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tWe examine, as a 
orre
tion to the 
entral ex
lusive Higgs boson produ
tion in pp 
ollisionsat the LHC, the res
attering of gluoni
 ladders o� the proton. As usual, at the lowest order thehard part of this pro
ess 
an be des
ribed as a fusion of two hard gluoni
 ladders. We 
al
ulate
orre
tions to this hard amplitude whi
h are due to res
attering of these ladders. These 
orre
tions,whi
h 
ontain high mass di�ra
tive ex
itations of the proton, have not yet been taken into a

ountby the usual soft survival probabilities. We �nd that the 
orre
tion due to the ex
hange of a singlehard res
attering is negative, large and infrared sensitive. As a �rst step towards a more reliabledes
ription we therefore repla
e the res
attering ex
hange by a unitarized amplitude using the BKequation whi
h generates the saturation s
ale Qs(x). We also in
lude a soft gap survival probabilityfa
tor. We dis
uss the results and outline possible future strategies.
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1 Introdu
tionOne of the main experimental goals to be a
hieved at the Large Hadron Collider (LHC) is the dis
overyof the Higgs boson and the investigation of its properties. The dis
overy potential of LHC should besuÆ
ient to �nd the Standard Model Higgs boson as well as the supersymmetri
 Higgs parti
les in thewide range of masses, starting from the lower limit of 114.4 GeV imposed by the LEP [1℄ data up tothe mass of a few hundred GeV. Pre
ise ele
troweak measurements indi
ate, however, that the massof the Higgs boson should be rather at the lower end of the allowed window, with the 
entral value at113 GeV being determined from radiative 
orre
tions, and the upper limit of about 240 GeV at the
on�den
e level of 95%. It has been proposed [2℄{[15℄ that, if the Higgs boson mass, MH , is 
lose tothe expe
ted 
entral value, a measurement of the ex
lusive di�ra
tive rea
tion should be possible:p p �! p H p; (1)with the Higgs boson separated by rapidity gaps from the protons. The main advantage of this pro
essis an extremely low ba
kground whi
h is mu
h smaller than the potential signal. The ba
kgroundsuppression permits pre
ise measurements { for instan
e of the quantum numbers of the Higgs boson.Besides that, in the ex
lusive produ
tion pro
ess, dete
tion of protons provides a 
omplete informationon the invariant mass of the produ
ed system. This opens an ex
iting possibility to �nd resonan
es
orresponding to new heavy parti
les that would be invisible in 
onventional measurements, see [16,17, 18℄. The main drawba
k of the ex
lusive Higgs produ
tion 
hannel, however, is its very low rate.The requirement of leaving the protons inta
t and of produ
ing no se
ondary parti
les redu
es the
ross se
tion by many orders of magnitude. In the series of papers [5℄-[11℄ the authors dis
ussedextensively the theoreti
al and phenomenologi
al aspe
ts of the ex
lusive produ
tion of heavy parti
lein pp 
ollisions in perturbative QCD, and their approa
h will be used as the basis of our study.The me
hanism of the 
onsidered pro
ess is illustrated in the diagram in in Fig. 1a. Thus, thehard subpro
ess is given by a fusion of two 
olour singlet gluoni
 ladders into the Higgs s
alar. Thediagram may be evaluated in the kt-fa
torisation framework using the unintegrated gluon densities.The required absen
e of hard radiation leaves un-
ompensated the virtual 
orre
tions to the pro
ess.Those 
orre
tions turn out to be large as they 
ontain the s
ale of the Higgs boson mass generatinglarge double and single logarithmi
 
ontributions. The ne
essary resummation of these logarithmi
allyenhan
ed terms is realized by in
luding the Sudakov form fa
tor, whi
h not only redu
es the 
ross se
-tion but also provides the infrared stability of the hard ex
lusive s
attering amplitude. Unfortunately,the basi
 hard subpro
ess is a

ompanied by multiple soft res
attering, whi
h, typi
ally, is inelasti
and suppresses the ex
lusive 
ross se
tion. Currently, the soft inelasti
 res
attering may be estimatedonly in phenomenologi
al models [19, 20, 21, 22℄. Present 
al
ulations of the gap survival probabilityrely predominantly on a two 
hannel eikonal model for the pp opa
ity, in
orporating e�e
ts of thelow mass di�ra
tion and of the pioni
 
loud. The model was developed in Refs. [20, 21℄, and the2



a) b)
Figure 1: The ex
lusive Higgs boson produ
tion in a pp 
ollision: a) the Two Pomeron Fusion 
ontri-bution and b) a hard absorptive 
orre
tion.parameters were �tted to des
ribe the data on the total pp and p�p 
ross se
tion and on the elasti
pp and p�p s
attering.In this paper we shall address the problem of 
omputing a hard absorptive 
orre
tion to theex
lusive produ
tion pro
ess, whi
h has already been mentioned in the literature [18℄ but has not beenstudied in detail yet. In brief, this 
ontribution 
omes from an absorption of the hard gluoni
 laddersthat fuse to produ
e the Higgs boson in the pp s
attering pro
ess, see Fig. 1b. This 
ontribution 
analso be viewed as the res
attering of a large mass intermediate di�ra
tive state moving along one ofthe protons (the proton at the top of in Fig. 1b; let us 
all it the proje
tile) o� the other proton (theproton at the bottom of in Fig. 1b, the target), and this 
ontribution is not part of the soft res
atteringof the spe
tators that 
ontributes to the standard opa
ity. In Fig. 1b, the large mass di�ra
tive state isindi
ated by a dashed line. In perturbative QCD, within the leading logarithmi
 1=x approximation,the res
attering is driven by the ex
hange of a BFKL Pomeron [23, 24, 25, 26℄ whi
h 
ouples to the hardgluoni
 ladder by the triple Pomeron vertex [27, 28, 29, 30℄. Su
h a 
ontribution is potentially large,sin
e the BFKL rapidity evolution between the target proton and the triple Pomeron vertex extendsover the length of Y > 14 and thus may generate an enhan
ement by two orders of magnitude. If this
orre
tion is really as large as anti
ipated, it is 
lear that also higher order unitarity 
orre
tions tothis hard res
attering will be sizable and should be evaluated as well.As we shall dis
uss in detail, the situation is even more 
ompli
ated. Namely, when evaluating theres
attering 
orre
tion based on a simple BFKL Pomeron ex
hange, it turns out that the amplitude{ whi
h is infrared �nite { exhibits a high sensitivity to the details of the infrared region. To bemore pre
ise, the momentum s
ale around the triple Pomeron vertex tends to be small. At �rst sight,therefore, this na�ive approa
h seems to be highly questionable. However, if we in
lude { perturbative {unitarity 
orre
tions, the problems with the infrared sensitivity may be greatly redu
ed. As a guidingexample let as quote results of Refs. [34, 35℄ on the impa
t of a spe
ial 
lass of unitarity 
orre
tions on3



the behaviour of the gluon distribution at low momenta. In these referen
es the Balitsky-Kov
hegov(BK) equation [31, 32, 33℄ was investigated, as a model whi
h unitarizes the BFKL Pomeron ex
hangeby a resummation of the BFKL Pomeron fan diagrams. It was found that the equation generates amomentum s
ale, the saturation s
ale Qs(Y ), whi
h provides an e�e
tive lower 
ut-o� on the gluonmomenta. The saturation s
ale grows exponentially with the evolution length Y , Qs(Y ) � exp(�Y ),with � ' 0:3, and the saturation s
ale enters the region in whi
h perturbative QCD is appli
able if Yis suÆ
iently large. Thus, in the presen
e of the perturbative saturation s
ale the high sensitivityto the infrared domain is eliminated. Let us stress here that the 
on
ept of a rapidity dependentsaturation s
ale is rather robust. The 
on
ept has re
eived strong support from phenomenologi
al
onsiderations, being the 
entral part of the very fruitful saturation model [36, 37℄. It was also proventhat the generation of the saturation s
ale is a universal phenomenon in a wide 
lass of non-linearevolution equations [38, 39, 40℄, whi
h gives some 
on�den
e that the emergen
e of the saturations
ale is not an a

idental feature of the BK equation.In the se
ond part of our investigation, therefore, we shall repla
e the linear BFKL equation forthe s
reening Pomeron by the non-linear Balitsky-Kov
hegov evolution equation. This 
orrespondsto the resummation of the BFKL Pomeron fan diagrams originating from the target proton: thisresummation will be shown to stabilize the 
orre
tion amplitude in the infrared region. Certainly, indoing so we have made rather 
rude approximations. Namely, we have not taken into a

ount otherimportant unitarity 
orre
tions present in the 
ase of proton-proton s
attering, for instan
e thoserelated to possible intera
tions of the Pomerons in the fan diagrams with the proje
tile proton (fora more detailed dis
ussion see Se
tion 7). For the total 
ross se
tion of nu
leus-nu
leus 
ollisionsan e�e
tive �eld theory of intera
ting BFKL Pomerons has been formulated [41, 42, 43℄. For pps
attering an analogous framework is still to be developed. We therefore view our study only as a �rststep towards 
onstru
ting a theoreti
al framework for evaluating hard absorptive 
orre
tions to theex
lusive high mass produ
tion in pp 
ollisions. We shall 
ompute the magnitude of the 
orre
tion inthis, rather 
rude, approximation in order to provide some insight into how important the dis
ussede�e
ts might be.The stru
ture of the paper is the following. In Se
tion 2 we brie
y review the standard frameworkintrodu
ed in the series of papers [5℄{[11℄. We derive the hard res
attering 
orre
tion in Se
tion 3. The
al
ulation of the soft gap survival probability for the hard 
orre
ted amplitude is given in Se
tion 4.In Se
tion 5 the Balitsky-Kov
hegov evolution of the gluon density is des
ribed. The results of thenumeri
al evaluation of the hard res
attering 
orre
tions and the obtained 
ross se
tions are presentedin Se
tion 6. Impli
ations of the results and future strategies are dis
ussed in Se
tion 7. Finally,
on
lusions are presented in Se
tion 8. 4
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p1

p2

H

x2 ,k 2

x1 , k1

k1= k 2

2x

x1 Figure 2: Kinemati
s of theTwo Pomeron Fusion 
ontri-bution to the ex
lusive Higgsboson produ
tion.2 The hard amplitude for ex
lusive Higgs produ
tionIn this Se
tion we brie
y review the main features of the standard QCD approa
h [5℄{[11℄ to the hardpart of the ex
lusive Higgs boson produ
tion in pp 
ollisions.The basi
 diagram is given in Fig. 2; the leading 
ontribution of this amplitude is imaginary.The diagram is evaluated in the high energy limit, where the t-
hannel gluons are in the so-
allednonsense polarisation states, and their virtualities are dominated by the transverse 
omponents oftheir momenta. The matrix element des
ribing the fusion of two gluons into the Higgs boson is givenby the top quark triangle, taken in the limit of a point-like 
oupling. This e�e
tive approximationis very a

urate as the gluon virtualities are mu
h smaller than the top quark mass. The amplitudeof �nding, in the proton, two gluons that 
arry tranverse momenta k and k0 and fra
tions x and x0of the longitudinal momentum of the parent proton is represented by the o�-diagonal unintegratedgluon density fo�g (x; x0;k;k0;�), assuming that the density is probed at the s
ale �. The three sub-amplitudes (Fig. 2), 
orresponding to the gluon emissions and to the Higgs boson produ
tion, are
onvoluted using the kt-fa
torisation.The kinemati
s of the ex
lusive Higgs boson produ
tion determines the arguments of the o�-diagonal gluon densities. Thus, the elasti
 form-fa
tor of the proton provides a sharp 
ut-o�, whi
hwe assume to be Gaussian: � exp[�(k � k0)2R2=4℄ with R2 ' 8 GeV2, on the momentum transfer
arried by the gluoni
 system. Therefore, it is appropriate to writefo�g (x; x0;k;k0;�) ' fo�g (x; x0; k2;�) exp[�(k � k0)2R2=4℄: (2)For future use, let us also de�ne the unintegrated gluon distribution depending on the position b inthe transverse plane ~fo�g (x; x0; k2; b;�) = Z d2q(2�)2 eiqb fo�g (x; x0;k; q � k;�); (3)5



where q = k � k0.The next point that should be dis
ussed is the disparity between the longitudinal momentumfra
tions x and x0. The produ
tion of the heavy s
alar parti
le o

urs 
lose to the 
entral regionwhere x ' MH=ps and x0 � pk2=s, so x0 � x. At the leading logarithmi
 level the o�-diagonal(w.r.t. x) distribution redu
es to the diagonal one. Beyond the LL a

ura
y the e�e
t of di�erent xvalues of the gluons may be approximated by a 
onstant fa
tor [44℄R� = 22�+3p� �(�+ 5=2)�(�+ 4) ; (4)provided the diagonal gluon distribution has a power-like x-dependen
e, fg(x; k2;�) � x��. Formoderate s
ales one has � ' 0:25.The last important point is the s
ale dependen
e of the unintegrated gluon density. In the BFKLapproa
h to the evolution of the gluon density there is no dependen
e of the gluon density on theexternal s
ale. This happens be
ause the virtual perturbative QCD 
orre
tions to the 
oupling ofthe ladder to the Higgs produ
tion vertex generate only the DGLAP logarithms log(�2=k2) (doubleand single) and not the small x logarithms. In double logarithmi
 (in log(�2=k2)) a

ura
y, the large
orre
tions may be resumed into the Sudakov form-fa
tor [6℄:Ts(k; �) = exp�� Z �2k2 dp2p2 N
�s� Z �p d!! �: (5)The 
al
ulation of the Sudakov form-fa
tor at single logarithmi
 a

ura
y has also been performed [6℄,giving Tg(k; �) = exp � Z �2k2 dp2p2 �s(p2)2� Z 1�Æ0 dzz "Pgg(z) +Xq Pqg(z)#! ; (6)where Æ = pp+� is 
hosen to provide the 
orre
t angular ordering of the real gluon emissions, and Pggand Pqg are the DGLAP leading order splitting fun
tions. For the ex
lusive Higgs produ
tion thes
ale � ' 0:62MH should be 
hosen [11℄ in order to mat
h exa
tly the �rst order single logarithmi

orre
tion. In our 
al
ulation we shall adopt the s
ale � = MH=2, whi
h does not introdu
e asigni�
ant 
hange of the result 
ompared to the 
hoi
e of [11℄.A thorough dis
ussion of how to determine the two-s
ale diagonal unintegrated gluon distributionhas been presented in Refs. [45, 46℄. A simple and e
onomi
 way to in
orporate the Sudakov form-fa
tor into the unintegrated gluon distribution is given by the approa
h in whi
h the last step ofthe DGLAP evolution is resolved in terms of the transverse momentum. In this approa
h, the two-s
ale unintegrated gluon distribution is obtained from the 
ollinear gluon distribution in the followingway [47, 45, 46℄: fg(x; k2;�) = Q2 ��Q2�xg(x;Q2) � Tg(Q; �)�Q2=k2 : (7)In the o�-diagonal 
ase whi
h is relevant for our present study, the logarithmi
 virtual 
orre
tions areasso
iated with the produ
tion vertex at whi
h the pair of gluons merges (see Fig. 2), in 
ontrast to6



the standard 
ase of a diagonal gluon distribution in DIS or in a hard in
lusive produ
tion pro
esses.Thus, in (7) the Sudakov form-fa
tor has to be repla
ed by its square root.Colle
ting all these results we arrive at:fo�g (x; k2;�) = R�Q2 ��Q2 �xg(x;Q2) �qTg(Q; �)�Q2=k2 : (8)After 
ontra
ting the polarisation tensors of the gluons with the ggH vertex we obtain the dominantimaginary part of the hard ex
lusive amplitude for pp ! pH p in the forward dire
tion in thefollowing form: Im M0(y) = 2�3A Z d2k2�k4 fo�g (x1; k2;�) fo�g (x2; k2;�): (9)Here the 
onstant A is given by A2 = Kp2GF �2S(M2H) =9 �2 ; (10)where GF is the Fermi 
oupling, and K � 1:5 is the NLO K-fa
tor. The Higgs boson rapidity inthe 
entre of mass frame, y, de�nes the values of longitudinal momentum fra
tions:x1;2 = MHps exp(�y): (11)The di�erential hard 
ross-se
tion following from this amplitude takes the form:d�pp!pHp(y)dy dt1 dt2 ����t1=t2=0 = jM0(y)j2256�3 : (12)After the in
lusion of the proton elasti
 form-fa
tors in the non-forward dire
tion (parameterized by� exp[�(k � k0)2R2=4℄ in (2)) one obtains the dependen
e of the 
ross se
tion on t1 and t2 of theform of exp(R2(t1 + t2)=2). Thus, after the integration over momentum transfers t1 and t2, the singledi�erential 
ross se
tion reads: d�pp!pHp(y)dy = jM0(y)j264�3R4 : (13)Note that, in (9), the form of the integral over the transverse momentum suggests an importantsensitivity to the infrared domain. The res
ue 
omes from the Sudakov form-fa
tor whi
h suppressesthe low momenta of the unintegrated gluons faster than any power of k. It turns out that the dominant
ontribution to the integral (9) 
omes from momenta k > 1 GeV.More details about the derivation of the amplitude of the ex
lusive Higgs boson produ
tion aregiven in the series of papers [5℄{[11℄. In what follows we shall refer to the amplitude (9) as to the TwoPomeron Fusion (TPF) Amplitude. 7
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Figure 3: The triple Pomeron vertex.3 Hard res
attering 
orre
tions3.1 Constru
tion of the amplitudeThe amplitude (9) in
ludes resummed QCD 
orre
tions up to single logarithms of the Higgs bosonmass. The large available rapidity gap between the s
attered protons (Ytot � 19 for the LHC energies),however, suggests that signi�
ant QCD 
orre
tions enhan
ed by small x logarithms should be also
onsidered. The spe
tator res
attering is expe
ted to be of non-perturbative nature, and 
ommonlyit is a

ounted for by a soft gap survival probability fa
tor.Fig. 4 illustrates a pro
ess of absorption of the perturbative gluoni
 ladder from the proje
tile(upper) proton in the target (lower) proton by the ex
hange of a QCD Pomeron a
ross a large rapiditygap. Let us stress that the evolution length in rapidity of the s
reening Pomeron is large only ifit 
ouples to the ladder between the proje
tile proton and the produ
ed Higgs boson. To be morespe
i�
, for the 
entral Higgs boson produ
tion at the LHC the rapidity distan
e between the hardladder that originates from one proton, and the other proton, y4 = log(1=x4) > 14, is large whilethe rapidity range o

upied by ea
h of the two hard ladders, is mu
h smaller, y1 = log(1=x1) < 5and y3 = log(1=x3) < 5. In 
ontrast to this, the rapidity distan
e y4 
an be mu
h larger, and asmall x (BFKL [26℄) resummation of the perturbative QCD series may lead to a large enhan
ementof the amplitude � exp(�y4) with � ' 0:3. Therefore this 
orre
tion may be sizable, despite thefa
t it is suppressed by the fa
tor of �2s at the triple Pomeron vertex, illustrated in Fig. 3. Thus, weshall evaluate the absorptive 
orre
tion 
orresponding to the res
attering of the hard proje
tile gluoni
system o� the target proton. The 
oupling of the s
reening Pomeron to the s
reened gluoni
 ladder isknown in the high energy limit; it is derived from the triple Pomeron vertex [27, 28, 29, 30℄.The triple Pomeron vertex in pQCD has been 
omputed in the LL1=x approximation [27, 28℄,and it follows from the 2 ! 4 gluon vertex by proje
ting on the 
olour singlet states of the diagramrepresented symboli
ally in Fig. 3. In the pro
ess of interest the momentum transfers of all three8
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f g (b)
f g

1

2

x 2 , k 3

H

Figure 4: The hard res
attering 
orre
tion to the ex
lusive Higgs boson produ
tion.Pomerons are small: for the upper Pomeron and for the lower left one they are damped by theelasti
 proton form-fa
tors. We, therefore, will negle
t them in the expression for the triple Pomeronvertex, and it is will be suÆ
ient to evaluate the vertex in the triple-forward limit. In this limit, the
onvolution [V3P 
D℄ of the triple Pomeron vertex V3P with the two-gluon amplitude above the vertex(here we follow the notation of [28℄, below we will repla
e D by the unintegrated gluon density) isgiven by [27, 28℄:[V3P 
D℄(k2; k3) =�2s 
3P Z d2k12�k21 ( k22(k1 � k2)2 + k23(k1 + k3)2 � (k2 + k3)2 k21(k1 � k2)2 (k1 + k3)2 ! D(k1)� k21(k1 � k2)2  k22(k1 � k2)2 + k21 � (k2 + k3)2(k1 � k2)2 + (k1 + k3)2 ! D(k2)� k21(k1 + k3)2  k23(k1 + k3)2 + k21 � (k2 + k3)2(k1 � k2)2 + (k1 + k3)2 ! D(k3)) ; (14)where �k2 and �k3 are gluon momenta inside the two Pomerons below the vertex (see Fig. 3). Notethat, in formula (14), the triple Pomeron vertex in
ludes both real (the �rst term in the l.h.s.) andvirtual (the next term in the l.h.s.) 
ontributions. The normalisation fa
tor, 
3P , of the vertex will�xed by the form of the �nal expression for the 
orre
tion amplitude (18), and we have 
onstru
tedthis expression in su
h a way that 
3P = 1.In order to build up the 
omplete expression of the amplitude of the diagram shown in Fig. 4 it isne
essary to take into a

ount the following building blo
ks:1. The unintegrated gluon distribution, f (a)g (x1; k21;�a), des
ribing the amplitude of the gluons9



above the triple Pomeron vertex V3P . This gluon distribution is evaluated at relatively largex1, and the momentum s
ale in the vertex should be given by the typi
al virtualities of thevertex, �a ' k1. So the gluon distribution will be evaluated using (7)1, and we shall denote the
onvolution (14) of the triple Pomeron vertex with the unintegrated gluon, f (a)g (x1; k1; k1), by[V3P 
 f (a)g (x1)℄(k2; k3): (15)2. The two-gluon Green's fun
tion GA(k2;k3; x1; x2;�a; �b) that des
ribes the propagation of thetwo gluon singlet between the Higgs produ
tion vertex and the triple Pomeron vertex. Two ap-proximations for the Green's fun
tions will be 
onsidered: the two gluon approximation (G0(: : :))and the di�usion approximation to the BFKL evolution (GBFKL(: : :)). The Green's fun
tion willhave the typi
al s
ales �a and �b, where the latter s
ale belongs to the Higgs produ
tion vertex.As to the s
ale of the triple Pomeron vertex, �a � k2, a priori, we do not know whether it willbe large. However, the large s
ale is 
ertainly present in the Higgs vertex, �b 'MH=2. In orderto a

ount for the s
ale dependen
e at the Higgs vertex, the Sudakov form fa
tor, qTg(k3; �b),will be in
luded into the Green's fun
tion:G0(k2;k3; x1; x2;�b) = qTg(k3; �b) k42 Æ(2)(k2 � k3) (16)andGBFKL(k2;k3; x1; x2;�b) = k2k32� qTg(k3; �b)p�D log(x1=x2) exp "� log2(k22=k23)4D log(x1=x2)# �x1x2�!0 ; (17)where only the leading 
onformal spin was taken into a

ount, !0 = 4 log(2)��s is the LL BFKLinter
ept, D = 14�(3)��s is the di�usion 
oeÆ
ient, and ��s = 3�s=�.3. The Higgs boson produ
tion vertex whi
h does not di�er from the TPF 
ase.4. The o�-diagonal unintegrated gluon distribution, f (b)g (x3;k3; q�k3;�b), of the gluon distributionthat enters the Higgs boson produ
tion vertex from the lower side, with the total transversemomentum q. The gluon distribution is taken to be the same as in the 
ase of the Two PomeronFusion, i.e. it is an o�-diagonal gluon distribution given by formulae (8) and (2) and with�b = MH=2.5. The o�-diagonal unintegrated gluon distribution, f (
)g (x4;k4;�q � k4;�
), for the s
reeningPomeron that propagates a
ross the large rapidity distan
e from the lower proton to the triplePomeron vertex with momentum transfer �q. The s
ale �
 is set by the gluon virtuality, soone has f (
)g (x4;k4;�q � k4) = f (
)g (x4;k4;�q � k4; k4). For a detailed dis
ussion of this gluondistribution see Se
tion 4.1Note that, for �a = k1, the Sudakov form fa
tor, Tg(k1; �a), in (7) introdu
es only a minor e�e
t.10



After these de�nitions the expression for the dominant imaginary part of the diagram of Fig. 4
an be written in the following form:Im M (1)
orr(y) = �98 16�2 (2�3A) Z xbxa dx4x4 Z d2 q(2�)2 Z d2k22�k42 Z d2k32�k43 Z d2k42�k44� [V3P 
 f (a)g (x1)℄(k2; k4)GA(k2;k3; x1; x2;MH=2)� f (b)g (x3;k3; q � k3;MH=2) f (
)g (x4;k4;�q � k4); (18)where 98 = N2
N2
�1 tends to unity in the large N
 limit, and the 
oeÆ
ient 2�3A has been extra
ted inorder to enable an easier 
omparison with the Two Pomeron Fusion 
ontribution given by (9). xa andxb denote the lower and the upper limits of the integration over x4, respe
tively. The fra
tions of thelongitudinal momenta of the upper proton x1 and x2 and of the lower proton x3, x4 read:x3 = MHps exp(�y); x2 = MHps exp(y); x1 ' k20x4s (19)xa < x4 < xb; xa ' k20s ; xb ' k20x2s : (20)The energy s
ale k20 that enters the de�nitions of gluon xi 
orresponds to typi
al values of the vir-tualities, and we set k20 = 1 GeV2. The dependen
e on the momentum transfer q, 
ir
ulating in thePomeron-proton triangle, appears only inside the o�-shell unintegrated gluon distributions, f (b)g andf (
)g , whi
h 
ontain the rapidly varying proton form-fa
tor. The q dependen
e of the other verti
esand of the Green's fun
tion, GA, is weak and will be negle
ted. The amplitude (18) in
ludes a fa
torof 2 
oming from the possible emissions of the Higgs boson from both of the Pomerons below the triplePomeron vertex. In addition, we have to add another 
ontribution in whi
h we inter
hange the roleof proje
tile and target: sin
e the stru
ture of both protons is identi
al, we simply repla
e y !�y. So�nally the 
orre
tion amplitude may be written as:M
orr(y) = M (1)
orr(y) +M (1)
orr(�y): (21)In the 
ase of the 
entral produ
tion, y = 0, and M
orr(y) = 2M (1)
orr(y).3.2 Infrared stabilityIt is instru
tive to study the infrared behaviour of the integral in (18) using a simpli�ed framework andthe saddle point method. First of all, we note that the integrals in (18) are infrared �nite. This followsfrom properties of the triple Pomeron vertex (whi
h vanishes whenever one of the external momentagoes to zero) and of the unintegrated gluon densities (whi
h, as a result of gauge invarian
e, alsovanish as one of the two gluon momenta goes to zero). Next, after averaging over the angles in k2 andk4, the triple Pomeron vertex (14) imposes the 
onditions k2 � k1 and k4 � k1. Finally, disregarding11



irrelevant 
onstants and details one �nds that, for the real 
ontribution of the triple Pomeron vertex,the 
orre
tion term (18) behaves asQR � Zk20 dk21k21 Zk21 dk22k42 Zk21 dk24k44 f (a)g (x2; k21) f (b)g (x3; k22;MH=2) f (
)g (x4; k24)qTs(k2 ;MH=2); (22)where we used, for the Green's fun
tion GA, the approximation of the two-gluon ex
hange, see (16).Note that the Sudakov form-fa
tor, pTs(k2 ;MH=2), is present in the Green's fun
tion (shown expli
-itly in (22)) and, impli
itly, in the gluon distributions f (b)g (x3; k22;MH=2).In this analysis we have introdu
ed a 
ut-o�, k0, of the low momenta in the integration over k1.The s
ale k0 is meant to lie in the perturbative domain above the low hadroni
 s
ale of the protonform-fa
tor. The stru
ture of the nested integrations in (22) implies that this s
ale k0 is a lower limitfor all momenta. By studying the variation of the integrals (22) as a fun
tion of k0, we obtain ameasure of the sensitivity of the 
orre
tion to poorly known details of the proton stru
ture at lowmomentum s
ales. The strong 
oupling 
onstant, �s, is kept �xed, as the running 
oupling introdu
esonly logarithmi
 
orre
tions, and, for the moment, we are interested in tra
ing only the leading powerof k0 that arises from the integral (22). In our estimate we use the Sudakov form-fa
tor in the doublelogarithmi
 approximation: Ts(k; �) = exp��3�s4� log2(�2=k2)�: (23)Let us start by performing the analysis of QR with the 
onservative assumption of a vanishinganomalous dimension of the gluon density (i.e. a 
onstant behaviour of the gluon density as a fun
tionof momentum). Then the integral over k2 behaves in the same way as the integral de�ning the TwoPomeron Fusion amplitude. It is dominated by a 
ontribution from a saddle point at a perturbativevalue, k2 = (MH=2) exp(�2� = 3�s), with only marginal sensitivity to the infrared domain.The nested integrations over k1 and k4 in (22) are dominated by momenta 
lose to the 
ut-o�s
ale k0 and lead to a result � 1=k20. This means that our 
orre
tion is not small, but the magnitudeis sensitive to details of the gluon distributions f (a)g and f (
)g at low momenta, and hen
e, unreliable.At �rst sight, this seems to imply that the whole Ansatz of 
hoosing, for the absorptive 
orre
tion, aperturbative gluon ladder, 
annot be justi�ed.A 
loser look, however, shows that this may not be the �nal answer. Namely, many argumentshave been given that the gluon density at very small x should saturate, i.e. it s
ales and depends uponthe ratio k2=Q2s(x). Here Qs(x) � x�� is the saturation s
ale whi
h grows in 1=x with � ' 0:3. Thisleads to a substantial 
hange of the k2-dependen
e of the gluon density for momenta being smallerthan the saturation s
ale: the saturation s
ale be
omes an e�e
tive lower 
ut-o� of the gluon momentain the small-k2 region. The phenomenologi
al analysis of HERA data [36, 37℄ indi
ates that Q2s(x4)takes values of a few GeV2 for the range of x4 relevant in our problem where log(1=x4) 
an be as largeas 14 to 19 units. 12



Applying these arguments to our integral (22) we �nd that, in the presen
e of the saturation s
ale,the momentum dependen
e of gluon distribution f (
)g is modi�ed, and the nested integrals over k1 andk4 give ZQ2s(x4) dk24k44 Z k24k20 dk21k21 � log(Q2s(x4)=k20)Q2s(x4) : (24)With Qs(x4) being well above the infrared s
ale k20, this represents a well-behaved result with a lowsensitivity to the infrared physi
s. Keeping in mind that, in (22), the integration over k2 is infrared-safe, one �nds that QR is infrared stable.An analogous reasoning 
an be applied also to the 
ontribution of the virtual 
orre
tion part ofthe triple Pomeron vertex to the integrals in (18). The behavior is approximated by:QV � Zk20 dk21k41 Zk21 dk22k42 log(k22=k21)f (a)g (x2; k21) f (b)g (x3; k21;MH=2) f (
)g (x4; k22)qTs(k1 ;MH=2); (25)and a similar term, Q0V , is obtained by inter
hanging f (b)g (x3; k21;MH=2) ! f (b)g (x3; k22;MH=2) andf (
)g (x4; k22) ! f (
)g (x4; k21). One �nds that the integral over k2 (k1) in QV (Q0V ) is stabilized in theinfrared by the saturation s
ale, and the integral over k1 (k2) is stabilized by the Sudakov form-fa
tor.Colle
ting the estimates for QR, QV and Q0V one 
on
ludes that the perturbative determinationof the amplitude of s
reening 
orre
tion is possible provided that the gluon distribution f (
)g (x4; k24)possesses the saturation property, i.e. the simple gluon ladder that we have used initially has to be
orre
ted. In this 
ase the momentum s
ale at the upper end of the s
reening 
orre
tion, f (
)g , isnot small, and our perturbative Ansatz is justi�ed. Note that, in this 
ontext, saturation plays arole quite analogous to the Sudakov form fa
tor at the produ
tion vertex: without the Sudakov formfa
tor the momentum integral near the produ
tion vertex would not have been infrared-safe. Similarly,saturation renders the nested k1 and k4 integrations infrared-safe.4 Nonlinear evolution of the gluon distributionIn this se
tion we use the simplest available tool, the nonlinear Balitsky- Kov
hegov (BK) equation [31,32, 33℄, in order to model the unitarity 
orre
tions for the s
reening Pomeron ladder in Fig. 4. Thisequation resums fan diagrams of BFKL Pomerons (Fig. 5) in the LL1=x approximation, and it hasbeen derived, in the large N
 limit, for the 
ase of a small probe s
attering o� a large nu
leus. The BKequation generates, in a natural way, the saturation s
ale growing exponentially with rapidity [29, 35℄.The equation has originally been derived for the dipole s
attering amplitude, but later on it was re-formulated as an expli
it equation for the evolution of the unintegrated gluon distribution [48, 49℄,and in this paper we employ the latter form.The hard res
attering 
orre
tion amplitude in (18) was given in the momentum representation, inorder to mat
h the variables of the triple Pomeron vertex. In this se
tion, however, we �nd it more13
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Figure 5: The fan diagram approximation to the hard res
attering 
orre
tion to the ex
lusive Higgsboson produ
tion.
onvenient to do a partial Fourier transform from momentum transfer 
arried by the Pomerons to theimpa
t parameter variable. The impa
t parameter spa
e seems to be advantageous, both in performingthe non-linear gluon density evolution and for evaluating of the soft gap survival fa
tor. The 
orre
ttreatment of the impa
t parameter dependen
e of the s
attering amplitude is diÆ
ult in the BKframework. In the original formulation of the BK equation, the gluons are assumed to be massless, ina

ordan
e with perturbative QCD; this 
ontradi
ts, however, essential features of non-perturbativeQCD dynami
s leading to the 
on�nement of 
olour. In parti
ular, in the perturbative frameworkone �nds 
ontributions from large dipoles whi
h generate a power like tail of the impa
t parameterpro�les [50, 51℄. Su
h a tail leads to a violation of the Froissart bound [52℄. Therefore, the limit of largeimpa
t parameters of the BK must be modi�ed, using some phenomenologi
al model. In pra
ti
e, allthe appli
ations of the BK equation to the proton stru
ture are based on the approximation of treatingthe evolution at �xed impa
t parameter [35, 48, 53, 54℄, i.e. the evolution pro
eeds independently atea
h value of impa
t parameter b.Thus, our starting point is the form of BK equation proposed in Ref. [48℄:�fg(x; k2)� log 1=x = �sN
� k2 Zk20 dk02k02 (fg �x; k02�� fg �x; k2�jk02 � k2j + fg �x; k2�[4k04 + k4℄ 12 )� �2s �1� k2 ddk2�2 k2R2 "Z 1k2 dk02k04 log k02k2 ! fg(x; k02)#2 ; (26)where the assumption has been made that the distribution of gluons is uniform inside a transversedis
 with the radius R. The unintegrated gluon density in the impa
t parameter plane therefore takes14



the form: ~fg(x; k2; b) = fg(x; k2) �(R� b)�R2 : (27)In (26), the fa
tor 1=R2 in front of the non-linear term is a result of the impa
t parameter integration:Z d2b ~fg(x; k21; b) ~fg(x; k22; b) = 1�R2 fg(x; k21) fg(x; k22): (28)In our 
ase, however, it is ne
essary to 
ontrol the impa
t parameter dependen
e in more detail.Therefore we assume, at x0 = 0:01, an initial Gaussian impa
t parameter pro�le:~fg(x0; k2; b) = fg(x0; k2) exp(�b2=R2)�R2 ; (29)and we set the radius R ' 2:83 GeV�1 (R2 = 8 GeV�2), in a

ordan
e with the proton radius seen inthe t-dependen
e of the ex
lusive J= produ
tion at HERA. The evolution equation for the densityof the unintegrated gluon reads:� ~fg(x; k2; b)� log 1=x = �sN
� k2 Zk20 dk02k02 ( ~fg �x; k02; b�� ~fg �x; k2; b�jk02 � k2j + ~fg �x; k2; b�[4k04 + k4℄ 12 )� ��2s �1� k2 ddk2�2 k2 "Z 1k2 dk02k04 log k02k2 ! ~fg(x; k02; b)#2 : (30)This evolution is lo
al in b, but due to the non-linear term, for x < x0, the impa
t parameterdependen
e 
annot be fa
torized out from the resulting unintegrated gluon density, ~fg(x; k2; b).It is 
lear, however, that the BK equation (26) needs many improvements to be appli
able inphenomenology, in parti
ular it is essential to take into a

ount, in some approximate manner, theNLL1=x 
orre
tions to the linear BFKL kernel [55, 56℄. Following the path proposed in series ofpapers [57, 48, 49℄, we in
lude, in the linear evolution kernel, the following improvements:� the 
onsisten
y 
onstraint [58, 59℄ that models an essential part of the NNL1=x 
orre
tion to theBFKL kernel and realizes, approximately, also a resummation of the 
orre
tions to all orders;� the non-singular part in the x! 0 limit of the DGLAP splitting fun
tion is added;� the DGLAP quark density evolution is also taken into a

ount, and the evolution equation is
oupled to the gluon density evolution using the DGLAP splitting fun
tions;� the strong 
oupling 
onstant is running with the s
ale given by gluon virtualities in the BFKLladder.These modi�
ations are 
onsistent with the exa
t NLL1=x 
orre
tions to the BFKL kernel, and theyimpose the 
onstraints on the evolution whi
h follow from the DGLAP formalism in the 
ollinear limit[60, 61, 62℄. The implementation of these 
orre
tions has been des
ribed in detail in the re
ent papers15



[48, 49℄, and the �nal form of the equation 
an be found there as well. It is rather straightforward toadd, on top of the modi�
ations des
ribed above, the impa
t parameter dependen
e, in a manner verysimilar to (30). The normalisation of the input parameterisation for the gluon and quark distributionsat high x has been tuned to provide a good �t of the F2 data [63℄, and the obtained distributionshave been shown to give a good des
ription of in
lusive heavy quark produ
tion at HERA and at theTevatron [64℄. A detailed des
ription of the properties of the obtained partoni
 densities will be givenin a separate paper [63℄.In our numeri
al 
al
ulations of the ex
lusive Higgs boson produ
tion (18) we will take ~f (
)(x; k2; b)as being the solution to the 
ollinearly improved, impa
t parameter dependent BK equation. Let usremind that the other two gluon distributions of (18), ~f (a)(x; k2; b) and ~f (b)(x; k2; b), are probed atrather large values of x � 0:01, and non-linear e�e
ts 
an safely be negle
ted. Instead, we apply thepres
riptions (7) and (8), using with the CTEQ5 parameterisation for the 
ollinear gluon distributionfun
tions.5 Soft gap survival probabilityThus far, we have determined the hard 
omponent of the amplitude for ex
lusive Higgs boson produ
-tion. The 
ondition to leave the protons inta
t in the produ
tion pro
ess, however, imposes 
onstraintson the soft res
attering of the protons. The soft gap survival probability fa
tor, Ŝ2, quanti�es theprobability that the protons emerge from the rea
tion inta
t despite possible soft res
atterings. Thegap survival probability 
an 
onveniently be estimated in the impa
t parameter representation by em-ploying, for instan
e, the two-
hannel eikonal model [20, 21℄. Therefore, we now translate the ex
lusiveHiggs boson produ
tion 
ross se
tion into the impa
t parameter representation.Let us start with a general dis
ussion. We 
onsider a s
attering amplitude of an ex
lusive produ
-tion in the impa
t parameter representation~M(b1; b2) = Z d2q1(2�)2 Z d2q2(2�)2 M(q1; q2) eiq1b1 eiq2b2 ; (31)where M(q1; q2) is the amplitude given as a fun
tion of the transverse momenta. Then, the integrated
ross-se
tion � = 116� Z d2q1(2�)2 Z d2q2(2�)2 jM(q1; q2)j2; (32)
an be expressed in the following way:� = 116� Z d2b1 Z d2b2 j ~M(b1; b2)j2; (33)or, alternatively, � = 116� Z d2b1 Z d2b j ~M(b1; b� b1)j2; (34)16
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Figure 6: The ex
lusive pp! p H p amplitude with a hard and soft res
attering 
orre
tion.where b1 and b2 are transverse positions of the produ
tion vertex measured from 
entres of the protons,and b is the impa
t parameter of the 
ollision.In the Two Pomeron Fusion 
ase, the o�-diagonal unintegrated gluon distributions are probed atmoderate values of x � 0:01 and at virtualities k2 > 1 GeV2, so one 
an assume the gluon density totake a fa
torized form: ~fo�g (x; x0; k2; b;�) = fo�g (x; x0; k2;�)S(b) (35)with S(b) = 1�R2 e� b2R2 ; (36)where R ' 2:83 GeV�1 is the proton radius, measured in the ex
lusive produ
tion of J= produ
tionat HERA (
f. our dis
ussion of the impa
t parameter dependent BK equation), and S(b) is normalizedZ d2 b S(b) = 1 : (37)Therefore, the 
ross se
tion for the produ
tion of the Higgs boson in the Two Pomeron Fusion ap-proximation takes the form:d�(0)pp!pHp(y)dy = 116� Z d2b Z d2b1jS(b1)S(b� b1)M0(y)j2; (38)with M0(y) given by (9). In
luding the hard res
attering 
orre
tion, we arrive at the following expres-sion: d�(0+1)(y)pp!pHpdy = 116� Z d2b Z d2b1jS(b1)S(b� b1)M0(y) + ~M
orr(y; b; b1)j2; (39)where the dominant parts of both M0(y) and ~M
orr(y; b; b1) are imaginary, andIm ~M
orr(y; b; b1) = �(98 16�2 (2�3A) Z xbxa dx4x4 Z d2k22�k42 Z d2k32�k43 Z d2k42�k4417



� [V3P 
 ~f (a)g (x1; b� b1)℄(k2; k4)GA(k2;k3; x1; x2;MH=2)� ~f (b)g (x3; k23; b1;MH=2) ~f (
)g (x4; k24; b1)o � fy !�yg: (40)The impa
t parameter dependen
e of ~f (a)g and ~f (b)g is given by S(b) and may be fa
torized out, inanalogy with the 
ase of the Two Pomeron Fusion amplitude. The impa
t parameter dependen
eof ~f (
)g is determined by the BK evolution, and it is di�erent from S(b). Note that, in (18), the
onvolution in the momentum transfer q leads to a produ
t of ~f (b)g and ~f (
)g , evaluated at the samepoint, b1, in the transverse position spa
e.Having de�ned ~M
orr(y; b; b1), it is straightforward to write down the 
ross se
tion for the ex
lusiveprodu
tion, taking into a

ount the soft res
atteringd�(0+1);
pp!pHp(y)dy = 116� Z d2b Z d2b1 jS(b1)S(b� b1)M0(y) +M
orr(y; b; b1)j2 exp(�
(s; b)); (41)where 
(s; b) is the opa
ity of the pp s
attering at squared energy s and impa
t parameter b. Inthis paper we adopt the opa
ity fa
tor of the two 
hannel eikonal model proposed in [20, 21℄. The gapsurvival probability reads: Ŝ2 =  d�(0+1);
pp!pHp(y)dy !y=0 d�(0+1)pp!pHpdy !y=0 : (42)The impa
t parameter pro�le of the res
attering 
orre
tion amplitude (40) is di�erent from the TwoPomeron Fusion 
ase; thus the gap survival fa
tor will take di�erent values in those two 
ases.6 ResultsWe have performed all numeri
al estimates of the amplitude and of the 
ross se
tion for the 
entralex
lusive Higgs boson produ
tion, 
hoosing y=0, assuming the LHC energy, ps = 14 TeV, and taking,for the Higgs boson mass, MH = 120 GeV. As we have stated before, in this paper our main goal isa general understanding of the hard s
reening me
hanism and an estimate of its magnitude, ratherthan a pre
ise determination of the 
ross se
tion.As a �rst step, we have 
onsidered the res
attering due to a single BFKL ladder. As expe
ted, dueto the long rapidity evolution of the BFKL amplitude this 
orre
tion is large. As we have dis
ussedbefore, sin
e this single-ladder 
orre
tion is highly sensitive to the infrared region, the pre
ise numeri
alvalue of its magnitude is not reliable. From this part of our analysis, we therefore only 
on
ludethat this type of hard res
attering may potentially be large and, in any realisti
 estimate, unitarity
orre
tions of the s
reening BFKL ladder have to be taken into a

ount.18



In the next step of our numeri
al analysis, therefore, we have made use of the BK-
orre
tedunintegrated gluon density, f (
)g . First, using (40), we have evaluated the hard res
attering amplitudeas a fun
tion of the impa
t parameter, at �xed x4. The 
ontribution of momenta lower than k0 = 1 GeVwas assumed to vanish. The main reason for that is that the gluon densities are poorly known forgluon momenta lower than k0, so is the behaviour of gluon propagators, and in that region one hasto rely on un
ertain extrapolations. On the other hand, with the integrand of (18) being positive,the appli
ation of the 
ut-o� leads to a 
onservative estimate of the 
orre
tion term. Still, the main
ontribution to the 
orre
tion amplitude 
omes from the range of momenta around the saturations
ale Qs(x4).Re
all that, for the four-point gluon Green's fun
tion whi
h 
onne
ts the Higgs vertex with thetriple Pomeron vertex, we 
onsider two di�erent s
enarios { the simple two gluon ex
hange (16) andthe BFKL Green's fun
tion in the di�usion approximation (17). The strong 
oupling 
onstant was�xed at �s = 0:15, both in the Green's fun
tion and in the triple Pomeron vertex. Su
h a 
hoi
e issuitable for the LL BFKL Green's fun
tion, as the small �s redu
es both the Pomeron inter
ept andthe di�usion 
oeÆ
ient, in line with the NLO 
orre
tions to the BFKL evolution. This value of �sseems, however, to be too small for the triple Pomeron vertex: thus the estimate of the 
orre
tion is
onservative. Therefore, in the vertex, we shall 
onsider also values of �s other than our default 
hoi
eof �s = 0:15, while in the BFKL Green's fun
tion we always keep �s = 0:15.In Fig. 7 we present the total hard res
attering 
orre
tion to the amplitude in the form of the ratioRy(y1) = " jd ~M
orr(y; b; b1)=dy1jj ~M0(y; b; b1)j #b=b1=0; y=0 ; (43)with the impa
t parameter dependent Two Pomeron Fusion amplitude being given by (
f. (9) and(38)) ~M0(y; b; b1) = M0(y)S(b� b1)S(b1): (44)Here M0(y) has also been evaluated with the infrared 
ut-o� k0 = 1 GeV, and the o�-diagonalunintegrated gluon distributions have been obtained from the CTEQ5 
ollinear gluon distribution.Note that we plotted the ratio as a fun
tion of the rapidity related variable, y1 = log(1=x1), insteadof the less 
onvenient variable x4 (the relation between these variables is given by (19)). The variabley1 has the meaning of a rapidity distan
e of the triple Pomeron vertex from the proje
tile proton, andit is related to the invariant mass of the res
attering intermediate state by M2X � k20 exp(y1).In Fig. 7 we 
ompare the results, obtained with the two 
hoi
es of Green's fun
tion and with thetwo values �s = 0:15 and �s = 0:25. The relative sign of the 
orre
tion term is negative. From this�gure we draw the following 
on
lusions:� The hard res
attering 
orre
tion is the highest for the highest mass of the di�ra
tive intermediatestate. This is due to the strong suppression of the gluon density in the proton at large values19
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Figure 7: The ratio Ry(y1) (see (43)) of the hard res
attering 
orre
tion to the Two Pomeron Fusionterm at b = 0, as a fun
tion of the rapidity distan
e, y1, of the Triple Pomeron Vertex from theproje
tile protons, for �s = 0:15 and �s = 0:25 at ps = 14 TeV. The bla
k line belongs tothe Green's fun
tion, GA = GBFKL, the dashed line to the approximation of two elementary gluons,GA = G0.of the gluon x. We interpret this as an indi
ation that the 
ontribution of the hard res
attering
orre
tion is 
learly separated from the soft res
attering 
ontributions of the two-
hannel eikonalmodel [20, 21℄ whi
h in
orporates only the low mass di�ra
tive intermediate states.� There is no signi�
ant di�eren
e between the BFKL Green's fun
tion and the ex
hange of twoelementary gluons. The main reason is that the BFKL evolution length is short for larger valuesof y1, whi
h give the dominant part of the 
orre
tions. The relative BFKL e�e
ts are morepronoun
ed for small y1, but this region provides only a small 
ontribution.� The relative magnitude of the 
orre
tion is quite signi�
ant for �s = 0:15, and for �s = 0:25 the
orre
tion even ex
eeds the Two Pomeron Fusion amplitude. The interpretation of this strikingresult will be dis
ussed in the next se
tion.In Fig. 8, results are shown for the impa
t parameter dependent 
orre
tion amplitude, integratedover y1, as a fun
tion of the transverse distan
e, b1, of the Higgs boson produ
tion vertex from the
enter of the target proton: Rb(b1) = " j ~M
orr(y; b; b1)jj ~M0(y; b; b1)j #y=0; b=0 : (45)20
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b1Figure 8: The ratio Rb(b1) (see (45)) of the hard res
attering 
orre
tion to the Two Pomeron Fusionterm at b = 0, as a fun
tion of the transverse distan
e, b1 of the Triple Pomeron Vertex from the
entre of the target proton, for the two values �s = 0:15 and �s = 0:25 at ps = 14 TeV. We onlyshow the results for the BFKL Green's fun
tion.Here we have set b = 0, but, in fa
t, in the ratio the impa
t parameter dependen
e 
oming fromthe form fa
tor of the proje
tile proton drops out, and any value of b 
an be taken. In Fig. 8 onlythe results obtained with the BFKL Green's fun
tion are displayed. There is not mu
h di�eren
ebetween the BFKL Green's fun
tion and the two gluon approximation. One sees in the �gure thatthe ratio of the absorptive 
orre
tion pro�le, ~M
orr(y; b = 0; b1), to the Two Pomeron Fusion pro�le,~M0(y; b = 0; b1), de
reases with in
reasing distan
e, b1, from the proton 
enter. Thus, the 
orre
tionterm tends to suppress the Higgs produ
tion inside the target proton. It is also 
learly visible that the
orre
tion is large for both 
hoi
es of �s.Performing, in (41), the integrations over the transverse positions, b1 and b, leads to the di�erential
ross se
tion of the ex
lusive Higgs boson produ
tion, d�(0+1);
pp!pHp(y) = dy whi
h takes into a

ount boththe soft and the hard res
attering 
orre
tions. The results of this 
al
ulation, for various values of �sin the triple Pomeron 
oupling, are 
olle
ted in Tab. 1. At �s ' 0:2 the absolute value of the hardres
attering 
orre
tion ex
eeds the Two Pomeron Fusion term, and this explains why, at this value of�s, the 
orre
ted 
ross se
tion takes its smallest value. For all values of �s that we have 
onsideredthe 
ross se
tion with the hard res
attering 
orre
tion is smaller than the Two Pomeron Fusion 
rossse
tion by fa
tor larger than 2.5. Let us repeat that, by varying �s, we want to illustrate the sensitivityof the result to the size of the triple Pomeron 
oupling. Further dis
ussion will be given in the nextse
tion. 21



d�TPF=dy d�=dy (�s = 0:15) d�=dy (0:17) d�=dy (0:2) d�=dy (0:22) d�=dy (0:25)0.4 0.16 0.12 0.042 0.08 0.14Table 1: The di�erential 
ross se
tion �d�pp!pHpd y �y=0 (in fb), obtained from the Two Pomeron Fusionamplitude, and 
orre
ted by the hard res
attering and by the soft gap survival probability fa
tor, forvarious values of �s at ps = 14 TeV .Ŝ2 (TPF) Ŝ2 (�s = 0:15) Ŝ2 (0:17) Ŝ2 (0:2) Ŝ2 (0:22) Ŝ2 (0:25)0.024 0.037 0.061 0.051 0.035 0.016Table 2: The soft gap survival probability fa
tor, Ŝ2, for the Two Pomeron Fusion amplitude, 
orre
tedby the hard res
attering, for di�erent values of �s at ps = 14 TeV .Numeri
al values of the survival probability, based on (42), are given in Tab. 2 for di�erent valuesof �s. The variation of Ŝ2 with �s is a result of the modi�
ation, due to the 
orre
tion term, of theshape in impa
t parameter b of the hard amplitude.The de�nition of the survival probability, (42), whi
h we used is di�erent from the de�nition ofŜ2 in [5℄{[11℄, [20, 21℄. In the 
ase when we 
onsider only the Two Pomeron Fusion term and theGaussian form of the form fa
tors, the de�nitions of Ŝ2 in (42) and in Ref. [20℄ lead to the samenumeri
al result. In the 
ase of a general shape of the form-fa
tors, however, we �nd it ne
essary touse the general formula for the soft gap survival fa
tor of (40), (41) and (42).7 Dis
ussion and future strategiesThe hard res
attering 
orre
tion to the Two Pomeron Fusion amplitude, even after in
luding uni-tarization of the single BFKL ex
hange, was found to be large. In parti
ular, for a more realisti

hoi
e of the strong 
oupling 
onstant, �s = 0:25, in the triple Pomeron vertex, the 
orre
tion ex
eedssigni�
antly the Two Pomeron Fusion term. As a 
onsequen
e, we have to 
on
lude that we have22



found another potential sour
e of a signi�
ant suppression of the ex
lusive Higgs boson produ
tion atthe LHC.As we have said before, we 
annot 
onsider our results as representing a reliable numeri
al �nalanswer. In our 
al
ulation we have 
onsidered only a sub-
lass of the s
reening 
orre
tions whi
h {in a BFKL-based des
ription of di�ra
tive Higgs produ
tion { should be in
luded, and in evaluatingthese diagrams, we have made severe approximations. In this paper, we have restri
ted ourselves toPomeron fan diagram 
on�gurations in the ex
hanged s
reening system whi
h lead to the Balitsky-Kov
hegov evolution of the gluon density. Su
h a 
hoi
e is a natural starting point for an estimate of theamplitude beyond the Two Pomeron Fusion 
ontribution, but it does not exhaust the full 
orre
tion,and, in future steps, more 
omplex topologies of the intera
ting Pomerons have to be 
onsidered.Moreover, we have approximated the BK evolution kernel to be lo
al in the impa
t parameter plane.In momentum spa
e, this amounts to restri
ting all Pomerons to 
arry zero momentum transfer: su
han approximation 
an be justi�ed for the s
attering on a suÆ
iently large nu
leus; in the 
ase of theproton, however, it looks somewhat questionable. Finally, we negle
ted the 
ontribution from lowmass ex
itations of the target proton in the intermediate state, whi
h somewhat redu
es the estimatedmagnitude of the res
attering 
orre
tion.Returning to the sele
tion of diagrams, in our previous 
hoi
e of 
ontributions one re
ognizesa strong asymmetry between proje
tile and target protons, and it is obvious that a whole 
lass of
ontributions is missing. In physi
al terms, the Pomerons that give rise to the BK fan diagramspropagate in the 
olour �eld of the proje
tile proton and should be s
reened, too (examples are shownin Fig. 9). It is expe
ted that these new 
orre
tions will 
ontinue to 
ome with alternating signs, i.e.the �rst s
reening 
orre
tion of the s
reening Pomeron enters the amplitude with the positive signet
. Subsequent iterations of this kind lead to a whole tower of 
orre
tions. For the total 
ross-se
tionof nu
leus-nu
leus 
ollisions an e�e
tive theory of intera
ting BFKL Pomerons [41, 42, 43℄, beyondthe fan diagram approximation, has been formulated. Imposing a semi
lassi
al approximation thatresums Pomeron diagrams exempli�ed in Fig. 9a, and restri
ting all Pomerons to have zero momentumtransfer, numeri
al solutions have been found.All these 
orre
tions 
an be derived from an e�e
tive a
tion for intera
ting Pomerons of Refs. [41,42, 43℄. Thus, a natural 
ontinuation of the present study 
ould be an analysis of the hard res
at-tering in this framework. At present an evaluation of the intera
ting Pomeron diagrams of the typeexempli�ed in Fig. 9a, analogous to the treatment of nu
leus-nu
leus s
attering, might be realisti
,whereas the diagrams with 
losed Pomeron loops (see Fig. 9b) are, to our understanding, still beyondrea
h. Nevertheless, a 
areful treatment of the e�e
tive intera
ting BFKL Pomeron �eld theory inthe semi-
lassi
al limit should be 
apable to provide a more reliable estimate of the absorption of thehard gluoni
 ladders than the one performed in the present paper.An important point in our analysis is the role of the saturation s
ale. Up to now, the analysisof di�ra
tive Higgs produ
tion had been based upon a rather stri
t separation between hard and23
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HFigure 9: Examples of diagrams of intera
ting BFKL Pomeron �eld theory that 
ontribute to theex
lusive Higgs boson produ
tion: a) a diagram, without 
losed Pomeron loops, belonging to the 
lassof diagrams that were studied in Refs. [41, 42, 43℄ in the 
ase of nu
leus-nu
leus s
attering; b) adiagram with a 
losed Pomeron loop.soft 
ontributions: the hard Two Pomeron Fusion amplitude and the soft res
attering, en
oded inthe survival probability fa
tors. In the �rst part of our hard res
attering analysis, where a singleBFKL Pomeron had been 
onsidered, we found a strong sensitivity to the infrared s
ale k0 whi
h, at�rst sight, seemed to invalidate the BFKL Ansatz for the res
attering. However, the existen
e of asaturation s
ale, whi
h for x values being as small as x � 10�6 lies above the infrared region, removesthis dominan
e of the small-momentum region and hen
e supports our perturbative approa
h. Inother words, for the produ
tion of a Higgs boson whi
h, at the produ
tion vertex, provides the largemomentum s
ale of MH , the perturbative nature of the s
attering amplitude seems not be limitedto the produ
tion vertex but seems to `spread out' further away into the res
attering part of theamplitude.8 SummaryIn this paper we have investigated hard res
attering 
orre
tions to the ex
lusive Higgs boson produ
tionat the LHC. In a �rst step, the absorptive 
orre
tion was given by the ex
hange of a single BFKLladder whi
h 
ouples to the hard gluoni
 ladder through the triple Pomeron vertex. This amplitudehas turned out to be strongly sensitive to the infrared region. In our main part, we then have repla
edthe single BFKL ladder by a Balitsky-Kov
hegov gluon density. Due to emergen
e of a saturations
ale in the perturbative domain, the infrared behavior stabilizes. We have found that the dominant
ontribution to the hard res
attering 
orre
tion 
omes high mass di�ra
tive ex
itations of the theproje
tile proton, indi
ating a 
lear separation of this 
ontribution from that of low mass intermediatestates of the standard soft res
attering. 24



The 
orre
tion was found to be negative, with the absolute value being 
lose or even ex
eeding theleading Two Pomeron Fusion 
ontribution. This implies that the e�e
t is signi�
ant. However, a morepre
ise estimate of the 
ross se
tions is not possible until yet more s
reening 
orre
tions are evaluatedand 
ertain approximation 
an be lifted. Nevertheless, our results seem to question the simple pi
tureof the pp ! pH p pro
ess, being des
ribed by two hard gluoni
 ladders that fuse into the Higgsboson and leaving spa
e only to a soft res
attering of the protons. We have also dis
ussed possibilitiesof improving, within the framework of the intera
ting BFKL Pomeron �eld theory, the des
ription ofthe ex
lusive Higgs produ
tion 
ross se
tion.In order to arrive at a numeri
al estimate of the ex
lusive Higgs boson produ
tion 
ross se
tion atthe LHC, we have 
al
ulated the soft gap survival probability for the s
attering amplitude 
ontainingboth the Two Pomeron Fusion term and the res
attering 
orre
tion. For this we have used thedependen
e of the amplitude on the transverse position; due to the di�erent shapes of the TwoPomeron Fusion term and of the 
orre
tion, the gap survival fa
tors were found to depend on thestrength of the triple Pomeron 
oupling.In our �nal numeri
al estimate of the ex
lusive Higgs boson produ
tion 
ross se
tion we foundthat the 
ross se
tion may be smaller, and its theoreti
al un
ertainty may be larger than previouslyexpe
ted.The method developed in this paper may be also applied to other ex
lusive di�ra
tive produ
tionpro
esses in pp or p�p 
ollisions at the Tevatron or at the LHC. As examples, let us mention the ex
lusiveprodu
tion of di-jets or the ex
lusive produ
tion of heavy s
alar mesons in the 
entral region. We alsoview the results of this paper as a step towards developing a better understanding of the e�e
tive �eldtheory of intera
ting BFKL Pomerons and of its appli
ations to high energy pp and p�p 
ollisions.A
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