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Motivation Factorization Hadroproduction Photoproduction Conclusion

Properties of the “new particle with a mass of 125 GeV”?
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Huge uncertainty from rescattering probability

232 V.A. Khoze et al.: Diffractive Higgs production: myths and reality

Table 1. Recent QCD-based calculations of the cross section, σHiggs, for exclusive, inclusive and Central
inelastic double-diffractive production of a Higgs boson of mass about 120 GeV, at Tevatron and LHC
energies. The Norm. column indicates the way in which the various predicted cross sections are normalised.
T 2 and S2 are the survival probabilities of the rapidity gaps to QCD radiation associated with the hard
gg → H subprocess and to soft rescattering, respectively; “norm” in the S2 column means that S2

is simply determined by normalising to CDF dijet data [25]. The cross sections for central inelastic
production (C.inel) correspond to integrating up to Mmiss = 0.1

√
s, where

√
s is the collider energy. Note

that in [16] the C.inel cross section is 0.2 fb at the Tevatron, but this includes the exclusive contribution.
The LHC entry for Cox et al. [5] is obtained using S2 = 0.02

Reference Process
Survival factor

Norm.
σHiggs (fb)

Notes
T 2 S2 Teva. LHC

Cudell, excl no no σtot 30 300 Overshoots CDF dijets

Hernandez [21] incl 200 1200 by 1000.

Levin [20]
excl yes yes σtot 20 Overshoots CDF dijets

incl (no DL) 70
–

by 300.

Khoze, Martin,
excl pdf 0.2 3

Uses skewed gluons.

Ryskin [16]
incl yes yes pdf 1 40

CDF dijets OK.
C.inel ∼ 0.03 50

Cox, Forshaw,
C.inel T $ 1 norm

CDF
0.02 6

No LO, only NLO, QCD

Heinemann [5] dijet i.e., no Fig.2a, only 2c.

Boonekamp, De Roeck,
C.inel T $ 1 norm

CDF
2.7 320

No LO, only NLO, QCD.

Peschanski, Royon [7] dijet Assume S2
CDF = S2

LHC .

Enberg, Ingelman, incl
yes yes FDiff.

2 < 0.01 0.2 No coherence.
Kissavos, Timneanu [19] C.inel

imental limit. There is no simple way of using these dijet
overshoot factors to correct the predictions for Higgs pro-
duction given in [20,21]. We cannot simply scale down the
predictions by dividing by the overshoot factors. The cor-
rection factor has, first, an energy dependence arising from
the effective gluon density normalised to σtot and, second,
due to the energy dependence of the soft survival factor
S2. Moreover, the QCD radiative effects described by the
T factor depend strongly on the hard scale, and are quite
different for dijet production, with jets of ET ∼ 7–10 GeV,
and Higgs production with scale MH/2 ∼ 60 GeV.

Instead of fixing the normalisation of the prediction for
exclusive Higgs production by using σtot, a more reliable
method is to use the gluon density given by global parton
analyses and to include the Sudakov-like survival factor
T = exp

(
−S(Q2

t , M
2
H)

)
inside the loop integral over Qt

in (1) [27]. This factor provides the infrared stability of
the integral, while the known gluon distribution fixes the
normalisation. More recently, the method has been fur-
ther improved [11,16]. First, the skewed effect is included
(using the prescription of [28,29]), that is the effect due to
unequal longitudinal momentum fractions carried by the
left and right t channel gluons in Fig. 1a: explicitly, we
have (x′

i # Qt/
√

s) % (xi # MH/
√

s). Second, the NLO
corrections to the gg → H vertex, and the next-to-leading
correction to the double-logarithmic T factor (that is the
single log term in T ), are included6. This is the method

6 Note that the gluon with x′ $ 0 is almost ‘at rest’ and prac-
tically does not radiate. Thus, the QCD radiation is associated
with the hard gg → H subprocess

used for obtaining the numbers quoted for the third entry
[16] in Table 1.

The most delicate point, in the prediction of the cross
section for diffractive Higgs production, is the calculation
of the probability, S2, that the rapidity gaps survive the
soft rescattering. S2 cannot be determined using pertur-
bative QCD and non-perturbative techniques have to be
applied. To improve the accuracy of the prediction of S2,
a detailed analysis7 of all available soft high energy pp
and pp̄ data was performed [12]. Using the results of this
analysis it is possible to compute the soft survival fac-
tor S2 for a complete range of diffractive processes. The
factors for Higgs production are given in [11,12,16]. For
exclusive Higgs production at the LHC the soft survival
factor S2 is found to be 0.02. After all the above effects
are included, the uncertainty in the prediction of the cross
section, σ(pp → p+H+p) # 3 fb, is estimated to be about
a factor of two [1].

4 Inclusive diffractive Higgs production

If we allow the protons to dissociate, but still keep the
rapidity gaps on either side of the produced Higgs bo-
son, then we enlarge the cross section by a factor of 3–10,

7 The data were analysed in terms of a two-channel eikonal
model, which also incorporated high mass diffraction and π-
loop insertions in the Pomeron trajectory (to describe better
the periphery of the proton)

Khoze, Martin, Ryskin, EPJC 26 (2002) 229
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QCD factorization for inclusive DIS

p

P=(Ep,pp) Xp

x•P
Xq

q

e+

k=(Ee,pe)

e+ / e

k’

Kinematic variables:

Q2 = −q2 = −(k − k ′)2

x =
Q2

2mp(Ee − E ′e)

y =
q.p

k .p
=

∑
h(Eh − pz,h)

2Ee

Inclusive structure function:

F2(x ,Q2) =
∑

a=q,g

C2a ⊗ fa/p +O
(

1

Q2

)

Collins, Soper, Sterman, in: Perturbative QCD, A. Mueller (ed.), World Scientific, 1989
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Experimental test of factorization
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 = 0.7coneR

NLO pQCD
+non-perturbative corrections

T
 = p

F
µ = 

R
µCTEQ6.5M   

600

DØ Run II

De Roeck, Thorne, PPNP 66 (2011) 727

→ PDFs determined in ep at HERA also describe pp̄ Tevatron data
→ Hard scale Q set by jet pT ; PDFs needed for p and p̄
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QCD factorization for inclusive DIS on photons

‘probe photon’

‘target photon’

xP

e

e

e+

e+

q2= Q2

p2= P2

Kinematic variables:

P2 = −p2 ' 0

xγ =
Q2

(q + p)2 + Q2 + P2

Inclusive structure function:

F γ2 (xγ ,Q
2,P2) =

∑

a=γ,q,g

C2a ⊗ fa/γ + . . .

Direct + resolved components (VMD)

Nisius, Phys. Rep. 322 (2000) 165
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Experimental test of factorization for photons

d /dx  (nb)
ZEUS 1996-2000

NLO * HAD GRV
NLO * HAD AFG04
NLO * HAD CJK

x
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Cornet, Jankowski, Krawczyk, PRD 70 (2004) 093004 Klasen, Kramer, EPJC 71 (2011) 1774

→ PDFs determined in eγ at LEP also describe γp HERA data
→ Hard scale Q set by jet pT ; PDFs needed for γ and p
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QCD factorization for diffractive DIS

X

Y{

{

t

( pX)

( pY)

Final state separated by rapidity gap:

- X = contains hard jets
- Y = proton or low-mass excitation

Additional variables:

t = (p − pY )2

xIP =
q(p − pY )

qp
( = ξ)

Diffractive structure function:

FD
2 (x ,Q2; xIP , t) =

∑

a

C2a ⊗ f D
a/p
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Proof of QCD factorization for diffractive DIS (1)

A
p

p’

H

J1

Jn

S

r

Leading regions:

- A = remnant jets ‖ p and p′

- H = hard with momenta ∼ Q
- S = soft with momenta � Q
- Ji = hard jets

Light-cone coordinates:

qµ = (q+, q−,qT ) , q± =
q0 ± q3

√
2

Breit frame:

qµ =

(
− Q√

2
,
Q√

2
, 0

)
, q0 = 0

Collins, PRD 57 (1998) 3051
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Proof of QCD factorization for diffractive DIS (2)

J
l-k l

k

Jet momentum:

lµ =

(
0,

Q√
2
, 0

)
+O(Q0)

Soft gluon attachments (only FS):

Jµ =
1

(l − k)2 −m2
Γµ

=
1

−2l−k+
Γ− l̂µ +O(Q0)

= k+J−
l̂µ

k+
+O(Q0)

Ward identity, proof as in e+e−.

For small k+, can deform to k+ − iε

Collins, PRD 57 (1998) 3051
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Proof of QCD factorization for diffractive DIS (3)

A
p

p’

J

r
l1+r

l2-r
r

FIG. 7. A situation giving a pinch of r+.

l1

l2-rl1+l2-r r

FIG. 8. Rerouting r in this way avoids the pinch given by Fig. 7.

restricted by poles in other parts of the soft subgraph, and these give restrictions that are
more severe than those imposed by the poles in the jet subgraphs.

The first point to notice is that by hypothesis we start in a part of the soft region where
rT ! r−, the part where Eq. (5) fails. This implies that the pole of the propagator for the
line r does not restrict the deformation.

Moreover, the r+ contour is not trapped by the A subgraph. So any pinch would arise
from a pinch by other soft lines or by jet lines. It would occur only in a situation like Fig.
7, where we suppose that the lines l1 + r and l2 − r both have positive − components of
momenta. Moreover, l+1 and l+2 must not be much larger than r+ and l−1 and l−2 must not
be so small that the lines are in the Coulomb region.

But if we do have such a pinch, then we can reroute the momentum as in Fig. 8, unless
the left-hand line l1 + l2 is an external momentum.

So we now have a prescription for avoiding a pinch, if it is possible at all. This is to start
at the top end of the line r, and to route r back against the flow of − momentum, as in Fig.
8. If by this procedure we do not arrive at the bottom end of the line r, then we arrive at
one of the two incoming lines, either the proton or the virtual photon. In either case we can
finish the construction of the route for r by taking it on lines in the A subgraph. Since by
definition these have large + momenta, while r+ is small, none of these lines contribute to
a possible pinch of r+.

This completes the proof that the contour of integration over loop momenta is not trapped
in a region where the soft approximation Eq. (5) fails for the attachment of a soft gluon to
the A subgraph.

9

Proton momenta:

p(′)µ =

(
(1− xIP)

x

Q√
2
, 0, 0

)
+O(Q0)

Soft gluon attachments (IS and FS):

Aµ = r−A+ p̂µ

r−
+O(Q0)

Can not deform contour for small r−.

Route r back from jet with small r+

component, until one hits large A+.
So the poles at r− = 0 must cancel.

Collins, PRD 57 (1998) 3051
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Regge factorization

Additional variable:

zIP =
x

xIP
( = β)

Regge factorization (cf. WWA):

f D
a/p(x ,Q2; xIP , t) =

fIP/p(xIP , t) fa/IP(zIP ,Q
2)

+ nIR fIR/p(xIP , t) fa/IR(zIP ,Q
2)

Pomeron/Reggeon fluxes (∼ σel .
pp):

fIP/p(xIP , t) = CIP
eBIP t

x
2αIP (t)−1
IP

Leading/subleading trajectories:

αIP(t) = αIP(0) + α′IP t

Ingelman, Schlein, PLB 152 (1985) 256
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Regge factorization at HERA

No theoretical proof, but well supported by experimental data.

Parameter H1 2006 fit A H1 2006 fit B H1 2007 jets

BIP 5.5 GeV−2 idem idem
αIP(0) 1.118 1.111 1.104
α′IP 0.06 idem idem

nIR 1.7× 10−3 1.4× 10−3 1.3× 10−3

BIR 1.6 GeV−2 idem idem
αIR(0) 0.50 idem idem
α′IR 0.3 idem idem

At small xIP < 0.03 (0.025 for γp → jets) and |t| < 1 GeV2:

- Reggeon nIR small, but needed for a good fit
- Contributes 30 % at large xIP ' 0.03
- Pion PDFs (not very sensitive)

H1 Coll., EPJC 48 (2006) 715

H1 Coll., JHEP 0710 (2007) 042
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Experimental test of factorization for pomerons
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H1 Coll., JHEP 0710 (2007) 042

→ Pomeron dominated by gluon; quarks (u = d = s) much smaller
→ Inclusive DIS data not enough; must also include DIS dijet data

14 / 36



Motivation Factorization Hadroproduction Photoproduction Conclusion

Diffractive dijet production at the Tevatron (1)

where the projection operators have the simple forms

P L
i = (1 − x)ni(Q

2), P S
i = 1 − P L

i . (20)

We determine the values of ni in order to satisfy the sum rules of (17) and (18). We call this

model B. It turns out that both models A and B give rather similar predictions. We study the

implications of the models in Section 5.

4 Diffractive dijet production — a first look

Recently CDF have measured diffractive dijet production for events with a leading antiproton

at the Tevatron [17]. These observations, coupled with the diffractive measurements by H1

[22] and ZEUS [23] at HERA, offer the opportunity to explore the diffractive framework in

some detail. The processes are shown schematically in Fig. 2, in the absence of rescattering

corrections. The lower parts of the diagrams, shown as Pomeron exchange, are to be understood

as including multiple Pomeron contributions.

M2j

j

p

p
p

β

x1

PI

(a)

TEVATRON HERA

γ

p
p

β

Q2

PI

(b)

Figure 2: Schematic diagrams for diffractive dijet production at the Tevatron and for diffractive

deep inelastic scattering at HERA. The rescattering corrections are omitted in these diagrams.

If we ignore rescattering corrections, for the moment, then the cross section for diffractive

dijet production of Fig. 2(a), integrated over t, may be written as

σ =
∑

i,k

∫
FIP (ξ) f IP

i (β, E2
T ) f p

k (x1, E
2
T ) σ̂ dβdx1dξ, (21)

where σ̂ is the cross section to produce dijets from partons carrying longitudinal momentum

fractions x1 and β of the proton and Pomeron respectively. This would correspond to the

6

Tevatron Run IC (1995-96):

- pp̄ collisions at
√
s = 1800 GeV

32.629 non-diffractive (ND) events:

- 2 jets with cone size R = 0.7

- E 1,2
T > 7 GeV, |η1,2| < 4.2

- xp̄ = 1√
s

∑
i E

i
T e−η

i

30.410 single-diffractive (SD) events:

- p̄′ triggered in Roman pot (57 m)
- ξ (= xIP) ∈ [0.035; 0.095]
- |t| < 1 GeV2

CDF Coll., PRL 84 (2000) 5043
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Diffractive dijet production at the Tevatron (2)

Cross section ratio:

R(x ,Q2, ξ, t) =
NSD

JJ (x ,Q2, ξ, t)

NND
JJ (x ,Q2)

' FSD
JJ (x ,Q2, ξ, t)

FND
JJ (x ,Q2)

(Single-) diffractive structure function:

F̃D
JJ

(
β =

x

ξ

)
= R(x ,Q2, ξ, t)× FND

JJ (x ,Q2)

Non-diffractive structure function:

FND
JJ (x ,Q2) = x

[
fg/p(x ,Q2) +

4

9

∑

q

fq/p(x ,Q2)

]

with GRV 98 LO PDFs.
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Diffractive dijet production at the Tevatron (3)

VOLUME 84, NUMBER 22 P HY S I CA L R EV I EW LE T T ER S 29 MAY 2000

FIG. 3. Ratio of diffractive to nondiffractive dijet event rates
as a function of x (momentum fraction of parton in p̄). The solid
lines are fits to the form R̃!x" ! R0!x#0.0065"2r for b , 0.5.

of the diffractive to ND parton densities of the antiproton,
as “viewed” by dijet production. We will denote the asso-
ciated structure functions by Fjj!x" ! x$g!x" 1

4
9q!x"%,

where g!x" is the gluon and q!x" is the quark density; the
latter is multiplied by 4

9 to account for color factors. The
shape of the R̃!x" distribution exhibits no significant j de-
pendence. A fit to all the data in the region 0.035 , j ,
0.095 yields R0 ! !6.1 6 0.1" 3 1023 and r ! 0.45 6
0.02 with x2#d.o.f. ! 0.76. The exponent r is insensitive
to systematic uncertainties in jet energy calibration, which
generally depend on hjet. A 30% change in the SD or ND
underlying event energy values results in a 14% change
in R0; adding in quadrature an estimated 20% normaliza-
tion uncertainty yields an overall systematic uncertainty of
625%. Another uncertainty arises from the sensitivity of
the parameters R0 and r to the number of jets used in evalu-
ating x. Using only the two leading jets yields R0 !
!4.8 6 0.1" 3 1023 and r ! 0.33 6 0.02 (x2#d.o.f. !
1.21), while by using up to four jets with ET . 5 GeV we
obtain R0 ! !7.0 6 0.1" 3 1023 and r ! 0.48 6 0.02
(x2#d.o.f. ! 0.74). About 48% (23%) of the SD (ND)
events have no jets of ET . 5 GeV, other than the two
leading jets; for these events R0 ! !9.6 6 0.2" 3 1023

and r ! 0.31 6 0.03 (x2#d.o.f. ! 1.18).
The diffractive structure function of the antiproton is

obtained from the equation

F̃D
jj!b" ! R̃!x ! bj" 3 F̃ND

jj !x ! bj" .

We have evaluated F̃D
jj!b" for jtj , 1 GeV2,

0.035 , j , 0.095, and ET ! jet1, jet2" . 7 GeV using
the GRV98LO parton density set [13] in F̃ND

jj !x ! bj".

The result is shown in Fig. 4. The solid curve is a fit
to the data of the form F̃D

jj!b" ! B!b#0.1"2n in the
range !1023#j" , b , 0.5, which corresponds to the
region 1023 , x , 0.5jmin of Fig. 3. For our average
j of 0.065 the value of b ! 0.1, for which F̃D

jj ! B,
corresponds to x ! 0.0065, for which R̃ ! R0. This
fit yields B ! 1.12 6 0.01 and n ! 1.08 6 0.01 with
x2#d.o.f. ! 1.7. The systematic uncertainty in B is
60.28, carried over from that in R0. The lower and upper
boundaries of the filled band surrounding the data points
represent the b distributions obtained by using only
the two leading jets or up to four jets of ET . 5 GeV,
respectively, in the evaluation of x. The dashed (dotted)
curve is the expectation for F̃D

jj!b" calculated from fit 2
(fit 3) of the H1 diffractive structure function [1] evaluated
at Q2 ! 75 GeV2, which approximately corresponds to
the average value of !Ejet

T "2 of our data. The H1 structure
function, which was derived from data in the region of
j , 0.04, has two terms, presumed to be due to Pomeron
(IP) and Reggeon (IR) exchanges. Each term consists of
the structure function of the exchanged Pomeron/Reggeon
multiplied by the corresponding flux factor, f!IP,IR"#p̄!j, t":

F̃D
jj!b" !

X

i!IP,IR

Z tmin

t!21

Z j!0.095

j!0.035
Ci ? fi#p̄!j, t"

? Fi
jj!b" dj dt .

FIG. 4. Data b distribution (points) compared with expecta-
tions from the parton densities of the proton extracted from
diffractive deep inelastic scattering by the H1 Collaboration. The
straight line is a fit to the data of the form b2n. The lower (up-
per) boundary of the filled band represents the data distribution
obtained by using only the two leading jets (up to four jets of
ET . 5 GeV) in evaluating b. The dashed (dotted) lines are
expectations from the H1 fit 2 (fit 3). The systematic uncer-
tainty in the normalization of the data is 625%.

5047

Comparison with FD
2 from H1:

- Smaller by 0.06 (0.05) for fit 2 (3)
- QCD factorization is broken!

Shape disagrees as well:

- For β < 0.5, F̃D
JJ ∼ 1/β (solid line)

Corrections and uncertainties:

- UE of 1.16 (0.54) GeV for ND (SD)
- 3- and 4-jet contributions (band)
- Systematic error on norm.: ±25 %

CDF Coll., PRL 84 (2000) 5043
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Diffractive dijet production at the Tevatron (4)

Experimental analysis:

- Cone algorithm, ambiguous → Need Rsep = 1.3× R

- Equal cuts on E 1,2
T > 7 GeV → Need E 2

T > 6.5 GeV
- Remedied in PRL 88 (2002) 151802 with ET > 10 GeV

Theoretical interpretation:

- No unfolding of Wilson coefficients (simple division)
- Only color factors taken into account in FND

JJ

- No evolution effects, assume Q2 = 75 GeV2 ' 〈E 2
T 〉

- Outdated LO parameterization for proton PDFs
- H1 DPDFs obtained at smaller xIP < 0.03, but Reggeon is small
- H1 DPDFs include dissociation, must be divided by 1.23
- Must also take into account FD,c

2 (x ,Q2, xIP , t) = 2 x e2
c f

D
c/p

Klasen, Kramer, PRD 80 (2009) 074006
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Diffractive dijet production in NLO QCD

      p
_
p → (p

_
+)2jets+X  at √s = 1800 GeV
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CDF PRL 84 / NLO H1 2007 Fit Jets

→ Qualitatively similar results with correlations and new DPDFs
→ Impact of NLO corrections visible, strong β-dependence at NLO

Klasen, Kramer, PRD 80 (2009) 074006
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Non-factorizable multipomeron exchanges
Two-channel eikonal model:

p p
h

+

p N*

h

Figure 1: The double-Pomeron exchange contribution to diffractive h production in the simple

two-channel model of (13).

In order to specify the diffractive eigenstates |φ1〉 and |φ2〉 we shall consider two simple

models (A and B). It is natural to identify the component with the smaller absorptive cross

section (that is |φ2〉) with the state which contains less partons and which has a large typical

momentum fraction x for each parton. From the QCD viewpoint, the small size component

of the proton (where all the valence quarks are close together) has the smallest absorptive

cross section, due to colour transparency. From the Regge viewpoint, the component with the

largest absorptive cross section corresponds to the eigenstate (|φ1〉) with a larger number of

partons in the small x region. Thus from both viewpoints we expect the component with the

smaller cross section (smaller transverse size) to have a larger average x of each parton. At the

moment, it is impossible to be more specific, and so to make numerical estimates we consider

two alternatives.

First, in model A, we identify the valence quarks with |φ2〉 with the smaller absorption,

and the gluons and sea quarks with |φ1〉. Of course the model is oversimplified. It is clear

that there is a part of the valence component with large size, while on the other hand the

gluons and sea quarks contribute to the small size component. In general, one can write each

partonic distribution fi(x, Q2) (i = valence, sea, glue) as the sum of a small (S) and large (L)

size component

fi(x, Q2) = fS
i (x, Q2) + fL

i (x, Q2). (16)

In a model, where the probabilities of the S and L components in the proton are equal, as in

Section 2, these components should satisfy the following sum rules,

∫ 1

0
dx fS

V (x, Q2) =
∫ 1

0
dx fL

V (x, Q2) =
3

2
(17)

∫ 1

0
dx x

∑

i

fS
i (x, Q2) =

∫ 1

0
dx x

∑

i

fL
i (x, Q2) =

1

2
, (18)

which follow from the conservation of valence quark number and energy respectively.

We can therefore introduce an alternative model in terms of modified parton distributions

fS,L
i (x, Q2) = P S,L

i (x, Q2) fi(x, Q2), (19)

5

Diffractive eigenstates:

|φs〉 =
1√
2

(|p〉+ |N∗〉) , |φv 〉 =
1√
2

(|p〉 − |N∗〉)

Absorptive cross sections ∼ size of components:

- Gluons and sea quarks (s) = large
- Valence quarks (v) = small

Kaidalov, Khoze, Martin, Ryskin, EPJC 21 (2001) 521
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Survival probabilities in LO QCD

PS / PLB
A quark / gluon

Fjj(β)

β

D

I

II

I

II(Small / Large σabs)

Figure 4: The predictions for diffractive dijet production at the Tevatron, obtained from two

alternative sets of ‘HERA’ diffractive parton distributions I and II (of Fig. 3), compared with

the CDF data [17]. The upper two curves correspond to the neglect of rescattering corrections,

whereas the lower four curves show the effect of including these corrections using model A (con-

tinuous curves) and model B (dashed curves) for the diffractive eigenstates (|φi〉 of Sections 2

and 3).

The calculation of the diffraction dijet rate, incorporating the rescattering effects of (25),

confirms these expectations, as shown by the lower pair of continuous curves (I and II) in

Fig. 4. These curves are parameter-free predictions of the diffractive dijet rate based on the

two-channel eikonal model of Ref. [9] and on the diffractive distributions obtained from HERA

data. The two models (A and B of Section 3) for the diffractive eigenstates (|φ1〉 and |φ2〉)
give similar predictions to each other, as shown respectively by the continuous and dashed

curves in the lower part of Fig. 3. We see that the pair of curves II satisfactorily reproduce

the normalisation and the experimentally observed shape of the β distribution. Curves I also

11

Kaidalov, Khoze, Martin, Ryskin, EPJC 21 (2001) 521
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Survival probabilities in NLO QCD

      p
_
p → (p

_
+)2jets+X  at √s = 630 GeV
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      p
_
p → (p
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+)2jets+X  at √s = 1800 GeV

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

β
F~

D
,e

x
p

JJ
  

  
(β

) 
/ 

F~
D

,(
N

)L
O

JJ
  

  
  

 (
β)

CDF PRL 88 / NLO

0.035 ≤ ξ ≤ 0.095

CDF PRL 88 / LO

CDF PRL 88 / NLO H1 2006 Fit A

CDF PRL 88 / NLO H1 2007 Fit Jets

→ Valence quarks in proton dominate at small β, less suppression
→ No significant

√
s dependence

Klasen, Kramer, PRD 80 (2009) 074006

22 / 36



Motivation Factorization Hadroproduction Photoproduction Conclusion

Center-of-mass energy dependence (1)

10
-3

10
-2

10
-3

10
-2

10
-1

x (antiproton)x (antiproton)

R∼
[S

D
/N

D
](x

)

x (antiproton)x (antiproton)

ET
Jet1,2 > 7 GeV

ET
  ★ > 10 GeV

0.035 <ξ< 0.095
| t | < 0.2 GeV2

1800 GeV
630 GeV

FIG. 2. Ratio of single-diffractive to non-diffractive production rates as a function of x-Bjorken for events with two jets of
ET > 7 GeV and mean ET greater than 10 GeV at

√
s = 630 GeV (black points) and 1800 GeV (open circles). The errors are

statistical only.

7

Low-x partons important at large
√
s,

but little dependence on
√
s observed

Opacity / optical density:

Ωi ∼
(g IP

pp )2(s/s0)αIP (0)−1

4πB

H1 2006 fits A,B and H1 2007 jets:

- αIP(0) = 1.104 . . . 1.118

CDF Coll., PRL 88 (2002) 151802
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Center-of-mass energy dependence (2)
13

ξ
∼

-310 -210

b)
µ (ξ∼

/d jj
σd

-110

1

10

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,  

Figure 8: The differential cross section for inclusive dijet production as a function of �ξ for
jets with axes in the range |ηj1,j2| < 4.4 and pj1,j2

T > 20 GeV. The points are plotted at the
centre of the bins. The error bars indicate the statistical uncertainty and the band represents
the systematic uncertainties added in quadrature. The predictions of non-diffractive (PYTHIA6
Z2 and PYTHIA8 tune 1) and diffractive (POMPYT SD, POMWIG SD and PYTHIA8 SD+DD) MC
generators are also shown, along with that of the NLO calculation based on POWHEG (first bin
only). The predictions of POMPYT and POMWIG in the first �ξ bin are identical.

tribution. If the amount of proton-dissociative events in the data is assumed to be
41%, as estimated at particle level with PYTHIA8, and that in the dPDFs is taken to
be 23% [7], then this upper limit can be turned into an estimate of the rapidity gap
survival probability of 0.12 ± 0.05.

• POMPYT and POMWIG are leading-order (LO) MC generators. If POWHEG is used
to predict the diffractive cross section at NLO in the first �ξ bin and PYTHIA8 tune
1 is used for hadronisation, the ratio between data and predictions becomes 0.14 ±
0.05. With the assumptions just discussed on the proton-dissociative contribution,
the rapidity gap survival probability becomes 0.08 ± 0.04.

• Figure 8 also shows that the normalisation of the SD+DD PYTHIA8 prediction dis-
agrees with that of POMPYT and POMWIG, and would have to be scaled up by a
factor about two to match the data. This is a consequence of the different modelling
of diffraction in these generators: while they all use the same H1 dPDFs, the param-
eterisation of the pomeron flux in PYTHIA8 is different – and notably not that used
in the H1 fit. Because of this, PYTHIA8 (version 8.135) cannot be used to extract the
rapidity gap survival probability.

While the rapidity gap survival probability measured at the Tevatron [5, 6] is close to that
found in the present analysis, the two measurements cannot be directly compared because of
the different kinematic regions they cover: 0.035 < ξ < 0.095 for the CDF data and 0.0003 <
�ξ < 0.002 for the present CMS data. This difference is relevant because the rapidity gap survival
probability depends on the parton momentum x and is expected to increase with decreasing x
(and hence ξ): from about 0.05 at x = 10−1 to about 0.3 for x = 10−3 according to Ref. [40].

→ Similar rapidity gap: ∆η = 3 . . . 4.9; smaller ξ ∈ [0.0003; 0.002]
→ Survival probability: 0.12±0.05 at LO, 0.08±0.8 at NLO

CMS Coll., arXiv:1209.1805
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Diffractive dijet photoproduction (1)
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Diffractive dijet photoproduction (2)

The proof of factorization would appear to apply also

to direct photo-production of jets, etc., because the

initiating particle of the hard scattering is a

lepton. However the proof does not apply to resolved

photoproduction processes, since these are in effect

hadron-hadron processes. The lack of an absolutely

unambiguous separation between direct and resolved

photoproduction will presumably limit the accuracy of

the application of the factorization formula to

direct diffractive photoproduction.

Collins, PRD 57 (1998) 3051
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Non-factorizable multipomeron exchanges

Figure 1: The simplest diagram for inclusive diffractive jet production in DIS at HERA. xP is

the fraction of the longitudinal momentum of the proton carried by the Pomeron P .

Figure 2: Diffractive dijet production at HERA from a resolved photon. xγ is the fraction of the

photon’s longitudinal momentum carried by the resolved gluon. Diagrams (a) and (b) show the

single-Pomeron-exchange and the multi-Pomeron-exchange contributions, respectively. Similar

diagrams apply to diffractive dijet production in pp collisions.

2

Generalized vector meson dominance:

- JPC = 1−−: γ → ρ, ω, . . .

Fitted parameters at W = 200 GeV:

- σtot(ρp) = 34 mb
- Pomeron slope: B = 11.3 GeV−2

- γ = 0.6 for large ρ excitation prob.

Survival probability:

- Direct photons: |S |2 = 1
- Resolved photons: |S |2 = 0.34

Kaidalov, Khoze, Martin, Ryskin, PLB 567 (2003) 61
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Diffractive dijet photoproduction in NLO QCD (1)

      ep → e+2jets+X´+Y
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→ No factorization breaking at LO, but clearly at NLO
→ Constant suppression factor R = 0.34 for resolved component

Klasen, Kramer, EPJC 38 (2004) 39
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Diffractive dijet photoproduction in NLO QCD (2)

      ep → e+2jets+X´+Y
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→ Data also described by global suppression of R = 0.50
→ Suppression depends on ET . Note: Direct component is harder

Klasen, Kramer, EPJC 70 (2010) 91
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Diffractive dijet photoproduction in NLO QCD (3)

Comparison of H1 low-ET , high-ET and ZEUS analyses:

Suppression H1 low-E jet
T H1 high-E jet

T ZEUS ZEUS ren.
EPJC 70 (2010) 15 H1-prelim-08-012 EPJC 55 (2008) 177 id.

global 0.50 0.62 0.71 0.56 ± 0.05
res 0.40 0.38 0.53 0.42 ± 0.04
res+dir-IS 0.37 0.30 0.45 0.36 ± 0.03
res, fit A 0.32 0.16 0.27 0.21 ± 0.01

→ ZEUS data renormalized for proton dissociation
→ Good agreement with H1 high-ET analysis
→ Direct initial-state influences only scale dependence
→ Suppression factor depends (slightly) on DPDFs

Klasen, Kramer, EPJC 70 (2010) 91
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Diffractive vs. inclusive dijet photoproduction

R = fg/IP ⊗ fIP/p/fg/p: R = σdiff /σincl :

R = diffractive/inclusive  dijet production

xγ

no absorption
absorption
included

Figure 6: The predictions for the ratio, R, of diffractive and inclusive dijet photoproduction at

HERA, of (4), as a function of xγ . The curves have been calculated using the Pomeron flux

and gluon distribution in the Pomeron of Refs. [13], and correspond to a γ-proton c.m. energy

W = 205 GeV, dijet mass M12 = 12 GeV, xmax
P = 0.03 and scale µ2 = 15 GeV2. For the gluon

distribution in the proton we conservatively use that of CTEQ6M partons [16]. The use of the

MRST2001 or MRST2002 [17] gluons gives a value of R which is a bit larger. The predictions

based on single-Pomeron and multi-Pomeron exchange are shown as continuous and dashed

curves respectively. The ratio R of the high Q2 processes is not expected to have absorptive

corrections, and hence should follow the continuous curve.

7

      ep → e+2jets+X´(+Y)
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Kaidalov, Khoze, Martin, Ryskin, PLB 567 (2003) 61 Klasen, Kramer, EPJC 38 (2004) 39

→ Full kinematics important, but similar K -factors
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Diffractive dijet production at low Q2 in NLO QCD

γ
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→ Important transition region from photoproduction to DIS
→ Resummation of higher orders into PDFs needed at low Q2

→ Similar suppression factor applies to this resolved contribution

Klasen, Kramer, PRL 93 (2004) 232002
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Dijet photoproduction with leading neutron in NLO QCD
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→ Dominated by π exchange → can be used to determine π PDFs
→ Flux: Light-cone form factor with R = 0.55 GeV−1 from DIS
→ Pion PDFs dominated by q, not g → different supression factor

Klasen, Kramer, EPJC 49 (2007) 957 33 / 36
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Conclusion

Diffractive events:

- Large fraction of DIS events at HERA (10-15%)
- Clean events at Tevatron/LHC, perhaps even for Higgs studies

Theoretical description:

- QCD factorization proven in DIS
- Regge factorization well supported by experimental data
- DPDFs best constrained by also including jets in DIS

Factorization breaking:

- Initial and final state rescatterings → no contour deformation
- Multipomeron exchanges → two-channel eikonal model
- pp: NLO qualitatively similar to LO, β-dependent
- γp: Direct/resolved related at NLO, resolved supp. ∼ constant
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Ultraperipheral heavy-ion collisions at the LHC

remain intact, or at a low level of excitation, and separated from the produced state by

a rapidity gap. Such hard diffractive processes are thus valuable probes of the gluon

density since their cross sections are proportional to the square of the gluon density,

(dσγp,A→V p,A/dt)|t=0 ∝ [xg(x, Q2)]2 where Q2 ≈ M2
V /4 and x = M2

V /W 2
γp,A, see Eq. (9).

At y = 0, x ∼ 2 × 10−3 in γA → ΥA interactions at the LHC. The x values can vary

by an order of magnitude in the range |y| ≤ 2.5, thus probing the nuclear PDFs in an

x and Q2 range so far unexplored in nuclear DIS or in lower energy AA collisions, see

Fig. 37. Photoproduction measurements thus help constrain the low-x behavior of the

nuclear gluon distribution in a range where saturation effects due to nonlinear evolution

of the PDFs are expected to set in [30, 31].

Pb*

Pb

γ
Q
Q

...

Pb*

Pb

Pb

Pb*

Figure 36. The leading order diagrams for Υ (left) and lepton pair [123]

(right) production in γ A and γ γ processes accompanied by Coulomb excitation in

ultraperipheral Pb+Pb collisions.

Expected cross sections The expected J/ψ and Υ photoproduction cross sections in

ultraperipheral Pb+Pb collisions at the LHC given by starlight [72, 83, 119] are listed

in Table 9. The γ Pb cross sections do not include the ∼ 10−20% feeddown contributions

from excited S states. They also do not include contributions from incoherent γN

processes which should increase the J/ψ and Υ yields by ∼ 50% [95]. Other γ Pb → Υ

predictions for LHC energies, e.g. σΥ = 135 µb [80], give cross sections comparable

to Table 9. Including leading-twist shadowing reduces the Υ yield by up to a factor of

∼ 2 to 78 µb [80], see Table 2.3.4. Even larger reductions are expected when saturation

effects, see Section 5.2, are included [124]. Our motivation is to precisely pin down the

differences between the lead and proton PDFs at low x and relatively large Q2, ≈ 40

GeV2.

Roughly 50% of the UPCs resulting in Υ production are accompanied by Coulomb

excitation of one or both nuclei due to soft photon exchange, as shown in Fig. 36. The

excitations can lead to nuclear breakup with neutron emission at very forward rapidities,

covered by the ZDCs. This dissociation, primarily due to the excitation and decay of

giant dipole resonances, provides a crucial UPC trigger, as discussed in the next section.

63

→ Heavy ions produce strong el.magn. fields → photoproduction
→ Central events with diffractive (J/Ψ) + photon (DY) cont.s

Baltz, MK et al., PR 458 (2008) 1
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Leading twist theory of nuclear shadowing
Geometric interpretation (Glauber, 1955):

- Nucleon in front absorbs part of incoming flux
- Casts shadow on the nucleon behind
- Include anti-shadowing to conserve momentum sum rule

Relation to diffraction (Gribov, 1969):

- At large
√
s, intermediate state of double scattering is diffractive

- Therefore leading twist, needs only HERA data

17

Pb-208
Comparison to results of global fits

EPS09 = Eskola, Puukkunen, Salgado, JHEP 04 (2009) 065
HKN07 = Hirai, Kumano, Nakano, PRC 76(2007) 065207 

ratios of the nuclear to nucleon PDFs are plotted as a function of x at two fixed values of
Q2: Q2 = 4 GeV2 (upper panels) and Q2 = 10 GeV2 (lower panels).
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Fig. 53. Comparison of predictions of the leading twist theory of nuclear shadowing [the area
bound by the two solid curves corresponding to models FGS10 H (lower boundary) and FGS10 L
(upper boundary)], the EPS09 fit (dotted curves and the corresponding shaded error bands) [51],
and the HKN07 fit (dot-dashed curves) [45]. The NLO fj/A(x,Q2)/[Afj/N (x,Q2)] ratios for the
ū-quark and gluon distributions in 208Pb are plotted as functions of x at Q2 = 4 GeV2 (upper
panels) and Q2 = 10 GeV2 (lower panels).

As one can see from Fig. 53, the three compared approaches give rather close values for
nuclear shadowing in the sea-quark channel for a wide range of x, 10−5 ≤ x ≤ 0.02−0.03.
For larger x, the HKN07 fit deviates from the other two due to the assumed antishadowing
for the sea quarks.

In the gluon channel, our approach suggests much larger shadowing at Q2 = 4 GeV2 than
that suggested by the extrapolation of the EPS09 and HKN07 results. Here, however,
one has to make a distinction. While the shadowing in the gluon channel is insignificant
in the HKN07 fit for all Q2 scales, at the input scale Q2

0 = 1.69 GeV2, the EPS09 fit
suggests very large gluon shadowing with the very large theoretical uncertainty [51]. This
is a consequence of the fact that the available data cannot constrain the nuclear gluon
PDF at small x. (Note also that the large gluon shadowing in the EPS09 fit is mostly
driven by the RHIC data which are not in the kinematics where the leading twist pQCD
is applicable, see the discussion in Sec. 8.) Indeed, since the relevant nuclear data for
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Fig. 54. The ratio of the gluon distributions in 208Pb and the nucleon, gA(x,Q2)/[AgN (x,Q2)],
as a function of x for the EPS09 fit at Q2 = 1.69 GeV2 (the dotted curve with the shaded error
band) and in the leading twist theory of nuclear shadowing at Q2 = 4 GeV2 (the shaded area
spanned by the two solid curves, the same as in Fig. 53).

Q2 ≥ 4 GeV2 exist only for x ≥ 10−2, one is forced to assume the dominance of the LT
approximation down to Q2 ≈ 1 GeV2 and use ad hoc assumptions about nuclear PDFs for
smaller x where they are not constrained by the data. When these data are not included
in the fit, the resulting error band is huge.

To illustrate this point, in Fig. 54 we present the ratio of the gluon distributions in
208Pb and in the nucleon, gA(x, Q2)/[AgN(x, Q2)], as a function of x for the EPS09 fit
at Q2 = 1.69 GeV2 (the dotted curve with the shaded error band) and for our leading
twist theory of nuclear shadowing at Q2 = 4 GeV2 (the shaded area spanned by the
two solid curves, the same as in Fig. 53). As one can see from Fig. 54, the predicted
amounts of nuclear shadowing in the gluon channel for x < 10−3 are similar in the two
approaches. However, after short evolution in Q2 from Q2

0 = 1.69 GeV2 to Q2 = 4 GeV2,
the shadowing in the gluon channel in the EPS09 fit significantly reduces and becomes
noticeably smaller than in our LT approach (compare the solid and dotted curves in the
right column of panels in Fig. 53).

We point out, again, that nuclear shadowing in the gluon channel is essentially uncon-
strained by the fixed-target data. The future Electron-Ion Collider, with its deep reach
in the nuclear shadowing region and a large lever arm in Q2 should significantly improve
our knowledge of the gluon parton distribution in nuclei.

Recently nuclear PDFs have also been extracted using neutrino DIS data and combining
the neutrino and lepton DIS data [52,187–192]. At the moment, the results of such extrac-
tions are controversial: while the analyses of Refs. [52,187–189] seem to indicate that the
nuclear corrections are different between the charged and neutral lepton DIS, the analyses
of Refs. [190–192] find no such difference.
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• In the quark channel, shadowing is similar
• In the gluon channel, we predict much larger
   shadowing
! seems to be supported by the fit that used 
    RHIC dAu data 
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