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If soft and hard phenomena would be independent the contribution of soft 
interactions into gap survival is  unambigously calculable in terms of  special 
QCD factorization theorem.

! (pp ! p + H + p = S2! hard
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Evaluation of gap survival if no correlations between hard and soft QCD 

Suppression of gap survival due to onset of black pQCD regime

Color ßuctuations in nucleons and gap survival 
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Some properties of   high energy QCD at the LHC  



Concept of peripheral and central collisions should be well deÞned at 
the LHC.

1. In a quantum Þeld theory -QCD transverse radius of peripheral interactions 
should  increase with energy (V.Gribov 1963) Observed at FNAL as shrinking 
of diffractive cone for elastic pp interactions with increase of energy:

2. For small impact parameters ÒbÓ hard and soft QCD compete and hard 
QCD probably wins at the LHC.

3. Hard interactions, new particle production  are concentrated at central 
impact parameters.

r2 = B = Bo + 2! ! ln(s/so)



 How black is pp interactions at LHC

betweenpartons.In Sec.VIII wework out thedependence
of theexclusivediffractivecrosssectionontheÞnalproton
transversemomenta.We discusswhich experimentally
observable featuresof this dependencefurnishesuseful
testsof the diffractive reactionmechanismand how one
canextractinformationaboutthe gluon GPD. In Sec.IX
we summarizeour results.We commenton the implica-
tions for the Higgs bosonsearchandon the experimental
feasibility of measuringthe transversemomentumdepen-
denceof exclusive diffraction with the plannedforward
detectorsat theLHC.

II. BLACK-DISK LIMIT IN pp ELASTIC
SCATTERING

Information on the transverseradiusof stronginterac-
tionsathighenergiescomesmostlyfrom measurementsof
the t dependenceof the differential crosssectionfor pp
and !pp elasticscattering.Combiningthesedatawith those
on thepp= !pp total crosssection,andimplementingtheo-
retical constraintsfollowing from the unitarity of the
S-matrix, one can reconstructthe complex pp elastic
scatteringamplitude,Tel!s; t"; seee.g. Refs. [19Ð21]. At
high energies,s # jtj$ R%2

p (Rp denotesa typical proton
radius),angularmomentumconservationin theCM7 frame
impliesthatthescatteringamplitudeis effectively diagonal
in the impact parameterof the colliding pp system.
Furthermore,the experimentaldata indicate that in this
region the amplitude is predominantlydiagonal in the
protonhelicities.It is convenientto representtheamplitude
asa Fourier integralover a transversecoordinatevariable,
b,

 Tel!s; t & %!2
?" &

is
4!

Z
d2be%i!!?b"" !s;b"; (2)

where" is the (dimensionless)proÞlefunction. Onecan
then expressthe elastic, total, and inelastic (total minus
elastic)pp crosssectionsin termsof theproÞlefunctionas
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Thefunctionson theright-handsidedescribethedistribu-
tion of the respective crosssectionsover pp impact pa-
rameters,b * jbj [22]. In particular, we note that the
combination

 j1% " !s;b"j2 (4)

can be interpretedas the probability for ÔÔnoinelastic
interactionÕÕin a pp collision at impactparameterb; this
combinationplaysan importantrole in our calculationof
theRGSprobability(seeSec.V below) [23]. A measureof
the transversesizeof theprotonis the logarithmict-slope
of theelasticpp crosssectionat t & 0,

 B * d
dt

"
d" el=dt!t"
d" el=dt!0"

#

t&0
: (5)

At high energies,wherethe elasticamplitudeis predomi-
nantly imaginary, and " is real, B is equal to half the
averagesquaredimpact parameterin the total pp cross
section,

 B + hb2itot

2
* 1

2

R
d2bb22Re" !s;b"

R
d2b2Re" !s; b" ; (6)

which may be associatedwith the transverseareaof the
individual protons.Thedatashow that theslopeincreases
with theCM energyas

 B!s" & B!s0" , 2# 0 ln!s=s0"; (7)

where # 0 + 0:25 GeV%2. In the Pomeronexchangepa-
rametrizationof thepp elasticamplitudethis constantis
identiÞedwith theslopeof thePomerontrajectory.

In GribovÕspartonpictureof high-energy hadron-hadron
interactions[8], the transversesize of the proton in pp
elasticscatteringcanbedirectly associatedwith theaver-
age transverseradius squaredof the distribution of soft
partonsmediatingthesoft interactions,

 B & h$2isoft: (8)

Hereand in the following, we use$ * j! j to denotethe
transversedistanceof partonsfrom thecenterof theproton
andb & jbj for the impactparameterof thepp collision.
The growth of the protonÕs transversesizewith energyis
explainedastheresultof randomtransversedisplacements
in thesuccessive decaysgeneratingthedistributionof soft
partons(Gribov diffusion). Below we shall comparethis
distribution of soft partons to the distribution of hard
partonsprobedin hardexclusive processes(seeSec.III).

Parametrizationsof the available data indicate that at
energies above the Tevatron energy,

$$$
s

p
*

$$$$$$$$$$$$$$$$
sTevatron

p &
2 TeV, the proÞle function at small impact parameters
approaches

 " !s; b" ! 1 for b < b0!s": (9)

Thiscorrespondsto unit probabilityfor inelasticscattering
for impact parametersb < b0!s", cf. Eqs. (3) and (4),
similar to thescatteringof a pointlike objectfrom a black
disk of radiusb0, andis referredto astheblack-disklimit
[11,13,24].

Theapproachto theBDL in centralpp scatteringathigh
energies is a generalpredictionof QCD, independentof
detailedassumptionsabout the dynamics.Studiesof the
interactionof small-sizecolor dipoleswith hadrons,based
onQCDfactorizationin theleadinglogQ2 approximation,
show thattheBDL is attainedathighenergiesasaresultof
thegrowth of thegluondensityat smallx dueto DGLAP 8
evolution [24]. This result can be used to estimatethe
interactionof leadingprojectile partonswith the small-x
gluonsin thetargetin pp scattering;oneÞndsthatthereis
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betweenpartons.In Sec.VIII wework out thedependence
of theexclusivediffractivecrosssectionontheÞnalproton
transversemomenta.We discusswhich experimentally
observable featuresof this dependencefurnishesuseful
testsof the diffractive reactionmechanismand how one
canextractinformationaboutthe gluon GPD. In Sec.IX
we summarizeour results.We commenton the implica-
tions for the Higgs bosonsearchandon the experimental
feasibility of measuringthe transversemomentumdepen-
denceof exclusive diffraction with the plannedforward
detectorsat theLHC.

II. BLACK-DISK LIMIT IN pp ELASTIC
SCATTERING

Information on the transverseradiusof stronginterac-
tionsathighenergiescomesmostlyfrom measurementsof
the t dependenceof the differential crosssectionfor pp
and !pp elasticscattering.Combiningthesedatawith those
on thepp= !pp total crosssection,andimplementingtheo-
retical constraintsfollowing from the unitarity of the
S-matrix, one can reconstructthe complex pp elastic
scatteringamplitude,Tel!s;t"; seee.g. Refs. [19Ð21]. At
high energies,s # jtj $ R%2

p (Rp denotesa typical proton
radius),angularmomentumconservationin theCM7 frame
impliesthatthescatteringamplitudeis effectively diagonal
in the impact parameterof the colliding pp system.
Furthermore,the experimentaldata indicate that in this
region the amplitude is predominantlydiagonal in the
protonhelicities.It is convenientto representtheamplitude
asa Fourier integralover a transversecoordinatevariable,
b,

 Tel!s;t & %! 2
? " &

is
4!

Z
d2be%i !! ? b"" !s;b"; (2)

where" is the (dimensionless)proÞlefunction. Onecan
then expressthe elastic, total, and inelastic (total minus
elastic)pp crosssectionsin termsof theproÞlefunctionas
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Thefunctionson theright-handsidedescribethedistribu-
tion of the respective crosssectionsover pp impact pa-
rameters,b * jbj [22]. In particular, we note that the
combination

 j1% " !s;b"j2 (4)

can be interpretedas the probability for ÔÔnoinelastic
interactionÕÕin a pp collision at impactparameterb; this
combinationplaysan importantrole in our calculationof
theRGSprobability(seeSec.V below) [23]. A measureof
the transversesizeof theprotonis the logarithmict-slope
of theelasticpp crosssectionat t & 0,

 B * d
dt

"
d"el=dt!t"
d"el=dt!0"
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t&0
: (5)

At high energies,wherethe elasticamplitudeis predomi-
nantly imaginary, and " is real, B is equal to half the
averagesquaredimpact parameterin the total pp cross
section,

 B + hb2i tot

2
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which may be associatedwith the transverseareaof the
individual protons.Thedatashow that theslopeincreases
with theCM energyas

 B!s" & B!s0" , 2#0ln!s=s0"; (7)

where#0+ 0:25 GeV%2. In the Pomeronexchangepa-
rametrizationof the pp elasticamplitudethis constantis
identiÞedwith theslopeof thePomerontrajectory.

In GribovÕspartonpictureof high-energy hadron-hadron
interactions[8], the transversesize of the proton in pp
elasticscatteringcanbedirectly associatedwith theaver-
age transverseradius squaredof the distribution of soft
partonsmediatingthesoft interactions,

 B & h$2i soft: (8)

Hereand in the following, we use$ * j! j to denotethe
transversedistanceof partonsfrom thecenterof theproton
andb & jbj for the impactparameterof the pp collision.
The growth of the protonÕs transversesizewith energyis
explainedastheresultof randomtransversedisplacements
in thesuccessive decaysgeneratingthedistributionof soft
partons(Gribov diffusion). Below we shall comparethis
distribution of soft partons to the distribution of hard
partonsprobedin hardexclusive processes(seeSec.III).

Parametrizationsof the available data indicate that at
energies above the Tevatron energy,
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2 TeV, the proÞle function at small impact parameters
approaches

 " !s;b" ! 1 for b < b0!s": (9)

Thiscorrespondsto unit probabilityfor inelasticscattering
for impact parametersb < b0!s", cf. Eqs. (3) and (4),
similar to thescatteringof a pointlike objectfrom a black
disk of radiusb0, andis referredto astheblack-disklimit
[11,13,24].

Theapproachto theBDL in centralpp scatteringathigh
energies is a generalpredictionof QCD, independentof
detailedassumptionsabout the dynamics.Studiesof the
interactionof small-sizecolor dipoleswith hadrons,based
onQCDfactorizationin theleadinglogQ2 approximation,
show thattheBDL is attainedathighenergiesasaresultof
thegrowth of thegluondensityat small x dueto DGLAP 8
evolution [24]. This result can be used to estimatethe
interactionof leadingprojectile partonswith the small-x
gluonsin thetargetin pp scattering;oneÞndsthatthereis
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betweenpartons.In Sec.VIII wework out thedependence
of theexclusivediffractivecrosssectionontheÞnalproton
transversemomenta.We discusswhich experimentally
observable featuresof this dependencefurnishesuseful
testsof the diffractive reactionmechanismand how one
canextractinformationaboutthe gluon GPD. In Sec.IX
we summarizeour results.We commenton the implica-
tions for the Higgs bosonsearchandon the experimental
feasibility of measuringthe transversemomentumdepen-
denceof exclusive diffraction with the plannedforward
detectorsat theLHC.

II. BLACK-DISK LIMIT IN pp ELASTIC
SCATTERING

Information on the transverseradiusof stronginterac-
tionsathighenergiescomesmostlyfrom measurementsof
the t dependenceof the differential crosssectionfor pp
and !pp elasticscattering.Combiningthesedatawith those
on thepp= !pp total crosssection,andimplementingtheo-
retical constraintsfollowing from the unitarity of the
S-matrix, one can reconstructthe complex pp elastic
scatteringamplitude,Tel!s;t"; seee.g. Refs. [19Ð21]. At
high energies,s # jtj $ R%2

p (Rp denotesa typical proton
radius),angularmomentumconservationin theCM7 frame
impliesthatthescatteringamplitudeis effectively diagonal
in the impact parameterof the colliding pp system.
Furthermore,the experimentaldata indicate that in this
region the amplitude is predominantlydiagonal in the
protonhelicities.It is convenientto representtheamplitude
asa Fourier integralover a transversecoordinatevariable,
b,

 Tel!s;t & %! 2
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is
4!

Z
d2be%i !! ? b"" !s;b"; (2)

where" is the (dimensionless)proÞlefunction. Onecan
then expressthe elastic, total, and inelastic (total minus
elastic)pp crosssectionsin termsof theproÞlefunctionas
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Thefunctionson theright-handsidedescribethedistribu-
tion of the respective crosssectionsover pp impact pa-
rameters,b * jbj [22]. In particular, we note that the
combination

 j1% " !s;b"j2 (4)

can be interpretedas the probability for ÔÔnoinelastic
interactionÕÕin a pp collision at impactparameterb; this
combinationplaysan importantrole in our calculationof
theRGSprobability(seeSec.V below) [23]. A measureof
the transversesizeof theprotonis the logarithmict-slope
of theelasticpp crosssectionat t & 0,

 B * d
dt

"
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At high energies,wherethe elasticamplitudeis predomi-
nantly imaginary, and " is real, B is equal to half the
averagesquaredimpact parameterin the total pp cross
section,
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which may be associatedwith the transverseareaof the
individual protons.Thedatashow that theslopeincreases
with theCM energyas

 B!s" & B!s0" , 2# 0ln!s=s0"; (7)

where # 0+ 0:25 GeV%2. In the Pomeronexchangepa-
rametrizationof the pp elasticamplitudethis constantis
identiÞedwith theslopeof thePomerontrajectory.

In GribovÕspartonpictureof high-energy hadron-hadron
interactions[8], the transversesize of the proton in pp
elasticscatteringcanbedirectly associatedwith theaver-
age transverseradius squaredof the distribution of soft
partonsmediatingthesoft interactions,

 B & h$2i soft: (8)

Hereand in the following, we use$ * j! j to denotethe
transversedistanceof partonsfrom thecenterof theproton
andb & jbj for the impactparameterof the pp collision.
The growth of the protonÕs transversesizewith energyis
explainedastheresultof randomtransversedisplacements
in thesuccessive decaysgeneratingthedistributionof soft
partons(Gribov diffusion). Below we shall comparethis
distribution of soft partons to the distribution of hard
partonsprobedin hardexclusive processes(seeSec.III).

Parametrizationsof the available data indicate that at
energies above the Tevatron energy,
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approaches

 " !s;b" ! 1 for b < b0!s": (9)

Thiscorrespondsto unit probabilityfor inelasticscattering
for impact parametersb < b0!s", cf. Eqs. (3) and (4),
similar to thescatteringof a pointlike objectfrom a black
disk of radiusb0, andis referredto astheblack-disklimit
[11,13,24].

Theapproachto theBDL in centralpp scatteringathigh
energies is a generalpredictionof QCD, independentof
detailedassumptionsabout the dynamics.Studiesof the
interactionof small-sizecolor dipoleswith hadrons,based
onQCDfactorizationin theleadinglogQ2 approximation,
show thattheBDL is attainedathighenergiesasaresultof
thegrowth of thegluondensityat small x dueto DGLAP 8
evolution [24]. This result can be used to estimatethe
interactionof leadingprojectile partonswith the small-x
gluonsin thetargetin pp scattering;oneÞndsthatthereis
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no chancefor the projectilewave function to remainco-
herentin smallimpactparameterscatteringatTeV energies
[11,13]. Similar reasoningallowsoneto predictthegrowth
of thesizeof theblack region b0 with s [11,13]. As a by-
product,theseargumentsexplain why the observed coef-
Þcientin theFroissartformulafor thetotalcrosssectionsis
signiÞcantlysmaller than that derived from the general
principles of analyticity of the amplitudein momentum
transferandunitarityof theS-matrix [25]. Wenotethatthe
needfor theapproachto theBDL in high-energyscattering
atcentralimpactparameterswasunderstoodalreadyin the
pre-QCDperiodwithin thePomeroncalculus,whereit was
notedthat this phenomenonresolvesthe apparentcontra-
diction betweenthe formulasof the triple-Pomeronlimit
and the unitarity of the S-matrix, especially in models
wherethePomeronintercept,! P!0", exceedsunity [26].

For our studiesof diffractive pp scatteringit will be
usefulto have a simpleanalyticparametrizationof thepp
elasticamplitudeat the LHC energy, which incorporates
theapproachto theBDL atsmallimpactparameters.Thet
dependenceof the pp elasticscatteringcrosssectionfor
jtj & 1 GeV2 over the measuredenergyrangeis reason-
ably describedby anexponentialshape,

 

d" el

dt
/ exp#B!s"t$; (10)

where B!s" representsan effective slope, to be distin-
guishedfrom the ÔÔexactÕÕslopeat t % 0, Eq. (5). A pa-
rametrization of the pp elastic amplitude which
reproducesthis dependenceis

 Tel!s;t" %
is
8#

" tot!s" exp
!
B!s"t

2

"
; (11)

correspondingto

 ! !s;b" % ! 0!s" exp
!
&

b2

2B!s"

"
(12)

with

 ! 0!s" ' ! !s;b % 0" %
" tot!s"
4# B!s"

: (13)

Equation(11) takesinto accountthattheamplitudeathigh
energiesis predominantlyimaginaryandsatisÞestheopti-
cal theorem for the total cross section, " tot!s" %
!8# =s" ImTel!s;t % 0". We may now incorporatethe con-
straintof theBDL atsmallimpactparametersby replacing

 ! 0 ! 1: (14)

The value of B we determineby comparingthe proÞle
function (12) with phenomenologicalparametrizationsof
thedata,extrapolatedto theLHC energy, which gives

 B ( 20 GeV& 2 !
###
s

p
% 14 TeV": (15)

In particular, with B % 21:8 GeV& 2 we obtain excellent
agreementwith the Regge parametrizationof Ref. [4].

Figure1 shows theprobability for no inelasticinteraction,
j1 & ! !s;b"j2, Eq.(4), computedwith thephenomenologi-
cal parametrizationof Ref. [21] and our exponentialpa-
rametrizationincorporatingthe BDL, Eqs.(12) and(14).
Oneseesthat the simpleexponentialparametrizationis a
reasonableoverallapproximationto thephenomenological
parametrizationover theb-rangeshown in Fig. 1.

III. TRANSVERSE SPATIAL DISTRIBUTION OF
GLUONS

Informationaboutthetransversestructureof hardinter-
actionscomesfrom studiesof hardexclusive processesin
ep scattering,suchasmesonelectroproductionor virtual
Comptonscattering.SuchprocessesprobetheGPDsin the
proton,whoseFourier transformwith respectto the trans-
versemomentumtransferto the protondescribesthe spa-
tial distribution of quarks and gluons in the transverse
plane;seeRefs. [27,28] for a review. In this sectionwe
summarizewhatis known aboutthegluonGPDat smallx
from theoreticalconsiderationsandfrom measurementsof
J= photoproductionandotherprocessesat HERA andin
Þxed-targetexperiments.

ThegluonGPDcanbeformally deÞnedasthetransition
matrixelementof thetwist-2QCDgluonoperatorbetween
protonstatesof differentmomenta,p andp 0. Physically, it
describestheamplitudefor afast-moving protonto ÔÔemitÕÕ
and ÔÔabsorbÕÕa gluon with given longitudinal momenta,
with transversemomenta(virtualities) integratedover up
to somehardscaleQ2 anda certaininvariantmomentum
transferto theproton,t ' !p 0 & p"2. Thechoiceof longi-
tudinal momentumvariablesis a matter of convention.
Insteadof the initial andÞnalgluon momentumfractions
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Islam et al.
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FIG. 1. Theprobabilitydistributionfor noinelasticinteraction,
j1 & ! !s;b"j2, Eq. (4), as a function of b ' jbj, at the LHC
energy (

###
s

p
% 14 TeV) as computedwith differentparametriza-

tionsof thepp elasticscatteringamplitude.Solid line: parame-
trization of Islam et al. [21] (ÔÔdiffractive partÕÕonly). Dashed
line: exponentialparametrization,Eq. (12), with ! 0 % 1 (BDL),
cf. Eq. (14), andB % 21:8 GeV& 2.
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for no inelastic interaction, as a function of b,
at the LHC energy (W=14TeV)as computed with 
different parametrizations of the pp elastic scattering 
amplitude. Solid line: parametrization of Islam et 
al(ÔÔdiffractive partÕÕ only). Dashed line: exponential 
parametrization, withΓ(b=0) =1 (BLACK DISK LIMIT) 
and B=21.8 GeV-2.

The probability distribution 
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Dominance of spin ßip amplitudes for inelastic large mass 
diffraction at nonzero t .

Experimentally(FNAL): dσ(p + p ! p + X )/dt = Aexp(B t)

Observed slope :

Calculation  partial wave for b=0 gives for inelastic diffraction:

and  

f (b= 0, s) = 1

which is wrong since inelastic diffraction is peripheral process. 

B ≈ 8 Ö 9GeV! 2

B1 ! 9GeV−2

d! /dt = A1expB1t ! texpB2t!xplanation-large spin ßip :

Serious technical  problem for Pomeron, eikonal models. 



A crucial observation is that the transverse area occupied  by partons with x > 0.05 is 
much smaller than the transverse area associated with the proton in soft interactions

review of thedata.Thisprocessprobesthetwo-gluonform
factor at an effective scaleQ2 ! 3 GeV2. Analysisof the
data, combinedwith theoretical investigations,has pro-
duceda ratherdetailedpicture of the gluonic transverse
size of the nucleonand its x dependence[11]. For x "
0:1Ð0:3, thegluonictransversesizesuggestedby theÞxed-
target data is h! 2ig ! 0:25 fm2, close to 2=3 times the
protonÕs axial charge radius, hr2iA. Between x " 10# 1

and x " 10# 2, h! 2ig increasesby " 30%. This can be
explainedby the contributionof the nucleonÕs pion cloud
to the gluon density at large transverse distances,! "
1=$2M" %, which is dynamically suppressedfor x >
M" =MN and reachesits full strengthfor x & M" =MN
[41]. Finally, over the HERA range,x " 10# 2Ð10# 4, the
gluonic transversesizeexhibits a logarithmicgrowth with
1=x,

 h! 2ig ' h! 2ig$x0%( 4# 0
g ln

x0

x
$x < x0 ! 10# 2%; (27)

with arate# 0
g considerablysmallerthanthatgoverningthe

growth of the protonÕs transversesize in pp elasticscat-
tering,which is dominatedby soft interactions,

 # 0
g & # 0: (28)

A recent analysis of the H1 data Þnds # 0
g ' 0:164)

0:028$stat%) 0:030$syst%GeV# 2 for J= photoproduction
and0:019) 0:139$stat%) 0:076$syst%GeV# 2 for electro-
production[36]; an analysisof ZEUS electroproduction
dataquotes# 0

g ' 0:07) 0:05$stat%( 0:03
# 0:04$syst%GeV# 2 [37],

signiÞcantlysmallerthanthesoftvalue# 0 ' 0:25 GeV# 2.
The smaller rate of growth of the nucleonÕs size in hard
interactionscanqualitatively beexplainedby thesuppres-
sion of Gribov diffusion in the decay of hard (highly
virtual) partonsascomparedto soft partons.

A crucialobservationis thatthetransverseareaoccupied
by partonswith x * 10# 1 is muchsmallerthanthe trans-
verseareaassociatedwith the proton in soft interactions
(seeFig. 2),

 h! 2ig$x * 10# 1%& h! 2isoft; (29)

or

 2Bg & B: (30)

In high-energy pp collisionswith hardpartonicprocesses
one is thusdealingwith a two-scalepictureof the trans-

versestructureof theproton.Moreover, whenconsidering
theproductionof aheavyparticlewith Þxedmass,mH, in a
partonicprocesswith x1;2 " mH=

!!!
s

p
, the soft areaof the

proton increaseswith s faster than the hard area(which
changesasa resultof thedecreaseof x), because# 0 > # 0

g,
cf. Eq.(28). Thus,thedifferenceof thetwo areasbecomes
evenmorepronouncedwith increasingenergy.

For our studies of hard processesin diffractive pp
scatteringwerequireaparametrizationof thet dependence
of the two-gluonform factor, viz. the shapeof the trans-
versespatialdistributionof gluons.Thex-valuesprobedin
Higgs productionat centralrapiditiesarex " 10# 2 at the
LHC energy. Taking into accountthe effect of DGLAP
evolution,evenlargervaluesof x areprobedwhenparame-
trizing the two-gluon form factor at the J= production
scale,Q2 " 3 GeV2 (for a generaldiscussionof theeffect
of DGLAP evolution on the transversespatialdistribution
of gluons,seeRef. [24]). We thusneedto look at theJ= 
photoproductiondata at x * 10# 2, which are probedin
Þxed-targetexperiments.

Theoreticalargumentssuggestthat the two-gluonform
factoratx * 10# 1 shouldbecloseto theaxial form factor,
which is well describedby a dipole form (we omit all
argumentsexceptt),

 Fg$t%'
1

$1 # t=m2
g%2 ; (31)

with m2
g ! 1 GeV2 [39]. The correspondingtransverse

spatialdistribution of gluonsis given by

 Fg$! %'
m2

g

2"

" mg!
2

#
K1$mg! %: (32)

We also consideran exponential parametrizationof the
two-gluonform factor,

 Fg$t%' exp$Bgt=2%; (33)

correspondingto

 Fg$! %'
exp*# ! 2=$2Bg%+

2" Bg
: (34)

The relation betweenthe parametersof the dipole and
exponential parametrizationwhich would follow from
identifying h! 2i ' 4dFg=dt$t ' 0%is Bg ' 4=m2

g. Better
overall agreementbetweenthe squaredform factors for
jtj < 1 GeV2 is obtainedfor somewhat smallervaluesof
Bg. Matchingthe squaredform factorsat jtj ' 0:5 GeV2

we obtain

 Bg '
3:24
m2

g
; (35)

seeFig. 3. It wasshown in Ref. [40] that both the dipole
with m2

g ' 1:1 GeV2 and the exponential with Bg '
3:0 GeV2 given by Eq.(35) describewell thet dependence
of the data from the FNAL E401/E458experiment at

 

B

Bg2

soft interactions
transverse area in

gluons with
x > 10! 1

FIG. 2. The ÔÔtwo-scalepictureÕÕof the transversestructureof
the protonin high-energycollisions.

GENERALIZED PARTON DISTRIBUTIONSAND RAPIDITY . . . PHYSICAL REVIEW D 00

7

hE! i ! 100 GeV in which the recoiling proton was de-
tected [38]. We also note that this value of Bg is consistent
with what one obtains from the extrapolation of the HERA
data towards larger x, using Eq. (27) with the measured " 0

g.
We shall use the dipole, Eqs. (31), with m2

g ! 1 GeV2 and
the exponential, Eq. (33), with Bg ! 3:24 GeV" 2, as our
standard parametrizations for calculations in the kinemat-
ics of Higgs production at the LHC below; comparison
between the two will allow us to estimate the uncertainty of
our numerical predictions with respect to the shape of the
two-gluon form factor.

IV. THEORY OF RAPIDITY GAP SURVIVAL

We now outline the basic steps in the calculation of the
amplitude of double-gap exclusive diffractive processes (1)
and develop the physical picture of RGS. The underlying
idea of our approach is that hard and soft interactions are
approximately independent because they happen over
widely different distance and time scales.

A. Hard scattering process

In the first step, one calculates the amplitude for double-
gap diffractive production of the high-mass system due to
hard interactions. For definiteness, we shall refer in the
following to Higgs boson production, keeping in mind that
the discussed mechanism applies to production of other
high-mass states as well (dijets, heavy quarkonia, etc.).
According to electroweak theory, the Higgs boson is pro-
duced predominantly through its coupling to gluons via a
quark loop; for a review and references see Ref. [42]. In
contrast to inclusive production, the amplitude for double-
gap diffractive production is in the lowest order in the QCD

running coupling constant " s given by the exchange of two
gluons with vacuum quantum numbers in the t-channel
(see Fig. 4). The Higgs boson is radiated from one of the
gluon lines. The role of the second exchanged gluon is to
neutralize the color charge in order to avoid gluon brems-
strahlung. However, global color neutrality alone is not
sufficient. To suppress radiation, one must require that
color be screened locally in space-time. Conversely, this
means that the selection of a diffractive process, without
accompanying radiation, guarantees some degree of local-
ization of the exchanged system.

Operationally, the localization of the exchanged two-
gluon system is ensured by Sudakov form factors, which
suppress configurations with low virtualities prone to emit
gluon bremsstrahlung. The actual calculation of the hard
scattering amplitude including Sudakov suppression is a
challenging problem, which was addressed in various ap-
proximations in Refs. [9,10]. Fortunately, for our purposes
we do not need to solve this problem at a fully quantitative
level, as only a few qualitative aspects of the hard scatter-
ing process turn out to be essential for the physics of RGS.

To discuss the hard scattering process, it is natural to
perform a Sudakov decomposition of the four-momenta,
using the initial proton momenta, p1 and p2, as basis
vectors, with 2#p1p2$! s (we neglect the proton mass).
As the transverse momenta of the final-state protons are
small compared to the Higgs mass, we can expand the final
proton four-momenta as

 p0
1 ! #1 " #1$p1 % p0

1? ; p0
2 ! #1 " #2$p2 % p0

2? ;

(36)

where #p0
1? ; p1$! #p0

1? ; p2$! 0 etc., and #1;2 parame-
trize the longitudinal momentum loss [cf. Eq. (16) and
the footnote before it],

 #1;2 !
mH!!!

s
p e& y; (37)
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FIG. 4. The hard scattering process in double-gap exclusive
diffractive Higgs boson production (1). Two gluons are ex-
changed between the protons. The gluon-Higgs coupling is
indicated as a local vertex. The upper and lower blobs denote
the gluon-proton scattering amplitude, which can be calculated
in terms of the gluon GPD in the proton.
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FIG. 3. Comparison of the dipole (solid line) and exponential
(dashed line) parametrizations of the two-gluon form factor with
the parameters related by Eq. (35). Shown is the squared two-
gluon form factor F2

g#t$, for both parametrizations, correspond-
ing to the t dependence of the cross section for J= photo-
production (see text for details).
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Fig. 1: (a) Transverse geometry of hard diffractive pp scattering. (b) Dashed line: Probability for hard scattering
process Phard(b) as function of the pp impact parameter, b. Dotted line: Probability for no inelastic interactions
between the protons, |1 ! ! (b)|2 . Solid line: Product Phard(b)|1 ! ! (b)|2 . The RGS probability (1) is given by the
area under this curve. The results shown are for Higgs production at the LHC (

"
s = 14TeV, M H # 100GeV).

(We point out that the distributions shown in Fig. 8 of Ref. [4] correspond to a gluon t–slope Bg = 4GeV! 2 , not
Bg = 3.24GeV! 2 as stated in the caption. The plot here shows the correct distributions for Bg = 3.24GeV! 2 .)

integral (1) (see Fig. 1b) and determines the value of the RGS probability to be S2 ! 1. One sees
that the approach to the BDR in soft interactions plays an essential role in RGS at high energies.

3 BlackÐdiskregimein hard spectatorinteractions

At LHC energies even highly virtual partons (k2 " few GeV2) with x ! 10−2 experience
“black” interactions with the small–x gluons in the other proton. This new effect causes an addi-
tional suppression of diffractive scattering which is not included in the traditional RGS probabil-
ity [4]. One mechanism by which this happens is the absorption of “parent” partons in the QCD
evolution leading up to the hard scattering process (see Fig. 2a). Specifically, in Higgs production
at the LHC the gluons producing the Higgs have momentum fractions x1,2 " M H /

#
s " 10−2;

their “parent” partons in the evolution (quarks and gluons) typically have momentum fractions
of the order x " 10−1 and transverse momenta k2

T " few GeV2. Quantitative studies of the
BDR in the dipole picture show that at the LHC energy such partons are absorbed with near–unit
probability if their impact parameters with the other proton are ! 1,2 " 1 fm (see Fig. 2b). For
proton–proton impact parameters b < 1 fm about 90% of the strength in Phard(b) comes from
parton–proton impact parameters ! 1,2 < 1 fm (cf. Fig. 1a), so that this effect practically elimi-
nates diffraction at b < 1 fm. Since b < 1 fm accounts for 2/3 of the cross section [see Eq. (1)
and Fig. 1b)], and the remaining contributions at b > 1 fm are also reduced by absorption, we
estimate that inelastic interactions of hard spectators in the BDR reduce the RGS probability at
LHC energies to about 20% of its soft–interaction value.

In the above argument one must also allow for the possibility of trajectories with no gluon
emission. Mathematically, they correspond to the Sudakov form factor–suppressed " (1$ x)–term
in the evolution kernel. While such trajectories are not affected by absorption, their contributions

Gap suppression for pp → p+ H + p 
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Assuming no correlation between hard and soft interaction in impact 
parameter space  since they occur at different space-time intervals  - 
we  derive expression for the amplitude of the process:

states were effectively included by way of a two-
component formalism (however, no explicit nondiagonal
‘‘transition’’ GPDs were introduced). We have argued here
that these contributions are strongly suppressed, because of
the small overlap of states accessible in hard and soft
interactions. We shall comment on the implications of
this for the numerical values of the RGS probability in
Sec. V B

D. Evaluation of the diffractive amplitude

It remains to actually evaluate the matrix element (56)
with jpp i intermediate states, using the specific form of the
hard scattering amplitude and the pp elastic scattering
amplitude. We insert a set of pp intermediate states in
the form

 

Z d3p 00
1

!2!"3 !!!
s

p
Z d3p 00

2

!2!"3 !!!
s

p jp 00
1p 00

2ihp 00
1p 00

2j; (58)

where we have approximated the energy of the individual
protons by

!!!
s

p
=2. The matrix element of the operator V̂hard

between the two-proton states is, by definition, given by
[cf. Eqs. (49)]
 

hp 0
1p

0
2jV̂hardjp 00

1p 00
2i # "!s;#1;#2"Fg!x1;#1;~t1; Q2"

$ Fg!x2;#2;~t2; Q2"; (59)

where

 

~t 1 % &!p0
1? & p00

1?"2; (60)

 

~t 2 % &!p0
2? & p00

2?"2: (61)

The factor

 "!s;#1;#2" % ChardHg!x1;#1; t1 # 0"Hg!x2;#2; t2 # 0"
(62)

represents the symbolic result for the absolute normaliza-
tion of amplitude of the hard scattering process; it contains
the amplitude of the two-gluon exchange process, Chard,
including the information about the ggH coupling given by
the electroweak theory, as well as the information about the
gluon GPD in the colliding protons at t # 0. The informa-
tion about the transverse momentum dependence of the
amplitude is contained in the two-gluon form factors, Fg,
cf. Eq. (19). Furthermore, we replace in Eq. (56)

 Ŝsoft ! Ŝ# 1' !Ŝ& 1"; (63)

and use the fact that the matrix element of the operator Ŝ&
1 is given by
 

hp 00
1p 00

2jŜ& 1jp1p2i # i !2!"4$!4"!p 00
1 ' p 00

2 & p1 & p2"
$ !4!"Tel!s;t"; (64)

with

 t # &!p00
1? & p1?"2 # &!p00

2? & p2?"2: (65)

Finally, taking into account that at high energies the
energy-conserving delta function in Eq. (64) effectively
conserves longitudinal momentum, and combining the
contributions from the two terms in Eq. (63), we obtain
 

Tdiff !p0
1?;p0

2?" #
Z d2!?

!2!"2 "Fg!x1;#1;~t1; Q2"

$ Fg!x2;#2;~t2; Q2"

$
"
!2!"2$!2"!! ?" '

4!i
s

Tel!s;t"
#
; (66)

where now

 

~t 1 % &!p0
1? & ! ?"2; (67)

 

~t 2 % &!p0
2? ' ! ?"2; (68)

 t % &! 2
?: (69)

This result has a simple interpretation (see Fig. 6). The first
term in the brackets represents the amplitude of the hard
reaction alone. The second term represents the contribution
in which the hard reaction is accompanied by soft elastic
rescattering with transverse momentum transfer ! ?. The
total amplitude is the coherent superposition of the two
contributions. We note that the form of this result is analo-
gous to the well-known absorption corrections in Regge
phenomenology, in which an elementary Regge pole am-
plitude is modified by elastic rescattering.

It is instructive to convert the result (66) to the transverse
coordinate representation. Substituting the Fourier repre-
sentation of the gluon GPDs, Eq. (22), and the representa-
tion of the pp elastic amplitude in terms of the profile
function, Eq. (2), and using standard Fourier transform
manipulations, we obtain
 

Tdiff !p0
1?;p0

2?" #
Z

d2b
Z

d%1

Z
d%2$!2"!b& ! 1 ' ! 2"

$ e&i!p0
1?! 1"&i!p0

2?! 2""Fg!x1;#1; ! 1; Q2"
$ Fg!x2;#2; ! 2; Q2"(1& "!s;b"): (70)

Here the scattering amplitude is represented as the coher-
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p !

! 0
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"

T hard T hardT diff +=

#

elT

FIG. 6. The amplitude for double-gap exclusive hard diffrac-
tion in momentum representation, Eqs. (66)–(69). The first term
is the amplitude of the hard reaction alone, the second term the
correction due to soft elastic rescattering. Only the transverse
momenta of the protons are indicated; the momentum transfer
due to soft elastic scattering is ! ?.
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states were effectively included by way of a two-
componentformalism (however, no explicit nondiagonal
ÔÔtransitionÕÕGPDswereintroduced).Wehavearguedhere
thatthesecontributionsarestronglysuppressed,becauseof
the small overlap of statesaccessiblein hard and soft
interactions.We shall commenton the implications of
this for the numericalvaluesof the RGS probability in
Sec.V B

D. Evaluation of the diffractive amplitude

It remainsto actuallyevaluatethe matrix element(56)
with jpp i intermediatestates,usingthespeciÞcform of the
hard scatteringamplitude and the pp elastic scattering
amplitude.We insert a set of pp intermediatestatesin
the form

 

Z d3p00
1

!2!"3
!!!
s

p
Z d3p00

2

!2!"3
!!!
s

p jp00
1p00

2 ihp00
1p00

2 j; (58)

wherewe have approximatedtheenergyof the individual
protonsby

!!!
s

p
=2. Thematrix elementof theoperatorV̂hard

betweenthe two-protonstatesis, by deÞnition,given by
[cf. Eqs.(49)]
 

hp0
1p

0
2jV̂hardjp00

1p00
2 i # "!s;#1;#2"Fg!x1;#1;~t1;Q2"

$ Fg!x2;#2;~t2;Q2"; (59)

where

 

~t 1 % & !p0
1? & p00

1? "2; (60)

 

~t 2 % & !p0
2? & p00

2? "2: (61)

The factor

 "!s;#1;#2" % ChardHg!x1;#1; t1 # 0"Hg!x2;#2; t2 # 0"

(62)

representsthe symbolicresult for the absolutenormaliza-
tion of amplitudeof thehardscatteringprocess;it contains
the amplitudeof the two-gluon exchangeprocess,Chard,
includingtheinformationabouttheggH couplinggiven by
theelectroweaktheory, aswell astheinformationaboutthe
gluonGPDin thecolliding protonsat t # 0. Theinforma-
tion about the transversemomentumdependenceof the
amplitudeis containedin the two-gluonform factors,Fg,
cf. Eq. (19). Furthermore,we replacein Eq. (56)

 Ŝsoft ! Ŝ # 1 ' !Ŝ& 1"; (63)

andusethefact thatthematrixelementof theoperatorŜ&
1 is given by
 

hp00
1p00

2 jŜ& 1jp1p2i # i !2!"4$!4"!p00
1 ' p00

2 & p1 & p2"

$ !4!"Tel!s;t"; (64)

with

 t # & !p00
1? & p1? "2 # & !p00

2? & p2? "2: (65)

Finally, taking into account that at high energies the
energy-conservingdelta function in Eq. (64) effectively
conserves longitudinal momentum,and combining the
contributionsfrom the two termsin Eq. (63), we obtain
 

Tdiff !p0
1? ; p0

2? " #
Z d2!?

!2!"2
"Fg!x1;#1;~t1;Q2"

$ Fg!x2;#2;~t2;Q2"

$
"
!2!"2$!2"!!? " '

4!i
s

Tel!s;t"
#
; (66)

wherenow

 

~t 1 % & !p0
1? & !? "2; (67)

 

~t 2 % & !p0
2? ' !? "2; (68)

 t % &!2
? : (69)

Thisresulthasasimpleinterpretation(seeFig.6). TheÞrst
term in the bracketsrepresentsthe amplitudeof the hard
reactionalone.Thesecondtermrepresentsthecontribution
in which the hardreactionis accompaniedby soft elastic
rescatteringwith transversemomentumtransfer!? . The
total amplitudeis the coherentsuperpositionof the two
contributions.We notethattheform of this resultis analo-
gousto the well-known absorptioncorrectionsin Regge
phenomenology, in which an elementaryRegge pole am-
plitude is modiÞedby elasticrescattering.

It is instructiveto converttheresult(66) to thetransverse
coordinaterepresentation.Substitutingthe Fourier repre-
sentationof thegluonGPDs,Eq. (22), andtherepresenta-
tion of the pp elastic amplitude in terms of the proÞle
function, Eq. (2), and using standardFourier transform
manipulations,we obtain
 

Tdiff !p0
1? ; p0

2? " #
Z

d2b
Z

d%1

Z
d%2$!2"!b & ! 1 ' ! 2"

$ e& i!p0
1? ! 1"& i!p0

2? ! 2""Fg!x1;#1; ! 1;Q2"

$ Fg!x2;#2; ! 2;Q2"(1 & "!s;b"): (70)

Herethe scatteringamplitudeis representedasthe coher-
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FIG. 6. The amplitudefor double-gapexclusive hard diffrac-
tion in momentumrepresentation,Eqs.(66)Ð(69). TheÞrstterm
is the amplitudeof the hardreactionalone,the secondterm the
correctiondue to soft elastic rescattering.Only the transverse
momentaof the protonsare indicated;the momentumtransfer
dueto soft elasticscatteringis !? .
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states were effectively included by way of a two-
componentformalism (however, no explicit nondiagonal
ÔÔtransitionÕÕGPDswereintroduced).Wehavearguedhere
thatthesecontributionsarestronglysuppressed,becauseof
the small overlap of statesaccessiblein hard and soft
interactions.We shall commenton the implications of
this for the numericalvaluesof the RGS probability in
Sec.V B

D. Evaluation of the diffractive amplitude

It remainsto actuallyevaluatethe matrix element(56)
with jppi intermediatestates,usingthespeciÞcform of the
hard scatteringamplitude and the pp elastic scattering
amplitude.We insert a set of pp intermediatestatesin
the form

 

Z d3p00
1

!2! "3 !!!
s

p
Z d3p00

2

!2! "3 !!!
s

p jp00
1p

00
2ihp00

1p
00
2j; (58)

wherewe have approximatedtheenergyof the individual
protonsby

!!!
s

p
=2. Thematrix elementof theoperatorV̂hard

betweenthe two-protonstatesis, by deÞnition,given by
[cf. Eqs.(49)]
 

hp0
1p

0
2jV̂hardjp00

1p
00
2i # " !s;#1; #2"Fg!x1; #1;~t1;Q2"

$ Fg!x2; #2;~t2;Q2"; (59)

where

 

~t 1 % & !p0
1? & p00

1? "2; (60)

 

~t 2 % & !p0
2? & p00

2? "2: (61)

The factor

 " !s; #1;#2" % ChardHg!x1; #1; t1 # 0"Hg!x2; #2; t2 # 0"

(62)

representsthe symbolicresult for the absolutenormaliza-
tion of amplitudeof thehardscatteringprocess;it contains
the amplitudeof the two-gluon exchangeprocess,Chard,
includingtheinformationabouttheggH couplinggiven by
theelectroweaktheory, aswell astheinformationaboutthe
gluonGPDin thecolliding protonsat t # 0. Theinforma-
tion about the transversemomentumdependenceof the
amplitudeis containedin the two-gluonform factors,Fg,
cf. Eq. (19). Furthermore,we replacein Eq. (56)

 Ŝ soft ! Ŝ # 1 ' !Ŝ & 1"; (63)

andusethefact thatthematrixelementof theoperatorŜ &
1 is given by
 

hp00
1p

00
2jŜ & 1jp1p2i # i!2! "4$!4"!p00

1 ' p00
2 & p1 & p2"

$ !4! "Tel!s; t"; (64)

with

 t # & !p00
1? & p1? "2 # & !p00

2? & p2? "2: (65)

Finally, taking into account that at high energies the
energy-conservingdelta function in Eq. (64) effectively
conserves longitudinal momentum,and combining the
contributionsfrom the two termsin Eq. (63), we obtain
 

Tdiff !p0
1? ; p

0
2? " #

Z d2! ?

!2! "2 " Fg!x1; #1;~t1;Q2"

$ Fg!x2; #2;~t2;Q2"

$
"
!2! "2$!2"!! ? " '

4! i
s

Tel!s; t"
#
; (66)

wherenow

 

~t 1 % & !p0
1? & ! ? "2; (67)

 

~t 2 % & !p0
2? ' ! ? "2; (68)

 t % & ! 2
? : (69)

Thisresulthasasimpleinterpretation(seeFig.6). TheÞrst
term in the bracketsrepresentsthe amplitudeof the hard
reactionalone.Thesecondtermrepresentsthecontribution
in which the hardreactionis accompaniedby soft elastic
rescatteringwith transversemomentumtransfer! ? . The
total amplitudeis the coherentsuperpositionof the two
contributions.We notethattheform of this resultis analo-
gousto the well-known absorptioncorrectionsin Regge
phenomenology, in which an elementaryRegge pole am-
plitude is modiÞedby elasticrescattering.

It is instructiveto converttheresult(66) to thetransverse
coordinaterepresentation.Substitutingthe Fourier repre-
sentationof thegluonGPDs,Eq. (22), andtherepresenta-
tion of the pp elastic amplitude in terms of the proÞle
function, Eq. (2), and using standardFourier transform
manipulations,we obtain
 

Tdiff !p0
1? ; p

0
2? " #

Z
d2b

Z
d%1

Z
d%2$!2"!b & !1 ' !2"

$ e& i!p0
1? !1"& i!p0

2? !2"" Fg!x1; #1;!1;Q2"

$ Fg!x2; #2;!2;Q2"(1 & " !s;b"): (70)

Herethe scatteringamplitudeis representedasthe coher-
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FIG. 6. The amplitudefor double-gapexclusive hard diffrac-
tion in momentumrepresentation,Eqs.(66)Ð(69). TheÞrstterm
is the amplitudeof the hardreactionalone,the secondterm the
correctiondue to soft elastic rescattering.Only the transverse
momentaof the protonsare indicated;the momentumtransfer
dueto soft elasticscatteringis ! ? .
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where κ ! κ(s, ξ1, ξ2)
represents the symbolic result for the absolute 
normalization of amplitude of the hard scattering 
process

8

of Eq. (52), the operator V̂hard commutes with the soft time
evolution operator. Using the property

 Ŝsoft!1 ;0"Ŝsoft!0;#1 " $ Ŝsoft!1 ;#1 " % Ŝsoft; (55)

where Ŝsoft is the S-matrix due to soft interactions, we
obtain

 Tdiff $ hp0
1p

0
2jV̂hardŜsoftjp1p2i : (56)

Thus, the amplitude is expressed in terms of the observable
matrix elements of the soft S-matrix, and the operator
V̂hard, calculable in QCD at the partonic level.
Equation (56) is the fundamental expression for discussing
the physics of RGS within our approach.

C. Suppression of inelastic diffraction

In the next step, we evaluate the amplitude for the
double-gap exclusive diffractive process based on
Eq. (56), by inserting intermediate states (actually, states
at t $ 1 ) between the operators. In principle, one needs to
sum over all diffractive states (elastic and inelastic) pro-
duced by the operator V̂hard. An important question is
which states can give large contributions to the matrix
element. In fact, it turns out that the different preferences
of hard and soft interactions severely restrict the range of
states which can effectively contribute.

Simple arguments show that large-mass diffractive
states should make a negligible contribution to Eq. (56).
If the two hard gluons in the hard interaction are attached to
two different partons in the proton, the inelastic states
predominantly produced are two jets and gluon brems-
strahlung. It is virtually impossible to produce such states
in soft interactions, hence they cannot contribute to
Eq. (56). This argument even applies when taking into
account the effects of QCD evolution: While ‘‘backward
evolution’’ of the hard gluon may reduce the transverse
momentum of the gluon to values of the order k? &
1 GeV, it increases the typical longitudinal momentum
of the parton to which the gluon is attached to values x &

0:1. Thus, one produces a state of large-x partons with still
sizable transverse momenta, which is again difficult to
reach through soft interactions. (Also, production of par-
tons with small kT is strongly suppressed because inter-
actions of these partons lead to disappearance of the
rapidity gap with very large probability, cf. Sec. VI.) If
the two hard gluons are attached to the same parton, the
cross section of inelastic diffraction is small for small t
because of the small overlap integral with the inelastic state
(most of the overlap is with the elastic state) [51], while for
large t one produces a single parton with transverse mo-
mentum p? & !!!!!!#t

p
, which again is a state difficult to reach

through soft interactions. In addition, for t ! 0 soft dif-
fraction at LHC energies is known to be dominated by the
spin-flip amplitude, which further suppresses the overlap
integral. Together, these arguments restrict the possible
mass range of diffractively produced states to M2

diff &
few GeV2.

For a more quantitative estimate, we suppose that the
state produced through inelastic diffraction has the form
jpp i ' ! jpXi , where the state X is different from the
proton, and ! is a small correction. We can then estimate
! from the Schwarz inequality:

 

!
2
$

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
" soft!pp ! Xp" " hard!pp ! Xp"
" soft!pp ! pp " " hard!pp ! pp "

s

; (57)

where " hard!pp ! pX" is the cross section for the produc-
tion of the state jpXi by the operator V̂hard. Analysis of the
Tevatron data (for a review, see Ref. [52]) shows that the
ratio of inelastic to elastic diffractive events decreases with
increasing energy, and that the distribution over the exci-
tation mass is / 1=M2

X. As a result, we expect that at the
LHC energy ! ( 2 ) 10#2. Thus, the diffractively produced
state is actually the jpp i state, and the contributions from
inelastic diffraction are small.

The small overlap between hard and soft diffraction also
can be understood as the result of the different impact
parameter dependence of both types of processes. Hard
diffraction occurs mostly at small impact parameters, b2 &
Bg. Soft diffraction, because of the approach to the BDL,
occurs mostly at large impact parameters, b2 & B, which,
moreover, rapidly grow with the collision energy. We note
again that the peripheral nature of soft diffraction was
established already within Reggeon field theory, where it
was found that the BDL solves the consistency problem
associated with the triple Reggeon formula [26].

The restriction to the pp intermediate state turns
Eq. (56) into a tool for quantitative evaluation of the
diffractive amplitude and the RGS probability. In particu-
lar, with the pp intermediate state we can approximate the
matrix element of the soft-interaction time evolution op-
erator by that of the full S-matrix, i.e., the pp elastic
scattering amplitude, which is known experimentally; see
Sec. II. For this approximation to be legitimate it is crucial
that scattering at small impact parameters turns out to be
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FIG. 5. Schematic illustration of hard and soft interactions in
the parton picture of double-gap exclusive diffractive pp scat-
tering. (a) The hard scattering process producing the large-mass
system (Higgs, dijet) is represented by a local operator in parton
degrees of freedom. (b) Hard and soft interactions are approxi-
mately independent since they proceed over widely different
time and distance scales.
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which satisÞes
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In termsof this distribution the RGS probability (73) is
expressedas

 S2 )
Z

d2bPhard!b"j1 %!!b"j2: (77)

This resultagreeswith theexpressionfor theRGSproba-
bility derived heuristically in Refs. [11Ð13,55]. For the
comparisonof our result for the RGS probability with
thatobtainedwith thepomeronmodelof Ref. [5], werefer
to Sec.V B below; seealso the commentsat the end of
Sec.IV D.

Expression(77) for the RGS probability allows for a
simpleprobabilisticinterpretation.Considerapp collision
at given impact parameter, b ) jbj. Since the hard two-
gluon exchangeprocessis effectively local in transverse
space,theprobabilityfor it to happenis proportionalto the
productof the squaredtransversespatialdistributions of
gluons in the two colliding protons,integratedover the
transverseplane,as given by the numeratorof Eq. (75).
Considernow a hypotheticalsampleof pp eventswith the
two-gluon inducedhard scatteringprocess,but an other-
wise arbitrary (nondiffractive) Þnal state.By the laws of
probability, the distribution of impact parametersin this
sampleis given by the normalizeddistribution Phard!b",
Eq.(75). A diffractiveeventresultsif thespectatorsystems
of thetwo protonsdo not interactinelastically. Theproba-
bility for this to happenin app collisionatÞxedb is given
by j1 %!!b"j2, cf. Eq. (4), in analogyto the well-known
formula for inelastic scatteringin nonrelativistic theory
[56]. TheRGSprobability, which is deÞnedasthefraction
of diffractive eventsin thesampleof all eventscontaining
the samehard scatteringprocess,is then given by the
averageof this functionwith thenormalizedb distribution
in thesample,Eq. (77).

It needsto be stressedthat the impact parameterof a
single pp event is not observable, being a microscopic
quantitybeyond the reachof any experimentalapparatus.
In the above arguments,the impact parameterplays the
role of a randomlychosenexternal parameter. However,
usinginformationaboutthe transversespatialdistribution
of gluonsin the proton from independentmeasurements,
we cancalculatetheprobability for certainhardprocesses
in app collisionasafunctionof theimpactparameter, and
thusinfer thedistributionof impactparametersin asample
of eventswith thesamehardprocess.This logic wasused

in Ref. [24] to devise a trigger on central collisions in
inclusive pp scatteringby requiringharddijet production
atsmallrapidities.Hereweusethesamestrategyto model
soft spectatorinteractionsin double-gapexclusive diffrac-
tive pp scattering.

The integrandin Eq. (77) describesthe effective distri-
bution of impact parametersin a sampleof double-gap
diffractiveeventsandreßectstheinterplayof hardandsoft
interactionsat the crosssectionlevel. The probability for
thehardprocess,Phard!b", favorssmall impactparameters,
which maximizetheoverlapof the large-x gluondistribu-
tions in the protons,and vanishesfor b2 * 1=Bg. The
probability for no inelasticsoft interactions,j1 %!!b"j2,
favorslargeimpactparameters,whichincreasethechances
for the protonsto stayintact, andvanishesfor b2 + 1=B
wherepp scatteringapproachestheBDL. Theproductof
the two probabilitiesis suppressedboth at small and at
large b andthusconcentratedat intermediatevaluesof b.

This point can be illustratednicely with the Gaussian
parametrizationsof the transversespatial distribution of
gluons, Eq. (34), and the pp elastic proÞle function,
Eq. (12). With the Gaussianform (34), the convolution
integralin Eq. (75) canbecomputedanalytically,
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This function is shown by the dashedline in Fig. 8. The
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andis shownby thesolidline in Fig.8. It issuppressedboth
for b2 + 1=B (becauseof the ÔÔblacknessÕÕof the pp
amplitude)andfor b2 * 1=Bg (becauseof the vanishing
of the overlap of the two gluon distributions) and thus
concentratedat intermediatevaluesof b. The maximum
of 2#b timesthecombineddistribution is at

 b2 , 5Bg !Bg + B": (80)

We seethat within our two-scalepictureof the transverse
structure of hard and soft interactions,cf. Fig. 2, the
dominantimpactparametersin double-gapexclusive dif-
fractive processesare determinedby Bg Ñ the smallerof
thetwo areasÑ but maybenumericallylargebecauseof a
largenumericalfactor. The RGSprobability, Eq. (77), is
given by the integralof 2#b timesEq. (79) (i.e., the area
under the solid curve in Fig. 8) and can be computed
analytically,

 S2 )
2B2

g

!B $ Bg"!B $ 2Bg"
,

2B2
g

B2 !Bg + B": (81)

FRANKFURT, HYDE-WRIGHT, STRIKMAN, AND WEISS PHYSICAL REVIEW D 00

14

and introduce a normalized impact parameter distribution,
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which satisfies

 

Z
d2bPhard!b" ) 1: (76)

In terms of this distribution the RGS probability (73) is
expressed as

 S2 )
Z

d2bPhard!b"j1% ! !b"j2: (77)

This result agrees with the expression for the RGS proba-
bility derived heuristically in Refs. [11–13,55]. For the
comparison of our result for the RGS probability with
that obtained with the pomeron model of Ref. [5], we refer
to Sec. V B below; see also the comments at the end of
Sec. IV D.

Expression (77) for the RGS probability allows for a
simple probabilistic interpretation. Consider a pp collision
at given impact parameter, b ) jbj. Since the hard two-
gluon exchange process is effectively local in transverse
space, the probability for it to happen is proportional to the
product of the squared transverse spatial distributions of
gluons in the two colliding protons, integrated over the
transverse plane, as given by the numerator of Eq. (75).
Consider now a hypothetical sample of pp events with the
two-gluon induced hard scattering process, but an other-
wise arbitrary (nondiffractive) final state. By the laws of
probability, the distribution of impact parameters in this
sample is given by the normalized distribution Phard!b",
Eq. (75). A diffractive event results if the spectator systems
of the two protons do not interact inelastically. The proba-
bility for this to happen in a pp collision at fixed b is given
by j1% ! !b"j2, cf. Eq. (4), in analogy to the well-known
formula for inelastic scattering in nonrelativistic theory
[56]. The RGS probability, which is defined as the fraction
of diffractive events in the sample of all events containing
the same hard scattering process, is then given by the
average of this function with the normalized b distribution
in the sample, Eq. (77).

It needs to be stressed that the impact parameter of a
single pp event is not observable, being a microscopic
quantity beyond the reach of any experimental apparatus.
In the above arguments, the impact parameter plays the
role of a randomly chosen external parameter. However,
using information about the transverse spatial distribution
of gluons in the proton from independent measurements,
we can calculate the probability for certain hard processes
in a pp collision as a function of the impact parameter, and
thus infer the distribution of impact parameters in a sample
of events with the same hard process. This logic was used

in Ref. [24] to devise a trigger on central collisions in
inclusive pp scattering by requiring hard dijet production
at small rapidities. Here we use the same strategy to model
soft spectator interactions in double-gap exclusive diffrac-
tive pp scattering.

The integrand in Eq. (77) describes the effective distri-
bution of impact parameters in a sample of double-gap
diffractive events and reflects the interplay of hard and soft
interactions at the cross section level. The probability for
the hard process, Phard!b", favors small impact parameters,
which maximize the overlap of the large-x gluon distribu-
tions in the protons, and vanishes for b2 * 1=Bg. The
probability for no inelastic soft interactions, j1% ! !b"j2,
favors large impact parameters, which increase the chances
for the protons to stay intact, and vanishes for b2 + 1=B
where pp scattering approaches the BDL. The product of
the two probabilities is suppressed both at small and at
large b and thus concentrated at intermediate values of b.

This point can be illustrated nicely with the Gaussian
parametrizations of the transverse spatial distribution of
gluons, Eq. (34), and the pp elastic profile function,
Eq. (12). With the Gaussian form (34), the convolution
integral in Eq. (75) can be computed analytically,
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This function is shown by the dashed line in Fig. 8. The
integrand of Eq. (77) is given by
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and is shown by the solid line in Fig. 8. It is suppressed both
for b2 + 1=B (because of the ‘‘blackness’’ of the pp
amplitude) and for b2 * 1=Bg (because of the vanishing
of the overlap of the two gluon distributions) and thus
concentrated at intermediate values of b. The maximum
of 2#b times the combined distribution is at

 b2 , 5Bg !Bg + B": (80)

We see that within our two-scale picture of the transverse
structure of hard and soft interactions, cf. Fig. 2, the
dominant impact parameters in double-gap exclusive dif-
fractive processes are determined by Bg —the smaller of
the two areas—but may be numerically large because of a
large numerical factor. The RGS probability, Eq. (77), is
given by the integral of 2#b times Eq. (79) (i.e., the area
under the solid curve in Fig. 8) and can be computed
analytically,
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It is convenient to introduce a normalized impact parameter distribution

and introduce a normalized impact parameter distribution,
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which satisfies
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In terms of this distribution the RGS probability (73) is
expressed as

 S2 )
Z

d2bPhard!b"j1 %!!b"j2: (77)

This result agrees with the expression for the RGS proba-
bility derived heuristically in Refs. [11–13,55]. For the
comparison of our result for the RGS probability with
that obtained with the pomeron model of Ref. [5], we refer
to Sec. V B below; see also the comments at the end of
Sec. IV D.

Expression (77) for the RGS probability allows for a
simple probabilistic interpretation. Consider a pp collision
at given impact parameter, b ) jbj. Since the hard two-
gluon exchange process is effectively local in transverse
space, the probability for it to happen is proportional to the
product of the squared transverse spatial distributions of
gluons in the two colliding protons, integrated over the
transverse plane, as given by the numerator of Eq. (75).
Consider now a hypothetical sample of pp events with the
two-gluon induced hard scattering process, but an other-
wise arbitrary (nondiffractive) final state. By the laws of
probability, the distribution of impact parameters in this
sample is given by the normalized distribution Phard!b",
Eq. (75). A diffractive event results if the spectator systems
of the two protons do not interact inelastically. The proba-
bility for this to happen in a pp collision at fixed b is given
by j1 %!!b"j2, cf. Eq. (4), in analogy to the well-known
formula for inelastic scattering in nonrelativistic theory
[56]. The RGS probability, which is defined as the fraction
of diffractive events in the sample of all events containing
the same hard scattering process, is then given by the
average of this function with the normalized b distribution
in the sample, Eq. (77).

It needs to be stressed that the impact parameter of a
single pp event is not observable, being a microscopic
quantity beyond the reach of any experimental apparatus.
In the above arguments, the impact parameter plays the
role of a randomly chosen external parameter. However,
using information about the transverse spatial distribution
of gluons in the proton from independent measurements,
we can calculate the probability for certain hard processes
in a pp collision as a function of the impact parameter, and
thus infer the distribution of impact parameters in a sample
of events with the same hard process. This logic was used

in Ref. [24] to devise a trigger on central collisions in
inclusive pp scattering by requiring hard dijet production
at small rapidities. Here we use the same strategy to model
soft spectator interactions in double-gap exclusive diffrac-
tive pp scattering.

The integrand in Eq. (77) describes the effective distri-
bution of impact parameters in a sample of double-gap
diffractive events and reflects the interplay of hard and soft
interactions at the cross section level. The probability for
the hard process, Phard!b", favors small impact parameters,
which maximize the overlap of the large-x gluon distribu-
tions in the protons, and vanishes for b2 * 1=Bg. The
probability for no inelastic soft interactions, j1 %!!b"j2,
favors large impact parameters, which increase the chances
for the protons to stay intact, and vanishes for b2 + 1=B
where pp scattering approaches the BDL. The product of
the two probabilities is suppressed both at small and at
large b and thus concentrated at intermediate values of b.

This point can be illustrated nicely with the Gaussian
parametrizations of the transverse spatial distribution of
gluons, Eq. (34), and the pp elastic profile function,
Eq. (12). With the Gaussian form (34), the convolution
integral in Eq. (75) can be computed analytically,
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This function is shown by the dashed line in Fig. 8. The
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and is shown by the solid line in Fig. 8. It is suppressed both
for b2 + 1=B (because of the ‘‘blackness’’ of the pp
amplitude) and for b2 * 1=Bg (because of the vanishing
of the overlap of the two gluon distributions) and thus
concentrated at intermediate values of b. The maximum
of 2# b times the combined distribution is at

 b2 , 5Bg !Bg + B": (80)

We see that within our two-scale picture of the transverse
structure of hard and soft interactions, cf. Fig. 2, the
dominant impact parameters in double-gap exclusive dif-
fractive processes are determined by Bg —the smaller of
the two areas—but may be numerically large because of a
large numerical factor. The RGS probability, Eq. (77), is
given by the integral of 2# b times Eq. (79) (i.e., the area
under the solid curve in Fig. 8) and can be computed
analytically,
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andintroducea normalizedimpactparameterdistribution,
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In termsof this distribution the RGS probability (73) is
expressedas

 S2 )
Z

d2bPhard!b"j1% ! !b"j2: (77)

This resultagreeswith theexpressionfor theRGSproba-
bility derived heuristically in Refs. [11Ð13,55]. For the
comparisonof our result for the RGS probability with
thatobtainedwith thepomeronmodelof Ref. [5], werefer
to Sec.V B below; seealso the commentsat the end of
Sec.IV D.

Expression(77) for the RGS probability allows for a
simpleprobabilisticinterpretation.Considerapp collision
at given impact parameter, b ) jbj. Since the hard two-
gluon exchangeprocessis effectively local in transverse
space,theprobabilityfor it to happenis proportionalto the
productof the squaredtransversespatialdistributions of
gluons in the two colliding protons,integratedover the
transverseplane,as given by the numeratorof Eq. (75).
Considernow a hypotheticalsampleof pp eventswith the
two-gluon inducedhard scatteringprocess,but an other-
wise arbitrary (nondiffractive) Þnal state.By the laws of
probability, the distribution of impact parametersin this
sampleis given by the normalizeddistribution Phard!b",
Eq.(75). A diffractiveeventresultsif thespectatorsystems
of thetwo protonsdo not interactinelastically. Theproba-
bility for this to happenin app collisionatÞxedb is given
by j1% ! !b"j2, cf. Eq. (4), in analogyto the well-known
formula for inelastic scatteringin nonrelativistic theory
[56]. TheRGSprobability, which is deÞnedasthefraction
of diffractive eventsin thesampleof all eventscontaining
the samehard scatteringprocess,is then given by the
averageof this functionwith thenormalizedb distribution
in thesample,Eq. (77).

It needsto be stressedthat the impact parameterof a
single pp event is not observable, being a microscopic
quantitybeyond the reachof any experimentalapparatus.
In the above arguments,the impact parameterplays the
role of a randomlychosenexternal parameter. However,
usinginformationaboutthe transversespatialdistribution
of gluonsin the proton from independentmeasurements,
we cancalculatetheprobability for certainhardprocesses
in app collisionasafunctionof theimpactparameter, and
thusinfer thedistributionof impactparametersin asample
of eventswith thesamehardprocess.This logic wasused

in Ref. [24] to devise a trigger on central collisions in
inclusive pp scatteringby requiringharddijet production
atsmallrapidities.Hereweusethesamestrategyto model
soft spectatorinteractionsin double-gapexclusive diffrac-
tivepp scattering.

The integrandin Eq. (77) describesthe effective distri-
bution of impact parametersin a sampleof double-gap
diffractiveeventsandreßectstheinterplayof hardandsoft
interactionsat the crosssectionlevel. The probability for
thehardprocess,Phard!b", favorssmall impactparameters,
which maximizetheoverlapof the large-x gluondistribu-
tions in the protons,and vanishesfor b2 * 1=Bg. The
probability for no inelasticsoft interactions,j1% ! !b"j2,
favorslargeimpactparameters,whichincreasethechances
for the protonsto stayintact, andvanishesfor b2 + 1=B
wherepp scatteringapproachestheBDL. Theproductof
the two probabilitiesis suppressedboth at small and at
large b andthusconcentratedat intermediatevaluesof b.

This point can be illustratednicely with the Gaussian
parametrizationsof the transversespatial distribution of
gluons, Eq. (34), and the pp elastic proÞle function,
Eq. (12). With the Gaussianform (34), the convolution
integralin Eq. (75) canbecomputedanalytically,
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andis shownby thesolidline in Fig.8. It issuppressedboth
for b2 + 1=B (becauseof the ÔÔblacknessÕÕof the pp
amplitude)andfor b2 * 1=Bg (becauseof the vanishing
of the overlap of the two gluon distributions) and thus
concentratedat intermediatevaluesof b. The maximum
of 2#b timesthecombineddistribution is at

 b2 , 5Bg !Bg + B": (80)

We seethat within our two-scalepictureof the transverse
structure of hard and soft interactions,cf. Fig. 2, the
dominantimpactparametersin double-gapexclusive dif-
fractive processesare determinedby BgÑ the smallerof
thetwo areasÑ but maybenumericallylargebecauseof a
largenumericalfactor. The RGSprobability, Eq. (77), is
given by the integralof 2#b timesEq. (79) (i.e., the area
under the solid curve in Fig. 8) and can be computed
analytically,
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and introduce a normalized impact parameter distribution,
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which satisfies
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In terms of this distribution the RGS probability (73) is
expressed as
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d2bPhard!b"j1 %!!b"j2: (77)

This result agrees with the expression for the RGS proba-
bility derived heuristically in Refs. [11–13,55]. For the
comparison of our result for the RGS probability with
that obtained with the pomeron model of Ref. [5], we refer
to Sec. V B below; see also the comments at the end of
Sec. IV D.

Expression (77) for the RGS probability allows for a
simple probabilistic interpretation. Consider a pp collision
at given impact parameter, b ) jbj. Since the hard two-
gluon exchange process is effectively local in transverse
space, the probability for it to happen is proportional to the
product of the squared transverse spatial distributions of
gluons in the two colliding protons, integrated over the
transverse plane, as given by the numerator of Eq. (75).
Consider now a hypothetical sample of pp events with the
two-gluon induced hard scattering process, but an other-
wise arbitrary (nondiffractive) final state. By the laws of
probability, the distribution of impact parameters in this
sample is given by the normalized distribution Phard!b",
Eq. (75). A diffractive event results if the spectator systems
of the two protons do not interact inelastically. The proba-
bility for this to happen in a pp collision at fixed b is given
by j1 %!!b"j2, cf. Eq. (4), in analogy to the well-known
formula for inelastic scattering in nonrelativistic theory
[56]. The RGS probability, which is defined as the fraction
of diffractive events in the sample of all events containing
the same hard scattering process, is then given by the
average of this function with the normalized b distribution
in the sample, Eq. (77).

It needs to be stressed that the impact parameter of a
single pp event is not observable, being a microscopic
quantity beyond the reach of any experimental apparatus.
In the above arguments, the impact parameter plays the
role of a randomly chosen external parameter. However,
using information about the transverse spatial distribution
of gluons in the proton from independent measurements,
we can calculate the probability for certain hard processes
in a pp collision as a function of the impact parameter, and
thus infer the distribution of impact parameters in a sample
of events with the same hard process. This logic was used

in Ref. [24] to devise a trigger on central collisions in
inclusive pp scattering by requiring hard dijet production
at small rapidities. Here we use the same strategy to model
soft spectator interactions in double-gap exclusive diffrac-
tive pp scattering.

The integrand in Eq. (77) describes the effective distri-
bution of impact parameters in a sample of double-gap
diffractive events and reflects the interplay of hard and soft
interactions at the cross section level. The probability for
the hard process, Phard!b", favors small impact parameters,
which maximize the overlap of the large-x gluon distribu-
tions in the protons, and vanishes for b2 * 1=Bg. The
probability for no inelastic soft interactions, j1 %!!b"j2,
favors large impact parameters, which increase the chances
for the protons to stay intact, and vanishes for b2 + 1=B
where pp scattering approaches the BDL. The product of
the two probabilities is suppressed both at small and at
large b and thus concentrated at intermediate values of b.

This point can be illustrated nicely with the Gaussian
parametrizations of the transverse spatial distribution of
gluons, Eq. (34), and the pp elastic profile function,
Eq. (12). With the Gaussian form (34), the convolution
integral in Eq. (75) can be computed analytically,
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and is shown by the solid line in Fig. 8. It is suppressed both
for b2 + 1=B (because of the ‘‘blackness’’ of the pp
amplitude) and for b2 * 1=Bg (because of the vanishing
of the overlap of the two gluon distributions) and thus
concentrated at intermediate values of b. The maximum
of 2# b times the combined distribution is at

 b2 , 5Bg !Bg + B": (80)

We see that within our two-scale picture of the transverse
structure of hard and soft interactions, cf. Fig. 2, the
dominant impact parameters in double-gap exclusive dif-
fractive processes are determined by Bg —the smaller of
the two areas—but may be numerically large because of a
large numerical factor. The RGS probability, Eq. (77), is
given by the integral of 2# b times Eq. (79) (i.e., the area
under the solid curve in Fig. 8) and can be computed
analytically,
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In the approach based on QCD factorization theorem no need to model effects 
of multi Pomeron exchanges, use eikonal approximation etc.  Answer is expressed 
through the experimentally measured elastic amplitude of pp scattering.

Interesting that naive generalization of eikonal model which includes diffraction = 
the Good-Walker model approach has problems. It violates Pumplin bound and 
ignores dominance of spin ßip in the inelastic diffraction away from t=0.



In LT in pQCD t-distribution of exclusive VM production measures transverse distribution of 
gluons given by the Fourier transform of the two gluon form factor    Fg(x,t)

  Onset of universal regime FKS[Frankfurt,Koepf, MS] 97. 

Convergence of the t-slopes, B (               ), of  ρ-
meson electroproduction to the slope of
  J/psi photo(electro)production.  

Transverse  distribution of gluons can be extracted from 
  
 

d!
dt

= Aexp(Bt)

! + p ! J/ " + N

3

4

5

6

7

8

9

10

11

12

13

0 5 10 15 20 25 30 35 40

!  ZEUS (prel.)
!  ZEUS

"  ZEUS (prel.)
"  ZEUS
J/#  ZEUS
J/#  H1

!  H1

Q2 (GeV2)

B
 (

G
eV

-2
)

!

J/#

10

rT !
1
Q

(
1

mc
) ! rNd

dσ/dt ∝ F2g(x,t)



The integrand (impact factor distribution) in the RGS probability for Higgs 
boson production at the LHC energy. Dashed line: b distribution of the hard  
two-gluon exchange, Phard(b) evaluated with exponential parametrization of the 
two-gluon form factor with Bg=3.24 GeV-2. Solid line: the product Phard(b)|1-
Γ(b)|2 . Vanishing of |1-Γ(b)|2 strongly suppresses the contribution of the small 
impact parameters. RGS probability, S2 is given by the area under the solid 
curve. Note that median of the distribution is at b~0.8 fm.
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Fig. 1: (a) Transversegeometryof harddiffractive pp scattering. (b) Dashedline: Probability for hardscattering

processPhard(b) as function of the pp impact parameter, b. Dotted line: Probability for no inelastic interactions

betweentheprotons,|1− Γ(b)|2. Solid line: ProductPhard(b)|1− Γ(b)|2. TheRGSprobability (1) is givenby the

areaunderthis curve. The resultsshown arefor Higgsproductionat the LHC (
√

s = 14TeV, M H ∼ 100GeV).

(We point out that the distributionsshown in Fig. 8 of Ref. [4] correspondto a gluon tÐslopeBg = 4GeV−2, not

Bg = 3.24GeV−2 asstatedin thecaption.Theplot hereshows thecorrectdistributionsfor Bg = 3.24GeV−2.)

integral(1) (seeFig.1b)anddeterminesthevalueof theRGSprobabilityto beS2 ! 1. Onesees
thattheapproachto theBDR in soft interactionsplaysanessentialrole in RGSathighenergies.

3 BlackÐdiskregimein hard spectatorinteractions

At LHC energies even highly virtual partons(k2 " few GeV2) with x ! 10! 2 experience
ÒblackÓinteractionswith thesmallÐx gluonsin theotherproton.Thisnew effectcausesanaddi-
tionalsuppressionof diffractivescatteringwhich is not includedin thetraditionalRGSprobabil-
ity [4]. Onemechanismby which this happensis theabsorptionof ÒparentÓpartonsin theQCD
evolutionleadingupto thehardscatteringprocess(seeFig.2a).SpeciÞcally, in Higgsproduction
at theLHC thegluonsproducingtheHiggshave momentumfractionsx1,2 " M H /

#
s " 10! 2;

their ÒparentÓpartonsin the evolution (quarksandgluons)typically have momentumfractions
of the orderx " 10! 1 andtransversemomentak2

T " few GeV2. Quantitative studiesof the
BDR in thedipolepictureshow thatat theLHC energy suchpartonsareabsorbedwith nearÐunit
probability if their impactparameterswith the otherprotonare! 1,2 " 1 fm (seeFig. 2b). For
protonÐprotonimpactparametersb < 1fm about90% of the strengthin Phard(b) comesfrom
partonÐprotonimpactparameters! 1,2 < 1fm (cf. Fig. 1a),so that this effect practicallyelimi-
natesdiffractionat b < 1fm. Sinceb < 1fm accountsfor 2/3 of thecrosssection[seeEq. (1)
andFig. 1b)], andthe remainingcontributionsat b > 1fm arealsoreducedby absorption,we
estimatethat inelasticinteractionsof hardspectatorsin theBDR reducetheRGSprobabilityat
LHC energiesto about20%of its softÐinteractionvalue.

In theaboveargumentonemustalsoallow for thepossibilityof trajectorieswith nogluon
emission.Mathematically, they correspondto theSudakov form factorÐsuppressed" (1$ x)Ðterm
in theevolutionkernel.While suchtrajectoriesarenotaffectedby absorption,theircontributions



The gap survival probability is of the order !Bg=B"2, i.e., it
is proportional to the square of the ratio of the transverse
area occupied by hard gluons to the area corresponding to
soft interactions. Thus, our two-scale picture offers a para-
metric argument for the smallness of the rapidity gap
survival probability.

The approach to the black-disk limit in pp scattering at
high energies, i.e., the fact that ! !b" ! 1 at small b plays a
crucial role in determining the numerical value of the RGS
probability and ensuring stability of our calculation with
respect to variation of the parameters. A small deviation of
the profile function from unity at b # 0, of the form ! !b #
0" # 1 $ ! with ! % 1, would change the result for the
gap survival probability to

 S2 ! S2jBDL & ! 2 (82)

[here we have used that Bg % B, and that the integral of
Phard is unity, cf. Eq. (76)]. The approach to the BDL
effectively eliminates ! !b # 0" as a parameter in our cal-
culation. We stress again that the experimental data as well
as theoretical arguments indicate that the BDL is indeed
reached in pp scattering at small impact parameters at the
LHC energy.

B. Numerical estimates

For a numerical estimate of the gap survival probability
we evaluate Eq. (77) with the dipole parametrization of the
two-gluon form factor, Eq. (31), and the parametrization of
the pp elastic amplitude of Ref. [21]. For Higgs production
at the LHC (

!!!
s

p
# 14 TeV) at central rapidities the mo-

mentum fractions of the annihilating gluons are x1;2 '
10$ 2 (at a scale Q2 % m2

H ). For such values of x in
principle the contributions of the nucleon’s pion cloud to
the gluon density at transverse distances " ' 1=!2M# "
need to be taken into account; see Sec. III. As we shall
explain below, these contributions to the gluon density
involve correlations in the nucleon wave function, which
effectively reduce their contribution to RGS and should not
be included in the estimate based on Eq. (77). We therefore
use in our estimate at the LHC energy the simple dipole
form factor with m2

g ( 1 GeV2, which does not include the
pion cloud contribution. With this choice of parameters
Eq. (77) gives for the RGS probability for Higgs produc-
tion at the LHC

 S2 # 0:027: (83)

The energy dependence of the RGS probability is shown in
Fig. 9, for various values of the mass parameter of the two-
gluon form factor, m2

g. At the Tevatron energy (
!!!
s

p
#

1:9 TeV), the gluon momentum fractions x1;2 are of the
order ' 10$ 1, for which the pion cloud contributions to the
gluon density are naturally absent. While a mass parameter
m2

g # 1 GeV2 is still reasonable in this situation, even
higher values m2

g might be relevant in this case. Taking
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FIG. 9. The RGS probability for double-gap exclusive diffrac-
tive processes, Eq. (77), as a function of the squared CM energy,
s. The Tevatron and LHC energies are marked by arrows. Shown
are the results obtained with the dipole parametrization of the
two-gluon form factor (31), for different values of the mass
parameter m2

g. The value m2
g # 1 GeV2 is appropriate for Higgs

boson production at the LHC at central rapidities. The profile
function of the pp elastic amplitude was taken from Ref. [21]
(cf. Fig. 1).
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exchange, Phard!b", Eq. (75), evaluated with the exponential
parametrization of the two-gluon form factor, Eq. (33) with
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cf. Fig. 1, strongly suppresses contributions from small impact
parameters. Note that the plot shows 2# b times the functions of
impact parameter; the small-b part of the dashed curve [distri-
bution Phard!b"] would be close to the left boundary of the plot
and was omitted for better legibility. The RGS probability, S2, is
given by the area under the solid curve.
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S2(LHC)Óuncorrelated approximationÓ≈ 0.025 is close to the  ÒDurhamÓ number of 
2001(Khoze, Martin, Ryskin)  due to accidental compensation of two 
effects: no suppression due to diffractive channel, but a larger suppression 
due to more realistic transverse distribution of gluons. 

Triple pomeron contribution in ÒDurhamÓ approach is problematic  
because of neglect of spin ßip .

B2g =3.24 GeV-2  for x~ 10-2 vs B2g(HERA) =5 GeV-2
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Effects of correlations: 

!

!

Local correlations induced by QCD evolution

  Correlations induced by global size ßuctuations



New high energy QCD regime: regime of complete absorption for small αs: 
limit  -  Þxed Q & large energies -black disk regime (BDR)

studies of the Òquark-antiquark 
dipoleÓ(transverse size d)  - nucleon 

cross section based pQCD and  
HERA data 

Evidence for proximity to BDR at HERA

Frankfurt et al 
2000-2001

Provided a reasonable prediction for  σL

Soft
Regime

Matching Region

Hard
Regime

Υ J/ψ
! inel =

" 2

3
F2d2#s($/d2)xGT(x.$/d2)

F2 Casimir operator  of color SU(3)

F2(quark) =4/3 F2 (gluon)=3

Baym et al 93
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Combine  study of dipole nucleon cross section (description of F2p  and analysis 
of  exclusive hard processes (t-dependence of the dipole - nucleon scattering)

 determine   impact factors for  elastic                               qøq−N scattering

Γ= 1   corresponds to  regime of complete absorption - BDR

! h(s,b) =
1

2is
1

(2" )2

Z
d2!qei!q!bAhN(s, t)
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Analyze strength of interaction of small color dipoles with nucleons:
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kt ~ 1GeV/ckt ~ 3 GeV/c



gg -N interaction seems close to BDR for Q2~4 GeV2, x~10-4

-

⇒
Natural explanation of the BRAHMS 
result at RHIC, the only one 
consistent with the STAR data on 
correlations

Suppression of the leading hadron production in pA 
scattering at large pt comparable to the scale of Black 
disk regime at given energy  (FS 01-06)

Forward partons with pt less than BDR scale should 
loose energy and pt distribution should broaden

"

Test

Gluon densities at small x in 
heavy nuclei at b=0 and in the 
proton at b=0 are similar

"

⇒ In high energy pp collisions at small b no 
partons with pt < few GeV  can survive

Large probability of 
diffraction in gluon channel
⇒

"

17



Let us illustrate magnitude of these effects  consider the interaction of gluon from the 
evolution of gluon gpd with the small x gluons in the second nucleon

In gluon GDPs for diffractive  Higgs production at LHC,

Q2 ~ 4- 8 GeV2,  x~ 10-2

backward evolution - very high probability that these gluons originated from gluons 
at x ~10-1  and pt~ 1GeV/c   - these gluons are present in the colliding nucleons and 
absorbed back into the Þnal nucleon long after collisions provided they did not 
interact.   These partons are close to the interacting partons and hence not included 
in the soft absorption factor.

Probability to survive - interaction of a dipole with size d ~π /2pt ~ .3 fm at 
effective energy seff ~ sLHC/10.         xeff ~10-6 - 10-7 !!!

18
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∼ (0.5-0.7)bpp

Extra suppression is roughly  |1-Γdipole N((0.5-0.7)bpp)|4 #  for bpp =0.8 fm suppression is  by a 
factor > 10. Overall would give suppression > a factor 5.  If a gluon was emitted from a gluon 
at large x suppression is even larger.
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Thegapsurvival probabilityis of theorder!Bg=B"2, i.e., it
is proportionalto the squareof the ratio of the transverse
areaoccupiedby hardgluonsto theareacorrespondingto
soft interactions.Thus,our two-scalepictureoffersapara-
metric argument for the smallnessof the rapidity gap
survival probability.

Theapproachto theblack-disklimit in pp scatteringat
highenergies,i.e., thefact that! !b" ! 1 atsmallb playsa
crucialrole in determiningthenumericalvalueof theRGS
probability and ensuringstability of our calculationwith
respectto variationof theparameters.A smalldeviationof
theproÞlefunctionfrom unity atb # 0, of theform ! !b #
0" # 1 $ ! with ! % 1, would changethe result for the
gapsurvival probability to

 S2 ! S2jBDL & !2 (82)

[herewe have usedthatBg % B, andthat the integralof
Phard is unity, cf. Eq. (76)]. The approachto the BDL
effectively eliminates! !b # 0" asa parameterin our cal-
culation.Westressagainthattheexperimentaldataaswell
as theoreticalargumentsindicatethat the BDL is indeed
reachedin pp scatteringat small impactparametersat the
LHC energy.

B. Numerical estimates

For a numericalestimateof thegapsurvival probability
weevaluateEq.(77) with thedipoleparametrizationof the
two-gluonform factor, Eq.(31), andtheparametrizationof
thepp elasticamplitudeof Ref.[21]. For Higgsproduction
at the LHC (

!!!
s

p
# 14 TeV) at central rapidities the mo-

mentum fractions of the annihilating gluons are x1;2 '
10$ 2 (at a scale Q2 % m2

H). For such values of x in
principle the contributionsof the nucleonÕs pion cloud to
the gluon density at transverse distances" ' 1=!2M#"
needto be taken into account;seeSec.III. As we shall
explain below, thesecontributionsto the gluon density
involve correlationsin the nucleonwave function, which
effectively reducetheircontributionto RGSandshouldnot
beincludedin theestimatebasedonEq.(77). Wetherefore
usein our estimateat the LHC energythe simple dipole
form factorwith m2

g ( 1 GeV2, whichdoesnotincludethe
pion cloud contribution.With this choice of parameters
Eq. (77) givesfor the RGSprobability for Higgs produc-
tion at theLHC

 S2 # 0:027: (83)

Theenergy dependenceof theRGSprobabilityis shown in
Fig.9, for variousvaluesof themassparameterof thetwo-
gluon form factor, m2

g. At the Tevatron energy (
!!!
s

p
#

1:9 TeV), the gluon momentumfractionsx1;2 are of the
order' 10$ 1, for which thepioncloudcontributionsto the
gluondensityarenaturallyabsent.While amassparameter
m2

g # 1 GeV2 is still reasonablein this situation, even
higher valuesm2

g might be relevant in this case.Taking
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FIG. 9. TheRGSprobability for double-gapexclusive diffrac-
tiveprocesses,Eq. (77), asa functionof thesquaredCM energy,
s. TheTevatronandLHC energiesaremarkedby arrows.Shown
are the resultsobtainedwith the dipole parametrizationof the
two-gluon form factor (31), for different values of the mass
parameterm2

g. Thevaluem2
g # 1 GeV2 is appropriatefor Higgs

bosonproductionat the LHC at central rapidities.The proÞle
function of the pp elasticamplitudewas takenfrom Ref. [21]
(cf. Fig. 1).
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aresmallbothbecauseof theSudakov suppression,andbecausethey effectively probethegluon
densityat the soft input scale,Q2

0 ! 1 GeV2. The probability for a gluon not to emit a gluon
whenevolving from virtuality Q2

0 to Q2, is givenby thesquareof theSudakov form factor,

C =
!
SG(Q2/Q2

0)
"2 = exp

#
"

3αs

π
ln2 Q2

Q2
0

$
. (2)

At thesametime, eachof thepartondensitiesin the trajectorywithout emissionsis suppressed
comparedto thosewith emissionsby a factorg(x,Q2)/g(x,Q2

0), whereQ2 ! 4 GeV2. The
overall relativesuppressionof trajectorieswithoutemissionis thusby a factor

R = C2
%
g(x,Q2)
g(x,Q2

0)

&2

!
1
10

. (3)

Although this contribution is suppressed,it is comparableto that of averagetrajectorieswith
emissionsbecausethe latter arestronglysuppressedby the absorptioneffect describedabove.
Combiningthe two, we Þndanoverall suppressionfactorof theorder! 0.3. In orderto make
moreaccurateestimatesoneobviouslywouldneedto takeinto accountßuctuationsin thenumber
of emissionsmorecarefully. In particular, trajectorieson which only oneof thepartonsdid not
emit gluons,whichcomewith asuppressionfactorof

#
R, maygivesigniÞcantcontributions.

Theapproachto theBDR in hardspectatorinteractionsdescribedhereÒpushesÓdiffractive
pp scatteringto evenlargerimpactparametersthanareallowedby softÐinteractionRGS(except
for theSudakovÐsuppressedcontributiondiscussedin thepreviousparagraph).Thisshouldman-
ifest itself in ashift of theÞnalÐstateprotontransversemomentumdistribution to smallervalues,
whichcouldbeobservedin pT Ðdependentmeasurementsof diffractionat theLHC.

TheestimatesreportedherearebasedontheassumptionthatDGLAPevolutionreasonably
well describesthe gluon densitydown to x ! 10! 6; the quantitative details(but not the basic
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A = 208, no shadowing

A = 208, shadowing

proton, b = 0

BRAHMS 
kinematics

pt B D R !
!
2d

where d is the 
minimal size of the gg 
(qq) dipole for which 
Γ(b=0)≥ 1/2 in LT

Gluon densities in nuclei and 
proton at b=0 are very similar!!!!

Difference is in the spread  in b

-
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Suppression of exclusive Higgs production at LHC is very sensitive to onset of 
the black disk regime. Large suppression as compared to approximation of 
factorized soft and hard physics . Black disk  regime effects should suppress S2  
by at least a factor of  3 at LHC (likely a factor of 4 -5 ). For Tevatron this effect 
is much smaller since effective x are a factor of 50 larger.

S2 LHC(Higgs) < 0.01

Several other implications - in particular much more narrow t -
distributions  for protons since b is a factor > 40%  larger.
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There exist global ßuctuations of the strength of interaction of a fast nucleon, 
for example due to ßuctuations of the size /orientation 

Due to a slow space-time evolution of the fast nucleon wave function one can 
treat the interaction as a superposition of interaction of conÞgurations of 
different strength - Pomeranchuk & Feinberg, Good and Walker, Pumplin  
&Miettinen (in QCD this is reasonable for total cross sections and for 
diffraction at  very small t)

N = 3q + 3qg + 3q+ ! + ...

● ●
● vs

●
● ●

rtr rtr

pN
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LHC - strong suppression for b< 1 fm. However cross section is already killed there by 
BDR mechanism - no double jeopardy. 

Conclusions - several mechanisms  suppress rapidity gaps at LHC for b < 1 fm, leading 
to a strong suppression of S2   at LHC as compared to naive uncorrelated picture. 

S2   < 0.01

Safe contribution is from b> 1.2 fm, leading to 

S2   ≥  0.004

GUESS:  0.007 ≥ S2   ≥ 0.005



Conclusions

Gap survival probability at LHC should be much smaller (<.01)  than according 
to the models neglecting correlations of partons in transverse plane due to 
onset of black disk regime/ regime of high gluon Þelds

 

⇐
⇒

Safe contribution is from b> 1.2 fm, leading to S2   ≥  0.004

GUESS:  0.007 ≥ S2   ≥ 0.005

  Durham group 

2006

Levin et al  S2 <  0.01 2007

S2 <  0.01 2008



 ACCOUNT of CORRELATIONS between soft and hard interactions - 
HARD INTERACTIONS IN THE BLACK-DISK REGIME

ModiÞcations of the amplitude for double-gap diffraction resulting from hard interactions near the BDR. 

(a) Absorption of parent parton of the gluons attached to the Higgs. 
 (b)Absorption of the gluons which screens hard gluon attached to the Higgs. 
(c) Absorption due to local interactions within the partonic ladder. 

we will consider only (a) which leads to a large suppression - other may lead to further suppression

H

kt b1-b2~1/kt<< rN

Interactions of parton Ò2Ó with 
second nucleon are not included 

in the soft factor |1-Γ|2

1

2

p

p
p

p

H
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 We Þnd that structure of diffraction in pp scattering at LHC and in GDPs relevant 
for the Higgs production is  very  different:  

 Overall  we Þnd effects of inelastic intermediate states, MX, are very small when parton 
distributions in all conÞgurations are the same. 

10! 8 ! xIP ! 0.1 generic pp diffraction  vs 10−2 ≤ xIP ≤ 0.1 for GDPs

27

hE! i ! 100 GeV in which the recoiling proton was de-
tected [38]. We also note that this value of Bg is consistent
with what one obtains from the extrapolation of the HERA
data towards larger x, using Eq. (27) with the measured " 0

g.
We shall use the dipole, Eqs. (31), with m2

g ! 1 GeV2 and
the exponential, Eq. (33), with Bg ! 3:24 GeV" 2, as our
standard parametrizations for calculations in the kinemat-
ics of Higgs production at the LHC below; comparison
between the two will allow us to estimate the uncertainty of
our numerical predictions with respect to the shape of the
two-gluon form factor.

IV. THEORY OF RAPIDITY GAP SURVIVAL

We now outline the basic steps in the calculation of the
amplitude of double-gap exclusive diffractive processes (1)
and develop the physical picture of RGS. The underlying
idea of our approach is that hard and soft interactions are
approximately independent because they happen over
widely different distance and time scales.

A. Hard scattering process

In the first step, one calculates the amplitude for double-
gap diffractive production of the high-mass system due to
hard interactions. For definiteness, we shall refer in the
following to Higgs boson production, keeping in mind that
the discussed mechanism applies to production of other
high-mass states as well (dijets, heavy quarkonia, etc.).
According to electroweak theory, the Higgs boson is pro-
duced predominantly through its coupling to gluons via a
quark loop; for a review and references see Ref. [42]. In
contrast to inclusive production, the amplitude for double-
gap diffractive production is in the lowest order in the QCD

running coupling constant " s given by the exchange of two
gluons with vacuum quantum numbers in the t-channel
(see Fig. 4). The Higgs boson is radiated from one of the
gluon lines. The role of the second exchanged gluon is to
neutralize the color charge in order to avoid gluon brems-
strahlung. However, global color neutrality alone is not
sufficient. To suppress radiation, one must require that
color be screened locally in space-time. Conversely, this
means that the selection of a diffractive process, without
accompanying radiation, guarantees some degree of local-
ization of the exchanged system.

Operationally, the localization of the exchanged two-
gluon system is ensured by Sudakov form factors, which
suppress configurations with low virtualities prone to emit
gluon bremsstrahlung. The actual calculation of the hard
scattering amplitude including Sudakov suppression is a
challenging problem, which was addressed in various ap-
proximations in Refs. [9,10]. Fortunately, for our purposes
we do not need to solve this problem at a fully quantitative
level, as only a few qualitative aspects of the hard scatter-
ing process turn out to be essential for the physics of RGS.

To discuss the hard scattering process, it is natural to
perform a Sudakov decomposition of the four-momenta,
using the initial proton momenta, p1 and p2, as basis
vectors, with 2#p1p2$! s (we neglect the proton mass).
As the transverse momenta of the final-state protons are
small compared to the Higgs mass, we can expand the final
proton four-momenta as

 p0
1 ! #1 " #1$p1 % p0

1? ; p0
2 ! #1 " #2$p2 % p0

2? ;

(36)

where #p0
1? ; p1$! #p0

1? ; p2$! 0 etc., and #1;2 parame-
trize the longitudinal momentum loss [cf. Eq. (16) and
the footnote before it],

 #1;2 !
mH!!!

s
p e& y; (37)

 

p
1

k
1

k
2

p
1
'

p
2

p
2

k

'

FIG. 4. The hard scattering process in double-gap exclusive
diffractive Higgs boson production (1). Two gluons are ex-
changed between the protons. The gluon-Higgs coupling is
indicated as a local vertex. The upper and lower blobs denote
the gluon-proton scattering amplitude, which can be calculated
in terms of the gluon GPD in the proton.
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FIG. 3. Comparison of the dipole (solid line) and exponential
(dashed line) parametrizations of the two-gluon form factor with
the parameters related by Eq. (35). Shown is the squared two-
gluon form factor F2

g#t$, for both parametrizations, correspond-
ing to the t dependence of the cross section for J= photo-
production (see text for details).
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