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We discuss exclusive double diffractive (EDD) production of heavy quark - heavy antiquark pairs

at high energies. Differential distributions forcc̄ at
√

s = 1.96 GeV and forbb̄ at
√

s = 14 TeV

are shown and discussed. Irreducible leading-orderbb̄ background to Higgs production is cal-

culated in several kinematical variables. The signal-to-background ratio is shown and several

improvements are suggested.
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1. Introduction

There is recently a growing theoretical interest in studying exclusive processes. Exclusive
production of the Higgs boson is a flag process of special interest and importance. Only a few
processes have been measured so far at the Tevatron (see [1] and references therein). Khoze, Martin
and Ryskin developed an approach in the language of off-diagonal unintegrated gluon distributions.
This approach was applied to exclusive production of Higgs boson [2]. In our recent paper we
applied the formalism to exclusive production ofcc̄ quarks. Quite large cross sections have been
found [3].

The cross section for the Standard Model Higgs production isof the order of 1 fb forMH =
120 GeV [2]. The dominantbb̄ decay channel is therefore preferential from the point of view of
statistics. Thebb̄ exclusive production was estimated only at higher order [4]. It was argued that
the leading-order contribution is rather small using a so-called Jz = 0 rule [4]. Here we show a
quantitative calculation which goes beyond this simple rule. In our calculation we include exact
matrix element for massive quarks and the 2→ 4 phase space. This fully four-body calculation al-
lows to impose cuts on any kinematical variable one wish to select. Different types of backgrounds
to Higgs production were studied before e.g. in Ref.[5].

2. Formalism

2.1 The amplitude for pp→ ppQQ̄

Let us concentrate on the simplest case of the production ofqq̄ pair in the color singlet state.
In analogy to the Khoze-Martin-Ryskin approach (KMR) [2] for Higgs boson production, we

write the amplitude of the exclusive diffractiveqq̄ pair productionpp→ p(qq̄)p in the color singlet
state as

M
pp→ppqq̄

λqλq̄
(p′1, p′2,k1,k2) = s·π2 1

2
δc1c2

N2
c −1

ℑ
∫

d2q0,t Vc1c2
λqλq̄

(q1,q2,k1,k2)

f off
g,1(x1,x′1,q

2
0,t ,q

2
1,t , t1) f off

g,2(x2,x′2,q
2
0,t ,q

2
2,t , t2)

q2
0,t q2

1,t q2
2,t

, (2.1)

whereλq, λq̄ are helicities of heavyq andq̄, respectively. Abovef off
1 and f off

2 are the off-diagonal
unintegrated gluon distributions in nucleon 1 and 2, respectively.

The longitudinal momentum fractions of active gluons are calculated based on kinematical
variables of outgoing quark and antiquark:x1 =

m3,t√
s exp(+y3)+

m4,t√
s exp(+y4) andx2 =

m3,t√
s exp(−y3)+

m4,t√
s exp(−y4), wherem3,t andm4,t are transverse masses of the quark and antiquark, respectively,

andy3 andy4 are corresponding rapidities.
The bare amplitude above is subjected to absorption corrections. The absorption corrections

are taken here in a simple multiplicative form.

2.2 gg→ QQ̄ vertex

Let us consider the subprocess amplitude for theqq̄ pair production via off-shell gluon-gluon
fusion. The color singletqq̄ pair production amplitude can be written as

Vc1c2
λqλq̄

(q1,q2,k1,k2) ≡ n+
µ n−ν Vc1c2,µν

λqλq̄
(q1,q2,k1,k2), (2.2)
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The tensorial part of the amplitude reads:

Vµν
λqλq̄

(q1,q2,k1,k2) = g2
s ūλq

(k1)

(

γν q̂1− k̂1−m
(q1−k1)2−m2γµ − γµ q̂1− k̂2 +m

(q1−k2)2−m2γν
)

vλq̄
(k2).

(2.3)

The coupling constantsg2
s → gs(µ2

r,1)gs(µ2
r,2). In the present calculation we take the renormalization

scale to beµ2
r,1 = µ2

r,2 = M2
qq̄/4 or M2

qq̄. The exact matrix element is calculated numerically.

2.3 Off-diagonal unintegrated gluon distributions

In the KMR approach the off-diagonal parton distributions (i=1,2) are calculated as

f KMR
i (xi ,Q

2
i,t ,µ2, ti) = Rg

d[g(xi ,k2
t )S1/2(k

2
t ,µ2)]

d logk2
t

|k2
t =Q2

it
F(ti)

≈ Rg
dg(xi ,k2

t )

d logk2
t
|k2

t =Q2
i,t

S1/2(Q
2
i,t ,µ2) F(ti) , (2.4)

whereS1/2(q
2
t ,µ2) is a Sudakov-like form factor. It is reasonable to take a running (factorization)

scale as:µ2
1 = µ2

2 = M2
qq̄/4 orM2

qq̄.

Rg can be estimated in the case of off-diagonal collinear PDFs whenx′ ≪ x andxg= x−λ (1−
x)n as Rg = 22λ+3√

π
Γ(λ+5/2)
Γ(λ+4) . Typically Rg ∼ 1.3 – 1.4 at the Tevatron energy. The off-diagonal

form factors are parametrized here asF(t) = exp(Bofft) with Boff = 2 GeV−2. We takeQ2
1,t =

min
(

q2
0,t ,q

2
1,t

)

andQ2
2,t = min

(

q2
0,t ,q

2
2,t

)

. In evaluatingf1 and f2 It was proposed [2] to express
theS1/2 in Eq. (2.4) through the standard Sudakov form factors as:

S1/2(q
2
t ,µ2) =

√

Tg(q2
t ,µ2) . (2.5)

3. Results

3.1 pp→ ppcc̄

In our calculation ofcc̄ we have fixed the scale of the Sudakov form factor to beµ = Mcc̄/2.
Such a choice of the scale leads to a strong damping of the cases with large rapidity gaps between
q andq̄.

In the left panel of Fig. 1 we show distribution in rapidity. The results obtained with the KMR
method are shown together with inclusive gluon-gluon contribution. The effect of absorption leads
to a damping of the cross section by an energy-dependent factor. For the Tevatron this factor is
about 0.1. If the extra factor is taken into account the EDD contribution is of the order of 1% of the
inclusive cross section.

In the right panel of Fig. 1 we show the differential cross section in transverse momentum
of the charm quark. Compared to the inclusive case, the exclusive contribution falls significantly
faster than in the inclusive case.
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Figure 1: Rapidity distribution ofc or c̄ (left) and transverse momentum distribution ofcor c̄ (right). The top
curve is for inclusive production in thekt -factorization approach with the Kwieciński UGDF andµ2 = 4m2

c,
while the two lower lines are for the EDD mechanism for the KMRUGDF with leading-order GDF [11].
The solid line is calculated from the exact formula and the dashed line for the simplified formula (when
only derivative of GDF is taken). Absorption effects were included approximately by multiplying the cross
section bySG = 0.1.

3.2 pp→ ppb̄b

In parallel to the exclusivebb̄ production, we calculate the differential cross sections for ex-
clusive Higgs boson production. Compared to the standard KMR approach here we calculate the
amplitude with the hard subprocessg∗g∗ → H taking into account off-shellness of the active glu-
ons. The details of the off-shell matrix element can be foundin Ref. [6]. In contrast to the exclusive
χc production [7] the off-shell effects forg∗g∗ → H give only a few percents.

The same unintegrated gluon distributions are used for the Higgs and continuumbb̄ produc-
tion. In the case of exclusive Higgs production we calculatethe four-dimensional distribution in
the standard kinematical variables:y, t1, t2 andφ . Assuming the full coverage for outgoing pro-
tons we construct the two-dimensional distributionsdσ/dyd2pt in Higgs rapidity and transverse
momentum. The distribution is used then in a simple Monte Carlo code which includes the Higgs
boson decay into thebb̄ channel. It is checked whetherb andb̄ enter into the pseudorapidity region
spanned by the detector.

We have done calculations with different collinear gluon distributions: GRV [11], CTEQ [12],
GJR [13] and MSTW [14]. The integrated double-diffractivebb̄ contribution calculated seems
bigger than the contribution of the exclusive photoproduction of bb̄ estimated in [15]. While theγγ
contribution is rather small, it is significant compared to the double-diffractive component at large
Mbb̄ > 100 GeV. This can be understood by a damping of the double diffractive component at large
Mbb̄ by the Sudakov form factor [2, 3].

In the left panel of Fig.2 we show the double diffractive contribution for a selected (CTEQ6
[12]) GDF and the contribution from the decay of the Higgs boson including decay width calculated
as in Ref. [16], see the sharp peak atMbb̄ = 120 GeV. The cross section for the Higgs production,
including absorption effects withSG = 0.03 is less than 1 fb. The result shown in Fig.2 includes
also BR(H → bb̄) ≈ 0.8 and the rapidity restrictions. The second much broader peak corresponds
to the exclusive production of theZ0 boson with the cross section calculated as in Ref. [17]. The
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Figure 2: Thebb̄ invariant mass distribution for
√

s = 14 TeV and forb andb̄ jets in the rapidity interval
−2.5 < y < 2.5 corresponding to the ATLAS detector. The absorption effects for the Higgs boson and the
background were taken into account by multiplying bySG = 0.03. The left panel shows purely theoretical
predictions, while the right panel includes experimental resolution.
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Figure 3: The bb̄ invariant mass distribution for
√

s = 14 TeV for a limited range ofb and b̄ rapidities:
−1 < y < 1.

exclusive cross section for
√

s = 14 TeV is 16.61 fb including absorption and branching fraction
BR(Z0 → bb̄) ≈ 0.15. In contrast to the Higgs case the absorption effects for the Z0 production
are much smaller [17]. The sharp peak corresponding to the Higgs boson clearly sticks above the
background.

In reality the situation is, however, much worse as both protons and in particularb andb̄ jets
are measured with a certain precision which leads to a smearing inMbb̄ . Experimentally instead of
Mbb̄ one will measure rather two-proton missing mass (Mpp). The experimental effects are included
in the simplest way by a convolution of the theoretical distributions with the Gaussian smearing
function with σ = 2 GeV [18, 19] which is determined mainly by the precision ofmeasuring
forward protons. In the right panel we show the two-proton missing mass distribution when the
smearing is included. Now the bump corresponding to the Higgs boson is below thebb̄ background.
With the experimental resolution assumed above the identification of the Standard Model Higgs
seems rather difficult.
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Can the situation be improved by imposing further cuts? In Fig. 3 (left panel) we show the
result for a more limited range ofb and b̄ rapidity, i.e. not making use of the whole coverage of
the main LHC detectors. Here we omit theZ0 contribution and concentrate solely on the Higgs
signal. Now the signal-to-background ratio is somewhat improved. Similar improvements of the
signal-to-background ratio can be obtained by imposing cuts on jet transverse momenta [9].

We are indebted to Valery Khoze, Misha Ryskin, Andy Pilkington and Christophe Royon for
a discussion and exchange of useful information.
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