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Abstract. In this paper, the contribution of hard processes described by BFKL pomeron exchange is taken
into account by calculating the first enhanced diagram. The survival probability is estimated, using the ratio
of the first enhanced diagram and the single pomeron amplitude, taking into account all essential pomeron
loop diagrams in the toy model of Mueller. The triple pomeron vertex is calculated explicitly in the momen-
tum representation. This calculation is used for estimating the survival probability, and it turns out that the
survival probability is small, at 0.4%. Hard pomeron rescattering processes contribute substantially to the

survival probability.
1 Introduction

1.1 The survival probability

The goal of this paper is to calculate the survival prob-
ability, taking into account the contribution of hard pro-
cesses described by BFKL pomeron exchange. Diffractive
Higgs production is a typical hard process, in which the
Higgs is produced from the one parton shower due to
gluon fusion. This process can be calculated in perturba-
tive QCD.

The signature of this process is the existence of so called
large rapidity gaps (LRG), in which no particles are pro-
duced [1, 2]. For the LHC energies and for diffractive Higgs
production at c.m. rapidity equal to zero, there are two
rapidity gaps. The first is between the right moving final
protons and the Higgs boson, the second is between the left
fast moving proton and the Higgs boson.

As was noticed by Bjorken [2], in hadron—hadron col-
lisions there is a considerable probability that more than
one parton shower can be produced. Therefore, one needs
to suppress such a multi-parton shower production, since
it can produce particles that fill up the rapidity gap.
This suppression can be characterized by the survival
probability [2, 3].

To illustrate what survival probability is, it is instruc-
tive to calculate it in the simple eikonal model for soft
pomerons. ‘Soft pomeron’ means that there are no pertur-
bative contributions from short distances, and only soft
non-perturbative processes contribute to the high energy
asymptotic behavior. The survival probability is defined in
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the eikonal formalism as [2, 3]
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where M is the amplitude for the hard process under con-
sideration, in impact parameter space (where b is the im-
pact parameter), at the center of mass energy +/s. In this
paper, this is the amplitude of diffractive Higgs produc-
tion from one parton shower. e~ *(*) gives the probability
that additional inelastic scattering will not occur between
the two partons at impact parameter b. £2(b) is called the
opacity or optical density. Therefore, the numerator is the
amplitude for the exclusive process, while the denominator
is the same process, due to the exchange of one pomeron.

The survival probability was estimated in [4], in the
eikonal approach for exclusive central diffractive produc-
tion at the LHC. The survival probability here was given
for the process illustrated in Fig. 1 in terms of the impact
parameter b. Generally, in all these models the survival
probability is given by the expression

J d2b1d%bs (An(b1) Ar(b2) (1 — A((b1 +02))%))”
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Ap(b) is the hard pomeron amplitude in impact parame-
ter space b shown in Fig. 1. The amplitude Ay (b) for hard
pomeron exchange can be calculated in perturbative QCD
and is responsible for the production of two gluon jets,
with BFKL ladder gluons between them (see Fig. 1). In
this model [4], the hard pomeron in Fig. 1 emits the Higgs
boson. Ap(b) is given in the impact parameter b represen-
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Fig. 1. Central diffractive production in the two channel
eikonal model in proton scattering due to pomeron exchange

tation by the expression [4]

An)= pre " 3)
R% =7.2GeV~—2. As shown in Fig. 1, Ag(b1) and An(b2)
denote the hard pomeron amplitude above and below the
Higgs signal respectively. The contribution Ag, shown in
Fig. 1, denotes the soft pomeron amplitude. (1 — Ay) in-
cludes all possible initial state interactions due to the ex-
change and interaction of soft pomerons. (1 — Ag) also in-
cludes the possibility that the two initial nucleons in Fig. 1
do not interact at all.

The survival probability was found to be 5%—6% for
the single channel model. In the two channel model, the
survival probability here is 2.7% at the LHC energy of
v/s =14000 GeV. The upper bound for the survival prob-
ability, in the constituent quark model (CQM), was found
to be 6.0%-0.1% at the LHC energy. This is almost the
same as the survival probability found in the single chan-
nel model. The two upper bounds intercept at an energy
just above the typical LHC energy. This suggests that the
upper bound for the survival probability should be 2%—-3%
for measurements at the LHC.

The first attempt to estimate the contribution of hard
(semi-hard) processes to the value of the survival probabil-
ity was made by Bartels et al. in [5]. They considered the
contribution of this “fan” pomeron diagram to the value of
the survival probability, and they found that this contribu-
tion is rather large. Namely, the value ranges from 3.17%
for a5 = 0.15, to 1.6% for as = 0.25, (where ay is the QCD
coupling).

The aim of this paper, is to calculate the BFKL
pomeron (see Fig. 4) and the first enhanced diagram for
the BFKL pomeron (see Fig. 7). These calculations are in
the symmetric QCD dipole approach. Because in proton—
proton scattering, there is no reason to assume that the
mean field approximation, based on the “fan” diagram, can
work. The ratio of the two contributions of Figs. 4 and 7 are
calculated and used to estimate the value of the survival
probability.

This paper is organized in the following way. In Sect. 2,
the coupling of the BFKL pomeron to the color dipole
(Sect. 2.1) and the triple pomeron vertex (Sect.2.2) are
calculated in the momentum representation. Using these

results, the BFKL pomeron amplitude shown in Fig. 4
is calculated (Sect. 2.3), and the first enhanced diagram
shown in Fig. 7 is calculated (Sect. 2.4).

Section 3 is devoted to the survival probability, esti-
mated in the QCD dipole approach. The ratio of the two
contributions of Figs. 4 and 7 is calculated, which is used
to estimate the value of the survival probability (Sect. 3.2).
It turns out that this ratio is not small, and this indicates
the importance of taking into account all enhanced dia-
grams. Therefore, in Sect. 3.3, all enhanced diagrams are
summed in the toy model [6]. The fact that the two dipoles
have different sizes is neglected. From the calculation of
the ratio of Figs. 4 and 7, the value of the parameter d of
this model is determined (d is the low energy amplitude for
one pomeron exchange). Using this parameter, the value
of the survival probability was estimated as the ratio of
the diffractive Higgs production in this model and Higgs
production in one parton shower (for single pomeron ex-
change). It turns out that the survival probability is rather
small.

In the conclusion, the results for the value of the sur-
vival probability are presented. A discussion is given of the
dependence of the value of the survival probability on the
choice of the intercept of the BFKL pomeron. The signifi-
cance of higher order hard rescattering contributions to the
survival probability is also discussed.

2 The conformal eigenfunctions of the vertex
operator and the triple pomeron vertex

All calculations are carried out in the momentum repre-
sentation, and the strategy and notation of [11] is closely
followed. Firstly, the pomeron coupling to the QCD color
dipole is introduced (see Fig. 2) in the momentum repre-
sentation. Secondly, an explicit expression for the triple
pomeron vertex (see Fig. 3) is derived. Using both these
formulae, the BFKL pomeron (Fig.4) and the first en-
hanced diagram (Fig. 7) are calculated in the symmetric
QCD dipole approach.

=

Fig. 2. The interaction vertex of pomeron
with the dipole

E;M/(Iu)

T2 —e—

’f*(fl~E<V1

Fig. 3. The triple pomeron vertex
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Fig. 4. Central diffractive production in color
0 ¢ dipole scattering due to single pomeron ex-

2.1 The BFKL pomeron vertex function

The vertex coupling the BFKL pomeron to the couple
dipole is illustrated in Fig. 2. Here, q is the momentum
transferred along the pomeron, and x;2 is the transverse
size of the dipole. In the notation of [7—10], the eigenfunc-
tions for the vertex in coordinate space are defined as

) () o

where z;; = x; — x; and x; are the transverse coordinates.
The conformal dimensions are defined as

10220 T10220
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n is the conformal spin, and it is an integer. The energy lev-
els of the pomeron are the BFKL eigenvalues given by [7]

w(n,v) = asx(v) = as(2¢(1) —¢(v) =¥ (1 —7v)), (6)
where in this paper the notation
_asN.

Os

-1
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is used, and where ¥ (f) = dInI'(f)/df and I'(f) is the
Euler gamma function. Since the only intercept w(n = 0,v)
is positive at high energies, the contribution with n # 0 can
be neglected. Lipatov in [7] introduces the following mixed
representation of the vertex:

2
Brv(x) = 2 L / @ReRE™ (R+ 5, R-3)
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A more convenient expression than (8) for the vertex
was calculated in [8—10] and is given as

EMY(212) = (qq*)27 %" (1 —iv) (10)
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where J,, are the Bessel functions of the first kind. In (11), ¢
and ¢* are the components of the momentum q transferred
along the pomeron, in the complex representation. That
is,

lgl =qq™,

q=qz+igy, (12)

g =q—igy.
In order to work in the momentum representation when
calculating the single pomeron amplitude (Fig. 4), and the
first enhanced diagram (Fig. 7), it is necessary to express
the vertex function explicitly in the momentum representa-
tion. In [11] it was shown that in the momentum represen-
tation the vertex function is given by the following Fourier
transform:

b, dz ip*z
E(paq;n:0»7)22ﬂ_2 \/Eexp<_ ) )
dx* i _
" f;— exp <_%> B0 (z)

Here p denotes the momentum which is the conjugate vari-
able of the dipole size x15. The complex representation, to
express the vector p in terms of its complex components
p and p* (see (12)), is used in (13). In [11], this integral is
written in the following factorized form:

b": v —ive—6iv .
E(p7q;n:0,7):?02’(q2) 2752 (1 —iv)
x {E(p,g;n=0,7)E(p*,q*;n=0,7)

—E(p,;n=0,-9)E(p*,¢";n=0,—7)},
(14)

where

. s dz q*r
E(p*,q";n=0,7) = ﬁ«fn:o,& (T
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At this point, it is assumed that n = 0, and hence
v=4=—iv (see (5)). This is because the only inter-
cept w(n = 0,v) is positive at high energies (see (6)), so
the contribution n # 0 is neglected from now on. Let
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E(p*, ¢*;n=0,7) and E(p,¢;n=0,7) be denoted as
E(p*,q*;v) and E(p, q;v) for n = 0. After integration over
x and z*, the expressions for E(q, p;v) and E(g*, p*; v) are
found to be [11]

. 1 .
~ q —1v s 1.3 . '_lF(§_lV)
E L :<_) -1 iv 11/+222 v iv—35

par)=(5) D7V P T
1 1.3 1, ¢
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rii-w
X—r—— 2141
I'l-iv)

1 1 1
X ———il/,§——ilj,1—i1/, . (16)
1 212 A(p)?

Hence, using (16) and the expression for b,—g, in (9),
the RHS of (14) can be written in the explicit form of

22+2iV(p2)iV—%7r2 2 (% — iI/) I (iv)
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where E(p,q;n =0,7) is written as FE(p,q;v). For sin-
gle pomeron exchange (see Fig.4), the conformal spin
v has opposite signs at the two vertices at the ends of
the pomeron. In Sect. 2.3, when Fig. 4 is calculated it is
assumed that q =0 to simplify the calculation. Hence,
from (17), the product of two vertices (for q = 0) takes the
form

E(p,q=0;v)E(p,q=0;-v) = 5 ——

2.2 The triple pomeron vertex

In this subsection the triple pomeron vertex, illustrated in
Fig. 3 is calculated explicitly in the momentum represen-
tation. It is defined in [8-10,12,13] as an integral over the
center of mass position vectors (xm, To2, xog), and the con-

formal dimensions (y,71,72) as

Gzp(a,k,n=0,7,71,7%) = Gsp(a,k,v,v1,1»)
d211110 d21’20 d211130

/ Z12223731
X E;LLU]? (.’133(), 1‘10) .

E}Y (210, w20) B (20, 230)
(19)

To calculate the triple pomeron vertex explicitly, the
mixed representation of Lipatov in [7] is used for the ver-
tex eigenfunctions E}” (see (8)). Note that to simplify the
calculation of the first enhanced diagram of Fig. 7, it is
assumed that q =0 for the momentum transferred along
the pomeron, above and below the pomeron loop. Hence,
the triple pomeron vertex shown in Fig. 3 is calculated for
q = 0. In [13] this mixed representation was used in the
definition of (19) to give the expression

1 d?z; : ik-xg]
—2iv—1
Gsp(q=0,k,v,v1,10) = — 5—To1 e 2
2m g

2
T . .
2 01 2iv1+1 n,vy 2ivg+1 n,vo
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.’132 .’132 k k
1202
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It is also assumed that |v1| = |v2| = 0 in evaluating the
expression of (20) for the triple pomeron vertex. A com-
plete argument for this assumption is given in Sect. A.2
of the appendix. In brief, the other obvious regions which
give a large contribution to the integrals over v; and vs,
namely the regions close to v; — +1 (i = 1,2), give a van-
ishing contribution to the first enhanced amplitude, when
it comes to integrating over the two rapidity variables Y;
and Y2 (see (39)). When evaluating the integrals over 14
and vy, for the expression of Fig. 7, (see (39)), one expands
the BFKL functions w(v1) and w(v2) around the saddle
point |v1| = |v2| =0 (see (A.38)), which gives the largest
contribution to the integration. In the appendix, the inte-
gral of (20) is evaluated to give the triple pomeron vertex
as an explicit expression in the momentum representation
in (A.15) as

Gsp(q=0,k,v,v; = 0,115 —0,)
_9iv 1 . .
_ piv—1 272 F3(§—11/)F2(1V)'
I'(3+iv)

(21)

dvom

2.3 The single pomeron amplitude

In this subsection the single pomeron amplitude with
Higgs production shown in Fig. 4 is calculated. The two
dipoles are separated by a rapidity gap Y, and they have
transverse sizes r1 = x12 and 7o = x}5. The momenta con-
jugate to the dipole sizes are p; and po, and q is the
momentum transferred along the pomeron. For simplicity
it is assumed that q = 0. The single pomeron amplitude
with Higgs production, in the QCD dipole approach is
denoted Mpiggs(n =1,Y), where Y is the rapidity gap be-
tween the two incoming protons, and n = 1 denotes the
single pomeron exchanged between the two protons. In this
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notation, the single pomeron amplitude, with Higgs pro-
duction of Fig. 4, has the expression [7-10, 14, 15]

MHiggs(n = 17 Y) = PBFKL(p17 P2, K q= O)AH(6YH) ’

(22)
where PBFKL(p; ps,Y,q=0) is the single pomeron am-
plitude given by the expression

1\2
PBFKL(p17p2aKq:O) = a_zj{ d,yew('y)Yu
1 Je Y2(y—1)2

x E(p1,9=0,n=0,7)

x E(p2,q=0,n=0,%).
(23)

The contour of integration C' is shown in Fig. 5, where
C encloses all singularities in the integrand of (23), and the
line which goes from —ioco to +ico stands to the right of all
these singularities in the integrand of (23). It is assumed
that the integrand vanishes on the semi-circle at infinity
shown in Fig. 5, so that it is sufficient to replace

fd'y—>
c

Recall that the definition of the conformal variable ~y
is y=(n+1)/2+1iv, and for the largest contribution one
takes the n = 0 contribution only, for high energies, so that
v =1/2+iv. In the variable v, the limits of integration are
400 —i€e > v > —oo — i€, in the limit that € tends to zero.
Hence, in the variable v, the expression of (23) can be re-
cast in the following form:

“+ioco+e€
dy.
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(24)

2 dv
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(P1,pP2,Y,q=0) 7| 3
XE(plvq:()vV)

XE(P2»q:0»_V)»

D(V)ew(V)Y

(25)

where w(n = 0,v) is the solution to the BFKL equation
defined in (6), where in the high energy limit one takes

+i00 Complex y plane

N
o — — —

n=0. From now on the notation w(n =0,v) =w(v) is
used. Ap(dYy), which appears in (22), denotes the ampli-
tude of the subprocess which produces the Higgs boson,
such as the quark triangle subprocess of Fig. 6. The typical
rapidity window which the Higgs boson occupies is

My
6YH =In <W> y

where m is the mass of the proton. The simplest subpro-
cess with the largest contribution for Higgs production in
the standard model is the quark triangle shown in Fig. 6.
After the subprocess amplitude of Fig. 6 is contracted with
the gluon propagators, the expression for the contribution
of the quark triangle shown in Fig. 6 is given by [16,17]

Au(0Yu) = A (M) (ki -k2) (26)
where the factor A (M) has the value [18—22]
1
_ 2 2
A =2 [Fe VG )

s

where G is the Fermi coupling. D(v), appearing in the
single pomeron amplitude of (25), is given by

1/2

POy

(28)

Assuming that the conjugate momenta p; and ps of
the two scattering dipoles in Fig. 4 are equal in magni-
tude, (18) can be used for the product of the two pomeron
vertices. Hence, (28) can be written as

PEFKL(p) —py =p,Y,q=0)

_4a§7r4/ dv 1

— 760.1(11)1/ )
p? 2mi (L4 V2)2

(29)

Rey

-
— e e = —

Fig. 5. Contour enclosing singularities for in-
tegration over the conformal variable -y
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Fig. 6. Quark triangle subprocess for Higgs production

The integration over v can be evaluated at the saddle
point v = 0 of w (v). In this way, the RHS of (29) becomes

PP (py =py =p,Y,q=0) =
1
320273 27 2 =0y (30)
P \(w'(r=0)Y) '

Hence, the final expression of (22) for the process of

Fig. 4 reads
320273
P2

MHiggs(n = 1, Y) =
(31)

This is the expression for the single pomeron ampli-
tude, including Higgs production, of Fig. 4. However, (31)
is written in the approximation that s = (p; +p2)? > M%.
Since we expect the Higgs mass to be large, we take into
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account the main correction due to this mass; namely, we
make the following replacement:

w(r=0)Y
ew(u:O)Y = (i) ( )
m?2

1 w(r=0)Y 4s w(r=0)Y
($11’2) (M—Iz—[)

= ew(u:O)(Yf(;YH) ,

—
(32)

where 6Yy = In (M3 /4m?) is the typical rapidity window

occupied by the Higgs boson, and where m is the mass of

proton. ¥ and zo are equal to k% /s, and k3 /sy (see Fig. 4)

with s; = (p1 +k1)? and sy = (p2 + k2)?), using the well

known kinematic relation s1s; = M#s and since kf = k3 =

MZ% /2 (see [30] for example). Finally, (31) looks as follows:
27

:Sﬁngw@=MYQ%

x e =0V =0YH) Ay (§Yy). (33)

MHiggs(n = 1, Y)

As one can see in (33) the single pomeron exchange does
not depend on the value of Higgs boson rapidity (Yz) but
depends on §Yy = In(M%/4m?), which characterizes the
window in rapidity occupied by the heavy Higgs boson.

2.4 The first enhanced amplitude

In this subsection the amplitude for the first enhanced am-
plitude, with Higgs production shown in Fig. 7, is calcu-
lated. The pomeron loop is between the two rapidity values
Y1 and Ys. Hence, one needs to integrate over these two
rapidity values. There is also an integral to evaluate, over
the unknown momentum k in the pomeron loop. The en-
hanced diagram with Higgs production, in the QCD dipole
approach is denoted Migiggs(n = 2,Y"), where n = 2 denotes

N
I, [ e Y
Vir ;q,v)
Vir ;q,v)
D) ¢V X-Y)

V2 quh) Y]

D) AR o Y v Y v
H

20, (Y- Y,)
Y

Fig. 7. Central diffractive production in color

dipole scattering due to pomeron exchange

with a hard rescattering correction
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the splitting of the exchanged pomeron, into two branches
forming the loop in Fig. 7. The amplitude of Fig. 7, is the
first hard rescattering correction, to the single pomeron
amplitude of Fig. 4. In this notation, the first enhanced am-
plitude, with the Higgs production of Fig. 7, is given by

MHiggS (7’1 = 23 Y) - 2Penhanced(p17 P2, K q)AH (5YH) )
(34)
where PBYKL (p; ps,Y,q) is the BFKL pomeron am-
plitude for the first enhanced one loop diagram, which
has the expression given below in (35). The factor of 2
n (34) comes from adding the two identical contribu-
tions of Fig. 7, due to the two ways the Higgs boson is
emitted from the two branches of the pomeron loop. In
order to obtain the complete contribution of Fig. 7, both
possibilities for Higgs production from the two branches
of the loop must be considered separately and added.
PBYKL  (p1,p2,Y,q) is given by the expression [8-10, 14]

enhanced

BFKL
Penhanced P1, P2, Y q

fd'y% d'y]{ d'ylf d'yz/dk/
c’ C1 Co Ya+3 5YH

X / dY,
0

2
@ewmw—m

x E(p1,9,m =0,
(P T
x G3p(v,71,72,94=0,k)
1\2 1\2
(n=9)" (1273)" (win)rut) i -va)-w(re)ivi
V(1 =71)2 v3(1—2)?
X G3P(’7l7717727q:07k)
(7/—1)2 €3
—L 2 O)V2E(py, q,n=0,7), 35
NETRY (p2,q,m=0,7) (35)
a47r4 as N, 2
B= .
8 ( 272 ) (36)

The contours of integration C, C’, C; and C5 are shown
in Fig. 5, where C, C’, C; and Cs enclose all singularities in
the integrand of (35), and the line which goes from —ico to
+ico stands to the right of all these singularities in (35). It
is assumed that the integrand vanishes on the semi-circle at
infinity shown in Fig. 5, so that it is sufficient to replace

+ico+e +ioco+e
% dvy — dv', %d’y—) dv,
c’ —ico+e C —ico+e
+ico+e +ico+e
dvy; — dvi, dye — dys ;
Cq —ico+te Co —ico+te
(37)

using the replacements of (37), one can rewrite (35) as

+ico+e “+ioco+e€
d'y/ d~'

—ioco+te —ioco+t€

+ico+te +ioco+e Y
X / d’)/l / d’)/z / d2k in
—ioco+te —ico+te YH+%6YH

Pgllflgnced(p17 b2, K q) =B

Yig—56Yy ,y_l 2
X/ dYV2E(plvq7n:077)(72)
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X ew(’Y)(Y7Y1)G3P (77 Y1,72,94= 07 k)
1\2 1\2
(m—3)" (2—3) (@) +w(12) (Y1 —Y2)—w(72)8Yi
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/2(1 _ ,},/)2

Recall that the definition of the conformal variable ~y
is y=(n+1)/2+41v, and for the largest contribution one
takes the n = 0 contribution only, for high energies, such
that v = 1/2+iv. Hence, in terms of the variables v, v/, 14
and vy, the limits of integration are +co—ie > v > —oco —
ie, and similarly one has the same integration limits for the
integrals over v/, v1 and vs. In each case one takes the limit
that e tends to zero. Hence, in terms of these variables, the
expression of (38) can be recast in the following form:

PETKL (D). py,Y,q) =B / dv / 4 / vy

YH §6YH
/ dVQ/d k dY1/ dYQ
YH+§5YH 0

x E<p17q7 )D(V) w)(Y—-Y1) G3P(V Vi,V2,qQ = O,k)
X D(Vl)D(VQ)e(""( 1)+w(v2))(Y1-Y2)—w(v2)dYy

X Ggp(—l//, V1,V2,qQ = O, k)ew(V/)Y2E(p2, q, —I//) s
(39)

(p27qvn:07’?/) . (38)

where Yy is the rapidity of the Higgs boson. Yy here is con-
sidered to be equal to zero in the c.m. frame, restricting
ourselves to the production of the Higgs boson at rest in the
center of mass frame since it is the most likely experimen-
tal kinematics, and 6Yy = In (M7 /4m?) characterizes the
rapidity window occupied by the Higgs boson. Using the
same assumptions as Sect. 2.2, the integral over k in (39) is
evaluated in the appendix with the result given in (A.18) as

/d2kG3p(V, vy — 0,V2 — O,q: O,k)

x Gsp(—v',v1 — 0,19 — 0,9 =0,k)
v1,wa—0 220/ =1v) §(3, V')
3 4vidvi
3 (3+i) I (5 —iv) D (—iv) I (iv)
r (%—iy’) r (%—l—iy)

X (40)

Note that v? and v in the denominator of (40) can-
cel with D(v1) and D(v2) in (39) (see (28)). When insert-
ing (40) into the right hand side of (39), the delta function
is absorbed in the integration over v/, to give the result

Br? [ o
P(Ethgnced(plap27Y7q: 0) = T/ dV/ duy

) Y Ya—36Yn
/ dvs / av; / 1y,
—c0 Ya+36Yn 0
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(v vty T2 (5 —10) I (5 +1v)
4v34v3v? sin® (ivr)
« D(Vl)D(VQ)e(w(lﬁ)+w(l/2))(Y1—Yz)—w(lfz)t*YHE(pz7 q,—v).

x E(p1,q, 1/)’D2 (v)e”

(41)

Now the integrals over v,v1,v, and the two rapidity
values Y7 and Y5 need to be evaluated. Y7 and Y5 are the
upper and lower rapidity values for the pomeron loop in
Fig. 7. The details of the integrations are given in Sect. A.2
of the appendix, and the final expression is given in (A.51)
as

32878
PBFKL Y.aq=0)=
enhanced(p17p27 » 4 0) (20_45)5]72
o oYy
(= 0)Y12(Y — 6Yq) /2
20" — 3
x ((2w(u:0))4—2( < =0)

2w(v=0)(Y —55Yy)

-2
Y —6Yu

(42)

(2w"(v = 0))3)

X e

where the constant B is given in (36). Therefore, the full
expression for the diagram of Fig. 7 given by (34) takes the
form

64 B8
(2a)°p?
0Yn
X w//(V — 0)Y1/2(Y—5YH)1/2
W' (v = 3 (1 = 3
) ((QW(VZO))4_2(2 (y OF _,2 y(_(SYE)) )

x 20 =0)(Y = 30%H) Ay (5Yy) . (43)

MHiggS(n = 2, Y) =

3 The survival probability in diffractive Higgs
production in color dipole scattering due to
pomeron exchange

3.1 The definition of survival probability

In this section the survival probability of large rapidity
gaps, in diffractive Higgs production, is calculated, using
the ratio of Figs. 4 and 7 (see (31) and (43)). To guar-
antee that there will still be a large rapidity gap (LRG)
between the protons after scattering, all hard rescatter-
ing corrections that could give terms filling up the LRG
must be taken into account. The survival probability is
the probability to just have exclusive Higgs production
shown in Fig. 4, and not any higher order hard rescat-
tering corrections, such as the first enhanced diagram of
Fig. 7. In other words, the survival probability of the LRG
is calculated by subtracting the sum over all hard rescat-
tering amplitudes from the single pomeron amplitude of
Fig. 4, dividing the result by the single pomeron ampli-
tude of Fig. 4 itself, to obtain the correctly normalized

survival probability. Therefore, the survival probability is
defined by

Muiggs(n =1,Y) = > 5 (=1)" Myiggs(n,Y)
MHiggs(n = 1, Y) ’
(44)

(15%) =

where Miggs (n,Y) is the nth order hard rescattering cor-
rection. For example, in the case of n = 2, the first hard
rescattering correction MHiggs(n =2,Y) is the contribu-
tion of the first enhanced diagram of Fig. 7, which has
two pomeron branches, forming the pomeron loop. In gen-
eral, Miggs(n, Y') is the contribution given by the diagram
which has n pomeron branches. In calculating the survival
probability, if only the first enhanced diagram is taken into
account, and corrections of the order n = 3 and higher are
ignored, then (44) reduces to

_ MHiggs (n =1, Y) - MHiggs(n =2, Y)

52
<| |> MHiggs(’n:l,Y)
Myiges(n=2,Y
_ - Muiggs(n ). (45)
MHiggS(n = 1, Y)
The ratio Mitiggs (n=2,Y) is calculated in the next sub-

MHiggs(n:]-rY)
section, in the symmetric QCD dipole approach (see (49)
in Sect. 3.2). It turns out that this ratio is not small and,
therefore, all enhanced diagrams need to be taken into ac-
count. Using the toy model suggested by Mueller in [6], all
enhanced diagrams are taken into account in the Mueller—
Patel-Salam-Tancu (MPSI) approach [23-25]. The for-
mula for the scattering amplitude in this model was sug-
gested by Kovchegov in [26].

3.2 The QCD dipole approach

The survival probability of large rapidity gaps, in diffrac-
tive Higgs production in the QCD dipole approach, is the
probability for the exclusive Higgs production of Fig. 4,
with a large rapidity gap between the Higgs signal and
the two emerging dipoles. To calculate the survival proba-
bility, all hard rescattering corrections which could fill up
the large rapidity gaps must be subtracted from the single
BFKL Higgs amplitude Mpiggs(n =1,Y"), and the result
must be divided by Muiggs(n =1,Y). If only the first en-
hanced rescattering correction MHiggs(n =2,Y) is taken
into account, then the survival probability in the symmet-
ric QCD dipole approach is estimated to be

<|S2|> _ MHiggS(n =1, Y) _ MHiggS(n =2, Y)
MHiggs(n = 1, Y)
_ Muiges(n=2,Y)
Mpiggs(n=1,Y)’

=1

(46)

where the amplitudes M(n=1,Y) and M(n=2,Y) have
been calculated in (31) and (43), respectively. Using the

results of (31) and (43), the ration %(n:Q,Y)

Mn=1.7) appearing
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in (46) is found to obey the expression

MHiggs (’I’L = 2, Y) o 2371’5 6YH
Miiges(n=1,Y)  a2(2as)° w’ (v =0)
" ((Qw(v =0)* 4(2w(1/ = O))3> <w”(u = 0)Y> 2

Y Y2
% ew(u:O)Y

where the constant B is given in (36). Here a typical value
for ag, at the scale of Mz, the mass of the Z boson, is
used. It is expected that the Higgs boson will be produced
with a mass of approximately 100 GeV, which would give
a value for the strong coupling constant ags ~ 0.12. This
corresponds to a Z particle mass [27] Mz = 90.8 0.6 GeV.

The following values are to be found in [27,28] for the
strong coupling and the BFKL function:

as=012, wr=0)=a4ln2,

~W"'(v=0)=14as, ((3)¢(3)=21.202. (48)
Assuming that the rapidity gap Y at the LHC is 19,
and using the numerical values given in (48), the right hand

side of (47) yields following:

M(n=2)Y)

(v=0)Y
M(n=1,Y) '

= 2.8¢" (49)

This value is not small and increases with energy.
Therefore, it shows that all enhanced diagrams have to be
taken into account. In the next section all enhanced dia-
grams are summed in the toy model.

3.3 The toy model approach

In this subsection, the survival probability is calculated
taking into account all enhanced diagrams. The toy model
proposed by Mueller in [6], is a model for describing
pomeron exchange in onium—onium scattering. In the toy
model, the dipole wave function of an onium is described
by the generating functional for dipoles [6] Z(Y, [u]):

Z(Y —Yo; [u])

EZ/Pn(Y;T'l,bl,’rQ,bQ,---,Ti,bi,---,T'n,bn)
XHU 7"“

Here, P, are the probabilities to find dipoles with sizes 7;
and impact parameters b; at rapidity Y, and u(zo1, b) is an
arbitrary function of the dipole of transverse size xg; at im-
pact parameter b. In the toy model which we are going to
consider here we neglect the dependence of u on the size
of dipoles and their impact parameters [6]. In this model
Z(xo01,b,Y,u) degenerates to the generating function and
obeys the following evolution equation [6]:

dZ (Y, u)
ay

;) d2r; d2b; . (50)

= AZ*(Y,u) — AZ(Y,u), (51)

where A is the pomeron intercept. In Sects. 2.3 and 2.4,
the pomeron intercept can be taken to be the BFKL inter-
cept A = w(v =0) to provide a matching with the BFKL
pomeron calculus. The initial condition for (51) is given by

Z(Y=0u)=u. (52)

The solution of the toy model (51) which satisfies the initial
condition of (52) is [6, 26]

u

(53)

Equation (53) gives the sum over all “fan” diagrams. To
generalize this result to the sum over all essential enhanced
diagrams, the MPSI approximation is used to sum over all
diagrams, with pomeron loops larger than 2. In [26], the
forward scattering amplitude in the MPSI approx1mat10n
was written, and it has the form

2
D(Y,d)zl—exp( djdv)Z(g’u)

Y
X Z <E7v) |u:1,v:1 )

where d is the dipole amplitude (0 < d < 1) at low energy.
Substituting for Z(Y, ), the right hand side of (53) in (54)
yields the following expression for D(Y, d) [26]:

(54)

NE

D(Y7 d) = (—1)”D(H7Kd)

3
I
-

2n—2
n!(—1)"d"en4Y (1 —eA%) .

NE

n=1

(55)
At large rapldlty values, one can make the approxima-
. AY A
tion 1 —e?Z ~ —e? 7, so that (55) can be rewritten as
Z nDnYd Zn| ndn nAY
n=1
(56)

n (56), the nth term is the amplitude for n pomeron
exchange. Hence, (56) is the sum over all hard rescatter-
ing correction amplitudes for pomeron exchange in onium—
onium scattering. This approach is used in [23-25]. To
include Higgs production in the toy model, one has to re-
place one of the n dipole amplitudes by the contribution
Ap(6Yn) from the subprocess for Higgs production. The
leading subprocess is the quark triangle shown in Fig. 6.
Hence, for each of the terms, a factor of n is included to
account for the possibility that the Higgs boson can be pro-
duced from any of the n pomerons. After Higgs production
isincluded in the toy model of (56), the resulting amplitude
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takes the form

[M]8

DHiggs (Y’ d) = (_1)nDHiggs (n7 Y7 d)

n=1

(=1)"d" nine™?Y Ay (6Yy)

I
M

3
I
-

|

Y,d)Au(6Yu), (57)

= 5D

o)

where

d" nlne™?Y Ay (6Yy)
0
= %D(n Y,d)Au(dYn) .
The notation Dpiges(n,Y,d) refers to the toy model
BFKL pomeron amplitude, including Higgs production,
with n pomeron branches. This should not be confused
with the notation Mpiggs(n,Y"), which refers to the equiva-
lent nth order term in the symmetric QCD dipole ap-
proach. The n =1 term in (57), corresponds to the single
pomeron amplitude of Fig. 4. The n =2 term in (57) cor-
responds to the first enhanced amplitude of Fig. 7, with
the hard rescattering correction of the pomeron loop.
In Sect. 3.1, the survival probability was defined by the ex-
pression given in (44). Hence, in the toy model approach,
the survival probability takes the form

Ditiges(n = 1,Y,d) =33, (—1)" Dptiggs (n, Y, d)
Ditiggs(n =1,Y,d)

DHiggs (n7 Y, d) =
(58)

(59)

Inspection of (57) shows that the numerator on the
RHS of (59) can be rewritten as

DHiggs(Y7 d) =
Driiggs(n =1,Y,d) = Y _(—1)"Driges(n, Y, d) . (60)
n=2

Hence, the toy model formula for the survival probabil-
ity of (59) becomes
Ditiggs (Y, d)

_ &Dwia)
Driggs (n =1Y, d)

ZD(n=1,Y,d)

(61)

Typically, the Higgs signal will occupy a rapidity win-

dow 0Yy = In M 1% Therefore, in the toy model, pomeron
exchange between scattering dlpoles separated by arapidity
gap of less than dYy should be excluded for Higgs produc-
tion. Therefore, the toy model amplitude Miggs(n, Y, d)
should be divided by the scattering amplitude Miggs(n,
0Yn,d), which gives the scattering amplitude for dipoles
separated by a rapidity gap less than §Yy. Taking this into
account, (61) is modified to give the survival probability
for diffractive Higgs production within the rapidity window
5YH:

(’%D(Yv d)) / (%D((SYHvd))

(ZD(n=1,Y,d)/(&D(n=1,6Yn,d))
(62)

(15%)) =

In order to calculate the survival probability using the
expression of (59), the value of the parameter d, appearing
in the expression for D(Y,d), must be determined. To do
80, it is useful to refer back to the calculation of Sect. 3.2,

where the ratio % was calculated, in the sym-

metric QCD dipole approach (see (49)). In order for the
toy model to be consistent with the QCD dipole approach,
the ratio calculated in (49) should be the same in the toy
model. Setting n =1, (58) gives for single pomeron ampli-
tude in the toy model
DHiggs (n =1Y, d) = eAYAH (5YH) . (63)
Setting n = 2 in (58), the first enhanced amplitude in
the toy model is given by
Dhiggs(n = 2,Y,d) = —4de**Y Ag(6Yn).  (64)
Therefore, using (63) and (64), the following condition
is imposed:

MHiggs(n = 2, Y) . DHiggs(n = 2, K d)
MHiggS(n = 1, Y) B DHiggs(n = 1, K d)
_ —4d262AYAH((5YH) - —4deAY
deAYAH (6YH) '
(65)

Substituting for % the result of (49) on the

LHS of (65), and setting the pomeron intercept equal to the

BFKL intercept A =w(v =0), to be consistent with the

QCD dipole approach, enables one to calculate a value for
d in the toy model. One finds

d=0.7. (66)

One can now proceed to calculate the survival prob-

ability, by taking into account all higher additional hard

rescattering corrections, using the formula of (61). From
(56), the expression for D(Y, d) can be written as

Zn'
:—Z/ dte~t(—dte?Y )"

o=t
=1- dt——— .
/(; 1+ dtedY

After changing variables to u = ﬁy +t, the RHS reduces
to

(67)

1
eXP(W) *© due ™
D“‘d):l—v/l o
dedY

o) 1)

dedY o AY

(68)



J. Miller: Survival probability for diffractive Higgs production in high density QCD 49

If one notes that in general %F(O,m) = —%, then
substituting for D(Y, d) the RHS of (68) in (62) gives the
following expression for the survival probability:

157 = (S )

e24Y
AY
o (g ) I (0. ) () ~d

o ASY]
exXp (deA15YH> r (0» deA15YH> (ngAWHH ) —d
(69)

X

The typical rapidity window dYy, which the Higgs sig-
2

in% , where MIQ_I ~
100 GeV. The typical rapidity gap is expected to be Y =19
for the LHC energy of /s = 14 TeV. Setting the pomeron
intercept equal to the BFKL intercept, Agrkr, =w(v =
0) = as41n 2 ~ 0.34 [28], the value for the survival probabil-
ity from (69) is found to be

nal is expected to occupy, is Yy = In

(18*(Agrkw)|) = 0.004. (70)
This gives the survival probability as 0.4%. However,
the larger survival probability is obtained by abandoning
the BFKL intercept w(v = 0) ~ 0.34 and replacing the in-
tercept with that of the intercept of the soft pomeron.
The intercept of the soft pomeron is intended to mean
the phenomenological intercept of the Landshoff-Donachie
pomeron. This intercept (denoted here as Agqg;) is propor-
tional to the strong coupling as by the relation Agyg =
cas = 0.08. Hence, if one takes the strong coupling to be
as = 0.12 for example, then the constant of proportionality
¢ =0.067. In this case, using Agop; as the pomeron inter-
cept in (69), one obtains the following value for the survival

probability:
(157 (Asort)]) = 0.3. (71)

More recently the Durham group found [31] the value
for the soft pomeron intercept to be Apurham group = 0.6,
which gives for the survival probability

(IS (Abusham group)l) = 5% 107°. (72)

The values found for the survival probability, which
depends on the choice of intercept, are summarized in
Table 1.

Therefore, from these results it is clear that the sur-
vival probability depends critically on the intercept chosen.
More specifically, the survival probability, as a function of
the intercept A is not monotonic. The survival probability
increases, as the intercept A decreases in value. For large
rapidity gaps Y, from (69), the survival probability is ap-
proximately proportional to

1

I5A)) > AT —sva)y

(73)

The typical LHC value for the rapidity gap Y between the
scattering dipoles is Y =19, and for the predicted Higgs

pomeron intercept survival probability

ADurham group 5 X 10_6
ABFKL 0.004
Agoft 0.3

Table 1. Results for the survival probability for different
Pomeron intercepts

mass of M%, the rapidity window occupied by the Higgs
2
boson, is expected to be §Yy =1In iVIWH . Hence, provided

that Y — §Yy > 0, (73) explains why the survival probabil-
ity increases as the intercept A decreases.

Based on these results, in the toy model, the hard
rescattering contributions from higher n corrections range
from 0.4% up to around 10%. Hence, the corrections are
substantial and need to be taken into account when calcu-
lating the survival probability. d in the toy model takes the
value found in (66) to be d =0.7. This is less than unity.
By inspection of the summation in (57), one can see that
d is large enough, so that the terms n = 3 and higher will
give significant corrections to the survival probability cal-
culated in this paper.

To summarize, it is found, firstly, that d is large, giv-
ing significant higher contributions. Secondly, these higher
contributions need to be taken into account, when calculat-
ing the survival probability.

4 Conclusion

The main results of this paper are the following.

1. The first calculation of the enhanced BFKL diagram for
diffractive Higgs production.

2. Estimates for the survival probability for the full set of
enhanced diagrams using the simplified toy model.

3. The results of this estimate for the survival proba-
bility, show that the value depends crucially on the
coupling constant of QCD, and that multi-pomeron ex-
change gives a substantial contribution to the survival
probability.

It was found that in the most consistent result for
the survival probability, the value is rather small, namely
0.4%. In conclusion, this paper shows that hard processes
give a substantial contribution in the calculation of the
survival probability. This paper is the first step forward to-
wards obtaining reliable estimates of the influences of hard
processes at high energy.
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Appendix
A.1 Calculation of the triple pomeron vertex

In this section the triple pomeron vertex is calculated to
give an explicit expression in the momentum representa-
tion. This will be useful for calculating the first enhanced
diagram of Fig. 7 in Sect. 2.4. In the expression for Fig. 7,
(see (39)), the BFKL functions w(v;) and w(vy) are ex-
panded around the saddle points v; = vy = 0. This gives
the largest contribution to the integration. Hence, in this
subsection the triple pomeron vertex is calculated in the
limiting case when v1 = v5 = 0. It is assumed at the start of
the calculation that v; and v are small and finite; however,
at the end of the calculation v, and v» are put equal to zero.
The triple pomeron vertex shown in Fig. 3 was defined in
Sect. 2.2 (see (19)). We have

G3P(q7 k7n = 07’7771772) = GBP(q7 kv V,V1, V2) =
d?z10d?zod?
/ T10d°T20d"T30 E™ (1, 20) B (30, T30)
T12723T31

X E;Lf,f (230, Z10) - (A1)
A useful expression, to be found in [13], was given

in (20) in terms of the mixed representation of the vertex
function E;""(x) (see (8)) as

d?z; . ik-xg1
—2iv—1
Gsp(q=0,k,v,v1,10) = 501 e 2

2m Th,

2
z ;
2 01 2iv1+1 n,vy 2ivg+1 n,vp
x/d Ty —5—5Too E " (zo2)x1y E™2(212) .

L12Tp2
(A.2)

n (A.2), it is assumed that q in Fig. 3 is zero. This is
because for the calculation of the first enhanced diagram
in Sect. 2.4 (see Fig. 7), the momentum q transferred along
the pomeron above and below the loop is set to zero to
make the calculation simpler. In Fig. 7, there are two triple
pomeron vertices, at opposite ends of the pomeron loop.
Here, the momentum k is the unknown momentum in the
pomeron loop. Evaluating the integral over xo; in (A.2)
gives an expression in which the dependence on the mo-
mentum k is explicit, namely [13]

GBP (q — 0, k, v, 11, V2) — 23—27—271—272 (k2)iu+iv1+iu2—%
I (3 —iv—ivi — i)
I (3+iv+iv +in)

gSP(’Y»’Yh’m) ) (A‘?))

where g3p(v,71,72) is the multidimensional integral re-
lated to the triple BFKL pomeron interaction, given by [13]

_ d?x d’R
93P(’Y:’Yla72) = |x+|2*271|$ |2f272 |R+|271|R7|271

d2R’
| e

|272 |R’ |272

|R _RL|27+271+272—47

(A4)

where in the notation of [13],

L, 1. 1.
=—+iv =—+iv = —+iv
0 2 ) 2! 5 1, "2 5 2,
Ty=x+ o R, =R+,
+ 2’ 2’ 2
_p_ %+ r_prg T A ,_x;
R.=R-=, R\=R+=—, R =R-=

(A.5)

The region of integration in (41) that turns out to give
the largest contribution is the region close to iv — 5, and
the region close to |v1| — 0 and |v2| — 0. A complete argu-
ment for this claim is given in Sect. A.2 of the appendix, for
the reason that this region gives a vanishing contribution
to the first enhanced amplitude, when it comes to integrat-
ing over the two rapidity variables Y7 and Y> (see (39)). For
now it will be assumed in the derivation of the relevant ex-
pression of the triple pomeron vertex that the region close
to |v1] — 0 and |v2] — 0 is the only relevant region neces-
sary to consider. With this in mind, with the definition

n (A.5), the relevant region of integration is close to the
points where

1 1
'y—>171—>§’72—>—=>7+71+72—>2- (A.6)

2

Consider the part of the integration over R’ in (A.4),
which takes the form

/- d2R/
(R/ )2’72 (R/ )2’72

| Gy

X / dR/*
(RE) ™ (RE)

) 2942714272 -4

(R-—R_
(R_ R )7+71+72—2

(R*, _R/j)7+71+72*2 )
(A7)

In (A.7) the complex notation d?R’ = dR'dR’" has
been used. Evaluating the integrations over R’ and R’
gives

1 LGE-m=70-7) By — (@ et d
™ 1 211
r2-y-m-m) ")
11 1 R+—(.’IJ+—.’II)
X(272771+72+7 27 T

1 3
+ UW2—7—Wr—w)F<W+7er—§>

L FH2) -2 (A.8)

Inspection of the right hand side of (A.8) shows that one
has a singularity at v+ 1 + 2 — 2, which is the point de-
fined in (A.6), namely focussing on the case when iv — 1
and |v1] = || =0 (see (A.5)). In this case, ['(2—~vy—~1 —
v2) tends to infinity, which means that the first term on
the RHS of (A.8) vanishes and the second term gives the
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largest contribution. There is one more singularity present

n (A.8), which comes from the I' (y+7y1 472 — 3) term
in the second term on the RHS, in the case where v+
Y1+ 72 — 3. This corresponds to the region where |v| =0,
|v1] =0 and |v2| =0, or when v+ v1 +~2 = —n, where n
is any real positive integer. However, as was mentioned
above, it will be shown in Sect. A.2 that this region gives
a vanishing contribution to the first enhanced amplitude,
when it comes to integrating over the two rapidity vari-
ables Y7 and Y> (see (39)) for the region close to the points
|v1] = 0 and |vo| — 0. Therefore, this singularity never be-
comes manifest in the calculation, and hence in the only
relevant case when iv — 3 and |v1], |v2| — 0. Even though
the first term on the RHS of (A.8) is thrown away, this
singularity, namely when v+, +v2 — 3/2, is not lost.
Hence, (A.8) reduces to

dR' 2
/W (R_ _R/_)7+71+72 _

3 _
TEC2—v—m —72) I <7+71 +72 — 5) gHtr2) =2
(A.9)

Inserting the result of (A.9) back into the result of (A.4)
gives

g3p (7:71,72)
/ dR, / do (4 —n)7+71+72*2
sz o ! (x4 —n)2(Ry —ay )2

. ((xj—) _n)7+71+72—2
(@)™ ((@3) =n)™ ((B) = (23))™
X %F2(2—7—71 — ) I (7+71 +72— g) :
(A.10)

Now, using the notation for 7, ;3 and -2 defined
n (A.5), gsp(v,71,72) becomes, in the limit that |17 =
|V2| =0,
dRy

1 .
5+ivy
2

RZ

g3p(7,71,72) = lim

ivy —0

1
/dx+ 3+in 1 _3iv Liip
i (we—n)2TM(Ry —ay )2
L Sy g
)3T +
(R3)
1
Liiw 1_3iu
23) 2 (a2 —n) 2T (R -

(
X %FQ (% —iy> (i) .

It is instructive to leave v1 and v small but finite in the
indices, and let them be driven to zero at the end of the cal-
culation, to avoid divergent integrals. Now integrating over

X lim
ivg—0

)2+W2

(A.11)

x4 and 7 gives the following result:

D A B dR,
gsp(y:my72) = I <§_W>F(”’)i,}i§o R
I (3+iv1) I (3 +3in)
I'(1+4ivy) >t

X 1+. 1+. 1+4i !
9 11, 2 1y, 1y, R

) +R<1|>+2il/17r2F]_
+

- a9 - . 1 1 74’
X (2 3ivy, 5 +ivy, 7R+> iyfﬂo/ (R1)1+21V2

I (3 +ive) I (3 +3ivy)
I(1+4ivy)

2471

L) + (R+)1+2w2 7T2F1

1 1
X <§ —|—il/2, 5 —|—il/2, 1—|—4i1/2, Ri

1 1
X <§—3il/2,§+i1/2,1,Rj_> . (A12)
In the limit that |v4], |v2]| — 0 the factor

L(z+im) I (5+30) |
I (144in) ’

and (A.12) reduces to

. dR, 111
=1 Sl ) (=

gSP(’Y»’Yh’m) iui%O/ Ri_+2]u1 (2 1 <27 9’ 7R+>

11

+ R, ( 1 R+>)

dR3

11 1
li 7"' F - -1
Xiuérgo/ (R1)1+21V2 (2 1<2727 ,R_j_>
11
71,Ri)>

1 42ivg 11
+ (R%) 2 Fy (27 5
x w2 (% - iy) I?(iv) .

Finally, evaluating the integral over R in (A.13) gives
the result for gsp (v, 71,72):

L e (1 —iy> (i) .
4V14V27T 2
(A.14)

(A.13)

93P(’Y,713’Y2) =

Substituting this result for gsp(7y,y1,72) of (A.14) into
the expression of (A.3), the triple pomeron vertex is given
explicitly in the momentum representation, in the limit
that |v1| = |v2| = 0, by the expression

GBP(q:07k7V7V1 _>07V2_>0):
| 35 — i) (iv)

272iu k2)il/7§
I'(3+iv)

41/141/27'(' (A15)

To calculate the first enhanced amplitude of Fig. 7,
there is an integration to be evaluated of the two triple
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pomeron vertices at both ends of the loop, over the un-
known momentum k (see (39)), which takes the form

/ dszgp(q = 0, k, v,V1, V2)G3P(q = 0, k, —I//, v, 1/2) .
(A.16)

Inserting the result of (A.15) gives

/d2kG3P(q:07k7V7V17V2)G3P(_V/7V17V2)
92(iv'—iv) 27,072\ (iv—iv/)—1

3 (—iv) 3 (3 +1/) (i) 1 (—1) 1

r(i+i)r(3-iv) 16071613

(A.17)

X

Now to integrate over k, it is useful to make the change
of variable I = In k. Then the right hand side of (A.17) re-
duces to a delta function in v and v/, to give the result

/ d?kG3p(q=0,k,v,v1,1)Gsp(—1/, 11, Vo) =

92(iv' —iv) 5(1/—1/)

8 4v34v2

I3 (% —11/) I3 ( +iv ) I?(iv) I (—iv)
F(%—I—lV)F(%—iV/) '

X

(A.18)

A.2 Calculation of the first enhanced amplitude

In this subsection, the amplitude for the first enhanced di-
agram is derived by evaluating the integrals on the RHS
of (39), namely

Pe%h?rﬁ:ed(php%yraq):B/ dV/ dI/// dVl

o Y Ya—36Yn
></ dyg/ko/ le/ dYs,
—00 Yu+iovy 0

X E(ph q, V)D(V)ew(u)(Y7Y1)G3P (Va V,V2,qQ= 07 k)
~ 'D(Vl)'D(VQ)e(W(V1)+W(V2))(Y1—Yz)—w(l/2)5YH

X Gap(—v',v1,12,q=0, k)ew(UI)YQE(P% q,—').
(A.19)

There are three regions of integration to be considered,
namely the region close to |v| — 0 and the region close to
v — :I:%. Firstly, the regions close to iv — :I:% will be con-
sidered at the same time, because as will be shown, it turns
out that, in fact, the integration over v is the same around
these two points. Integrating the product of the two triple
pomeron vertices appearing in (A.19) over the unknown
momentum k in the loop results in the expression given
in (A.18), which is proportional to the Dirac delta function

d(v—7/). Inserting this into the RHS of (A.19), and ab-
sorbing the delta function §(v — ') by integrating over v/
and setting everywhere v = v/ results in the expression

/ dI// dI/1/ dl/z/
YH+16YH

Yi—1ovy
<[ AY3E(p1, g, v)D? ()e )01 472)
0
I3 (2—iv) I® (3 +iv) I (iv)[?(—iv)
Wil (3 +iv) T (3 —iv)
x D(v1)D(vz)e@ ) He2)) (M1 =Y2)—w2)Vu p(p, g, —v),

BFKL
enhanced

(A.20)

where

B=-—

a§7r4 as N,
8 2m2

) 2
Using the identity I'(z)I'(1 —x) = n/sin 7wz, the inte-
grand of (A.20) simplifies to

B 2 0o [e's) [e's) Y
T / dv / duy / dvy / v,
8 —00 —00 —00 YH+%’5YH

Yi—46Yy
X / dY,E(p1,q,v)D?(v)er ™Y —Y1+Y2)
0
2 (3 i) 12 (3 +iv)
40241202 sin® (ivrr)
« elw1)+w(r2))(Y1— Y2)—w(u2)6YHE(

BFKL
Penhanced

D(v1)D(r2)

p2,q,—v). (A.21)

It is assumed that the conjugate momenta p; and ps
of the two scattering dipoles in Fig. 7 are equal. Using the
expression of (18) for the two pomeron vertices, (A.21) re-
duces to

2B 6 e} s} s} Y
pBrRKL =207 / dy/ dyl/ du2/ av;
D —00 —00 —00 YH+%5YH
></ dy2'D2(y)ew(V)(Y*Y1+Y2)
0

I (——11/) I (;—Hy)
4vi4vivt sin® (ivr)
X D(I/1)D(VQ)e(""(”l)JF"-’(Vz))(H*

Y2)—w(v2)dYu (A.22)

Hence the expression on the RHS of (A.19) reduces to
the product of integrals over v, 11 and vs, as well as the in-
tegrations over the rapidity variables Y7 and Y5, which can
be written in the simplified form

Y Yy —50Y;
2Bt H—30YH
BFKL
Penhanced = in dYVQIVIyl IV2 y
YH+ 5YH 0

p2
(A.23)
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where

= [~ avetr oy

PG iy.) 52 (3 +iv) D*(v) (A2a)
sin” (ivm)vt
00 w)(Y1-Y2) p
I, :/ A & - () (A.25)
00 w(r2)(Y1-Y2) D
I, :/ dwy S . (v2) (A.26)

Consider first the integration over 7 in (A.21). Recall
that the definition of the BFKL eigenvalue, namely w(v) =
as {¢(1) —¢ (3 +1iv) — (3 —iv) } , which has two poles at
the points where v — :I:%. In these cases, the BFKL eigen-
value behaves as

1/—>:i:% 20
w(v) -

-
2:I:w

(A.27)

The rest of the v dependent part of the integrand,
F2(%—w) ( +1U)D (v)
sin? (ivm) vt

I?(3—iv) I'* (3+iv) D*(v) v=*34 (l iiy) -0
sin? (ivr)v4 ’

behaves like

namely

2
(A.28)

—0
where the fact that the Euler gamma function I'(x) EAN

z~! has been used in (A.28). Therefore, plugging (A.28)
into (A.24), the v part of the integration in (A.21) at these
two poles takes the form

votl oo exp( 2as - (Y — Y1+Yz)>
I, SN dv 5
—o0 (%j:iu)

_2as _(y

5)* dY4 (%j:iu)Q

(A.29)

At this stage, it is instructive to change the variables
n (A.29) to —iu = —-4
3

ify. The integration measure be-
comes
oo oo d
_ U
/ dv — 20[5 / — -
o oo U

Then (A.29) becomes in the terms of the new integra-
tion variables

(A.30)

v 1 +o00
L —t3 (2;1)5 dci: / due¥ Y1 +Y2)u
(A.31)
2r  d*
(A.32)

Inserting (A.32) into (A.21) gives the expression for the
amplitude of the first enhanced diagram as iv — +3:

~2BrS ¢t ¥

PBFKL
[ P (2a,)° dY4

enhanced] iv—+d 3

dY;
Ya+36Yn

Y—46Yy
x/ dYeo (Y -Y1+Y2),, 1,
0
(A.33)

The integrations over v; and vy given in (A.25) and
(A.26) also contain three significant regions of integra-
tion, namely, the regions close to iv; — +3 and |v;| =0
(i=1,2). The following argument will show that the re-
gions close to the points as iv; — :I:% give a vanishing con-
tribution to the amplitude of the first enhanced diagram.
This is because inserting I;,, _, 1 into (A.21), the integra-
tion over the rapidity variables vanishes, as will be shown
below. Following this, I,,, and I,, will be evaluated in this
section for the most important region, namely close to the
point when |v;| — 0 (i =1,2). Usmg the relation of (A.27),
in the region close to iv; — £3, I, and I,,, given in (A.25)
and (A.26) behave like

1 exp
1u1—>:t1 / dl/1

o0 1 €xp ( iw T2 (Y1 —Ys— 5YH))
Iw 1 :/ dU - .
2o *4 (L +irp)”

1iw (Y1 — Y2))

L :|:lV2

i

— 00

(A.34)

Using the same change of variables invoked in (A.30),
(A.34) becomes

1 > 1
Ly i1 = 2a. [m dUZ exp((Y1 —Y2)u)

'/T
= — (Yl

-Y2), (A.35)

1 e 1
Lypysy = E[m duZ exp((Yr — Y2 — 6Ynu)u)
= Y

T

= -Y5,—0Yx). A.
2. (Y1 -Y; H) (A.36)

However, due to the Dirac delta function on the RHS, it

is obvious that inserting [, _,, 1 into (A.33) we obtain the
expression

BFKL
[Penhanced] ivg —>:|: 3

Brb

Yy—d0Yy -
— dn/ dYel, —6(Y1 — Ya)1,,
p Ya+6Yy 0 Qs

(A.37)

The integration over the rapidity variables Y; and Y>
vanishes in (A.37). The reason for this is that from the lim-
its of the integration over the rapidity variables in (A.37),
one deduces the inequality condition Y7 — Y5 > 0Yy. Hence,
the argument of the delta function is never zero within the
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specified region of integration. Therefore, the integration
over the rapidity variables Y7 and Y2 on the RHS of (A.37)
vanishes, and one can conclude that the region close to the
points when v; — :I:% does not contribute to the integra-
tion at all.

Now that it has been argued that I,, and I, do not
contribute in the regions close to the points iv; — :t 5, the
main contribution of the I,, when |v;| — 0 will now be de-
rived. As |v;| — 0, the BFKL eigenvalue in the exponential
of (A.25) and (A.26) has a saddle point. Hence, one can ex-
pand w(v;) in powers of v; around the saddle point v; =0
as

) = w(0) + 312" (0),

(A.38)
where in (A.38) only powers as high as v in the expansion
are considered, since the BFKL eigenvalue w(v;) decreases
in value as the value of v; increases. Hence, one is justified
in neglecting powers higher than 12 for small values of v;.
Using the expansion of (A.38), I}, |0 and Ij,,| o take the
form

Luyio=4 /°° vy e O (1 =Y2)+ §2 (0)(V1-Ya)

— 00

(A.39)

Ll 0 = 4/ dpye? (O —Y2—8Yi)+ 5030 (0) (Y1 —Y2—6Yn)

(A.40)

Noting that the exponential in (A.39) and (A.40) has
a saddle point at v; =0 and v5 = 0, one can integrate over
v1 and v, using the method of steepest descent to give the
results

2w 1/2
— w(0)(Y1—Y2) A4l
e , )

L0 =4 (w”(O)(Y1 _
—2m
Tivalvo =4 (w(o)(yl ~ Yo —0Yn

1/2
)) (@ (0) (V1Yo —6Yir)
(A.42)

Finally inserting the results of (A.41) and (A.42)
into (A.33) gives the result

(PEEKL | _32Bx7 1 d*
enhanced u—>:t— 2 (2&5)5 dy4

p
Y Yu—10Yy
X / dY1/ dY20(Y — Y1+ Y5)
Yu+30Yy 0

27Te2w(0)(Y17Y27%5YH)

xw//(o)(yl —Yo) 2 (Y, — Yo — 6Yy) /2 } . (A.43)

Now that the result for the first enhanced diagram for
the region close to iv — j:% has been derived, the last re-
gion to consider is the contribution from the region close to
|v| = 0. Returning to (A.20), the expression for the ampli-

tude of the first enhanced diagram is

Pglhgried(p17p27y7 q) :B/ dV/ dV// dl/1

) Y Yu—+0Yy
></ dyg/ le/ dYs
—oc0 Yu+36Yn 0

x E(p1,q,v)D()e’ ™)) D(11)D(12)
w e@@1)+w(12))(Y1-Y2)—w(v2)dYy ew(l’/)YzE(p27 a,—)

22(i1/7iu) (5(V V/)
8 4v34v2

y I3 (3—iv) I (3+1) I ()2 (—1) A
(i) T (1) - (A4

Now taking the limit that |v| — 0, this expression sim-
plifies to
dV / diq

o0 Y YH §6YH
X / dVg/ le / dYé
—c0 Yi+58Yy 0

x E(p1,q,v)D?(v)e ™~ Y1+Y2)M

4vidvivt
> e(W(V1)+W(V2))(Y1*Y2)*W(V2)5YHE(p27 a,-v).

(A.45)

lv|—0 Bﬂ'
Penhanced(p17 P2, Y q —

It is assumed that the conjugate momenta p; and ps
of the two scattering dipoles in Fig. 7 are equal. Using the
expression of (18) for the two pomeron vertices, (A.45) re-

duces to
/ dv

p?
Yia—30Yn
/ dVl/ de/ le/ dYé
Ya+36Yn 0

W) (Y —Y,4+Yy) P (1) D(v2)
4vidvivt

6 o
s« (@) Fw(2)) (Y Vo) —w(v2)6¥e _ QB;T / dv
p

0o 0o Y
X / dl/1 / dV2 / dY;
—0o0 —0o0 YH+%5YH

Yu—20Yy
X/ dY2I|/z/\—>0Il/1Il/2 ’
0

2B

[Penhanced(pl P2 =D, Y, q)]|l/\—>0 =

x D?(v)e

(A.46)

where

icote w(l/)(Y7Y1+Y2)D2
= / dye - @) (aar)
ico+te€

and I, and I, are given in (A.25) and (A.26). In the
case when |v| — 0, the BFKL eigenvalue w(v) has a saddle
point, such that one can use the expression given in (A.38)
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for the BFKL eigenvalue w(v) in (A.47). Hence, the inte-
gral I, in the limit that |v| — 0 takes the form

I' o =256e* (O —Y1+Y2) / - dpedr?e” ()Y -Y1+Y2)

— 00

9 1/2
= 956~ (0)(Y —Y1+Y2) m )
w’(0)(Y = Y1+Y3)
(A.48)

It was argued above that the only non-vanishing con-
tributions to I,, and I,,, were for the cases where |v;| — 0
and |vz| — 0, and the results for these regions are given
in (A.41) and (A.42). Hence, inserting (A.48), together
with (A.41) and (A.42) into (A.46) gives the result

[Pgllflgrked(pl =PpP2=0D, Y7 q)] |v|=—0 =

( o >3/2 5123n66w(0)y/y v
w”(0) p? Yu+30Yy

Ya—30Yn
X / Y5 exp(w(0)(Yi — Ya — 6Yi))
0

X 16 {(Y1— Y2) (Y1 — Y2 — 8Ya)(Y — Y1 + o)} /%
(A.49)

Comparing this with (A.43), which was for the case of
v — :I:%, one notices a relative suppression of a°, as well as
an extra term of the order of % after integration over the
rapidity variables. Therefore, it turns out that the contri-
bution coming from the region of integration close to the
point [v| — 0, namely [PRFEE (p1 = P2 =P, Y, q)]j=—0
given in (A.49), is small compared to [PEYEL \(p; =p, =
P, Y, q)]iu:_&% given in (A.43). Therefore, neglecting this
contribution when |v| — 0, the result for the amplitude
of the first enhanced diagram is given by the expression
of (A.43). Using the delta function §(Y — Y7 +Y3) in the in-
tegrand of (A.43), one can easily integrate over the rapidity
variables. If one works in the chosen frame where the Higgs
boson is produced at the rapidity value Yy = 0, the final
expression for the amplitude of the first enhanced diagram
takes the form

porki _ 32Br° 1 d4{

enhanced — pg (2@5)5 dy4

eQw(O)(Y—%éYH)éyH
W (0)Y/2(Y —§Yu)1/2

32Br® 1 e2(0)(Y = 36Yi) 5yp
= p2 (2@5)5 {w”(O)Yl/Q(Y _ 5YH)1/2 }
4 w*(0) w*(0)
X {16w (0)—16 % _16Y—5YH
36w?(0)  36w?(0) 12w%(0)
Y?Z (Y —6Yn)? Y (Y —6Yn)
+...}. (A.50)

Taking the rapidity Y to be 19 for the LHC energy
/s =14000GeV, and w(v = 0) = 4a5 In 2, the first and sec-

ond terms in the brackets of (A.50) are the largest terms,
and hence at leading order

Paneed
_ 32Bm8 dYn 020(0) (Y~ 5631
(20_45)5(4)”(0)])2 Y1/2 (Y _ 5YH)1/2

w(v=0))3
X {(2w(v:0))4—2(2 ( v 0)

_2<2w<u:o>>3} |

Y — 6y
(A.51)
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