref. G. Gustafson, and L. Lönnblad

We see that the amplitude of diffractive gauge boson emission in the dipole-target scat-
tering (2.12) integrated over b⃗,

∫

d2bMqq (⃗b, R⃗ij , r⃗,α) ∝ α
σ0(s)

R2
0(s)

(r⃗ · R⃗ij) e
−R2

ij/R
2
0(s), (4.4)

is proportional to the product of the hard scale r ∼ 1/(1−α)M and the soft hadronic scale
Rij ∼ R0 ∼ 1/ΛQCD. This means that the single diffractive cross section depends on the
hard scale as σsd ∼ r2 ∼ 1/M2.

It is well-known that the cross section of diffractive Deep-Inelastic-Scattering (DDIS)
σDDIS ∼ r4 is dominated essentially by soft fluctuations at large r (for more details, see e.g.
Ref. [5]), as correctly predicted by the diffractive (Ingelman-Schlein) QCD factorisation.
This happens since the end-point qq̄ dipole fluctuations, driving the cross section at α → 0
or 1, have no hard scale dependence for light quarks mq ≪ Q2. In this case, the Q2-
dependence comes only into their weight as ∼ 1/Q2, even though it is of the higher twist
nature.

In opposite, the single diffractive gauge bosons production cross section behaves as ∼ r⃗·R⃗,
soft and hard fluctuations contribute in this process on the same footing, and their interplay
does not depend on the hard scale, similar to the inclusive gauge bosons production. Hence,
the forward diffractive abelian radiation turns out to be of the leading twist nature, and
the diffractive-to-inclusive production cross sections ratio can depend on the hard scale only
weakly through the x-dependence of the saturation scale, or more precisely R0(x2), and can
only increase (see below).

However, if one uses the conventional diffractive factorisation scheme [7] the single diffrac-
tive cross section, similarly to the DDIS process, one does not find any soft-hard interplay
as observed above, and the cross section turns out to behave as ∼ r4, providing the higher
twist nature of the single diffractive process. Correspondingly, this strongly affects the M2-
dependence of the diffractive-to-inclusive boson production cross sections ratio, such that it
decreases with M2, as opposite to our observation above.

Therefore, the fundamental interplay between the hard and soft interactions in the for-
ward diffractive Abelian radiation is the major reason for the diffractive QCD factorisation
breaking leading to quite unusual features of the corresponding observables (for a similar
discussion in the diffractive DY, see Refs. [15, 16]). As we have emphasized above, this
interplay is absent in the DDIS and in diffractive QCD factorisation-based approaches to
the diffractive DY (see e.g. Ref. [11]) leading to the energy and scale dependence of the
corresponding cross section which is completely opposite to the one predicted above by the
Color Dipole model.

Further, the integrations over R⃗12 and R⃗13 can be performed analytically leading to the
diffractive cross section (3.6) in the forward limit δ⊥ → 0,

d4σλG
(pp → pG∗X)

d2q⊥dx1 dδ2⊥

∣

∣

∣

δ⊥=0
=

a2

24π3

σ2
0(s)

R4
0(s)

1

A2

[ 2

(A2 − 4A1)2
+

A2
2

(A2
2 − 4A2

3)
2

]

× (4.5)

∑

q

∫ 1

x1

dα
[

ρq
(x1

α

)

+ ρq̄
(x1

α

)]

∫

d2rd2r′ (r⃗ · r⃗ ′)ΨλG
V−A(r⃗,α,M)ΨλG∗

V−A(r⃗
′,α,M) eiq⃗⊥·(r⃗−r⃗ ′),

where

A1 =
2a

3
+

2

R2
0(s)

, A2 =
2a

3
, A3 =

2a

3
+

1

R2
0(s)

. (4.6)

11



Dipole elastic amplitude has eikonal form:

Diffractive amplitude is proportional to 

Absorption effect is automatically included into elastic amplitude  
at the amplitude level

Exactly the soft survival probability amplitude

vanishes in the black disc limit!

potential is nearly imaginary 
at high energies!

controlled by soft spectator partons
another source of QCD 
factorisation breaking

Elastic amplitude and gap survival

where r⃗i, xi
q/g are the transverse coordinates and fractional light-cone momenta of the va-

lence/sea quarks and gluons, we get the diffractive G∗ production cross section in the fol-
lowing form [15, 16]

d5σλG
(pp → pG∗X)

d2q⊥dx1 d2δ⊥
=

1

(2π)2
1

64π2

1

x1

∑

q=val, sea

∫

d2r1d
2r2d

2r3 d
2rd2r′ d2bd2b′ dxq

∏

i

dxi
qdx

i
g

×ΨλG

V−A(r⃗,α,M)ΨλG∗

V−A(r⃗
′,α,M) |Ψi(r⃗1, r⃗2, r⃗3; xq, {x2,3,...

q }, {x2,3,...
g })|2

×∆(r⃗1, r⃗2, r⃗3; b⃗; r⃗,α)∆(r⃗1, r⃗2, r⃗3; b⃗
′; r⃗ ′,α) eiδ⃗⊥·(⃗b−b⃗ ′) ei⃗l⊥·α(r⃗−r⃗ ′) (3.6)

where Ψi is the proton wave function, the summation is performed over all valence/sea
quarks and gluons in the proton, and the light-cone fraction of the quark emitting the gauge
boson x1

q ≡ xq is fixed by the external phase space variables x1 and α due to the momentum
conservation, namely,

xq =
x1

α
, x1 =

q+

P+
1

(3.7)

where P1 is the 4-momentum of the projectile proton, q is the 4-momentum of the produced
gauge boson, and

∆ = −2Im fel(⃗b, r⃗1 − r⃗2) + 2Im fel(⃗b, r⃗1 − r⃗2 + αr⃗)

−2Im fel(⃗b, r⃗1 − r⃗3) + 2Im fel(⃗b, r⃗1 − r⃗3 + αr⃗) , (3.8)

is the properly normalized diffractive amplitude, where fel(⃗b, r⃗1 − r⃗2) is the partial elastic
amplitude for dipole of transverse size r colliding with a proton at impact parameter b
to be specified below. As expected, the diffractive amplitude ∆ is proportional to the
difference between elastic amplitudes for the dipoles of slightly different sizes. This difference
is suppressed by absorptive corrections, the effect sometimes called survival probability of
large rapidity gaps.

The amplitude Eq. (3.8) is the full expression, which includes by default the effect of
absorption and does not need any extra survival probability factor3. This can be illustrated
on a simple example of elastic dipole scattering off a potential. The dipole elastic amplitude
has the eikonal form,

Im fel(⃗b, r⃗1 − r⃗2) = 1− exp
[

iχ(r⃗1)− iχ(r⃗2)
]

, (3.9)

where

χ(b) = −
∞
∫

−∞

dz V (⃗b, z), (3.10)

and V (⃗b, z) is the potential, which depends on the impact parameter and longitudinal coor-
dinate, and is nearly imaginary at high energies. The difference between elastic amplitudes
with a shifted quark position, which enters the diffractive amplitude, reads,

Im fel(⃗b, r⃗1 − r⃗2 + αr⃗)− Im fel(⃗b, r⃗1 − r⃗2) = exp
[

iχ(r⃗1)− iχ(r⃗2)
]

exp
[

iα r⃗ · ∇⃗χ(r⃗1)
]

. (3.11)

3 Such a statement has already been made in a similar analysis of the diffractive heavy flavor production

performed in Ref. [14] and in our previous work on diffractive DY study [16].
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where r⃗i, xi
q/g are the transverse coordinates and fractional light-cone momenta of the va-

lence/sea quarks and gluons, we get the diffractive G∗ production cross section in the fol-
lowing form [15, 16]
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where Ψi is the proton wave function, the summation is performed over all valence/sea
quarks and gluons in the proton, and the light-cone fraction of the quark emitting the gauge
boson x1

q ≡ xq is fixed by the external phase space variables x1 and α due to the momentum
conservation, namely,
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(3.7)
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amplitude for dipole of transverse size r colliding with a proton at impact parameter b
to be specified below. As expected, the diffractive amplitude ∆ is proportional to the
difference between elastic amplitudes for the dipoles of slightly different sizes. This difference
is suppressed by absorptive corrections, the effect sometimes called survival probability of
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∞
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B. Forward diffractive radiation from a dipole

The amplitude of diffractive gauge boson radiation by a quark-antiquark dipole does
not vanish in forward direction, unlike the radiation by a single quark [13, 15]. This can
be understood as follows. According to the general theory of diffraction [1–4], the off-
diagonal diffractive channels are possible only if different Fock components of the projectile
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elastic amplitudes are integrated over impact parameter. Indeed, when a quark fluctuates
into a state |qG⟩ containing the gauge boson G, with the transverse quark-boson separation
r⃗, the quark gets a transverse shift ∆r⃗ = αr⃗. The impact parameter integration gives the
forward amplitude. Both Fock states |q⟩ and |qG⟩ interact with the target with the same
total cross section, this is why a quark cannot radiate at zero momentum transfer and,
hence, G is not produced diffractively in the forward direction. This is the general and
model independent statement. The details of this general consideration can be found in Ref.
[13] (Appendices A 1 and A 4). The same result is obtained calculating Feynman graphs in
Appendix B 4 of the same paper. Unimportance of radiation between two interactions was
also demonstrated by Stan Brodsky and Paul Hoyer in Ref. [17].

Notice that in all these calculation one assumes that the coherence time of radiation
considerably exceeds the time interval between the two interactions, what is fulfilled in our
case, since we consider radiation at forward rapidities.

The situation changes if the boson is radiated diffractively by a dipole. Then the quark
dipoles with or without a gauge boson have different sizes and interact with the target
differently. So the amplitude of the diffractive gauge boson radiation from the qq̄ dipole is
proportional to the difference between elastic amplitudes of the two Fock components, |qq̄⟩
and |qq̄G⟩[15], i.e.

Mq̄q (⃗b, r⃗p, r⃗,α) = −2ip01
√
4π

√
1− α

α2
Ψµ

γ∗q(α, r⃗)
[

2Im fel(⃗b, r⃗p)− 2Im fel(⃗b, r⃗p + αr⃗)
]

(2.12)

where r⃗p is the transverse separation of the qq̄ dipole. The partial elastic dipole-proton
amplitude is normalized to the dipole cross section, which is parameterized by the following
simple ansatz [34],

σq̄q(rp, x) =

∫

d2b 2 Imfel(⃗b, r⃗p) = σ0(1− e−r2p/R
2
0(x)), (2.13)

where σ0 = 23.03mb; R0(x) = 0.4 fm × (x/x0)0.144 and x0 = 0.003. This saturated form,
although is oversimplified (compare with [35]), is rather successful in description of exper-
imental HERA data with a reasonable accuracy. We rely on this parametrization in what
follows, and the explicit form of the amplitude fel(⃗b, r⃗), will be specified later.

The diffractive amplitude (2.12), thus, occurs to be sensitive to the large transverse
separations between the projectile quarks in the incoming proton. These distances are
controlled by a nonperturbative scale, which is one of the reasons for the breakdown of
diffractive QCD factorisation in the diffractive gauge bosons production (for more details,
see Refs. [15, 16]).
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The first factor exp
[

iχ(r⃗1) − iχ(r⃗2)
]

is exactly the survival probability amplitude, which
vanishes in the black disc limit, as it should be. This proves that the cross section Eq. (3.6)
includes the effect of absorption. Notice that usually the survival probability factor is
introduced into the diffractive cross section probabilistically, while in Eq. (3.6) it is treated
quantum-mechanically, at the amplitude level.

All the elastic amplitudes in Eq. (3.8) implicitly depend on energy. They cannot be
calculated reliably, but but are known from phenomenology. Since large dipole sizes
|r⃗i − r⃗j | ∼ b ∼ Rp, i ̸= j (Rp is the mean proton size) are important in Eq. (3.8), the
Bjorken variable x is ill defined, and the collisions energy is a more appropriate variable. A
parametrization of the dipole cross section as function of s was proposed and fitted to data
in Ref. [13], and the corresponding partial dipole amplitude is given by [26–28]

Imfel(⃗b, r⃗p, s, xq) =
σ0(s)

8πB(s)

{

exp

[

−
[⃗b+ r⃗p(1− xq)]2

2B(s)

]

+ exp

[

−
[⃗b+ r⃗pxq]2

2B(s)

]

− 2 exp

[

−
r2p

R2
0(s)

−
[⃗b+ r⃗p(1/2− xq)]2

2B(s)

]}

, B(s) = R2
N(s) +R2

0(s)/8 , (3.12)

where xq is the quark longitudinal quark fraction in the dipole defined in Eq. (3.7), and

R0(s) = 0.88 fm (s0/s)
0.14 , R2

N(s) = Bπp
el (s)−

1

4
R2

0(s)−
1

3
⟨r2ch⟩π ,

σ0(s) = σπp
tot(s)

(

1 +
3R2

0(s)

8⟨r2ch⟩π

)

. (3.13)

Here, the pion-proton total cross section is parameterized as [31] σπp
tot(s) = 23.6(s/s0)0.08 mb,

s0 = 1000 GeV2, the mean pion radius squared is [33] ⟨r2ch⟩π = 0.44 fm2, and the Regge
parametrization of the elastic slope Bπp

el (s) = B0+2α′
IP ln(s/µ2), with B0 = 6 GeV−2, α′

IP =
0.25 GeV−2, and µ2 = 1 GeV2 can be used. We employ the s-dependent parametrization
(3.12) in what follows, because diffraction is essentially controlled by soft interactions.

Finally, we parameterize the proton wave function assuming the symmetric Gaussian
shape for the spacial valence quark distributions in the proton, as

|Ψi(r⃗1, r⃗2, r⃗3; xq, {x2,3,...
q }, {x2,3,...

g )|2 =
3a2

π2
e−a(r21+r22+r23)ρ(xq, {x2,3,...

q }, {x2,3,...
g })

× δ(r⃗1 + r⃗2 + r⃗3)δ(1− xq −
∑

j

xj
q/g), (3.14)

where sum is taken over all valence/sea quarks and gluons not participating in the hard
interaction, xq is defined in Eq. (3.7), a = ⟨r2ch⟩−1 is the inverse proton mean charge radius
squared; ρ is the valence quark distribution function in the proton. Notice that this dis-
tribution has a low scale, so the valence quark carry the whole momentum of the proton,
while gluons and the sea are included in the constituent valence quarks. The Gottfried sum
rule based on this assumption is know to be broken [32], but we neglect the related ∼ 20%
correction.

Integrating over the fractional momenta of all partons not participating in the hard
interaction we arrive at the single valence quark distribution in the proton, probed by the
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hard process – radiation of a heavy gauge boson,
∫

∏

i

dxi
qdx

i
g δ(1− xq −

∑

j

xj
q/g)ρ(xq, {x2,3,...

q }, {x2,3,...
g }) = ρq(xq) , (3.15)

where q denotes the quark flavor emitting the gauge boson G with the fraction xq given by
Eq. (3.7). In the case of diffractive Drell-Yan reaction [16], generalization of the three-body
proton wave function (3.14) including different quark and antiquark flavors leads to the
proton structure function as,

∑

q

Z2
q [ρq(xq) + ρq̄(xq)] =

1

xq
F2(xq) . (3.16)

However, in the case of diffractive W and Z production the coupling factor CG
q g

G
v/a,q varies

for different (valence/sea) quark species in the proton, so one has to deal with the original
quark densities. Similar to the diffractive DY case, in actual numerical calculations below,
when summing up the contributions of different quark flavors, we will generalize the above
approach including the sea quark and antiquark densities in the proton at the hard scale
imposed by the mass of the gauge boson. Also, the interference terms between amplitudes
corresponding to gauge boson radiated by different valence quarks separated by large trans-
verse distances in the proton are strongly suppressed in the hard limit r ≪ R0(s), and are
neglected.

IV. SINGLE DIFFRACTIVE CROSS SECTION IN THE FORWARD LIMIT

A. The two-scale approximation

The typical hard length scale related to hard vector boson production, αr ∼ α/(1−α)M ,
is usually much smaller than any hadronic scale (see, however, the next section). Relying
on smallness of the hard scale, αr ≪ Rij = |r⃗i − r⃗j | ∼ Rp, one can derive an approximate
analytical formulae for the diffractive cross section (3.6),

Im fel(⃗b, R⃗ij + αr⃗)− Im fel(⃗b, R⃗ij) ≃
∂Im fel(⃗b, R⃗ij)

∂R⃗ij

αr⃗ , (4.1)

For the sake of convenience, we modify the integrals in Eq. (3.6) by introducing new variables
r⃗2 → R⃗12 and r⃗3 → R⃗13, so that,

∫

d2r1d
2r2d

2r3 e
−a(r21+r22+r23)δ(r⃗1 + r⃗2 + r⃗3) =

1

9

∫

d2R12d
2R13e

−
2a
3
(R2

12+R2
13+R⃗12R⃗13). (4.2)

Since in the forward limit δ⊥ → 0 the b-dependence comes only into the partial dipole
amplitude fel defined in Eq. (3.12), it can be easily integrated [15],

∫

d2b
∂Im fel(⃗b, R⃗ij)

∂R⃗ij

=
σ0(s)

R2
0(s)

R⃗ij e
−R2

ij/R
2
0(s) , (4.3)

with the energy dependent parameters defined after Eq. (3.12).
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The M-dependence of the differential cross sections for di-lepton inclusive production via
an intermediate photon γ∗ or a gauge boson G∗ can be presented similar to the diffractive
case, as [30],

dσλγ (pp → (γ∗ → ll̄)X)

d2q⊥dx1 dM2
=

αem

3πM2

dσ(pp → γ∗X)

d2q⊥dx1
; (5.5)

dσ(pp → (G∗ → ll̄, lν̄l)X)

d2q⊥dx1 dM2
= Br(G → ll̄, lνl) ρG(M)

dσ(pp → G∗X)

d2q⊥dx1
,

where the resonance mass distribution ρG(M) is given by Eq. (3.3).
Eventually, we arrive at a simple form for the ratio of the diffractive and inclusive cross

sections for di-lepton production,

dσsd
λG
/d2q⊥ dx1 dM2

dσincl
λG

/d2q⊥dx1 dM2
=

a2

6π

R̄2
0(M

2
⊥
/x1s)

Bsd(s) σ̄0

σ2
0(s)

R4
0(s)

1

A2

[ 2

(A2 − 4A1)2
+

A2
2

(A2
2 − 4A2

3)
2

]

(5.6)

where functions A1,2,3 were defined in Eq. (4.6), and fraction x2 is explicitly given in terms
of other kinematic variables in Eq. (4.6).

It turns out that the ratio (5.6) does not depend either on the type of the intermediate
boson, or on its helicity λG. To a good approximation, it is controlled mainly by soft inter-
action dynamics, in terms of the soft parameters only R̄0, R0, σ̄0 and σ0. A slow dependence
of these parameters on the collision energy s, the hard scale M2 and the boson transverse
momentum q⊥ completely determines such dependence of the diffractive-to-inclusive pro-
duction ratio. A measurement of the M2 (or q⊥) dependence of this ratio would allow to
probe the x-evolution of the saturation scale, as well as to constrain its energy dependence.
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VI. BREAKDOWN OF DIFFRACTIVE FACTORIZATION

It is instructive to trace the origin of QCD factorisation in inclusive processes within
the dipole description. The 1/Q2 dependence of the DIS cross section at small x originates
from two different sources. Most of the q̄q fluctuations of a virtual photon have a small
size, r2 ∼ 1/Q2, except the endpoint (aligned jet) configurations with α → 0, 1. The latter
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contributions to the cross section behave as 1/Q2.
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Soft KST (large dipoles)

We see that the amplitude of diffractive gauge boson emission in the dipole-target scat-
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∫
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σ0(s)

R2
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(r⃗ · R⃗ij) e
−R2

ij/R
2
0(s), (4.4)

is proportional to the product of the hard scale r ∼ 1/(1−α)M and the soft hadronic scale
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discussion in the diffractive DY, see Refs. [15, 16]). As we have emphasized above, this
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Further, the integrations over R⃗12 and R⃗13 can be performed analytically leading to the
diffractive cross section (3.6) in the forward limit δ⊥ → 0,

d4σλG
(pp → pG∗X)

d2q⊥dx1 dδ2⊥

∣

∣

∣

δ⊥=0
=

a2

24π3

σ2
0(s)

R4
0(s)

1

A2

[ 2

(A2 − 4A1)2
+

A2
2

(A2
2 − 4A2

3)
2

]

× (4.5)

∑

q

∫ 1

x1

dα
[

ρq
(x1

α

)

+ ρq̄
(x1

α

)]

∫

d2rd2r′ (r⃗ · r⃗ ′)ΨλG
V−A(r⃗,α,M)ΨλG∗

V−A(r⃗
′,α,M) eiq⃗⊥·(r⃗−r⃗ ′),

where

A1 =
2a

3
+

2

R2
0(s)

, A2 =
2a

3
, A3 =

2a

3
+

1

R2
0(s)

. (4.6)
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Assuming gaussian δ⊥ dependence of the cross section, the δ⊥ integrated and forward
cross sections are related as,

dσ(pp → pG∗X)

d2q⊥dx1
=

1

Bsd(s)

d3σ(pp → pG∗X)

d2q⊥dx1 dδ2⊥

∣

∣

∣

δ⊥=0
. (4.7)

The slope of the single-diffractive cross section, Bsd(s) ≃ ⟨r2ch⟩/3 + 2α′
IP ln(s/s0), is similar

to the one measured in diffractive DIS. In the next section we will explicitly derive the
diffractive slope from the explicit parameterisation for the partial dipole amplitude (3.12).

Finally, one can explicitly calculate the remaining integrations in the transverse plane
over r⃗ and r⃗ ′ by means of the following Fourier transforms

J1(q⊥, η) ≡
∫

d2rd2r′ (r⃗ · r⃗ ′)K0(ηr)K0(ηr
′) eiq⃗⊥·(r⃗−r⃗ ′) = 16π2 q2

⊥

(η2 + q2
⊥
)4

,

J2(q⊥, η) ≡
∫

d2rd2r′
(r⃗ · r⃗ ′)2

rr′
K1(ηr)K1(ηr

′) eiq⃗⊥·(r⃗−r⃗ ′) = 8π2 η4 + q4
⊥

η2(η2 + q2
⊥
)4

. (4.8)

And we arrive at the following expressions for the cross section of transversely and longitu-
dinally polarized gauge boson production, respectively,

d4σT (pp → pG∗X)

d2q⊥dx1
=

1

Bsd(s)

a2

24π3

σ2
0(s)

R4
0(s)

1

A2

[ 2

(A2 − 4A1)2
+

A2
2

(A2
2 − 4A2

3)
2

]

× (4.9)

∑

q

(CG
q )

2

2π2

∫ 1

x1

dα
[

ρq
(x1

α

)

+ ρq̄
(x1

α

)]{

m2
qα

2
[

(gGv,q)
2α2 + (gGa,q)

2(2− α)2
]

J1 +

[

(gGv,q)
2 + (gGa,q)

2
]

[

1 + (1− α)2
]

η2J2

}

;

d4σL(pp → pG∗X)

d2q⊥dx1
=

1

Bsd(s)

a2

24π3

σ2
0(s)

R4
0(s)

1

A2

[ 2

(A2 − 4A1)2
+

A2
2

(A2
2 − 4A2

3)
2

]

× (4.10)

∑

q

(CG
q )

2

π2

∫ 1

x1

dα
[

ρq
(x1

α

)

+ ρq̄
(x1

α

)]{[

(gGv,q)
2M2 (1− α)2 + (gGa,q)

2 η4

M2

]

J1 +

(gGa,q)
2α2m2

q

η2

M2
J2

}

.

These expressions for the differential distributions in the transverse momentum of the pro-
duced gauge bosons allow us to perform q⃗⊥-integration via the substitution,

J1(q⊥, η) → I1(η) ≡
∫

d2q⊥ J1(q⊥, η) =
8π3

3η4
,

J2(q⊥, η) → I2(η) ≡
∫

d2q⊥ J2(q⊥, η) =
16π3

3η4
.

The rest of integrations over α and x1 can be done numerically.
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The first factor exp
[

iχ(r⃗1) − iχ(r⃗2)
]

is exactly the survival probability amplitude, which
vanishes in the black disc limit, as it should be. This proves that the cross section Eq. (3.6)
includes the effect of absorption. Notice that usually the survival probability factor is
introduced into the diffractive cross section probabilistically, while in Eq. (3.6) it is treated
quantum-mechanically, at the amplitude level.

All the elastic amplitudes in Eq. (3.8) implicitly depend on energy. They cannot be
calculated reliably, but but are known from phenomenology. Since large dipole sizes
|r⃗i − r⃗j | ∼ b ∼ Rp, i ̸= j (Rp is the mean proton size) are important in Eq. (3.8), the
Bjorken variable x is ill defined, and the collisions energy is a more appropriate variable. A
parametrization of the dipole cross section as function of s was proposed and fitted to data
in Ref. [13], and the corresponding partial dipole amplitude is given by [26–28]

Imfel(⃗b, r⃗p, s, xq) =
σ0(s)

8πB(s)

{

exp

[

−
[⃗b+ r⃗p(1− xq)]2

2B(s)

]

+ exp

[

−
[⃗b+ r⃗pxq]2

2B(s)

]

− 2 exp

[

−
r2p

R2
0(s)

−
[⃗b+ r⃗p(1/2− xq)]2

2B(s)

]}

, B(s) = R2
N(s) +R2

0(s)/8 , (3.12)

where xq is the quark longitudinal quark fraction in the dipole defined in Eq. (3.7), and

R0(s) = 0.88 fm (s0/s)
0.14 , R2

N(s) = Bπp
el (s)−

1

4
R2

0(s)−
1

3
⟨r2ch⟩π ,

σ0(s) = σπp
tot(s)

(

1 +
3R2

0(s)

8⟨r2ch⟩π

)

. (3.13)

Here, the pion-proton total cross section is parameterized as [31] σπp
tot(s) = 23.6(s/s0)0.08 mb,

s0 = 1000 GeV2, the mean pion radius squared is [33] ⟨r2ch⟩π = 0.44 fm2, and the Regge
parametrization of the elastic slope Bπp

el (s) = B0+2α′
IP ln(s/µ2), with B0 = 6 GeV−2, α′

IP =
0.25 GeV−2, and µ2 = 1 GeV2 can be used. We employ the s-dependent parametrization
(3.12) in what follows, because diffraction is essentially controlled by soft interactions.

Finally, we parameterize the proton wave function assuming the symmetric Gaussian
shape for the spacial valence quark distributions in the proton, as

|Ψi(r⃗1, r⃗2, r⃗3; xq, {x2,3,...
q }, {x2,3,...

g )|2 =
3a2

π2
e−a(r21+r22+r23)ρ(xq, {x2,3,...

q }, {x2,3,...
g })

× δ(r⃗1 + r⃗2 + r⃗3)δ(1− xq −
∑

j

xj
q/g), (3.14)

where sum is taken over all valence/sea quarks and gluons not participating in the hard
interaction, xq is defined in Eq. (3.7), a = ⟨r2ch⟩−1 is the inverse proton mean charge radius
squared; ρ is the valence quark distribution function in the proton. Notice that this dis-
tribution has a low scale, so the valence quark carry the whole momentum of the proton,
while gluons and the sea are included in the constituent valence quarks. The Gottfried sum
rule based on this assumption is know to be broken [32], but we neglect the related ∼ 20%
correction.

Integrating over the fractional momenta of all partons not participating in the hard
interaction we arrive at the single valence quark distribution in the proton, probed by the
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diffractive (Regge) slope

At the leading twist, the dipole approach predicts the same 
angular correlation in DDY as in inclusive DY!

RP et al 2011,12
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R0(s) = 0.88 fm (s0/s)
0.14 , R2

N(s) = Bπp
el (s)−

1

4
R2

0(s)−
1

3
⟨r2ch⟩π ,

σ0(s) = σπp
tot(s)

(

1 +
3R2

0(s)

8⟨r2ch⟩π

)

. (3.13)

Here, the pion-proton total cross section is parameterized as [31] σπp
tot(s) = 23.6(s/s0)0.08 mb,

s0 = 1000 GeV2, the mean pion radius squared is [33] ⟨r2ch⟩π = 0.44 fm2, and the Regge
parametrization of the elastic slope Bπp

el (s) = B0+2α′
IP ln(s/µ2), with B0 = 6 GeV−2, α′

IP =
0.25 GeV−2, and µ2 = 1 GeV2 can be used. We employ the s-dependent parametrization
(3.12) in what follows, because diffraction is essentially controlled by soft interactions.

Finally, we parameterize the proton wave function assuming the symmetric Gaussian
shape for the spacial valence quark distributions in the proton, as

|Ψi(r⃗1, r⃗2, r⃗3; xq, {x2,3,...
q }, {x2,3,...

g )|2 =
3a2

π2
e−a(r21+r22+r23)ρ(xq, {x2,3,...

q }, {x2,3,...
g })

× δ(r⃗1 + r⃗2 + r⃗3)δ(1− xq −
∑

j

xj
q/g), (3.14)

where sum is taken over all valence/sea quarks and gluons not participating in the hard
interaction, xq is defined in Eq. (3.7), a = ⟨r2ch⟩−1 is the inverse proton mean charge radius
squared; ρ is the valence quark distribution function in the proton. Notice that this dis-
tribution has a low scale, so the valence quark carry the whole momentum of the proton,
while gluons and the sea are included in the constituent valence quarks. The Gottfried sum
rule based on this assumption is know to be broken [32], but we neglect the related ∼ 20%
correction.

Integrating over the fractional momenta of all partons not participating in the hard
interaction we arrive at the single valence quark distribution in the proton, probed by the

9

linear BFKL evolution at Q > Qs to the nonlinear saturation regime at Q < Qs rises with
energy as Qs = 1/R0(s) ∝ exp[const ×

√
ln s] [29]. So it is steeply falling with energy, also

slower than in (4.13).
Thus, the diffractive amplitude vanishes at very high, currently unreachable energies,

while within the available energy range the expression (4.5) is sufficiently accurate.

V. DIFFRACTIVE VS INCLUSIVE PRODUCTION OF GAUGE BOSONS

The dipole description of inclusive Gauge boson production can be obtained generalizing
what is known for the inclusive Drell-Yan process [23, 25, 30]. The cross section of inclusive
production of a virtual gauge boson G∗ with mass M and transverse momentum q⊥ has the
form,

d4σλG
(pp → G∗X)

d2q⊥ dx1
=

1

(2π)2

∑

q

∫ 1

x1

dα

α2

[

ρq
(x1

α

)

+ ρq̄
(x1

α

)]

× (5.1)

∫

d2rd2r′
1

2

{

σ(αr) + σ(αr′)− σ(α|r⃗ − r⃗ ′|)
}

ΨλG
V−A(r⃗,α,M)ΨλG∗

V−A(r⃗
′,α,M) eiq⃗⊥·(r⃗−r⃗ ′) .

The principal difference of the inclusive gauge boson production from the diffractive one
is in the typical size of the dipoles involved in the scattering. As is seen from e.g. Eqs. (2.13),
(3.8), the diffractive scattering is dominated by large dipoles scattering at the hadronic scale,
with the transverse size rp = Rij ∼ R0 (soft scattering), whereas the inclusive production
cross section (5.1) is totally driven by small-size dipoles scattering with rp = αr ≪ R0 (hard
scattering). Therefore, different parameterizations for the dipole cross sections must be
used – in the diffractive case above we have adopted the KST parametrization for the dipole
cross section (or the partial amplitude (3.12)) with s-dependent parameters introduced in
Eq. (3.13) [13, 28], whereas in the inclusive production case the Bjorken x-dependent GBW
parametrization Eq. (2.13) [34] is better justified:

σ̄0 = 23.03mb , R0 ≡ R̄0(x2) = 0.4 fm× (x2/x0)
0.144 , x0 = 3.04× 10−4 , (5.2)

where x2 = q−/P−

2 , with P2 being the 4-momentum of the target proton.
In the leading regime of αr, αr′ ≪ R0.

1

2

{

σ(αr) + σ(αr′)− σ(α|r⃗ − r⃗ ′|)
}

≃
α2σ̄0

R̄2
0(x2)

(r⃗ · r⃗ ′), (5.3)

so the inclusive gauge boson production cross section at forward rapidities (x1 ≫ x2) reads,

d4σλG
(pp → G∗X)

d2q⊥ dx1
=

1

(2π)2
σ̄0

R̄2
0(x2)

∑

q

∫ 1

x1

dα
[

ρq
(x1

α

)

+ ρq̄
(x1

α

)]

× (5.4)

∫

d2rd2r′ (r⃗ · r⃗ ′)ΨλG

V−A(r⃗,α,M)ΨλG∗

V−A(r⃗
′,α,M) eiq⃗⊥·(r⃗−r⃗ ′) .

We observe that the integrals over α and r⃗, r⃗ ′ have the same form as in the diffractive cross
section Eq. (4.5).
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Diffractive factorisation breaking in DDY

Fraction of diffractive events 
•    steeply falls with energy 
•    grows with the hard scale

Opposite to factorization-based 
results (like Ingelman-Schlein)

saturated shape of the dipole CS 
+ 

unitarity corrections

x1=0.5
x1=0.9

vanishes in the forward limit, 
higher twist effect! leading twist effect!
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FIG. 6: The transverse momentum distributions of Z0 bosons in pp collisions at
√
s = 1.96 TeV (top left panel), 7 TeV (top

right panel) and 14 TeV (bottom panel) versus data from the D0 [61] and CMS [59] Collaborations.

dipole cross section as follows

σ(ρ, x) ≈ ω(x)ρ2 , ω(x) =
π2

2Nc
αs(µ

2)xg(x, µ2)TG(b) , (24)

for the IP-SAT model (a similar analysis can be done for the GBW and BGBK models), such that the Fourier integral
in Eq. (7) can be performed analytically. Then the square bracket in Eq. (7) can be written as

σqq̄(αρ1, x) + σqq̄(αρ2, x)− σqq̄(α|ρ1 − ρ2|, x) ≈ α2(ρ1 · ρ2)ω(x) . (25)

The ρ-dependent parts of the gauge boson wave functions in Eq. (9) lead to the following two Fourier integrals in the
DY cross section (for more details, see Appendix B in Ref. [22])

J1(pT , τ) =

∫

d2ρ1d
2ρ2 (ρ1 · ρ2) K0 (τρ1) K0 (τρ2) exp[ipT · (ρ1 − ρ2)] = 16π2 p2T

(τ2 + p2T )
4

(26)

J2(pT , τ) =

∫

d2ρ1d
2ρ2

(ρ1 · ρ2)2

ρ1ρ2
K1 (τρ1) K1 (τρ2) exp[ipT · (ρ1 − ρ2)] = 8π2 τ4 + p4T

τ2(τ2 + p2T )
4
. (27)

The considered small dipole limit is valid as long as the hard scale τ ∼ µF ∼ M is large enough compared to the
saturation scale Qs. One should note, at low transverse momenta (e.g. pT ! 3− 5 GeV at the LHC) the contribution
of an intrinsic primordial transverse momentum of the projectile quark in the incoming proton wave function and the
corresponding Sudakov suppression can be important [60]. We postpone the analysis of these effects within the dipole
formalism for a future investigation.
We present our predictions for the dilepton pT distribution in Fig. 6 for pp collisions at various c.m. energies:

√
s =

1.96 TeV (top left panel), 7 TeV (top right panel) and 14 TeV (bottom panel). As was anticipated above, these
predictions do not describe the experimental data in the low pT region. On the other hand, at large pT > 5 GeV
the data are well described by the DGLAP-evolved dipole models IP-SAT and BGBK, but not GBW. In Fig. 7 we
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The ratio depends on pp c.m. energy only slightly, by a few percents (cf. Ref. [16]) over a vast
multi-TeV interval, so we neglect it here.
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panel. The longitudinal-to-transverse gauge bosons polarisations ratio as a function of the di-lepton
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is used here.

doubly-differential diffractive cross section at the LHC energy
√
s = 14 TeV at the di-lepton

invariant mass, fixed at a corresponding resonance value – the Z or W mass. The shapes
turned out to be smooth and the same for different gauge bosons, and are different mostly
in normalisation. In Fig. 4 (right panel) we show the q⊥ dependence of the σL/σT ratio in
the resonances. We notice that the ratio does not strongly vary for different bosons. It is
peaked at about the half of the resonance mass, and uniformly decreases to smaller/larger
q⊥ values.

As one of the important observables, sensitive to the difference between u- and d-quark
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Angular correlations in Drell-Yan as a probe for saturation
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FIG. 10: The correlation function C(∆φ) for the the associated DY pair and pion production in pp collisions at RHIC
(
√
s = 200, 500 GeV) for different values of the photon and pion rapidities.
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FIG. 11: The correlation function C(∆φ) for the associated DY pair and pion production in pp collisions at LHC (
√
s = 7, 14

TeV) for several values of the gauge boson and pion rapidities.

turns out to be slightly different from that in Ref. [28] due to different sets of parton distributions and fragmentation
functions used in our calculations, but an overall agreement is rather good.
As the leading order, from the instructive point of view we test an arbitrary choice of the factorization scale

analyzing the impact of different scale choice on results of calculation of C(∆Φ). Therefore, in the right panel of
Fig. 8 we present prediction for the dilepton-pion correlation function in dAu collisions at RHIC for the factorization
scale µF = M . Such a choice of the factorization scale is motivated by the fact that we would like to extend the
formalism used in Ref. [28] also for pp collisions and kinematical range of large invariant masses where Z0 → ll̄ should
be included. Fig. 8 clearly demonstrates that predicted double-peak structure of the correlation function in dAu
collisions is not affected by a choice of the factorization scale. Consequently, the same result is expected also for pp
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FIG. 12: The correlation function C(∆φ) for the the associated DY pair and pion production in pp collisions at two different
LHC collision energies,

√
s = 7 and 14 TeV and two different values of the minimum cut-off pcutT = 3 and 20 GeV on the gauge

boson and pion transverse momenta.

collisions as will be shown below.
Now let us switch on to investigation of the correlation function in pp collisions. Figs. 9 and 11 show our predictions

for the correlation function in the range of low invariant masses dominated by the virtual photon channel, γ∗ → ll̄.
In particular, Figs. 9 and 11 demonstrate that the double peak structure emerges in pp collisions at both RHIC and
LHC energies considering that the photon and pion are produced at forward rapidities, close to the phase space limit.
The double peak structure of C(∆φ) is also predicted at RHIC energies for different values of the photon (central)
and pion (forward) rapidities with corresponding results shown in Fig. 10. It is important to emphasize that such
forward-central correlations can be experimentally studied by the STAR Collaboration in both pp and pA collisions. In
Fig. 11 we present the correlation function in pp collisions at

√
s = 14 TeV considering different values of the dilepton

pair and pion rapidities. We predict that the double-peak structure of C(∆φ) arises only for pions at large forward
rapidities, where the saturation scale takes values of the order of the dilepton invariant mass. Indeed, at large pion
rapidities the saturation scale increases and becomes non-negligible compared to the typical transverse momentum of
the back-to-back particles which induces a noticeable decorrelation between them. Consequently, results in Fig. 11
also demonstrate that the study of the rapidity dependence of the correlation function in pp collisions at the LHC
Run II can be useful to probe the onset of saturation effects.
Finally, in Fig. 12 we present our predictions for C(∆φ) at large values of the dilepton invariant mass imposed

by the virtual Z0 → ll̄ channel and Z0/γ interference. In the top left and top right panels we present our results
at c.m. energy

√
s = 7 and 14 TeV, respectively, assuming that pcutT = 3 GeV. For comparison, in the bottm panel

we also present results considering larger pcutT = 20 GeV. In all cases, we obtain a sharp peak for ∆φ ≈ π, which
is characteristic for the back-to-back kinematics of final states. Such a result is expected since at large invariant
masses where the effect of the intrinsic transverse momentum of gluons, which is of the order of the saturation scale,
is negligible.
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turns out to be slightly different from that in Ref. [28] due to different sets of parton distributions and fragmentation
functions used in our calculations, but an overall agreement is rather good.
As the leading order, from the instructive point of view we test an arbitrary choice of the factorization scale

analyzing the impact of different scale choice on results of calculation of C(∆Φ). Therefore, in the right panel of
Fig. 8 we present prediction for the dilepton-pion correlation function in dAu collisions at RHIC for the factorization
scale µF = M . Such a choice of the factorization scale is motivated by the fact that we would like to extend the
formalism used in Ref. [28] also for pp collisions and kinematical range of large invariant masses where Z0 → ll̄ should
be included. Fig. 8 clearly demonstrates that predicted double-peak structure of the correlation function in dAu
collisions is not affected by a choice of the factorization scale. Consequently, the same result is expected also for pp
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turns out to be slightly different from that in Ref. [28] due to different sets of parton distributions and fragmentation
functions used in our calculations, but an overall agreement is rather good.
As the leading order, from the instructive point of view we test an arbitrary choice of the factorization scale

analyzing the impact of different scale choice on results of calculation of C(∆Φ). Therefore, in the right panel of
Fig. 8 we present prediction for the dilepton-pion correlation function in dAu collisions at RHIC for the factorization
scale µF = M . Such a choice of the factorization scale is motivated by the fact that we would like to extend the
formalism used in Ref. [28] also for pp collisions and kinematical range of large invariant masses where Z0 → ll̄ should
be included. Fig. 8 clearly demonstrates that predicted double-peak structure of the correlation function in dAu
collisions is not affected by a choice of the factorization scale. Consequently, the same result is expected also for pp
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At first, we test our calculations comparing our results with those presented in Ref. [28] for dAu collisions at
RHIC (

√
s = 200 GeV). For this reason, following Ref. [28] we take the same saturation scale Qs,A for a target

nucleus with the mass number A defined in terms of the corresponding scale Qs(x) for the proton target in the GBW

parametrisation, QA
s
2
(x) = A1/3c(b)Q2

s(x), where c = c(b) is the profile function as a function of impact parameter b
(for central collisions we used c = 0.85 and assume a naive GBW profile of the dipole-nucleus cross section following
Ref. [28]). Our results for forward particles Y = yπ = 2.5 and two different values of the dileption invariant mass M
are presented in the left panel of Fig. 8 adopting that the factorization scale of the considered process is determined
by the nuclear saturation scale, i.e. µF = QA

s . Similarly as is in Ref. [28] we obtain the double-peak structure of
C(∆φ) in the away-side dilepton-pion angular correlation with the magnitude of peaks increasing with the dilepton
invariant mass and the width of the double peak increasing with the saturation scale. The normalisation of the curves
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turns out to be slightly different from that in Ref. [28] due to different sets of parton distributions and fragmentation
functions used in our calculations, but an overall agreement is rather good.
As the leading order, from the instructive point of view we test an arbitrary choice of the factorization scale

analyzing the impact of different scale choice on results of calculation of C(∆Φ). Therefore, in the right panel of
Fig. 8 we present prediction for the dilepton-pion correlation function in dAu collisions at RHIC for the factorization
scale µF = M . Such a choice of the factorization scale is motivated by the fact that we would like to extend the
formalism used in Ref. [28] also for pp collisions and kinematical range of large invariant masses where Z0 → ll̄ should
be included. Fig. 8 clearly demonstrates that predicted double-peak structure of the correlation function in dAu
collisions is not affected by a choice of the factorization scale. Consequently, the same result is expected also for pp

pp

pp pp pp

This picture does not change when turning to diffractive Drell-Yan

2

qf

G = W±, Z0

qk

(a)

qf

G = W±, Z0

qk

(b)

qf

G = W±, Z0

qk

π0

(c)

FIG. 1: Diagrams (a) and (b) represent the process of a gauge boson radiation by a quark (antiquark) of flavour f either
after or before the interaction with the target color field (denoted by a shaded circle), respectively. For the considered γ, Z0

radiation qk = qf . Diagram (c) represents the gauge boson-pion production in the color dipole picture.

interaction. The main ingredient of this formalism is the dipole-target scattering cross section which is universal and
process-independent and thus can be determined phenomenologically, for example, from the Deep Inelastic Scattering
(DIS) data [15]. In particular, it provides a unified description of inclusive and diffractive observables in ep scattering
processes as well as other processes in hadron-hadron collisions such as DY, prompt photon, heavy quark production etc
[14, 16–21]. Although cross sections are Lorentz invariant, the partonic interpretation of the corresponding processes
depends on the reference frame [17]. In particular, in the framework of conventional parton model the DY process is
typically considered as due to parton annihilation in the center-of-mass frame description. In the target rest frame the
same process can be viewed as a bremsstrahlung of γ/Z0 in the dipole picture as is illustrated in Figs. 1 (a) and (b).
In the latter case, the radiation occurs both after and before the quark scatters off the target and the corresponding
amplitudes interfere. In the high-energy limit, the projectile quark probes dense gluonic field in the target such that
nonlinear effects due to multiple scatterings become important and should be taken into account.
The DY process mediated by virtual photon has been studied within the dipole framework in the literature by

several authors (see e.g. Refs. [22–24]). In particular, in Ref. [23] it has been demonstrated that the dipole model
provides as precise prediction for the DY cross section as the NLO collinear factorisation framework giving a solid
foundation for the current more extensive study. The inclusive gauge bosons production has been previously analysed
by some of the authors in Ref. [25] where predictions for the total cross sections and rapidity distributions were found
to be in a good agreement with the recent LHC data. In the diffractive channel, the DY and electroweak gauge boson
production processes have been studied in the dipole framework in Ref. [26].
The goal of the current work is the following. First, we update and improve previous studies. We present predictions

for the transverse momentum, invariant mass and rapidity distributions for the DY pair production at RHIC and
LHC energies and compare them with available data taking into account Z0 boson contribution in addition to the
virtual photon. Second, we present a detailed analysis of the azimuthal correlation between the DY pair and a forward
pion (see Fig. 1(c)). Similar correlations in dihadron, real photon-hadron and dilepton-hadron channels have been
previously investigated in Refs. [27–30]. In variance from the dihadron channel, the dilepton-hadron correlations can
serve as an efficient probe of the initial state effects since the intermediate virtual boson (γ/Z0) does not interact
with partons inside the target hadron and therefore the final state interaction effects do not exist. In this paper,
for the first time we present results for such an observable in pp collisions at RHIC (

√
s = 200 and 500 GeV) and

LHC (
√
s = 7 and 14 TeV) at different M . We test three different models for the dipole cross section accounting for

saturation effects [31] in order to estimate the underlined theoretical uncertainties.
This paper is organized as follows. In the next Section, we present a brief overview of gauge boson production in

the color dipole framework. Moreover, we derive the differential cross section for the dilepton-hadron production in
the momentum representation taking into account both virtual photon and Z0 boson contributions. In Section III,
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turns out to be slightly different from that in Ref. [28] due to different sets of parton distributions and fragmentation
functions used in our calculations, but an overall agreement is rather good.
As the leading order, from the instructive point of view we test an arbitrary choice of the factorization scale

analyzing the impact of different scale choice on results of calculation of C(∆Φ). Therefore, in the right panel of
Fig. 8 we present prediction for the dilepton-pion correlation function in dAu collisions at RHIC for the factorization
scale µF = M . Such a choice of the factorization scale is motivated by the fact that we would like to extend the
formalism used in Ref. [28] also for pp collisions and kinematical range of large invariant masses where Z0 → ll̄ should
be included. Fig. 8 clearly demonstrates that predicted double-peak structure of the correlation function in dAu
collisions is not affected by a choice of the factorization scale. Consequently, the same result is expected also for pp

6

arrives at the inclusive gauge boson production cross section

dσ(pp → G∗X)

dY d2pT
=

∫ 1

x1

dz

z

∫

d2kgT
∑

f

xpqf (xp, µF )S⊥ F (xg , k
g
T )

×

{

(CG
f )2g2v,f
2π

[

(

1 + (1 − z)2
) z2kgT

2

[p2T + ϵ2M ] [(pT − zkg
T )

2 + ϵ2M ]

−z2ϵ2M

(

1

p2T + ϵ2M
−

1

(pT − zkg
T )

2 + ϵ2M

)2
]

+
(CG

f )2g2a,f
2π

[

(

1 + (1− z)2
) z2kgT

2

[p2T + ϵ2M ] [(pT − zkg
T )

2 + ϵ2M ]

−
z2ϵ4M
M2

(

1

p2T + ϵ2M
−

1

(pT − zkg
T )

2 + ϵ2M

)2
]}

. (16)

Eqs. (13) and (16) allow us to construct the correlation function C(∆φ), which depends on the azimuthal angle
difference ∆φ between the trigger and associate particles. Experimentally, this coincidence probability is defined in
terms of the yield of the correlated trigger and associated particle pairs Npair(∆φ) and the trigger particle yield
Ntrig as the following ratio: C(∆φ) = Npair(∆φ)/Ntrig . Therefore, azimuthal correlations are investigated through a
coincidence probability defined in terms of a trigger particle, which could be either the gauge boson or the hadron.
Here we assume the former as trigger particle, so that the correlation function is written as

C(∆φ) =
2π

∫

pT ,ph
T>pcut

T
dpT pT dphT p

h
T

dσ(pp→hG∗X)
dY dyhd2pT d2ph

T
∫

pT>pcut
T

dpT pT
dσ(pp→G∗X)

dY d2pT

, (17)

where pcutT is the experimental low cut-off on transverse momenta of the resolved G∗ (or dilepton) and h, ∆φ is the
angle between them.

C. Dipole cross section

The main ingreadient of the dipole model is the dipole cross section σqq̄(ρ, x), which represents elastic scattering of
a qq̄ dipole of transverse separation ρ at Bjorken x off a nucleon [35]. It is known to vanish quadratically σqq̄(ρ, x) ∝ ρ2

as ρ → 0 due to color screening which is the color transparency property [35–37]. It cannot be predicted reliably from
the first principles because of poorly known higher-order perturbative QCD corrections and non-perturbative effects.
In particular, it should contain an information about non-linear QCD effects in the hadronic wave function (see e.g.
Ref. [31]). In recent years several groups have constructed a number of viable phenomenological models based on
saturation physics and fits to the HERA and RHIC data (see e.g. Refs. [15, 38–49]).
Since our goal is to extend previous DY studies to the kinematical range probed by the massive gauge boson

production, where the main contribution comes from the small dipoles, in what follows we will consider two distinct
phenomenological models which take into account the DGLAP evolution as well as the saturation effects. The first
one is the model proposed in Ref. [45], denoted BGBK hereafter, where the dipole cross section is given by

σqq̄(ρ, x) = σ0

[

1− exp

(

−
π2

σ0Nc
ρ2αs(µ

2)xg(x, µ2)

)]

, (18)

where Nc = 3 is the number of colors, αs(µ2) is the strong coupling constant at the scale µ2 which is related to the
dipole size ρ as µ2 = C/ρ2 + µ2

0, with C, µ0 and σ0 parameters fitted to HERA data. Moreover, in this model, the
gluon density evolves according to DGLAP equation [51] accounting for gluons only

∂xg(x, µ2)

∂ lnµ2
=

αs(µ2)

2π

∫ 1

x
dzPgg(z)

x

z
g(

x

z
, µ2) , (19)

where the gluon density at initial scale µ2
0 is parametrized as

xg(x, µ2
0) = Agx

−λg (1− x)5.6 . (20)
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Figure 4. Heavy quark pair production in association with a forward quark: “Bramsstrahlung”
(upper line) vs “Fusion” mechanism (bottom line).

The differential cross section of the process q + p → q + {QQ̄}Gb +X is then given by

dσ

d lnα dβ d ln γ
=

∫

d2π⃗

(2π)2

∫

d2rd2ρ |Ψq{QQ̄}G(α,β, γ, π⃗, r⃗, ρ⃗)|
2 Σ(β, γ, r⃗, ρ⃗) , (2.15)

|Ψq{QQ̄}G|
2 =

1

3

1

2

∑

λ∗,f

∑

s,s′

∑

µ,µ̄

Nc
∑

l,m,i,j=1

N2
c−1
∑

b=1

Ψq{QQ̄}GΨ
∗
q{QQ̄}G ,

where λ∗ = T,L is the intermediate gluon polarisation, s, s′ and l,m are the spin indices

of the initial and final light quark, respectively, and the averaging over these indices in

the quark in the initial state is performed explicitly. Here, since there are no shifts in

positions of the projectile quark induced by interactions with the t-channel gluon from the

target nucleon, the effective dipole cross section Σ is the same as in Eq. (2.12) and it is

thus convenient to keep the distribution amplitude for the gluon bremsstrahlung off the

projectile light quark ΦqG∗ in momentum representation, i.e.

ΦL
qG∗(α, π⃗) =

√
αs

2(1 − α)Q

π⃗2 + α2m2
q
(ηsQ)

† ηs
′

Q , (2.16)

ΦT
qG∗(α, π⃗) =

√
αs (η

s
Q)

† (2− α)(e⃗∗ · π⃗) + imqα2(n⃗× e⃗∗) · σ⃗ − iα(π⃗ × e⃗∗) · σ⃗
π⃗2 + α2m2

q
ηs

′

Q ,(2.17)

for longitudinally (L) and transversely (T) polarised gluon G∗
a with polarisation vector

e⃗∗(λ∗ = ±1), respectively. Then, in Eq. (2.15) the total distribution amplitude Ψq{QQ̄}G is
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The remaining 1+ state has a special status since its production cross section vanishes as

∝ γ2 at γ → 0 and is given by an interplay of small γ and large ρ in the dipole cross section.

The effective distribution amplitudes in Eq. (2.11) ΨQQ̄G are then defined as

Ψ1±

QQ̄G(β, γ, r⃗, ρ⃗) =
1√
3
δabδ

i
j ΦQQ̄(r⃗,β)Φ

1±
QG(r⃗, ρ⃗,β) ,

Ψ8−

QQ̄G(β, γ, r⃗, ρ⃗) =
√
3

N2
c−1
∑

g=1

dabg(τg)
i
j ΦQQ̄(r⃗,β)Φ

8−
QG(r⃗, ρ⃗,β) ,

Ψ8+

QQ̄G(β, γ, r⃗, ρ⃗) = i
√
3

N2
c−1
∑

g=1

fabg(τg)
i
j ΦQQ̄(r⃗,β)Φ

8+
QG(r⃗, ρ⃗,β) .

Consider now associated QQ̄ state and forward parton (quark and gluon) production.

2.3 Quarkonia production in association with a forward high-p⊥ hadron

At high-p⊥, the initial-state gluon could likely arise from a small vicinity of a valence/sea

quark or a gluon in the projectile proton. The latter parton may thus get a high-p⊥ kick in

opposite direction and give rise to a leading hadron possibly measurable in a forward detec-

tor. The lowest order contribution to this process is then given by the light (sea/valence)

quark or gluon splitting q/g → q/g +G∗
a and where the virtual gluon G∗

a gives rise to the

heavy {QQ̄} + Gb system. Furthermore, we are interested in the kinematic configuration

when the projectile parton acquires a significant transverse momentum and loses only a

small fraction of its initial momentum α ≪ 1. This parton then fragments into a jet with

a forward leading hadron (e.g. pion) taking most of the initial parton momentum. If we

require in addition that this hadron should be detected in the fragmentation region of the

projectile proton, then the initial parton should carry a significant momentum fraction of

the projectile proton and thus the corresponding cross section will be dominated essentially

by quark density function peaked at large xq ! 1. Also, since this process is expected to

be studied at not too high energies at RHIC, the valence quark densities strongly dominate

over the gluon one and thus the process q → q + G∗
a should be sufficient for our purposes

here.

Let p1,2 are the 4-momenta of the projectile and final parent light quark, respectively.

Then introduce the relative momentum π⃗ between the final parent parton, p2, and the

center-of-gravity of the produced Q̄Q+Gb system

π⃗ = αp⃗2 − ᾱk⃗ , k⃗ =
∑

i

k⃗i . (2.13)

At sufficiently large quark p⃗2 ≫ λ the recoiled QQ̄ + Gb system has k⃗ ≃ −p⃗2 such that

π⃗ ≃ p⃗2 without a loss of generality. The radiated gluon G∗
a has a space-like virtuality given

by

(p2 − p1)
2 ≡ −Q2 , Q2 =

π⃗2 + α2m2
q

ᾱ
, (2.14)

where the consituent quark mass mq can be taken to be ∼ 300 MeV.
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Gluon virtuality
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ᾱ
, (2.14)

where the consituent quark mass mq can be taken to be ∼ 300 MeV.

– 8 –

22

Heavy flavour production: Bremsstrahlung vs Fusion



Dipole framework for heavy flavor production

“Fusion” 
components

184 B.Z. Kopeliovich, A.V. Tarasov / Nuclear Physics A 710 (2002) 180–217

gluon antishadowing. We provide predictions of nuclear effects plotted in Fig. 5 for open
charm production in p–W collisions at the energy of the HERA-B experiment.
In the same Section 4 we provide predictions for shadowing for charm production in

heavy ion collisions at the energies of RHIC (
√

s = 200 GeV) and LHC (
√

s = 5500 GeV)
depicted in Figs. 6 and 7.We found quite a sizeable contribution from the higher twist effect
of shadowing related to size of the c̄c pair. A most interesting observation is nearly identical
shadowing effects predicted for minimal bias and central collisions, what has been, indeed,
observed recently by the PHENIX experiment at RHIC. We identify the source of such a
coincidence, and emphasize that this observation should not be interpreted as an indication
for weak nuclear effects. Indeed, Figs. 7 demonstrate a substantial nuclear shadowing even
for RHIC.
In Section 5 we consider the case of medium high energies when noshadowing is

possible since the coherence length is short. Then the c̄c pair is produced momentarily
on a bound nucleon and then undergoes final state interactions. On the contrary to wide
spread believe, we argue that these interactions lead to absorption related to an unusual
configuration in which the heavy flavored hadron is created.
We summarize the results of calculations and observations in the concluding Section 6.

2. Light-cone dipole formalism for charm production

2.1. NN collisions

For the sake of concreteness in what follows we consider charm c̄c pair production,
unless otherwise specified. Our results are easily generalized to the case of heavier quarks.
The parton model treats this process in the rest frame of the produced pair as glue–glue
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LC momenta

2.1 Gluon-initiated QQ̄ pair production

To the leading order, the typical hard subprocesses describing non-relativistic QQ̄ pair

production due to gluon splitting into QQ̄ dipole in the color backgroun field of the target

proton (or nucleus) in target rest frame are depicted in Fig. 2. Such diagrams provide a

dominant contribution to inclusive heavy flavor production, both in open charm and P-wave

quarkonia production channels which have been extensively studied in the dipole framework

in Refs. [? ]. Here we wish to provide a brief outlook into these results which will be used

later.

Let k1,2 be the 4-momenta of the produced heavy quarks Q and Q̄ (Q = c, b) with mass

mQ, respectively, determined by dominant Sudakov components as1

k1 ≃ β̄k − κ , k2 ≃ βk + κ ,

in terms of the relative κ⃗ and total k 4-momenta of the QQ̄ dipole, and longitudinal

(anti)quark fractions taken off the parent gluon, 0 < β < 1 and β̄ = 1 − β. Note, in

non-relativistic case the quarkonia wave function is peaked at β = 1/2. Furthermore, the

corresponding transverse momenta

κ⃗ = β̄k⃗2 − βk⃗1 , k⃗ = k⃗1 + k⃗2 , (2.1)

are used as independent kinematical variables in what follows. In this section the parent

gluon is considered to be transversely polarised unless noted otherwise.

Since C-transformation cannot be applied to colored states, instead, one employs parity

relative to interchange of (non-color) spatial and spin indices of the Q and Q̄ quarks. Then

negative parity w.r.t. such an interchange corresponds to QQ̄ state with positive C-parity

and denoted as {QQ̄}1− for color singlet and {QQ̄}8− for color octet, and vice verca.

Production of colorless C-odd 1+ is forbidden in reaction G+G → QQ̄ by selection rules,

so in order to study S-wave quarkonia production such as J/ψ and Υ one has to account

for production of higher Fock states, e.g. G+G → QQ̄+G.

In what follows, we employ the corresponding framework previously developed for in-

clusive Drell-Yan and DIS processes in color dipole formalism in Refs. [? ? ]. To start

with, one writes the amplitude in the impact parameter representation as follows (c.f. e.g.

Ref. [? ])

Â(s⃗, r⃗) =
1

(2π)4

∫

d2q⃗ d2κ⃗ Â(q⃗, κ⃗) e−iq⃗·s⃗−iκ⃗·r⃗ . (2.2)

The amplitude of the gluon exchange in a gluon-target scattering summed over target

valence quarks j = 1, 2, 3 reads

B̂(Gp → {X}) =
∑

j,a

τ (j)a ⟨f |γ̂a(R⃗j)|i⟩ ,

1Sub-dominant components are readily eliminated from the forthcoming expressions by the use of mo-

mentum conservation.
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d2q⃗ d2κ⃗ Â(q⃗, κ⃗) e−iq⃗·s⃗−iκ⃗·r⃗ . (2.2)

The amplitude of the gluon exchange in a gluon-target scattering summed over target

valence quarks j = 1, 2, 3 reads

B̂(Gp → {X}) =
∑

j,a

τ (j)a ⟨f |γ̂a(R⃗j)|i⟩ ,

1Sub-dominant components are readily eliminated from the forthcoming expressions by the use of mo-

mentum conservation.

– 3 –

where R⃗j is the impact parameter of a quark j, and the matrices γ̂a are the operators in

coordinate and color space for the target quarks

γ̂a(R⃗j) =
∑

i

τ (i)a χ(R⃗j − s⃗i) , χ(s⃗) =

√
αs

2π
√
6

∫

d2k
FGN→X(k⃗, {X})

k2 + λ2
e−ik⃗s⃗ ,

in terms of a non-perturbative gluon-nucleon coupling FGN→X , a gluon mass λ and the

transverse distance between t-th valence quark in the target nucleon and its center of gravity

s⃗i. The total amplitude for inclusive Ga + p → {QQ̄}Gb + X production in gluon-target

scattering is given by the sum of three contributions in Fig. 2

Â ≃
√
3

2

∑

r

{

τr τa⟨f |γ̂r (⃗b11)|i⟩ − τa τr⟨f |γ̂r (⃗b12)|i⟩

− i
∑

c

fcraτc⟨f |γ̂r(⃗b13)|i⟩
}

ΦQQ̄(r⃗,β) ,

where ΦQQ̄(r⃗,β) is the distribution amplitude of the Ga → QQ̄ splitting. The target gluon

attaches QQ̄ system at the following impact distances from the center-of-gravity of the

target proton

b⃗11 = b⃗+ β̄r⃗ , b⃗12 = b⃗− βr⃗ , b⃗13 = b⃗ .

When taking square of the total inclusive Ga + p → QQ̄+X amplitude

|A|2 ≡
1

8

1

2

∑

λ∗,µ,µ̄

⟨Â†Â⟩|3q⟩1

one performs an averaging over color indices and polarisation λ∗ of the incoming projectile

gluon Ga as well as valence quarks and their relative coordinates in the target nucleon |3q⟩1.
The color averaging over the target provides

⟨τ (j)a · τ (j
′)

a′ ⟩|3q⟩1 =

{

1
6δaa′ : j = j′

− 1
12δaa′ : j ̸= j′

Finally, averaging over quark relative coordinates s⃗i in the initial nucleon wave function

and summing over all intermediate states leads to

∑

X

⟨i|γ̂a(⃗bk)γ̂a′ (⃗bl)|i⟩|3q⟩1 =
3

4
δaa′S(⃗bk, b⃗l) ,

where S(⃗bk, b⃗l) is a scalar function which can be expressed in terms of the quark-target

scattering amplitude χ(r⃗) and the proton wave function. This function is directly related

to the qq̄ dipole cross section known from phenomenology as follows

σq̄q(r⃗1 − r⃗2) ≡
∫

d2b
[

S(⃗b+ r⃗1, b⃗+ r⃗1) + S(⃗b+ r⃗2, b⃗+ r⃗2)− 2S(⃗b+ r⃗1, b⃗+ r⃗2)
]

. (2.3)

Following to this scheme one obtains the amplitude squared |A|2 in analytic form as a linear

combination of the dipole cross sections for different dipole separations, with coefficients

given by color structure and distribution amplitudes.
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⟨Â†Â⟩|3q⟩1

one performs an averaging over color indices and polarisation λ∗ of the incoming projectile

gluon Ga as well as valence quarks and their relative coordinates in the target nucleon |3q⟩1.
The color averaging over the target provides

⟨τ (j)a · τ (j
′)

a′ ⟩|3q⟩1 =

{

1
6δaa′ : j = j′

− 1
12δaa′ : j ̸= j′

Finally, averaging over quark relative coordinates s⃗i in the initial nucleon wave function

and summing over all intermediate states leads to

∑

X

⟨i|γ̂a(⃗bk)γ̂a′ (⃗bl)|i⟩|3q⟩1 =
3

4
δaa′S(⃗bk, b⃗l) ,
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Following to this scheme one obtains the amplitude squared |A|2 in analytic form as a linear

combination of the dipole cross sections for different dipole separations, with coefficients

given by color structure and distribution amplitudes.
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???The result is

σ(G+ p → cc̄+X) =
∑

µµ̄

∫ 1

0
dβ

∫

d2rσ3(r,β, x2) |ΦQQ̄(r⃗,β)|
2 , (2.4)

where

σ3(r,β, x2) =
9

8

(

σq̄q(β̄r, x2) + σq̄q(βr, x2)
)

−
1

8
σq̄q(r, x2) , x2 =

M2
cc̄

2mpEG
, (2.5)

in the target rest frame.

2.2 Gluon shadowing and color singlet C-odd QQ̄ states

From the perturbation theory point of view corrections arising from an additional (initial

and final state) gluon radiation off G+G → QQ̄ subprocess is formally of the higher order

in QCD coupling but can be rather important, especially, in the limit of soft radiated gluon

(a constituent mass λ ≃ ΛQCD as an infrared regulator). Such effects can be consistently

incorporated in the dipole framework (for more details, see e.g. Ref. [? ]). In production

of QQ̄ pairs in color singlet C-even 1− as well as color octet C-odd 8− and C-even 8+

states considered above these corrections are of the next-to-leading order and contribute to

such important effect as the gluon shadowing in P -wave quarkonia and open heavy flavor

production discussed e.g. in Ref. [? ]. However, the color singlet C-odd QQ̄ state giving

rise to such important S-wave quarkonia states as J/ψ, ψ′ and Υ can only be produced

when, at least, three gluons are coupled to the quark line so diagrams with three-gluon

couplings are automatically excluded in this case. Thus, the considered QQ̄+G production

subprocess is of the leading order for the S-wave quarkonia and should be discussed in

detail.

Consider the Ga+Gd → {QQ̄}+Gb subprocess in the limit of small momentum fraction

γ and transverse momentum k⃗3 of the radiated soft gluon Gb, i.e. in the limit γ ≫ β and

|⃗k3| ∼ λ≪ |⃗k1,2|. The invariant mass of the produced {QQ̄}+Gb system

M2 ≃
m2

Q + k⃗ 2
1

β̄
+

m2
Q + k⃗ 2

2

β
+
λ2 + k⃗ 2

3

γ

serves as a hard scale of the process. In general, its amplitude is given by the sum of fifteen

different diagrams which were shown and thoroughly discussed in Appendix of Ref. [? ]

in the zeroth order in small γ → 0. In this limit, however, only 1− and 8± states acquire

non-zeroth contributions whereas 1+ amplitude vanishes linearly with small γ and thus

have not been discussed before. The leading order contributions to the 1+ amplitude linear

in γ ≪ 1 come from the diagrams presented in Fig. 3 (upper two lines). Other diagrams

with real gluon emission off a quark different from that coupled to the t-channel gluon

turn out to be of a higher order in small γ ≪ β fraction and are thus suppressed in the

considering kinematics. Finally, we have omitted the diagrams of a bremsstrahlung type

where the target gluon is coupled to the projectile quark before or after gluon radiation

since these diagrams are suppressed by a high mass in the gluon propagator [? ]. Also, the

latter diagrams do not contribute to production of S-wave C-odd quarkonia states.
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Inclusive Q-jet pT distribution in pp collisions vs LHC data

approach is based on the standard DGLAP equations, disregarding possible non-linear QCD
effects.

In Fig. 2 we present a comparison between the GBW and KMR models for the un-
integrated gluon distribution as a function of the longitudinal momentum fraction x (left
panel) and the transverse momenta κ of the gluon (right panel) for fixed values of κ2 and
x, respectively. We have that these models exhibit different x and κ dependence, with the
GBW gluon being suppressed at large values of κ and enhanced at small momenta. The
suppression at large transverse momenta in the GBW model is directly associated to the
fact that this model does not consider the parton evolution.
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FIG. 4: Comparison between predictions obtained using the r2-approximation and different models
for the unintegrated gluon distribution.

III. NUMERICAL RESULTS VS DATA

The results are presented in Figs. 3 - 6. Some comments:

• The results were obtained assuming mb = 4.5 GeV and µ2 = M2
QQ̄

. However, different
choices were tested with the resulting modifications being small.

• The effect of the pT -shift is only presented for the KMR predictions. However, the
impact of the shift in the other models is very similar. The shift was implemented by
the modification of the momentum in the integrand of the spectra: pT → pT +∆pT ,
with ∆pT = 0.1(0.2) · pT . We can improve this analysis using a model for ∆pT (y, pT ).

• Calculations performed in Ref. [23] using the parton reggeization formalism indicated
that the description of the b-jet data at large pT is only possible if a contribution
associated to the fragmentation of gluons into bottom is included.

IV. SUMMARY

Appendix A: ??
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gluon antishadowing. We provide predictions of nuclear effects plotted in Fig. 5 for open
charm production in p–W collisions at the energy of the HERA-B experiment.
In the same Section 4 we provide predictions for shadowing for charm production in

heavy ion collisions at the energies of RHIC (
√

s = 200 GeV) and LHC (
√

s = 5500 GeV)
depicted in Figs. 6 and 7.We found quite a sizeable contribution from the higher twist effect
of shadowing related to size of the c̄c pair. A most interesting observation is nearly identical
shadowing effects predicted for minimal bias and central collisions, what has been, indeed,
observed recently by the PHENIX experiment at RHIC. We identify the source of such a
coincidence, and emphasize that this observation should not be interpreted as an indication
for weak nuclear effects. Indeed, Figs. 7 demonstrate a substantial nuclear shadowing even
for RHIC.
In Section 5 we consider the case of medium high energies when noshadowing is

possible since the coherence length is short. Then the c̄c pair is produced momentarily
on a bound nucleon and then undergoes final state interactions. On the contrary to wide
spread believe, we argue that these interactions lead to absorption related to an unusual
configuration in which the heavy flavored hadron is created.
We summarize the results of calculations and observations in the concluding Section 6.

2. Light-cone dipole formalism for charm production

2.1. NN collisions

For the sake of concreteness in what follows we consider charm c̄c pair production,
unless otherwise specified. Our results are easily generalized to the case of heavier quarks.
The parton model treats this process in the rest frame of the produced pair as glue–glue
fusion,GG → c̄c. At the same time, in the rest frame of the nucleus it looks like interaction
of a c̄c fluctuationwhich has emerged from a projectile gluon. Thus, the problem is reduced
to the process,

G + N → c̄c + X. (5)

In the LC dipole approach the cross section is represented by a sum over different Fock
components of the projectile gluon whose LC wave functions squared are convoluted
with proper dipole cross sections. The cross section corresponding to Feynman graphs
depicted in Fig. 1 was calculated in [22] and it was found that it needs a dipole cross
section corresponding to a three-body system Gc̄c. This observation follows the general
prescription [10] that the partonic process a → bc is related to the dipole cross section

Fig. 1. Perturbative QCD mechanism of charm production in a gluon–nucleon collision. Only the lowest c̄c Fock
component of the gluon is taken into account.

where R⃗j is the impact parameter of a quark j, and the matrices γ̂a are the operators in

coordinate and color space for the target quarks

γ̂a(R⃗j) =
∑

i

τ (i)a χ(R⃗j − s⃗i) , χ(s⃗) =

√
αs

2π
√
6

∫

d2k
FGN→X(k⃗, {X})

k2 + λ2
e−ik⃗s⃗ ,

in terms of a non-perturbative gluon-nucleon coupling FGN→X , a gluon mass λ and the

transverse distance between t-th valence quark in the target nucleon and its center of gravity

s⃗i. The total amplitude for inclusive Ga + p → {QQ̄}Gb + X production in gluon-target

scattering is given by the sum of three contributions in Fig. 2
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√
3

2

∑

r
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τr τa⟨f |γ̂r (⃗b11)|i⟩ − τa τr⟨f |γ̂r (⃗b12)|i⟩

− i
∑

c

fcraτc⟨f |γ̂r(⃗b13)|i⟩
}

ΦQQ̄(r⃗,β) ,

where ΦQQ̄(r⃗,β) is the distribution amplitude of the Ga → QQ̄ splitting. The target gluon

attaches QQ̄ system at the following impact distances from the center-of-gravity of the

target proton

b⃗11 = b⃗+ β̄r⃗ , b⃗12 = b⃗− βr⃗ , b⃗13 = b⃗ .

When taking square of the total inclusive Ga + p → QQ̄+X amplitude

|A|2 ≡
1

8

1

2

∑

λ∗,µ,µ̄

⟨Â†Â⟩|3q⟩1

one performs an averaging over color indices and polarisation λ∗ of the incoming projectile

gluon Ga as well as valence quarks and their relative coordinates in the target nucleon |3q⟩1.
The color averaging over the target provides

⟨τ (j)a · τ (j
′)

a′ ⟩|3q⟩1 =

{

1
6δaa′ : j = j′

− 1
12δaa′ : j ̸= j′

Finally, averaging over quark relative coordinates s⃗i in the initial nucleon wave function

and summing over all intermediate states leads to

∑

X

⟨i|γ̂a(⃗bk)γ̂a′ (⃗bl)|i⟩|3q⟩1 =
3

4
δaa′S(⃗bk, b⃗l) ,

where S(⃗bk, b⃗l) is a scalar function which can be expressed in terms of the quark-target

scattering amplitude χ(r⃗) and the proton wave function. This function is directly related

to the qq̄ dipole cross section known from phenomenology as follows

σq̄q(r⃗1 − r⃗2) ≡
∫

d2b
[

S(⃗b+ r⃗1, b⃗+ r⃗1) + S(⃗b+ r⃗2, b⃗+ r⃗2)− 2S(⃗b+ r⃗1, b⃗+ r⃗2)
]

. (2.3)

Following to this scheme one obtains the amplitude squared |A|2 in analytic form as a linear

combination of the dipole cross sections for different dipole separations, with coefficients

given by color structure and distribution amplitudes.
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leading twist effect!

In the SD case, the diffractive amplitude squared reads

|ASD|2 ≃
3

256
|Ψin|2|Ψfin|2

2
∑

i,j=1

[

∇iΨ∗
QQ̄(α, r⃗)∇

jΨQQ̄(α, r⃗
′)
]

Ωij
soft , (0.10)

Ωij
soft =

[

∇iσqq̄(r⃗12) +∇iσqq̄(r⃗13)
] [

∇jσqq̄(r⃗12) +∇jσqq̄(r⃗13)
]

, (0.11)

where

∇iσq̄q(R⃗) =
2σ0(ŝ)

R2
0(ŝ)

Ri e
−R2/R2

0(ŝ) , (0.12)

∫

d2r1d
2r2d

2r3 e
−a(r21+r22+r23)δ(r⃗1 + r⃗2 + r⃗3)Ω

ij
soft =

1

9

∫

d2r12d
2r13e

− 2a
3 (r212+r213+r⃗12r⃗13) Ωij

soft

= 4π2σ2
0(ŝ)Λ(ŝ) δ

ij ,

where the inverse proton mean charge radius squared a ≃ 1.38 fm−2, the soft factor

Λ(ŝ) ≡
18 + 48aR2

0 + 28a2R4
0 + 8a3R6

0 + a4R8
0

3a(1 + aR2
0)

2 (12 + 7aR2
0 + a2R4

0)
2

and R0 = R0(ŝ), σ0 = σ0(ŝ) are defined in Eq. (??), and ŝ = x1s.

dσSD

dΩ
≃

R̄2
0(x2)

σ̄0

[

α2 + ᾱ2 −
1

4
αᾱ

]−1

FS(x1, s)
dσincl

dΩ
, (0.13)

where dΩ = dx1dαd
2pT is the element of the phase space volume,

FS(x1, s) ≡
729 a2σ0(x1s)2 Λ(x1s)

4096 π2BSD(s)
, x1 =

M√
s
e+Y . (0.14)

3

SD amplitude

when the LO contributions get generalised to all-order results, ALL possible higher-order 
(perturbative+nonperturbative) corrections due to NON-RESOLVED emissions are 

AUTOMATICALLY resumed and accounted for by the dipole formula!

“skeleton” contributions are subject for “dressing!”

“soft color screening” part
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R2
0(ŝ)
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0(ŝ) , (0.12)

∫

d2r1d
2r2d

2r3 e
−a(r21+r22+r23)δ(r⃗1 + r⃗2 + r⃗3)Ω

ij
soft =

1

9

∫

d2r12d
2r13e

− 2a
3 (r212+r213+r⃗12r⃗13) Ωij

soft

= 4π2σ2
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SD-to-inclusive ratio
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RP et al, in progress

The angular correlation is affected by color-screening interaction  
 in higher-twist diffraction but not in the leading twist!
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FIG. 10: The correlation function C(∆φ) for the the associated DY pair and pion production in pp collisions at RHIC
(
√
s = 200, 500 GeV) for different values of the photon and pion rapidities.
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FIG. 11: The correlation function C(∆φ) for the associated DY pair and pion production in pp collisions at LHC (
√
s = 7, 14

TeV) for several values of the gauge boson and pion rapidities.

turns out to be slightly different from that in Ref. [28] due to different sets of parton distributions and fragmentation
functions used in our calculations, but an overall agreement is rather good.
As the leading order, from the instructive point of view we test an arbitrary choice of the factorization scale

analyzing the impact of different scale choice on results of calculation of C(∆Φ). Therefore, in the right panel of
Fig. 8 we present prediction for the dilepton-pion correlation function in dAu collisions at RHIC for the factorization
scale µF = M . Such a choice of the factorization scale is motivated by the fact that we would like to extend the
formalism used in Ref. [28] also for pp collisions and kinematical range of large invariant masses where Z0 → ll̄ should
be included. Fig. 8 clearly demonstrates that predicted double-peak structure of the correlation function in dAu
collisions is not affected by a choice of the factorization scale. Consequently, the same result is expected also for pp

12

UGDF has the following analytical form,

F (xg, k
g
T ) =

1

πQ2
s(xg)

e−kg
T

2/Q2
s(xg) , (28)

with the saturation scale given by Eq. (23). In what follows, we study the correlation function C(∆φ) assuming the
GBW model for the UGDF, the CT10 NLO parametrization for parton distributions and the Kniehl-Kramer-Potter
(KKP) fragmentation function Dh/f(zh, µ

2
F ) of a quark with a flavor f into a neutral pion h = π0 [63]. Moreover, we

assume that a minimal transverse momentum (pcutT ) for the gauge boson G and pion in Eq. (17) is the same and is
equaled to 1.5 and 3.0 GeV for RHIC and LHC energies, respectively.
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FIG. 8: The correlation function C(∆φ) for the associated DY pair and pion production in dAu collisions at RHIC (
√
s = 200

GeV) assuming that factorization scale is given by the nuclear saturation scale µF = QA
s (left panel) or by the dilepton invariant

mass µF = M (right panel).

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

0.0045

0.005

π
2 π 3π

2

C
(∆

φ
)

∆φ

Y = yπ = 2.5

pT , pπT > 1.5 GeV √
s = 200 GeV

µF = M

M = 2 GeV

M = 4 GeV

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

π
2 π 3π

2

C
(∆

φ
)

∆φ

Y = yπ = 2.5

pT , pπT > 1.5 GeV √
s = 500 GeV

µF = M

M = 2 GeV

M = 4 GeV

FIG. 9: The correlation function C(∆φ) for the associated DY pair and pion production in pp collisions at RHIC (
√
s = 200, 500

GeV).

At first, we test our calculations comparing our results with those presented in Ref. [28] for dAu collisions at
RHIC (

√
s = 200 GeV). For this reason, following Ref. [28] we take the same saturation scale Qs,A for a target

nucleus with the mass number A defined in terms of the corresponding scale Qs(x) for the proton target in the GBW

parametrisation, QA
s
2
(x) = A1/3c(b)Q2

s(x), where c = c(b) is the profile function as a function of impact parameter b
(for central collisions we used c = 0.85 and assume a naive GBW profile of the dipole-nucleus cross section following
Ref. [28]). Our results for forward particles Y = yπ = 2.5 and two different values of the dileption invariant mass M
are presented in the left panel of Fig. 8 adopting that the factorization scale of the considered process is determined
by the nuclear saturation scale, i.e. µF = QA

s . Similarly as is in Ref. [28] we obtain the double-peak structure of
C(∆φ) in the away-side dilepton-pion angular correlation with the magnitude of peaks increasing with the dilepton
invariant mass and the width of the double peak increasing with the saturation scale. The normalisation of the curves

SD vs inclusive: Heavy QQbar angular correlation

Integrating Eq. (2.23) over the quark transverse momentum pT one gets

dσ(Gp→ Q̄Q+X)

dα
=

∫

d2r |A|2(r⃗; r⃗) ,

|A|2(r⃗; r⃗) =
[

σ1−

3 (r⃗,α) + σ8−

3 (r⃗,α) + σ8+

3 (r⃗,α)
]

|ΦQQ̄(r⃗,α)|2 , (2.27)

in terms of the corresponding effective three-body dipole cross sections for inclusive (singlet
+ octet) Q̄Q pair production

σ1−

3 =
1

8
σq̄q(r⃗) , σ8−

3 =
5

16
σq̄q(r⃗) , σ8+

3 =
9

16

[

2σq̄q(αr⃗) + 2σq̄q(ᾱr⃗)− σq̄q(r⃗)
]

,

∑

S=1−,8±

σS
3 ≡ σqqG(α, r⃗) =

9

8

(

σq̄q(ᾱr⃗) + σq̄q(αr⃗)
)

−
1

8
σq̄q(r⃗) . (2.28)

and the G→ Q̄Q transition amplitude squared

|ΦQQ̄(r⃗,α)|2 ≡
∑

λ∗=±1

Tr
[

Φ̂Q̄Q(r⃗,α) · Φ̂
†
Q̄Q

(r⃗,α)
]

=
αs

(2π)2

[

m2
QK

2
0 (mQ r) + (α2 + ᾱ2)m2

QK
2
1 (mQ r)

]

. (2.29)

Therefore the total cross section for the process G+ p→ QQ̄ can be expressed as follows

σ(G+ p→ QQ̄+X) =

∫

dα

∫

d2r|ΦQQ̄(r⃗,α)|2σqqG(α, r⃗) (2.30)

as derived previously in Refs. [16? ].
In the perturbative QCD language, the universal dipole cross section is related to the

unintegrated gluon PDF F(x, κ⃗2
⊥) as follows

σq̄q(r⃗, x) =
4π

3

∫

d2κ⊥

κ⃗4
⊥

(1− eiκ⃗⊥·r⃗)αsF(x, κ⃗2
⊥) . (2.31)

This relation allows to obtain an alternative expression for the single quark spectrum in the
momentum space, which is given by

d3σ(G→ QQ̄ +X)

d(lnα)d2pT
=

1

6π

∫

d2κ⊥

κ4
⊥

α2
sF(x, κ2

⊥)× (2.32)

{[

9

8
H0(α, ᾱ, pT )−

9

4
H1(α, ᾱ, pT , κ) +H2(α, ᾱ, pT , κ) +

1

8
H3(α, ᾱ, pT , κ)

]

+ [α←→ ᾱ]

}

,

where

H0(α, ᾱ, pT ) =
m2

Q + (α2 + ᾱ2)p2T
(p2T +m2

Q)
2

, (2.33)

H1(α, ᾱ, pT , κ) =
m2

Q + (α2 + ᾱ2)p⃗T · (p⃗T − ακ⃗)

[(p⃗T − ακ⃗)2 +m2
Q](p

2
T +m2

Q)
, (2.34)

H2(α, ᾱ, pT , κ) =
m2

Q + (α2 + ᾱ2)(p⃗T − ακ⃗)2

[(p⃗T − ακ⃗)2 +m2
Q]

2
, (2.35)

H3(α, ᾱ, pT , κ) =
m2

Q + (α2 + ᾱ2)(p⃗T + ακ⃗) · (p⃗T − ᾱκ⃗)

[(p⃗T + ακ⃗)2 +m2
Q][(p⃗T − ᾱκ⃗)2 +m2

Q]
. (2.36)
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Integrating Eq. (2.23) over the quark transverse momentum pT one gets

dσ(Gp→ Q̄Q+X)

dα
=

∫

d2r |A|2(r⃗; r⃗) ,

|A|2(r⃗; r⃗) =
[

σ1−

3 (r⃗,α) + σ8−

3 (r⃗,α) + σ8+

3 (r⃗,α)
]

|ΦQQ̄(r⃗,α)|2 , (2.27)

in terms of the corresponding effective three-body dipole cross sections for inclusive (singlet
+ octet) Q̄Q pair production

σ1−

3 =
1

8
σq̄q(r⃗) , σ8−

3 =
5

16
σq̄q(r⃗) , σ8+

3 =
9

16

[

2σq̄q(αr⃗) + 2σq̄q(ᾱr⃗)− σq̄q(r⃗)
]

,

∑

S=1−,8±

σS
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9

8

(

σq̄q(ᾱr⃗) + σq̄q(αr⃗)
)

−
1

8
σq̄q(r⃗) . (2.28)

and the G→ Q̄Q transition amplitude squared

|ΦQQ̄(r⃗,α)|2 ≡
∑
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Tr
[

Φ̂Q̄Q(r⃗,α) · Φ̂
†
Q̄Q

(r⃗,α)
]

=
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(2π)2

[
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QK

2
0 (mQ r) + (α2 + ᾱ2)m2

QK
2
1 (mQ r)

]

. (2.29)

Therefore the total cross section for the process G+ p→ QQ̄ can be expressed as follows

σ(G+ p→ QQ̄+X) =

∫

dα

∫

d2r|ΦQQ̄(r⃗,α)|2σqqG(α, r⃗) (2.30)

as derived previously in Refs. [16? ].
In the perturbative QCD language, the universal dipole cross section is related to the

unintegrated gluon PDF F(x, κ⃗2
⊥) as follows
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This relation allows to obtain an alternative expression for the single quark spectrum in the
momentum space, which is given by
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⊥
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The same for inclusive and leading-twist single-diffractive QQbar production!



Gluon-Gluon fusion strongly  
dominates over gluon  

Bremsstrahlung! 

Diffractive Higgsstrahlung off heavy quarks

The amplitude of the inclusive Higgsstrahlung process in gluon-proton scattering by
means of single gluon exchange in the t channel

Ga + p → QQ̄H +X , Q = c, b, t , (2.1)

where Ga is the initial gluon in colour state a, is described in Born approximation by the
set of eight diagrams shown in Fig. 1.

(1)

(4) (6)

(7) (8)

(2)

(5)

(3)

FIG. 1: Leading-order gluon-initiated contributions to the inclusive Q̄QH system production in
the gluon-proton scattering in the proton rest frame.

Note, the Born-level diagrams are shown in Fig. 1 only for illustration. By the virtue of the
color dipole framework, the inclusion of the universal dipole cross section phenomenologically
generalises the Born diagrams and effectively resums the lower gluonic ladder diagrams at
small x to all orders, similarly to the k⊥-factorisation technique. The upper partonic ladder
will be accounted via DGLAP evolution of the gluonic density at the NLO.

The kinematics and a detailed derivation of the corresponding amplitude in impact pa-
rameter representation are presented in Appendix A. In order to derive the dipole formula
for the corresponding process, one should switch to the impact parameter representation
performing 2D Fourier transform over the relative transverse momentum between Q and
Q̄, κ⃗, total transverse momentum of the Q̄QH system, k⃗⊥, and the transverse momentum
of the Higgs boson, κ⃗, defined in the gluon-target c.m. frame in the limit κ ≫ k⊥ and
α3 ≪ 1. The latter differs from the standard Higgs boson transverse momentum defined in
proton-target c.m. frame. Corresponding amplitudes in the impact parameter space are

Aµµ̄
a ≡

∫

d2k⊥
(2π)2

d2κ

(2π)2
d2κ

(2π)2
Bµµ̄

a e−ik⃗⊥s⃗−iκ⃗r⃗−iκ⃗ρ⃗ = 3
N2

c−1
∑

d=1

ξµQ
†
{

τaτd T̂ (d)
1 + τdτa T̂ (d)

2

}

ξ̃µ̄
Q̄
,

4
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Diffractive Higgsstrahlung off heavy quarks
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FIG. 2: The differential Higgs boson transverse momentum κ distribution of the inclusive Hig-

gsstrahlung obtained via the asymptotic dipole formula (2.20) valid in the limit of small k⊥ ≪ κ, κ
and α3 ≪ 1 in comparison to the exact result of k⊥-factorisation from Ref. [16].

is the element of the phase space volume associated with the produced system Q̄QH . The
remaining momentum integrals can then be numerically evaluated over a given phase space
volume specific to a given measurement (see below).

In Fig. 2 the approximated dipole formula result for the inclusive Higgsstrahlung cross
section differential in Higgs boson transverse momentum κ (2.20) is compared to the cor-
responding exact calculation in the k⊥-factorisation approach of Ref. [16]. Remind, the
asymptotic dipole formula Eq. (2.20) is obtained in the collinear projectile gluon and soft
target gluon k⊥ ≪ κ, κ approximations, as well as for α3 ≪ 1. In this case, the final Higgs
boson transverse momentum is entirely generated by a recoil against heavy quarks in the
final state. Besides, the Higgs boson is assumed to take only a relatively small fraction of the
quark momenta. A comparison with the exact result of Ref. [16] shows that the asymptotic
Higgs boson spectrum (2.20) generated by purely final state kinematics dominates the total
cross section at large Higgs boson transverse momenta κ ! mH and approaches the exact
result both in shape and normalisation. At lower transverse momenta, however, we notice
a missing strength due to the omitted diagrams as well as a potentially large role of the
non-Gaussian tail in primordial gluon transverse momenta distribution. The latter should
be accounted for by the use of unintegrated gluon distribution functions as was done in
Ref. [16].

On the other hand, the simplified dipole formula (2.18) with a collinear starting PDF
(2.19) and the quadratic approximation in the dipole cross section (2.14) will enable us
to calculate the SD-to-inclusive ratio in a fully analytic form which does not depend on
higher order QCD corrections and on projectile gluon evolution and is given only in terms of
parameters of the universal dipole cross section (see below). As will be discussed below, the
ratio is not sensitive to the high-pT approximation we adopted in the analysis of the absolute
cross sections as well as to the short-distance corrections to the gg → QQ̄H subprocess. It
therefore can be applied to the conventional NNLO+NNLL QQ̄H inclusive cross sections
and/or those obtained in the k⊥ factorisation approach known from the literature in order
to get a good first estimate of the diffractive Higgsstrahlung cross section.
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SD Higgsstrahlung is broken by transverse motion of valence quarks in the projectile proton.
The latter effect leads to such unusual behavior of the SD-to-inclusive ratio as its growth
with the hard scale, M , and descrease with the c.m. energy,
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√
s = 14 TeV). The effect of additional ξ-cuts for SD cross section

0.03 < ξ < 0.1 is accounted for by means of the multiplicative factor δ defined in Eq. (3.20). The

corresponding inclusive cross sections have been obtained in the k⊥-factorisation approach with
CCFM-evolved unitegrated gluon density following Ref. [16].

Due to universality of the SD-to-inclusive ratio (3.18) which depends only on parameters
of the dipole cross section it can be applied to the inclusive QQ̄H production cross section
known in the literature to a rather high precision. In order to get a reasonable estimate
for the SD Higgsstrahlung cross section one can multiply the corresponding inclusive cross
sections obtained e.g. in the k⊥-factorisation approach with CCFM-evolved unitegrated
gluon density following Ref. [16]. In Fig. 5 we present the resulting curves for the single
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gluon density following Ref. [16]. In Fig. 5 we present the resulting curves for the single
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New developments:  
probing the dynamical structure of the Pomeron

We focus on the gluon Wigner distributions. The gluon
Wigner distributions are defined through the following
matrix elements:

xWT
g ðx; ~q⊥; ~b⊥Þ

¼
Z

dξ−d2ξ⊥
ð2πÞ3Pþ

Z
d2Δ⊥
ð2πÞ2

e−ixP
þξ−−iq⊥·ξ⊥

×
!
Pþ Δ⊥

2

""""Fþi

#
~b⊥ þ ξ

2

$
Fþi

#
~b⊥ −

ξ
2

$""""P −
Δ⊥
2

%
;

ð1Þ
where Fμν represents the field strength tensor, x and
q⊥ the longitudinal momentum fraction and the transverse
momentum for the gluon, and ~b⊥ the coordinate space
variable. The Fourier transform of the Wigner distribution
with respect to the impact parameter b⊥ is also referred
to as the generalized transverse momentum dependent
(GTMD) gluon distribution [19,20]. The gauge links
associated with the gluon fields have been omitted in the
above equation for simplicity (see the discussions below).
In Refs. [21,22], it was demonstrated that TMD gluon

distributions are related to small-x unintegrated gluon dis-
tributions. The Weizsäcker-Williams (WW) and the dipole
gluon distribution used in small-x formalism corresponds
to two gauge invariant but topologically different operator
definitions. In order to pursue deeper connections between
Wigner distributions and small-x impact parameter depen-
dent gluon distributions, we first use the dipole gluon distri-
bution as an example, andwewill comment on the case of the
WW gluon distribution later. Following the convention in
Ref. [23], we write the GTMD dipole gluon distribution as

xGDPðx;q⊥;Δ⊥Þ

¼2

Z
dξ−d2ξ⊥e−iq⊥·ξ⊥−ixP

þξ−

ð2πÞ3Pþ

×
!
PþΔ⊥

2

""""Tr½Fþiðξ=2ÞU ½−&†Fþið−ξ=2ÞU ½þ&&
""""P−

Δ⊥
2

%
;

ð2Þ

where U ½'& are the future- (past-) pointing U-shaped
Wilson lines which make the operator gauge invariant. Its
Fourier transform

R
ðd2Δ⊥=ð2πÞ2ÞeiΔ⊥·b⊥xGDPðx; q⊥;Δ⊥Þ

can be identified as theWigner distribution xWT
g ðx; q⊥; b⊥Þ.

Following a similar derivation used in Refs. [22–24] in the
small-x limit, which allows us to approximately write
e−xP

þξ− ≃ 1, one can show that Eq. (2) reduces to

xGDPðx;q⊥;Δ⊥Þ

¼ 2Nc

αs

Z
d2R⊥d2R0

⊥
ð2πÞ4

eiq⊥·ðR⊥−R0
⊥ÞþiðΔ⊥=2Þ·ðR⊥þR0

⊥Þð ~∇R⊥ ·
~∇R0

⊥
Þ

×
1

Nc
hTr½UðR⊥ÞU†ðR0

⊥Þ&ix; ð3Þ

where we can recognize the impact parameter dependent
dipole amplitude. Let us define its double Fourier transform:

1

Nc
Tr
&
U
#
b⊥ þ r⊥

2

$
U†

#
b⊥ −

r⊥
2

$'

≡
Z

d2q⊥d2Δ⊥e−iq⊥·r⊥−iΔ⊥·b⊥F xðq⊥;Δ⊥Þ: ð4Þ

Then we can succinctly write xGDPðx; q⊥;Δ⊥Þ ¼
ðq2⊥ − Δ2

⊥=4Þð2Nc=αsÞF xðq⊥;Δ⊥Þ. Setting r⊥ ¼ 0 in the
above expression, we obtain the normalization condition for
F xðq⊥;Δ⊥Þ as

R
d2q⊥d2Δ⊥e−iΔ⊥·b⊥F xðq⊥;Δ⊥Þ ¼ 1.

Correlated hard diffractive dijet production in deep
inelastic scattering (DIS).—Now let us discuss diffractive
dijet production in electron-ion collisions, which was
studied quite recently in Ref. [25], and demonstrate that
it directly probes the dipole gluon GTMD in the small-x
limit where the quark contribution is negligible. Diffractive
events imply that a color neutral exchange must occur in the
t channel between the virtual photon and the target hadron
over several units in rapidity. Following the same frame-
work developed in Ref. [22], by requiring that the final state
quark-antiquark pair forms a color singlet state, we can
write the cross section for diffractive dijet production as
illustrated in Fig. 1 as follows:

dσγ
(
T
~Aqq̄X

dy1d2k1⊥dy2d2k2⊥
¼ 2Ncαeme2qδðxγ( − 1Þzð1 − zÞ½z2 þ ð1 − zÞ2&

×
Z

d2q⊥d2q0⊥F xðq⊥;Δ⊥ÞF xðq0⊥;Δ⊥Þ

×
& ~P⊥
P2
⊥ þ ϵ2f

−
~P⊥ − ~q⊥

ðP⊥ − q⊥Þ2 þ ϵ2f

'

·
& ~P⊥
P2⊥ þ ϵ2f

−
~P⊥ − ~q0⊥

ðP⊥ − q0⊥Þ2 þ ϵ2f

'
; ð5Þ

for the transversely polarized photon. A similar cross
section formula can be written for the longitudinally

FIG. 1. Diffractive dijet production in electron-ion collisions.
Here, we assume that the incoming virtual photon has only the
longitudinal momentum. The signature of the diffractive process
is the rapidity gap between the produced dijet and the target
hadron, which remains intact.
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momentum for the gluon, and ~b⊥ the coordinate space
variable. The Fourier transform of the Wigner distribution
with respect to the impact parameter b⊥ is also referred
to as the generalized transverse momentum dependent
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Wigner distributions are defined through the following
matrix elements:

xWT
g ðx; ~q⊥; ~b⊥Þ

¼
Z

dξ−d2ξ⊥
ð2πÞ3Pþ

Z
d2Δ⊥
ð2πÞ2
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!
Pþ Δ⊥
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""""Fþi

#
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$
Fþi

#
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ξ
2

$""""P −
Δ⊥
2

%
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ð1Þ
where Fμν represents the field strength tensor, x and
q⊥ the longitudinal momentum fraction and the transverse
momentum for the gluon, and ~b⊥ the coordinate space
variable. The Fourier transform of the Wigner distribution
with respect to the impact parameter b⊥ is also referred
to as the generalized transverse momentum dependent
(GTMD) gluon distribution [19,20]. The gauge links
associated with the gluon fields have been omitted in the
above equation for simplicity (see the discussions below).
In Refs. [21,22], it was demonstrated that TMD gluon

distributions are related to small-x unintegrated gluon dis-
tributions. The Weizsäcker-Williams (WW) and the dipole
gluon distribution used in small-x formalism corresponds
to two gauge invariant but topologically different operator
definitions. In order to pursue deeper connections between
Wigner distributions and small-x impact parameter depen-
dent gluon distributions, we first use the dipole gluon distri-
bution as an example, andwewill comment on the case of the
WW gluon distribution later. Following the convention in
Ref. [23], we write the GTMD dipole gluon distribution as

xGDPðx;q⊥;Δ⊥Þ

¼2

Z
dξ−d2ξ⊥e−iq⊥·ξ⊥−ixP

þξ−

ð2πÞ3Pþ

×
!
PþΔ⊥

2

""""Tr½Fþiðξ=2ÞU ½−&†Fþið−ξ=2ÞU ½þ&&
""""P−

Δ⊥
2

%
;

ð2Þ

where U ½'& are the future- (past-) pointing U-shaped
Wilson lines which make the operator gauge invariant. Its
Fourier transform

R
ðd2Δ⊥=ð2πÞ2ÞeiΔ⊥·b⊥xGDPðx; q⊥;Δ⊥Þ

can be identified as theWigner distribution xWT
g ðx; q⊥; b⊥Þ.

Following a similar derivation used in Refs. [22–24] in the
small-x limit, which allows us to approximately write
e−xP

þξ− ≃ 1, one can show that Eq. (2) reduces to

xGDPðx;q⊥;Δ⊥Þ

¼ 2Nc

αs

Z
d2R⊥d2R0

⊥
ð2πÞ4

eiq⊥·ðR⊥−R0
⊥ÞþiðΔ⊥=2Þ·ðR⊥þR0

⊥Þð ~∇R⊥ ·
~∇R0

⊥
Þ

×
1

Nc
hTr½UðR⊥ÞU†ðR0

⊥Þ&ix; ð3Þ

where we can recognize the impact parameter dependent
dipole amplitude. Let us define its double Fourier transform:

1

Nc
Tr
&
U
#
b⊥ þ r⊥
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#
b⊥ −

r⊥
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$'

≡
Z

d2q⊥d2Δ⊥e−iq⊥·r⊥−iΔ⊥·b⊥F xðq⊥;Δ⊥Þ: ð4Þ

Then we can succinctly write xGDPðx; q⊥;Δ⊥Þ ¼
ðq2⊥ − Δ2

⊥=4Þð2Nc=αsÞF xðq⊥;Δ⊥Þ. Setting r⊥ ¼ 0 in the
above expression, we obtain the normalization condition for
F xðq⊥;Δ⊥Þ as

R
d2q⊥d2Δ⊥e−iΔ⊥·b⊥F xðq⊥;Δ⊥Þ ¼ 1.

Correlated hard diffractive dijet production in deep
inelastic scattering (DIS).—Now let us discuss diffractive
dijet production in electron-ion collisions, which was
studied quite recently in Ref. [25], and demonstrate that
it directly probes the dipole gluon GTMD in the small-x
limit where the quark contribution is negligible. Diffractive
events imply that a color neutral exchange must occur in the
t channel between the virtual photon and the target hadron
over several units in rapidity. Following the same frame-
work developed in Ref. [22], by requiring that the final state
quark-antiquark pair forms a color singlet state, we can
write the cross section for diffractive dijet production as
illustrated in Fig. 1 as follows:

dσγ
(
T
~Aqq̄X

dy1d2k1⊥dy2d2k2⊥
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'

·
& ~P⊥
P2⊥ þ ϵ2f

−
~P⊥ − ~q0⊥

ðP⊥ − q0⊥Þ2 þ ϵ2f

'
; ð5Þ

for the transversely polarized photon. A similar cross
section formula can be written for the longitudinally

FIG. 1. Diffractive dijet production in electron-ion collisions.
Here, we assume that the incoming virtual photon has only the
longitudinal momentum. The signature of the diffractive process
is the rapidity gap between the produced dijet and the target
hadron, which remains intact.
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where Fμν represents the field strength tensor, x and
q⊥ the longitudinal momentum fraction and the transverse
momentum for the gluon, and ~b⊥ the coordinate space
variable. The Fourier transform of the Wigner distribution
with respect to the impact parameter b⊥ is also referred
to as the generalized transverse momentum dependent
(GTMD) gluon distribution [19,20]. The gauge links
associated with the gluon fields have been omitted in the
above equation for simplicity (see the discussions below).
In Refs. [21,22], it was demonstrated that TMD gluon

distributions are related to small-x unintegrated gluon dis-
tributions. The Weizsäcker-Williams (WW) and the dipole
gluon distribution used in small-x formalism corresponds
to two gauge invariant but topologically different operator
definitions. In order to pursue deeper connections between
Wigner distributions and small-x impact parameter depen-
dent gluon distributions, we first use the dipole gluon distri-
bution as an example, andwewill comment on the case of the
WW gluon distribution later. Following the convention in
Ref. [23], we write the GTMD dipole gluon distribution as
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where U ½'& are the future- (past-) pointing U-shaped
Wilson lines which make the operator gauge invariant. Its
Fourier transform

R
ðd2Δ⊥=ð2πÞ2ÞeiΔ⊥·b⊥xGDPðx; q⊥;Δ⊥Þ

can be identified as theWigner distribution xWT
g ðx; q⊥; b⊥Þ.

Following a similar derivation used in Refs. [22–24] in the
small-x limit, which allows us to approximately write
e−xP

þξ− ≃ 1, one can show that Eq. (2) reduces to

xGDPðx;q⊥;Δ⊥Þ

¼ 2Nc
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where we can recognize the impact parameter dependent
dipole amplitude. Let us define its double Fourier transform:
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Then we can succinctly write xGDPðx; q⊥;Δ⊥Þ ¼
ðq2⊥ − Δ2

⊥=4Þð2Nc=αsÞF xðq⊥;Δ⊥Þ. Setting r⊥ ¼ 0 in the
above expression, we obtain the normalization condition for
F xðq⊥;Δ⊥Þ as

R
d2q⊥d2Δ⊥e−iΔ⊥·b⊥F xðq⊥;Δ⊥Þ ¼ 1.

Correlated hard diffractive dijet production in deep
inelastic scattering (DIS).—Now let us discuss diffractive
dijet production in electron-ion collisions, which was
studied quite recently in Ref. [25], and demonstrate that
it directly probes the dipole gluon GTMD in the small-x
limit where the quark contribution is negligible. Diffractive
events imply that a color neutral exchange must occur in the
t channel between the virtual photon and the target hadron
over several units in rapidity. Following the same frame-
work developed in Ref. [22], by requiring that the final state
quark-antiquark pair forms a color singlet state, we can
write the cross section for diffractive dijet production as
illustrated in Fig. 1 as follows:

dσγ
(
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~Aqq̄X

dy1d2k1⊥dy2d2k2⊥
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for the transversely polarized photon. A similar cross
section formula can be written for the longitudinally

FIG. 1. Diffractive dijet production in electron-ion collisions.
Here, we assume that the incoming virtual photon has only the
longitudinal momentum. The signature of the diffractive process
is the rapidity gap between the produced dijet and the target
hadron, which remains intact.
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Wigner function 
encodes all the information 
about nucleon tomography

elliptic angular 
correlation

polarized photon. In Eq. (5), y1;2 and k1;2⊥ are rapidities
and transverse momenta of the final state quark and
antiquark jets, respectively, defined in the center of mass
frame of the incoming photon and nucleon. ~P⊥ ≡ 1

2 ð~k2⊥ −
~k1⊥Þ represents the typical dijet transverse momentum and
Δ⊥ is the nucleon recoiled momentum. We are interested in
the back-to-back kinematic region for the two final state
jets where jP⊥j ≫ j~k1⊥ þ ~k2⊥j. Suppose ϵ2f ≡ zð1 − zÞQ2

is not too large compared to P2⊥. Then we expect that the
above q⊥ integrals are dominated by the region q⊥ ∼ P⊥
and the cross sections are roughly proportional to
F 2

xðP⊥;Δ⊥Þ for back-to-back dijet configurations. Thus,
the diffractive dijet production will be sensitive to the
correlations between ~P⊥ and ~Δ⊥, as mentioned in Ref. [25],
and our analysis shows that such a measurement gives
experimental access to the gluon Wigner distribution.
Of particular interest is the angular correlation of the

form cos 2ðϕP⊥ − ϕΔ⊥Þ. This originates from the cos 2ϕ
correlation in the GTMD and the Wigner distribution

xGDPðx; ~q⊥; ~Δ⊥Þ ¼ xGDPðx; j~q⊥j; j ~Δ⊥jÞ

þ xGϵ
DPðx; j~q⊥j; j ~Δ⊥jÞ cos2ðϕq⊥ − ϕΔ⊥Þ

þ % % % ; ð6Þ

xWT
g ðx; ~q⊥; ~b⊥Þ ¼ xWT

g ðx; j~q⊥j; j~b⊥jÞ

þ xWϵ
gðx; j~q⊥j; j~b⊥jÞ cos 2ðϕq⊥ − ϕb⊥Þ

þ % % % : ð7Þ

The first terms in the above two equations represent the
azimuthally symmetric distributions, whereas the rest of the
terms stand for the azimuthally asymmetric distributions.
From symmetry considerations (cf. Ref. [20]), one sees that
only the even harmonics cos 2nϕ are allowed. We expect
that the dominant component is the elliptic (n ¼ 1) one, as
shown above, and we call it the elliptic gluon Wigner
distribution or, for short, the elliptic gluon distribution.
With the detector capability at the future EIC [3], we will be
able to identify both ~P⊥ and ~Δ⊥ and measure the angular
correlation between them. The elliptic angular correlation
hcos 2ðϕP⊥ − ϕΔ⊥Þi in particular can be observed in this
process. This is similar to the elliptic flow phenomena
observed in heavy ion collisions.
It is interesting to note that the early studies of diffractive

dijet production in DIS have focused on the cos 2ϕ angular
correlation between the lepton plane and the jet plane,
which has been demonstrated as an important feature of
small-x calculations [7–9]. This cos 2ϕ correlation will
remain in our formalism, too. The combined analyses of
both angular correlations of cos 2ðϕP⊥ − ϕΔ⊥Þ and cos 2ϕ
will provide a unique opportunity to study the gluon
tomography and test the saturation formalism. It was also

pointed out in Ref. [10] that the emission of an additional
gluon can diminish the signal, and this could pose a
challenge in the data analysis at HERA [26] for events
of large diffractive masses (MX) when M2

X ≫ Q2. While
we propose studying a different type of angular correlation
at the EIC, a similar problem may arise and need to
be investigated. Nevertheless, we believe that the case
becomes simpler if we focus on relatively low mass
diffractive events with a large Q2 and Q2 ≃M2

X.
Gluon tomography induced by small-x dynamics.—In

order to gain analytical insights into the distribution
xGDPðx; ~q⊥; ~Δ⊥Þ and to illustrate how the angular corre-
lation arises, let us evaluate it in the BFKL approximation.
Consider the dipole scattering amplitude off a dipole x⊥
(quark at ~x⊥=2, antiquark at −~x⊥=2) evolved up to rapidity
Y ¼ ln 1=x. Define the dipole T matrix in impact parameter
space as ð1=NcÞhtrU½b⊥ þ ðr⊥=2Þ'U†½b⊥ − ðr⊥=2Þ'ix ¼
1 − Tðr⊥; b⊥; YÞ. In the BFKL approximation and in the
regime b⊥; r⊥ ≫ x⊥, T is given by [27–29]

Tðr⊥; b⊥; YÞ ≈
α2s jρjffiffiffi

π
p

ln 16
jρj

½72 ᾱsζð3ÞY'
3=2

× exp
"
4ᾱsY ln 2 −

ln2 16
jρj

14ᾱsζð3ÞY

#
; ð8Þ

where

jρj2 ≡ x2⊥r
2
⊥

ðb⊥ þ r⊥
2 − x⊥

2 Þ
2ðb⊥ − r⊥

2 þ x⊥
2 Þ

2

≈
x2⊥r

2
⊥

b4⊥ þ r4⊥
16 −

b2⊥r
2
⊥

2 cos 2ϕbr

: ð9Þ

Clearly, one sees that there is a nontrivial angular correlation
between ~b⊥ and ~r⊥. When ~b⊥ is parallel to ~r⊥, the scattering
is stronger than the case when ~b⊥ is perpendicular to ~r⊥.
This is a known phenomenon; see, for example, Ref. [30].
Such a correlation is expected to survive near the nonlinear
saturated regime. Indeed, away from the BFKL saddle point,
the saturation momentum Qs is defined by the condition
Tðr⊥ ¼ 1=Qs; b⊥Þ ¼ const. This leads to

1

jρj2
≈
b4⊥ þ r4⊥

16 −
b2⊥r

2
⊥

2 cos 2ϕbr

x2⊥r
2
⊥

$$$$
r⊥¼1=Qs

∼ ef½χðγsÞ'=γsgY; ð10Þ

where χðγÞ≡ ðαsNc=πÞ½2ψð1Þ − ψðγÞ − ψð1 − γÞ' and
γs ≈ 0.628. If we look for a solution in the regime
b⊥ ≫ r⊥ ≃ 1=Qs, we find

Q2
s ∼

x2⊥
b4⊥

ef½χðγsÞ'=γsgY þ cos 2ϕbr

2b2⊥
: ð11Þ

This is consistent with the numerical study of the nonlinear
small-x evolution (e.g., the Balitsky-Kovchegov evolution
[31,32]) in Refs. [33,34], where it was observed that the
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More exclusive/diffractive reactions…

Nevertheless, CDF has succeeded in measuring exclusive ��, �c and dijet production, and we

discuss each of these in turn. We also discuss exclusive �� ! e+e�, µ+µ� and �IP ! J/ , 0(2S),

which was recently seen for the first time in hadron-hadron collisions. Apart from the dijet study, the

forward p̄ could not be detected, as the Roman pots (only on the p̄ side) did not have acceptance for

low MX . The analyses instead relied on finding events that contain just the state X in conjunction

with an otherwise empty (i.e. consistent with noise levels) detector. The miniplug calorimeters and

BSC counters, which have coverage out to |⌘| = 7.4, were crucial for this exclusivity requirement

(the BSC was used as a veto in the trigger).

Firstly we shall discuss the exclusive �� search [143], which was combined with a CEP

e+e� search [144], as the trigger (and most of the analysis) is identical. Only in the final step was

the central tracking used to separate 16 e+e� events from three with electromagnetic showers with

ET > 5 GeV and no tracks. In all cases the showers had �� ⇠ ⇡ and
P ~ET small, and the e+e�

events agreed with the precise QED expectation, providing a good control for the �� candidates.
The gap survival probability is not an issue for the QED events; the impact parameter is large and

S2 ⇠ 1. Also, the balance in ET and �� should make it possible to find QED events (especially

µ+µ�) in the presence of pile-up; this is now being studied in CDF. Background, e.g. from ⇡0⇡0

in the �� candidate sample, could not be quantitively assessed a priori, but two of the events had
narrow single showers on each side and were very unlikely to be background. The prediction using

the Durham model [142] is shown in Fig. 9. The prediction of 36⇥3

÷3

fb for ET (�) > 5 GeV and

|⌘(�)| < 1 would give 0.8+1.6
�0.5 events, and the CDF data are in good agreement with this. The two

events correspond to ⇠ 10�12 ⇥ �
inel

, showing that it is possible to find even very rare exclusive

events. More CDF data has been taken with a lower threshold ET (�) > 2.5 GeV, and there are

plans to search for exclusive �� events at the LHC.
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Figure 10: Feynman diagrams for processes contributing to the exclusive di-lepton signal. (a)
�� ! l+l�, (b) �IP ! J/ , (2S), Z0, and (c) IPIP ! �c0.

In addition to the exclusive �� search, CDF also studied the production of lepton pairs

(e+e�, µ+µ�), either in association with no other particles or with one additional photon. Such

exclusive leptons may be produced through several mechanisms, as shown in Fig. 10. We begin by

discussing µ+µ� production at low M(µ+µ�), for which CDF used an exclusive di-muon trigger

in the mass range M(µ+µ�) 2 [3.0, 4.0] GeV/c2 and |⌘µ| < 0.6. The mass range was limited to

M(µ+µ�) > 3 GeV/c2, as below pT = 1.5 GeV/c muons range out in the calorimeters.

Photoproduction of a vector meson, shown in Fig. 10(b), is one source of exclusive muon

pairs in both ep and pp(p̄) collisions. The predictions for the pp̄ process are closely related to those

for the ep process, bearing in mind the di↵ering soft survival factors, S2(pp̄) < S2(ep). CDF recently
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Examples of typical 
exclusive reactions 

studied so far…

The first observation of 
diffractive di-jet at the LHC

many covered in 
SuperChic/FPMC 

Monte Carlo

ξ
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/d jj
σd
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DATA
PYTHIA6 Z2 ND
PYTHIA8 tune1 ND
POMPYT CTEQ6L1 & H1 Fit B
POMWIG CTEQ6L1 & H1 Fit B
PYTHIA8 SD+DD
POWHEG+PYTHIA8 CTEQ6M & H1 Fit B

 > 20 GeV  j1,j2

T
| < 4.4,  pj1,j2η,  |2 jet1jet→, pp-1=7 TeV, L = 2.7 nbsCMS,  

Diffractive di-jets at Tevatron

Rapidity gap between a pair of jets observed in pp̄ at Tevatron

Large mom.transfer |t| across gap
) hard pert. QCD exchange
(as opposed to ’normal’ soft diÆraction)

Elastic parton-parton scattering by
hard colour singlet exchange (hard pomeron)

t

x1

x2

ET

ET

High energy limit s/|t|¿ 1 ) amplitude
dominated by terms ª [Æs ln(s/|t|)]n
BFKL equation resums these terms
(with virtual corrections & reggeization of gluons)

Enberg, GI, Motyka

Numerical solution of BFKL eqn.
with non-leading corrections
in Pythia reproduces data

ET -jet

ET and ¢¥ dependences OK
asymptotic Mueller-Tang) wrong ET -dep.

Absolute normalisation OK
correct gap survival probability
with SCI-model that destroy gaps (!)

Provides strong evidence for BFKL dynamics !

G. Ingelman: ‘Hard diÆraction - 20 years later’, Lepton-photon symposium 2005 18
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PRD 87 (2013) 012006

CDF data

S2

Sudakov, S2

dσ/dMjj [pb/GeV],
√
s = 1.96 TeV, parton level

.
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All predictions made with MSTW08LO PDFs, parton level

• Can compare results of the MC with the CDF measurement.
• See clearly how both soft survival effects and Sudakov factor (non-pert. 
and pert. physics) are crucial to describe data.

Preliminary

CDF Collab., Phys.Rev.D77:052004,2008

Soft survival not included, scale 
of Sudakov factor frozen

Soft survival included, scale of 
Sudakov factor frozen

Soft survival included, scale of 
Sudakov factor ⇠ Mjj

Probability to produce colour singlet dijet 
state drops strongly with Mjj

Tevatron cross sections

Exclusive Jet production at the Tevatron
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EXCLUSIVE DijetÆ Excl. Higgs THEORY CALIBRATION 

p 

p 
_ 

} JJ  

Exclusive dijets 

PRD  77, 052004 (2008) 

EDS2013, Saariselca Hard Diffraction at CDF                     K. Goulianos   

CDF Collab., Phys.Rev.D77:052004,2008
• Exclusive dijet production measured by CDF in 2008, by D0 in 2011.

• Data compared quite well with Exhume MC implementation of the 
Durham model, giving support to this (perturbative) approach.
• However the MC (and theory) used is not up to date or complete (in 
particular with tagged protons).

! In this talk I will describe new MC, under development, for exclusive 
jets, which can be compared to future LHC measurements.
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FIG. 20: Exclusive dijet cross sections for events with two
jets of Ejet

T > 10 GeV plotted vs. the minimum Ejet
T of

the two jets in the kinematic range denoted in the figures:
(a) total exclusive cross sections compared with ExHuME

and ExclDPE predictions; (b) exclusive cross sections for
events with Rjj > 0.8 compared with ExHuME (solid curve)
and with the LO analytical calculation from Ref. [6] (see also
Ref. [43]) scaled down by a factor of three (dashed lines) - the
shaded area represents uncertainties in the calculation due to
hadronization effects; and (c) the ratio of total exclusive to
inclusive DPE cross sections.

sections for exclusive production of a color-singlet dijet
system of mass M are given by [44]
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where ET is the transverse energy of the final state parton
and mq is the quark mass. The suppression of gg → qq̄ is
due to the factor (m2

q/M
2)(1−4m2

q/M
2), which vanishes

as m2
q/M

2 → 0 (Jz = 0 selection rule [10]). Exclusive
gg → qq̄ contributions are also strongly suppressed in
NLO and NNLO QCD, and in certain higher orders [46].

The predicted exclusive qq̄-dijet suppression offers the
opportunity of searching for an exclusive signal in IDPE
data by comparing the inclusive dijet Rjj shape with that
of data containing identified qq̄ dijets. The presence of
an exclusive dijet signal in the IDPE event sample would
be expected to appear as a suppression in the ratio of qq̄
to inclusive events at high Rjj . This data driven method
avoids the use of MC simulations and can be used to cor-
roborate the MC-based extraction of the exclusive signal
from the inclusive data sample. As many systematic ef-
fects cancel in measuring the ratio, a relatively small qq̄
event sample can provide valuable information.

To ensure quark origin, we select jets from heavy flavor
(HF) b- or c-quarks, identified from secondary vertices
produced from the decay of intermediate B or D mesons
using the SVX II detector. Both b- and c-quark jets are
used, since the suppression mechanism holds for all quark
flavors.

Below, in Sec. VIII A we describe the HF data sample
and event selection requirements, in Sec. VIII B we eval-
uate the HF selection efficiencies and backgrounds, and
in Sec. VIII C we present the HF jet fraction results.

A. Data sample and event selection

The data used in this analysis were collected at a full
rate (no pre-scaling) with a trigger satisfying the same re-
quirements as the DPE trigger, Jet5+RPS+BSC1p, plus
an additional one designed to enhance the HF jet content.
The latter required the presence of at least one track with
transverse momentum pT > 2 GeV/c displaced from the
IP by a distance d of 0.1 < d < 1.0 mm, where d is the
distance of closest approach of the track to the IP [47].
The total integrated luminosity of this data sample is
200 ± 12 pb−1.

Jets are reconstructed using a CDF Run I based iter-
ative cone algorithm [48] with an η-φ cone of radius 0.4.
The secvtx tagging algorithm is used to search for a
displaced secondary vertex due to a B or D meson de-
cay within a jet cone. This algorithm seeks tracks with
hits in the SVX II within the jet cone, and reconstructs
the secondary vertex from those which are significantly
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FIG. 20: Exclusive dijet cross sections for events with two
jets of Ejet

T > 10 GeV plotted vs. the minimum Ejet
T of

the two jets in the kinematic range denoted in the figures:
(a) total exclusive cross sections compared with ExHuME

and ExclDPE predictions; (b) exclusive cross sections for
events with Rjj > 0.8 compared with ExHuME (solid curve)
and with the LO analytical calculation from Ref. [6] (see also
Ref. [43]) scaled down by a factor of three (dashed lines) - the
shaded area represents uncertainties in the calculation due to
hadronization effects; and (c) the ratio of total exclusive to
inclusive DPE cross sections.
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where ET is the transverse energy of the final state parton
and mq is the quark mass. The suppression of gg → qq̄ is
due to the factor (m2

q/M
2)(1−4m2

q/M
2), which vanishes

as m2
q/M

2 → 0 (Jz = 0 selection rule [10]). Exclusive
gg → qq̄ contributions are also strongly suppressed in
NLO and NNLO QCD, and in certain higher orders [46].

The predicted exclusive qq̄-dijet suppression offers the
opportunity of searching for an exclusive signal in IDPE
data by comparing the inclusive dijet Rjj shape with that
of data containing identified qq̄ dijets. The presence of
an exclusive dijet signal in the IDPE event sample would
be expected to appear as a suppression in the ratio of qq̄
to inclusive events at high Rjj . This data driven method
avoids the use of MC simulations and can be used to cor-
roborate the MC-based extraction of the exclusive signal
from the inclusive data sample. As many systematic ef-
fects cancel in measuring the ratio, a relatively small qq̄
event sample can provide valuable information.

To ensure quark origin, we select jets from heavy flavor
(HF) b- or c-quarks, identified from secondary vertices
produced from the decay of intermediate B or D mesons
using the SVX II detector. Both b- and c-quark jets are
used, since the suppression mechanism holds for all quark
flavors.

Below, in Sec. VIII A we describe the HF data sample
and event selection requirements, in Sec. VIII B we eval-
uate the HF selection efficiencies and backgrounds, and
in Sec. VIII C we present the HF jet fraction results.

A. Data sample and event selection

The data used in this analysis were collected at a full
rate (no pre-scaling) with a trigger satisfying the same re-
quirements as the DPE trigger, Jet5+RPS+BSC1p, plus
an additional one designed to enhance the HF jet content.
The latter required the presence of at least one track with
transverse momentum pT > 2 GeV/c displaced from the
IP by a distance d of 0.1 < d < 1.0 mm, where d is the
distance of closest approach of the track to the IP [47].
The total integrated luminosity of this data sample is
200 ± 12 pb−1.

Jets are reconstructed using a CDF Run I based iter-
ative cone algorithm [48] with an η-φ cone of radius 0.4.
The secvtx tagging algorithm is used to search for a
displaced secondary vertex due to a B or D meson de-
cay within a jet cone. This algorithm seeks tracks with
hits in the SVX II within the jet cone, and reconstructs
the secondary vertex from those which are significantly
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More exclusive/diffractive reactions…

Nevertheless, CDF has succeeded in measuring exclusive ��, �c and dijet production, and we

discuss each of these in turn. We also discuss exclusive �� ! e+e�, µ+µ� and �IP ! J/ , 0(2S),

which was recently seen for the first time in hadron-hadron collisions. Apart from the dijet study, the

forward p̄ could not be detected, as the Roman pots (only on the p̄ side) did not have acceptance for

low MX . The analyses instead relied on finding events that contain just the state X in conjunction

with an otherwise empty (i.e. consistent with noise levels) detector. The miniplug calorimeters and

BSC counters, which have coverage out to |⌘| = 7.4, were crucial for this exclusivity requirement

(the BSC was used as a veto in the trigger).

Firstly we shall discuss the exclusive �� search [143], which was combined with a CEP

e+e� search [144], as the trigger (and most of the analysis) is identical. Only in the final step was

the central tracking used to separate 16 e+e� events from three with electromagnetic showers with

ET > 5 GeV and no tracks. In all cases the showers had �� ⇠ ⇡ and
P ~ET small, and the e+e�

events agreed with the precise QED expectation, providing a good control for the �� candidates.
The gap survival probability is not an issue for the QED events; the impact parameter is large and

S2 ⇠ 1. Also, the balance in ET and �� should make it possible to find QED events (especially

µ+µ�) in the presence of pile-up; this is now being studied in CDF. Background, e.g. from ⇡0⇡0

in the �� candidate sample, could not be quantitively assessed a priori, but two of the events had
narrow single showers on each side and were very unlikely to be background. The prediction using

the Durham model [142] is shown in Fig. 9. The prediction of 36⇥3

÷3

fb for ET (�) > 5 GeV and

|⌘(�)| < 1 would give 0.8+1.6
�0.5 events, and the CDF data are in good agreement with this. The two

events correspond to ⇠ 10�12 ⇥ �
inel

, showing that it is possible to find even very rare exclusive

events. More CDF data has been taken with a lower threshold ET (�) > 2.5 GeV, and there are

plans to search for exclusive �� events at the LHC.
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Figure 10: Feynman diagrams for processes contributing to the exclusive di-lepton signal. (a)
�� ! l+l�, (b) �IP ! J/ , (2S), Z0, and (c) IPIP ! �c0.

In addition to the exclusive �� search, CDF also studied the production of lepton pairs

(e+e�, µ+µ�), either in association with no other particles or with one additional photon. Such

exclusive leptons may be produced through several mechanisms, as shown in Fig. 10. We begin by

discussing µ+µ� production at low M(µ+µ�), for which CDF used an exclusive di-muon trigger

in the mass range M(µ+µ�) 2 [3.0, 4.0] GeV/c2 and |⌘µ| < 0.6. The mass range was limited to

M(µ+µ�) > 3 GeV/c2, as below pT = 1.5 GeV/c muons range out in the calorimeters.

Photoproduction of a vector meson, shown in Fig. 10(b), is one source of exclusive muon

pairs in both ep and pp(p̄) collisions. The predictions for the pp̄ process are closely related to those

for the ep process, bearing in mind the di↵ering soft survival factors, S2(pp̄) < S2(ep). CDF recently

28

Examples of typical 
exclusive reactions 

studied so far…
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diffractive di-jet at the LHC
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T
| < 4.4,  pj1,j2η,  |2 jet1jet→, pp-1=7 TeV, L = 2.7 nbsCMS,  

Diffractive di-jets at Tevatron

Rapidity gap between a pair of jets observed in pp̄ at Tevatron

Large mom.transfer |t| across gap
) hard pert. QCD exchange
(as opposed to ’normal’ soft diÆraction)

Elastic parton-parton scattering by
hard colour singlet exchange (hard pomeron)

t

x1

x2

ET

ET

High energy limit s/|t|¿ 1 ) amplitude
dominated by terms ª [Æs ln(s/|t|)]n
BFKL equation resums these terms
(with virtual corrections & reggeization of gluons)

Enberg, GI, Motyka

Numerical solution of BFKL eqn.
with non-leading corrections
in Pythia reproduces data

ET -jet

ET and ¢¥ dependences OK
asymptotic Mueller-Tang) wrong ET -dep.

Absolute normalisation OK
correct gap survival probability
with SCI-model that destroy gaps (!)

Provides strong evidence for BFKL dynamics !
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CDF data
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Sudakov, S2

dσ/dMjj [pb/GeV],
√
s = 1.96 TeV, parton level
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All predictions made with MSTW08LO PDFs, parton level

• Can compare results of the MC with the CDF measurement.
• See clearly how both soft survival effects and Sudakov factor (non-pert. 
and pert. physics) are crucial to describe data.

Preliminary

CDF Collab., Phys.Rev.D77:052004,2008

Soft survival not included, scale 
of Sudakov factor frozen

Soft survival included, scale of 
Sudakov factor frozen

Soft survival included, scale of 
Sudakov factor ⇠ Mjj

Probability to produce colour singlet dijet 
state drops strongly with Mjj

Tevatron cross sections

Exclusive Jet production at the Tevatron
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EXCLUSIVE DijetÆ Excl. Higgs THEORY CALIBRATION 

p 

p 
_ 

} JJ  

Exclusive dijets 

PRD  77, 052004 (2008) 

EDS2013, Saariselca Hard Diffraction at CDF                     K. Goulianos   

CDF Collab., Phys.Rev.D77:052004,2008
• Exclusive dijet production measured by CDF in 2008, by D0 in 2011.

• Data compared quite well with Exhume MC implementation of the 
Durham model, giving support to this (perturbative) approach.
• However the MC (and theory) used is not up to date or complete (in 
particular with tagged protons).

! In this talk I will describe new MC, under development, for exclusive 
jets, which can be compared to future LHC measurements.
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FIG. 20: Exclusive dijet cross sections for events with two
jets of Ejet

T > 10 GeV plotted vs. the minimum Ejet
T of

the two jets in the kinematic range denoted in the figures:
(a) total exclusive cross sections compared with ExHuME

and ExclDPE predictions; (b) exclusive cross sections for
events with Rjj > 0.8 compared with ExHuME (solid curve)
and with the LO analytical calculation from Ref. [6] (see also
Ref. [43]) scaled down by a factor of three (dashed lines) - the
shaded area represents uncertainties in the calculation due to
hadronization effects; and (c) the ratio of total exclusive to
inclusive DPE cross sections.

sections for exclusive production of a color-singlet dijet
system of mass M are given by [44]

dσ̂excl

dt
(gg → gg) =
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πα2
s

E4
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(11)
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dt
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s

6E4
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q
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(
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4m2

q

M2

)

, (12)

where ET is the transverse energy of the final state parton
and mq is the quark mass. The suppression of gg → qq̄ is
due to the factor (m2

q/M
2)(1−4m2

q/M
2), which vanishes

as m2
q/M

2 → 0 (Jz = 0 selection rule [10]). Exclusive
gg → qq̄ contributions are also strongly suppressed in
NLO and NNLO QCD, and in certain higher orders [46].

The predicted exclusive qq̄-dijet suppression offers the
opportunity of searching for an exclusive signal in IDPE
data by comparing the inclusive dijet Rjj shape with that
of data containing identified qq̄ dijets. The presence of
an exclusive dijet signal in the IDPE event sample would
be expected to appear as a suppression in the ratio of qq̄
to inclusive events at high Rjj . This data driven method
avoids the use of MC simulations and can be used to cor-
roborate the MC-based extraction of the exclusive signal
from the inclusive data sample. As many systematic ef-
fects cancel in measuring the ratio, a relatively small qq̄
event sample can provide valuable information.

To ensure quark origin, we select jets from heavy flavor
(HF) b- or c-quarks, identified from secondary vertices
produced from the decay of intermediate B or D mesons
using the SVX II detector. Both b- and c-quark jets are
used, since the suppression mechanism holds for all quark
flavors.

Below, in Sec. VIII A we describe the HF data sample
and event selection requirements, in Sec. VIII B we eval-
uate the HF selection efficiencies and backgrounds, and
in Sec. VIII C we present the HF jet fraction results.

A. Data sample and event selection

The data used in this analysis were collected at a full
rate (no pre-scaling) with a trigger satisfying the same re-
quirements as the DPE trigger, Jet5+RPS+BSC1p, plus
an additional one designed to enhance the HF jet content.
The latter required the presence of at least one track with
transverse momentum pT > 2 GeV/c displaced from the
IP by a distance d of 0.1 < d < 1.0 mm, where d is the
distance of closest approach of the track to the IP [47].
The total integrated luminosity of this data sample is
200 ± 12 pb−1.

Jets are reconstructed using a CDF Run I based iter-
ative cone algorithm [48] with an η-φ cone of radius 0.4.
The secvtx tagging algorithm is used to search for a
displaced secondary vertex due to a B or D meson de-
cay within a jet cone. This algorithm seeks tracks with
hits in the SVX II within the jet cone, and reconstructs
the secondary vertex from those which are significantly

D0 collab. Phys.Lett. B705 (2011) 193
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FIG. 20: Exclusive dijet cross sections for events with two
jets of Ejet

T > 10 GeV plotted vs. the minimum Ejet
T of

the two jets in the kinematic range denoted in the figures:
(a) total exclusive cross sections compared with ExHuME

and ExclDPE predictions; (b) exclusive cross sections for
events with Rjj > 0.8 compared with ExHuME (solid curve)
and with the LO analytical calculation from Ref. [6] (see also
Ref. [43]) scaled down by a factor of three (dashed lines) - the
shaded area represents uncertainties in the calculation due to
hadronization effects; and (c) the ratio of total exclusive to
inclusive DPE cross sections.

sections for exclusive production of a color-singlet dijet
system of mass M are given by [44]
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where ET is the transverse energy of the final state parton
and mq is the quark mass. The suppression of gg → qq̄ is
due to the factor (m2

q/M
2)(1−4m2

q/M
2), which vanishes

as m2
q/M

2 → 0 (Jz = 0 selection rule [10]). Exclusive
gg → qq̄ contributions are also strongly suppressed in
NLO and NNLO QCD, and in certain higher orders [46].

The predicted exclusive qq̄-dijet suppression offers the
opportunity of searching for an exclusive signal in IDPE
data by comparing the inclusive dijet Rjj shape with that
of data containing identified qq̄ dijets. The presence of
an exclusive dijet signal in the IDPE event sample would
be expected to appear as a suppression in the ratio of qq̄
to inclusive events at high Rjj . This data driven method
avoids the use of MC simulations and can be used to cor-
roborate the MC-based extraction of the exclusive signal
from the inclusive data sample. As many systematic ef-
fects cancel in measuring the ratio, a relatively small qq̄
event sample can provide valuable information.

To ensure quark origin, we select jets from heavy flavor
(HF) b- or c-quarks, identified from secondary vertices
produced from the decay of intermediate B or D mesons
using the SVX II detector. Both b- and c-quark jets are
used, since the suppression mechanism holds for all quark
flavors.

Below, in Sec. VIII A we describe the HF data sample
and event selection requirements, in Sec. VIII B we eval-
uate the HF selection efficiencies and backgrounds, and
in Sec. VIII C we present the HF jet fraction results.

A. Data sample and event selection

The data used in this analysis were collected at a full
rate (no pre-scaling) with a trigger satisfying the same re-
quirements as the DPE trigger, Jet5+RPS+BSC1p, plus
an additional one designed to enhance the HF jet content.
The latter required the presence of at least one track with
transverse momentum pT > 2 GeV/c displaced from the
IP by a distance d of 0.1 < d < 1.0 mm, where d is the
distance of closest approach of the track to the IP [47].
The total integrated luminosity of this data sample is
200 ± 12 pb−1.

Jets are reconstructed using a CDF Run I based iter-
ative cone algorithm [48] with an η-φ cone of radius 0.4.
The secvtx tagging algorithm is used to search for a
displaced secondary vertex due to a B or D meson de-
cay within a jet cone. This algorithm seeks tracks with
hits in the SVX II within the jet cone, and reconstructs
the secondary vertex from those which are significantly
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Diffractive DIS

1993: DiÆractive DIS discovery at HERA by ZEUS and H1

Surprise to many, although predicted
Event Topologies of Deep Inelastic Scattering
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~ 10 % of gap events!!!

DiÆractive DIS at HERA
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in terms of diffractive structure function

12

Diffractive DIS

1993: DiÆractive DIS discovery at HERA by ZEUS and H1

Surprise to many, although predicted
Event Topologies of Deep Inelastic Scattering
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~ 10 % of gap events!!!
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in terms of diffractive structure function
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Summary
✓   Hadronic diffraction is one of the most prominent tools for probing  
      the long-distance effects in QCD  
  
✓   Major sources of diffractive factorisation breaking in hadron-hadron  
      collisions are (i) the absorptive corrections, and (ii) the hard-soft interplay  
      due to transverse motion of spectators, making the hadronic diffraction  
      of the leading-twist nature

✓   The dipole picture provides universal and robust means for studies  
      the inclusive and single-diffractive processes in both pp and pA  
      collisions at large Feynman xF beyond QCD factorisation  

✓   The universal partial dipole amplitude accounts for the absorptive  
      corrections such that no additional probabilistic fudge factors  
      are necessary in the dipole picture  

✓   Single-diffractive gauge bosons’ (e.g. Drell-Yan) and heavy flavour production  
      at large Feynman xF has been studied beyond diffractive factorisation 

✓   The SD-to-diffractive ratio affects the scale and rapidity dependence  
      of the leading-twist hadronic diffractive observables compared to the inclusive  
      ones, the angular correlations are the same as in the inclusive case.
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