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Abstract. We show that the use of forward proton detectors at the LHC installed at 220 m and 420m dis-
tance around ATLAS and/or CMS can provide important information on the Higgs sector of the MSSM.
We analyse central exclusive production of the neutral CP-even Higgs bosons h and H and their decays
into bottom quarks, τ leptons and W bosons in various MSSM benchmark scenarios. Using plausible esti-
mates for the achievable experimental efficiencies and the relevant background processes, we find that the
prospective sensitivity of the diffractive Higgs production will allow one to probe interesting regions of the
MA–tan β parameter plane of the MSSM. Central exclusive production of the CP-even Higgs bosons of the
MSSM may provide a unique opportunity to access the bottom Yukawa couplings of the Higgs bosons up
to masses of MH � 250 GeV. We also discuss the prospects for identifying the CP-odd Higgs boson, A, in
diffractive processes at the LHC.

1 Introduction

Searches for Higgs bosons and the study of their prop-
erties are among the primary goals of the large hadron
collider (LHC) at CERN. For the Higgs boson of the stan-
dard model (SM) the discovery is, in principle, guaran-
teed for any mass [1–4]. Various extended models pre-
dict a large diversity of Higgs-like bosons with different
masses, couplings and CP-parities. The most elaborate ex-
tension of the SM up to now is the minimal supersym-
metric standard model (MSSM) [5–7], in which there are
three neutral (h, H and A) and two charged (H+,H−)
Higgs bosons. At lowest order the Higgs sector of the
MSSM is CP-conserving, with the CP-even states h and
H (Mh <MH) and the CP-odd state A. The Higgs sec-
tor of the MSSM is affected by large higher-order correc-
tions (see, for example, [8–12] for recent reviews), which
have to be taken into account for reliable phenomenological
predictions.
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Within the MSSM, the LHC will be able to observe all
the Higgs states of the model over a significant part of the
MSSM parameter space. There exists an important param-
eter region, however, where the LHC will detect only one of
the MSSM Higgs bosons with SM-like properties. Reveal-
ing that a detected new state is indeed a Higgs boson and
distinguishing the Higgs boson(s) of the SM or the MSSM
from the states of extended Higgs theories will be non-
trivial. This goal will require a comprehensive programme
of precision Higgs measurements. In particular, it will be of
utmost importance to determine the spin and CP proper-
ties of a new state and to measure precisely its mass, width
and couplings.
While ultimately the cleaner experimental environment

of electron–positron collisions will be required to assem-
ble a comprehensive phenomenological profile of the Higgs
sector [13–16], it will be highly important to fully ex-
ploit the experimental capabilities of the LHC. The “stan-
dard” LHC production channels are gluon fusion, weak-
boson fusion and associated production with heavy quarks
or vector bosons. The accuracy in determining the mass
of the new particle via these channels will depend on
whether the H → γγ or H → ZZ → 4µ channels will be
accessible. The observation of the new state in differ-
ent channels will provide valuable information on its cou-
plings [17–21] and will also enable initial studies of further
properties [22–25].
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There has been a great deal of attention devoted re-
cently to the possibility of complementing the standard
LHC physics menu by adding forward proton detectors to
the CMS and ATLAS experiments (see, for example, [26–
41] and references therein). The use of forward proton
tagging would provide an exceptionally clean environment
to search for new phenomena at the LHC and to identify
their nature. Of particular interest in this context is “cen-
tral exclusive diffractive” (CED) Higgs-boson production
pp→ p⊕H⊕p, where the ⊕ signs are used to denote the
presence of large rapidity gaps.1 In these exclusive pro-
cesses there is no hadronic activity between the outgoing
protons and the decay products of the central system. The
predictions for exclusive production are obtained by cal-
culating the diagram of Fig. 1 using techniques developed
in [26, 27].2

There are several major reasons why central exclusive
diffractive (CED) production is so attractive for Higgs bo-
son studies. First, if the outgoing protons remain intact
and scatter through small angles then, to a very good
approximation, the primary active digluon system obeys
a Jz = 0, CP-even selection rule [43–45]. Here Jz is the pro-
jection of the total angular momentum along the proton
beam axis. This selection rule readily permits a clean de-
termination of the quantum numbers of the observedHiggs
resonance, which will be dominantly produced in a scalar
state. Furthermore, because the process is exclusive, the
energy loss of the outgoing protons is directly related to
the mass of the central system, allowing a potentially excel-
lent mass resolution, irrespective of the decay mode of the
produced particle.3 Another important feature of the CED
process is that it may enable to a signal-to-background
ratio of order 1 (or even better) to be achieved [28, 29].
A particular advantage of forward proton tagging is that
it would allow all the main Higgs-boson decay modes, bb̄,
WW and ττ , to be observed in this channel. It may in this
way provide a unique possibility to study the Higgs coup-
ling to bottom quarks, which may be difficult to access in
other search channels at the LHC [4] despite the fact that
H → bb̄ is by far the dominant decay mode for a light SM-
like Higgs boson.
Within the MSSM, CED Higgs-boson production can

be even more important than in the SM. The coupling of
the lightest MSSM Higgs boson to bottom quarks and τ
leptons can be strongly enhanced for large values of tanβ,
the ratio of the vacuum expectation values of the two Higgs
doublets in the MSSM Higgs sector, and relatively small
values of the CP-odd Higgs-boson mass, MA. As a con-
sequence, in this parameter region the expected Higgs
signal-to-background ratios in the bb̄ channel are much
larger than for the corresponding SM process [47, 48]). It

1 We focus here on neutral Higgs-boson production. Charged
Higgs bosons can also be exclusively produced in pp collisions
predominantly via the photon fusion mechanism γγ→H+H−.
2 For a recent review, see [42].
3 Current studies suggest [29, 32, 46] that the missing mass
resolution will be of order 1% for Higgs masses above 120 GeV,
assuming both protons are detected at 420 m from the interac-
tion point.

Fig. 1. Schematic diagram for central exclusive diffractive
(CED) Higgs production at the LHC, pp→ p⊕H⊕p

is interesting to note in this context that in some MSSM
scenarios CED production would provide the possibility
for lineshape analyses (to discriminate between differ-
ent Higgs-boson signals) [30, 31, 47] and offer a way for
direct observation of a CP-violating signal in the Higgs
sector [30, 31, 49]. In a situation where the total width is
larger than the mass resolution, the CED process may pro-
vide a unique opportunity to measure the total width.
The lightest MSSM Higgs boson becomes SM-like for

larger values of MA. For MH ≈MA � 2MW the light-
est MSSM Higgs boson couples to gauge bosons with
about SM strength, while the heavy MSSM Higgs bosons,
H and A, decouple from the gauge bosons. The search
for heavy MSSM Higgs bosons therefore differs signifi-
cantly from the case of a heavy SM-like Higgs boson.
While for a SM-like Higgs boson the weak-boson fusion
channel is a promising production process and the decay
H → ZZ → 4 leptons is the “gold-plated” search chan-
nel [1, 4], none of these channels (nor Higgs boson decay
intoW bosons) can be used in the search for heavy MSSM
Higgs bosons. This leads to the result that in a significant
part of the MSSM parameter space, the well-known “LHC
wedge region” [1, 4, 50], the heavy MSSM Higgs bosons es-
cape detection at the LHC.
In CED the heavy CP-even MSSM Higgs boson H can

be produced and its decay into bb̄ can be utilised. While in
the SM the BR(H → bb̄) is strongly suppressed for MH �
2MW because of the dominant decay into gauge bosons,
in the MSSM H → bb̄ remains by far the dominant decay
mode also for larger masses, as long as no decays into su-
persymmetric particles (or lighter Higgs bosons) are open.
CED Higgs-boson production with decay to bb̄ is there-
fore important over a much larger mass range than in the
SM. In this paper we study the prospects for the chan-
nels h,H→ bb̄ and h,H → τ+τ− in CED production and
discuss the discovery reach of the various channels in the
MA–tanβ parameter plane. We also analyse the channels
h,H→WW (∗) and compare them with the SM case.
CED production of the CP-odd Higgs boson is less

promising than production of the CP-even state because
this mode is strongly suppressed by the CP-even selection
rule [43–45]. We therefore investigate the prospects of this
channel in a less exclusive reaction and discuss the possibil-
ities for distinguishing A andH.
The outline of the paper is as follows. The Higgs sector

of the MSSM is briefly described in Sect. 2, where we also
define the benchmark scenarios used later for the numeri-
cal analysis. In Sect. 3 we review the relevant Higgs-boson
production cross sections, while in Sect. 4 the various back-
grounds are discussed. The experimental aspects of CED
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production of CP-even MSSM Higgs bosons are discussed
in Sect. 5. Our numerical analysis of the CED production
processes of the CP-even MSSM Higgs bosons is presented
in Sect. 6. In Sect. 7 we comment on the observability of the
CP-odd MSSM Higgs boson. Our conclusions can be found
in Sect. 8.

2 The MSSM Higgs sector: notation
and benchmark scenarios

2.1 Tree-level structure

Unlike in the SM, in the MSSM two Higgs doublets are
required. At tree level, the Higgs sector can be described
with the help of two independent parameters, usually cho-
sen as the ratio of the two vacuum expectation values,
tanβ ≡ v2/v1, and MA, the mass of the CP-odd A boson.
Diagonalisation of the bilinear part of the Higgs potential,
i.e. the Higgs mass matrices, is performed via rotations by
angles α for the CP-even part and β for the CP-odd and the
charged part. The angle α is thereby determined through

tan2α= tan2β
M2A+M

2
Z

M2A−M
2
Z

; −
π

2
< α< 0 . (1)

One obtains five physical states, the neutral CP-even Higgs
bosons h,H, the CP-odd Higgs boson A, and the charged
Higgs bosons H±. Furthermore there are three unphysi-
cal Goldstone boson states, G0, G±. At lowest order, the
Higgs-bosonmasses can be expressed in terms ofMZ ,MW ,
andMA,

M2h,H =
1

2

[
M2A+M

2
Z

∓
√
(M2A+M

2
Z)
2
−4M2AM

2
Z cos

2 2β

]
,

M2H± =M
2
A+M

2
W . (2)

In the decoupling limit, which is typically reached for
MA � 150 GeV (depending on tanβ), the heavy MSSM
Higgs bosons are nearly degenerate in mass, MA ≈MH ≈
MH± . The couplings of the neutral Higgs bosons to SM
gauge bosons are proportional to

V V h∼ sin(β−α) , V V H ∼ cos(β−α) , (V = Z,W±) ,
(3)

while the coupling V V A ≡ 0 at tree level. In the decou-
pling limit one finds β−α→ π/2, i.e. sin(β−α)→ 1,
cos(β−α)→ 0. Consequently, forMA � 150GeV one finds
the following decay patterns for the neutral MSSM Higgs
bosons at tree level.

h: The light CP-even Higgs boson has SM-like decays.
Due to its upper mass limit of Mh � 130 GeV [51,
52]4 (see below), a non-negligible decay to gauge

4 The code is available at the web site in the former reference.

bosons only occurs in a limited window ofMh values
close to this upper limit.

H,A: Compared to a SM Higgs boson with massMHSM �
150 GeV, which would decay predominantly into SM
gauge bosons, the decays of H and A to SM gauge
bosons are strongly suppressed. In turn, the branch-
ing ratios to bb̄ and τ+τ− are much larger in this
mass range compared to the SM case. As a rule
of thumb, BR(H,A→ bb̄) ≈ 90% and BR(H,A→
τ+τ−) ≈ 10%, if SUSY particles (such as charginos
and neutralinos) are too heavy to be produced in the
decays ofH and A.

2.2 Higher-order corrections

Higher-order corrections in the MSSM Higgs sector are in
general quite large. In particular, higher-order corrections
give rise to an upward shift of the upper bound on the
light CP-even Higgs-boson mass from the tree-level value,
Mh ≤MZ , to about Mh � 130GeV [52, 53]. Besides the
impact on the masses, large higher-order corrections also
affect the Higgs-boson couplings. For the evaluation of the
theoretical predictions for the relevant observables in the
MSSM Higgs sector we use the code FeynHiggs [51–54].
For simplicity, in the following we confine our atten-

tion to the CP-conserving case, i.e. we do not consider
CP-violating complex phases. However the analysis in this
paper can easily be extended to the case of non-vanishing
complex phases. In order to fix our notation, we list the
conventions for the inputs from the scalar top and scalar
bottom sector of the MSSM: the mass matrices in the basis
of the current eigenstates t̃L, t̃R and b̃L, b̃R are given by

M2
t̃ =

⎛
⎜⎜⎜⎜⎝

[
M2
Q̃
+m2t

+cos2β
(
1
2 −

2
3s
2
w

)
M2Z

]
mtXt

mtXt

[
M2
t̃R
+m2t

+ 23 cos 2βs
2
wM

2
Z

]

⎞
⎟⎟⎟⎟⎠ ,

(4)

M2
b̃
=

⎛
⎜⎜⎜⎜⎝

[
M2
Q̃
+m2b

+cos2β
(
− 12 +

1
3s
2
w

)
M2Z

]
mbXb

mbXb

[
M2
b̃R
+m2b

− 13 cos 2βs
2
wM

2
Z

]

⎞
⎟⎟⎟⎟⎠ ,

(5)

where

mtXt =mt(At−µ cotβ) , mbXb =mb(Ab−µ tanβ) .
(6)

Here At denotes the trilinear Higgs–stop coupling, Ab de-
notes the Higgs–sbottom coupling, and µ is the higgsino
mass parameter. As an abbreviation we will use

MSUSY ≡MQ̃ =Mt̃R =Mb̃R . (7)

The relation between the bottom quark mass and the
Yukawa coupling hb, which also controls the interaction
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between the Higgs fields and the sbottom quarks, reads
at lowest order mb = hbv1. This relation is affected at
one-loop order by large radiative corrections [55–60], pro-
portional to hbv2, in general giving rise to tanβ-enhanced
contributions. These terms proportional to v2 are gener-
ated either by gluino–sbottom one-loop diagrams (result-
ing inO(αbαs) corrections, αb ≡ h2b/(4π)), or by chargino–
stop loops (giving O(αbαt) corrections, αt ≡ h2t/(4π)
with ht being the top Yukawa coupling). Because the
tanβ-enhanced contributions can be numerically relevant,
an accurate prediction of hb from the experimental value
of the bottom mass requires a resummation of such effects
to all orders in the perturbative expansion, as described
in [58, 59].
The leading effects are included in the effective La-

grangian formalism developed in [58]. Numerically this is
by far the dominant part of the contributions from the
sbottom sector (see also [61–64]). The effective Lagrangian
is given by

L=
g

2MW

mb

1+∆b

[
tanβAib̄γ5b+

√
2Vtb tanβH

+ t̄LbR

+

(
sinα

cosβ
−∆b

cosα

sinβ

)
hb̄LbR

−

(
cosα

cosβ
+∆b

sinα

sinβ

)
Hb̄LbR

]
+h.c. (8)

Here mb denotes the running bottom quark mass includ-
ing SM QCD corrections. The prefactor 1/(1+∆b) in (8)
arises from the resummation of the leading corrections to
all orders. The additional terms ∼∆b in the hb̄b and Hb̄b
couplings arise from the mixing and coupling of the “other”
Higgs boson,H and h respectively, to the b quarks.
As explained above, the function ∆b consists of two

main contributions, an O(αs) correction from a sbottom–
gluino loop and an O(αt) correction from a stop–higgsino
loop. The explicit form of ∆b in the limit of MSUSY	mt
and tanβ	 1 reads [55–57]

∆b =
2αs
3π
mg̃µ tanβ× I(mb̃1 ,mb̃2 ,mg̃)

+
αt

4π
Atµ tanβ× I(mt̃1 ,mt̃2 , µ) . (9)

The function I is given by

I(a, b, c) =
1

(a2− b2)(b2− c2)(a2− c2)

×

(
a2b2 log

a2

b2
+ b2c2 log

b2

c2
+ c2a2 log

c2

a2

)

∼
1

max(a2, b2, c2)
. (10)

The sign of ∆b is governed by the sign of the parame-
ter µ (and for the second term of (9) also by the sign
of At). As a consequence of (8), positive values of ∆b lead
to a suppression of the bottom Yukawa coupling. On the
other hand, for negative values of ∆b the bottom Yukawa
coupling may be strongly enhanced (and can even acquire

non-perturbative values when ∆b→−1). The CED chan-
nel, pp→ p⊕H⊕p with H → bb̄, receives important con-
tributions from the ∆b corrections via the bottom Yukawa
coupling. We will in the following discuss the impact of
the∆b corrections by considering different values of the pa-
rameter µ.
Another important source of higher-order corrections

are Higgs-propagator corrections. They affect the Higgs-
boson masses (as discussed above) and all Higgs-boson
couplings. In the coupling of the light CP-even Higgs bo-
son to bottom quarks, for example, the Higgs-propagator
corrections lead, to a good approximation, to the replace-
ment [65]

hbb̄∼ yb
sinα

cosβ
→ yb

sinαeff
cosβ

, (11)

where αeff contains the contributions from the Higgs-boson
propagator corrections [65]. For certain parts of the MSSM
parameter space, up to MA � 350GeV, it is possible that
αeff→ 0, and thus the coupling of the light Higgs boson
to bottom quarks becomes tiny [65]. An example of a sce-
nario where this is realised is the “small αeff” scenario, as
discussed in the next subsection.

2.3 Benchmark scenarios – bounds from Higgs-boson
searches

Due to the large number of MSSM parameters, a number
of benchmark scenarios [66, 67] have been used for the in-
terpretation of MSSMHiggs boson searches at LEP [68, 69]
and at the Tevatron [70–76].
Since at tree level the Higgs sector of the MSSM is

governed by two parameters (in addition to MZ and the
SM gauge couplings), the definition of the benchmarks is
such that the two tree-level parameters,MA and tanβ, are
varied while the values of all other parameters are fixed
at certain benchmark settings. From the most commonly
used benchmark scenarios for the CP-conserving MSSM
from [66, 67] we list here the three scenarios that are rele-
vant for our analysis.

– The Mmaxh scenario: In this scenario the parameters
are chosen such that the mass of the light CP-even
Higgs boson acquires its maximum possible values as
a function of tanβ (for fixed MSUSY, mt and MA set
to its maximum value, MA = 1TeV). This was used
in particular to obtain conservative tanβ exclusion
bounds [77] at LEP [69]. The parameters are5

mt = 172.7GeV , MSUSY = 1 TeV , µ= 200GeV ,

M2 = 200GeV ,

Xt = 2MSUSY , Ab =At, mg̃ = 0.8MSUSY . (12)

– The no-mixing scenario: This benchmark scenario is the
same as theMmaxh scenario, but with vanishing mixing

5 Using instead the current experimental central top quark
mass value of mt = 170.9 GeV [78] would have only a minor im-
pact on our analysis.
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in the t̃ sector and with a higher SUSY mass scale (the
latter has been chosen to avoid conflict with the exclu-
sion bounds from the LEP Higgs searches [68, 69]),

mt = 172.7GeV , MSUSY = 2TeV ,

µ= 200GeV , M2 = 200GeV ,

Xt = 0 , Ab =At , mg̃ = 0.8MSUSY . (13)

– The small-αeff scenario: As explained above, the decays
h→ bb̄ (and also h→ τ+τ−) can be strongly affected
by corrections entering via the effective mixing angle
αeff. If αeff is small, these two decay channels can be
strongly suppressed in the MSSM due to the additional
factor − sinαeff/ cosβ compared to the SM coupling.
Such a suppression occurs for large tanβ and not too
largeMA for the following parameters:

mt = 172.7GeV , MSUSY = 800GeV ,

µ= 2.5MSUSY , M2 = 500GeV ,

Xt =−1100GeV , Ab =At , mg̃ = 500GeV .
(14)

As discussed above, in order to study the impact of po-
tentially large corrections in the b/b̃ sector it is useful to
vary the absolute value and sign of the parameter µ. This
has led to the definition of an extension of the Mmaxh and
the no-mixing scenario by the following values of µ [67]

µ=±200 , ±500 , ±1000GeV , (15)

allowing both an enhancement and a suppression of the
bottom Yukawa coupling and taking into account the lim-
its from direct searches for charginos at LEP.
The other MSSM parameters that are not specified

above have only a minor impact on MSSM Higgs-boson
phenomenology. In our numerical analysis below we fix
them such that all soft SUSY-breaking parameters in the
diagonal entries of the sfermion mass matrices are set to
MSUSY, and the trilinear couplings for all sfermions are set
to At.
For the exclusion bounds from the LEP Higgs searches

the channel e+e−→ Z∗→ Zh,H played a major role. We
will indicate the bounds obtained from this channel (for
fixed MSUSY and mt) [69] in our figures below. As ex-
pected, the bounds are weaker in theMmaxh scenario com-
pared to the no-mixing scenario. Limits from Run II of
the Tevatron have been published for the following chan-
nels [70–76] (φ= h,H,A):

pp̄→ bb̄φ, φ→ bb̄ (with one additional tagged b jet) ,
(16)

pp̄→ φ→ τ+τ− (inclusive) , (17)

pp̄→ tt̄→H±W∓bb̄ , H±→ τντ . (18)

While these limits begin to probe the region of small MA
and large tanβ that is of particular interest for the CED
Higgs production analyses performed in this paper, the
parameter region with MA � 100 GeV and tanβ � 50

currently remains unaffected by the Tevatron exclusion
bounds.

3 Cross sections for CED Higgs production
in the MSSM

In what follows we use the formalism of [26, 27, 44, 45] to
obtain the cross sections for CED production of Higgs
bosons, similarly to [47]. The amplitudes, corresponding
to the diagram of Fig. 1, are calculated using perturbative
QCD techniques [26, 27]. There is also the possibility of soft
rescattering in which particles from the underlying events
populate the gaps. Accounting for these absorptive effects
leads to a rather small probability for the survival of the
rapidity gaps, the so-called “survival factor” S2 [79, 81].6

A typical value for S2 is about S2 = 0.025, determined from
summation of multi-pomeron amplitudes [79].
For the purposes of this paper it is sufficient to use

simple approximate formulae for the Higgs signal and
background cross sections as a function of mass, derived
in [47, 82]. At LHC energies these formulae approximate
the full results of [47] with an accuracy of better than
10% for Higgs masses in the region 50GeV �Mh,MH �
350GeV. For a more detailed analysis the formalism of [26,
27, 44, 45] should be applied and appropriate MC pro-
grams, such as ExHuME [83, 84], together with ATLAS or
CMS simulation programs should be used to account for
detector effects.
Here and in what follows we evaluate the cross sec-

tions σexcl for CED production of h,H using the simplified
formula

σexclBRMSSM = 3 fb

(
136

16+M

)3.3(
120

M

)3

×
Γ (h/H→ gg)

0.25MeV
BRMSSM , (19)

where the gluonic partial width Γ (h/H → gg) and the
branching ratios for the various channels in the MSSM,
BRMSSM, are calculated using the program FeynHiggs
[51–54]. The massM (in GeV) represents the Higgs-boson
mass, i.e. M =Mh for h and M =MH for H. The fac-
tor (136/(16+M))3.3 accounts for the mass dependence
of the effective “exclusive” ggPP luminosity [47, 82]. The
normalization is fixed at M = 120GeV, where in accor-
dance with [47] we obtain σexcl = 3 fb with the width
Γ (HSM→ gg) = 0.25MeV. In [47] various uncertainties in
the prediction of the CED cross sections were evaluated.
Combining different sources of possible uncertainties in the
gluon–gluon ggPP luminosity, it was found that the nor-
malisation of 3 fb may be uncertain to a factor of about 2.5.
One particular source of uncertainty is the sensitivity to
the gluon distribution, which on its own generates a factor
of 1.5 uncertainty. We anticipate that an accurate calibra-
tion of the ggPP luminosity at the LHC will be obtained
bymeasuring exclusive highET dijet (or exclusive γγ) pro-
duction [44, 45, 85]. Note also that the existing CDF data

6 For a review see [80].
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on measurements of such events at the Tevatron [86, 87]
are in reasonable quantitative agreement with the expecta-
tions [33, 34] using exactly the same formalism [27, 44, 45]
that we are using to obtain the cross sections for CED
Higgs-boson production.7

Equation (19) yields a total number of signal events of
about 100 for a SM Higgs boson with MHSM = 120GeV
with an integrated luminosity of 60 fb−1 if only the forward
detector acceptances are accounted for and no cuts and ef-
ficiencies in the central detector are imposed.
In the case of pseudoscalar A production, which is sup-

pressed by the CP-even selection rule [43–45], the signal
cross section is given approximately by

σexclBRMSSM = 3 fb

(
0.0071

1363.3

(0.5+M)3.45

)

×

(
120

M

)3
Γ (A→ gg)

0.25MeV
BRMSSM ,

(20)

withM =MA. Again, the gluonic partial width Γ (A→ gg)
and A decay branching ratios are evaluated with the pro-
gram FeynHiggs [51–54].

4 Background processes

4.1 Summary of the backgrounds to the
p⊕ (h,H→ bb̄)⊕p signal

As we have already discussed, the advantage of the p⊕
(h,H → bb̄)⊕p signal is that there exists a Jz = 0 selec-
tion rule, which requires the leading-order ggPP → bb̄QCD
background subprocess to vanish in the limit of massless
quarks and forward outgoing protons. However, there are
still various sources of potentially important background
contributions; for more details see [28, 33, 34, 88].
As discussed in [88] it is convenient to consider sepa-

rately the quark helicity conserving (QHC) and the quark
helicity non-conserving (QHNC) background amplitudes.
These amplitudes do not interfere, and their contributions
can be treated independently which, in particular, avoids
double-counting.
There are four main types of background subprocess

contributions.

(i) The prolific (LO) ggPP → gg subprocess can mimic
bb̄ production since one may misidentify the outgoing
gluons as b and b̄ jets. This contribution was first eval-
uated in [28] assuming a 1% probability of misidentifi-
cation per jet and applying a 60◦ < θ < 120◦ jet cut.

(ii) An admixture of |Jz| = 2 production, arising from
non-forward going protons, which contributes to the
(QHC) LO ggPP → bb̄ background.

(iii) Since the b quarks have non-zero mass there is a con-
tribution to the Jz = 0 (QHNC) cross section of order

7 Additional uncertainties in the production cross sections of
up to ∼ 20% could arise for large tan β due to the imperfect
inclusion of NNLO QCD corrections.

m2b/E
2
T. It is this term which currently raises the main

concern from the theory side. The problem is that
the result is strongly affected by the (uncomfortably
large) higher-order QCD effects, which can dominate
over the Born-level prediction [88, 89]. In particular,
the one-loop double-logarithmic contribution is larger
than the Born term, and the final result becomes
strongly dependent on the NNLO effects as well as on
the scale µ at which the QCD coupling αS is evalu-
ated, and it also becomes dependent on the running
mass of the b quark. Although no complete result for
these higher-order effects to the ggPP → bb̄ process
currently exists, an estimate has been given in [88]
based on a seemingly plausible hypothesis that the
NNLO effects can be incorporated in a way similar to
the simpler process γγ→ qq̄g, where the full one-loop
result is known. However, without the complete result
for the higher-order radiative corrections correspond-
ing to the ggPP → bb̄ amplitude it is impossible to
make a firm prediction.
It is our understanding that the estimate of this con-
tribution, given in [88], should be valid to an accu-
racy not better than a factor of 2–4 (or maybe even
worse), and this exclusive piece currently represents
the main source of theoretical uncertainty in the pre-
dictions for the overall background coming from single
proton–proton collisions. A welcome feature of this
contribution is that it decreases with increasing ET
much faster than the other background terms; see be-
low and [47, 49].

(iv) Finally, there is the possibility of NLO ggPP → bb̄g
(dominantly QHC) background contributions, which
for hard gluon radiation at large angles do not obey
the selection rules [28, 88, 90]. Of course the extra
gluon can in principle be observed experimentally (as
an additional jet) and the contribution of such back-
ground events reduced. However, there are important
exceptions which are discussed in detail in [28, 88].
(a) The extra gluon may go unobserved in the direc-
tion of a forward proton. This background may
be reduced by requiring the approximate equal-
ity Mmissing =Mbb̄. The degree of this reduction
depends on the mass resolution in the proton de-
tector and jet energy resolution in the central de-
tector. The calculations in [91] show that for the
bb̄ mass interval ∆Mbb = 0.2Mbb̄ and a mass win-
dow of ∆M = 5GeV (∆M indicates the mass win-
dow over which the signal and background are col-
lected) the background arising from these forward
going gluons (with kT < 5 GeV) does not exceed
5% of the SM Higgs signal and, therefore, can be
safely neglected.

(b) The remaining danger is large-angle hard gluon
emission which is collinear with either the b or b̄
jet, and, therefore, unobservable. A general study
of a background coming from three-jet bb̄g pro-
duction has been performed in [88]. This back-
ground source results in a sizable contribution
and is therefore taken into account in the final
background formula; see (21) below.
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In principle, we also have to consider the higher-
order contributions corresponding to the radiation of
additional (soft) gluons. These terms have to be taken
into account together with the virtual loop radiative
corrections to the lowest-order cross section discussed
in [27, 88]. However, numerically, these contributions do
not signficantly increase the radiative background [91].
It should be noted that the effect of gluon emission off
the screening (labeled “Q” in Fig. 1) is also numerically
small [92].
There are also some other potentially worrying back-

ground sources, which after a thorough investigation
[88, 91] have not been included in the final expression
for the bb̄ background in (21) below. This is either be-
cause their contributions are numerically small from the
very beginning, or because they can be reduced to an ac-
ceptable level by straightforward experimental cuts. First,
there is the NNLO QHC contribution to the exclusive pro-
cess which comes from the one-loop box diagrams. This
piece is not mass-suppressed and is potentially important
especially for large MH . As a consequence of rotational
invariance [90], it has an angular dependence different
from the other contributions. In particular, this term van-
ishes at θ = π/2 and reaches its maximum at θ = π/4.
However, numerically, this contribution is comparatively
small.
Second, a potential background source can arise from

the interaction of two soft pomerons. This can result in the
two main event categories:

(a) central Higgs-boson production accompanied by two
(or more) additional gluon jets;

(b) production of a high ET bb̄ pair accompanied by gluon
jets.

In these cases the Higgs boson or the bb̄ pair are produced
in the collision of two gluons (from the pomeron wave
functions) via the hard subprocesses (gg→H or gg→ bb̄)
similarly to the usual inelastic event. In both processes
the mass, Mbb, of the central bb̄ system (resulting either
from the Higgs decay or from the QCD background) is not
equal to the ‘pomeron–pomeron’ mass MPP =Mmissing,
which is measured with good accuracy by the forward
proton detectors. As discussed in [28], the suppression of
such backgrounds is controlled by the requirement that
|Mmissing−Mbb| should lie within the ∆Mbb mass inter-
val. Unfortunately, the currently expected accuracy of the
mass measurement in the central detector is not as good
as anticipated in [28], and more detailed studies are there-
fore needed in order to evaluate these backgrounds more
carefully [91]. To retain sufficient Higgs signal statistics we
take the mass interval to be twice the mass resolution in
the central detector, ∆Mbb 
 24 GeV. Already this require-
ment imposes a strong restriction on the diffractive parton
distribution function (DPDF): the longitudinal momen-
tum fraction β of the pomeron should be comparatively
large, β > 0.6–0.7. At the same time, at the large scales
(µ ∼MH/2) relevant for Higgs production, the diffractive
gluon distribution vanishes rapidly for β→ 1. As a result,
the expected background cross sections appear to be quite
small. Using theMRW2006DPDFs [93] and imposing a cut

of 60◦ < θ < 120◦ on the final-state jets, we arrive at the
following conclusion: for ∆Mbb 
 24GeV the gbb̄g and gHg
contributions are each less than about 6% of the SM Higgs
signal.8 Moreover, a sizable fraction of such events can be
further rejected by observing the extra (gluon) jets in the
detectors.
It should be noted that one could try to generate events

produced in the collision of two soft pomerons using the
POMWIG Monte Carlo [94] (modulo a proper account of
the soft survival factor S2); see, for instance, [39]. Unfor-
tunately, the published version of this generator uses the
old H1 DPDFs (at the scale µ2 ∼ 75GeV2), which are al-
most flat for β > 0.5. At present, the large β behaviour of
the DPDFs is not sufficiently well constrained by the inclu-
sive diffractive DIS data. In the new H1 QCD analysis [95]
a good description of the diffractive DIS data is obtained
by two fits: H1 2006 DPDF Fit A with essentially flat glu-
ons and H1 2006 DPDF Fit B, where the diffractive gluon
density rapidly decreases for β > 0.5. However, it is only
Fit B that is consistent with the HERA data on diffractive
charm and dijet production. At the same time, this fit is
quite close to theMRW2006 [93] results, described in terms
of the LO perturbative QCD calculations. This provides
a justification for our choice of the large β behaviour of the
DPDFs, and we therefore conclude that the background
arising from soft pomeron–pomeron interactions can safely
be neglected.
Finally, note that the exclusive Higgs signal may be

smeared by the additional contribution coming from the
CED H+n ·g production process. However, this piece is
suppressed by colour constraints, since the t-channel two-
gluon exchange across the gap region should be colourless.
In particular, because of this there is no single gluon radia-
tion. The first non-zero contribution starts from n= 2, but
this is additionally colour-suppressed since the pair of glu-
ons should form a colour singlet. Next, the mass of the gHg
system measured by forward protons is larger than that of
the Higgs boson, and we have to impose the mass match-
ing condition discussed in item (iv) above. Furthermore,
those gluons with not too small transverse momenta, e.g.
kT > 5 GeV, can be detected and therefore such events can
be rejected. Numerically, this background appears to be
small (about 15% of the SM Higgs signal [91]) and, again,
it is not included in the final formula (21) below. Therefore,
the remaining significant background contributions come
from exclusive dijet production, listed in items (i–iii, iv(b))
above.9

Within the accuracy of the existing calculations
[28, 44, 45, 88], the overall background to the 0+ Higgs sig-
nal in the bb̄ mode can be approximated by the following

8 It should be noted that since the diffractive gluon dens-
ity gD(β, xPom, µ) (in our case xPom = ξ) vanishes at least as

gD(β, xPom, µ)∝ (1−β) for β→ 1, the gHg and gbb̄g contribu-
tions fall with decreasing ∆Mbb as (∆Mbb/Mbb)

k with k > 4.
Two powers come from the phase space limitation, and two
powers come from the behaviour of the diffractive gluons (gD)
at large β.
9 We assume that multi-jet events can be rejected with the
help of the central detector or one of the forward detectors.
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formula

dσB

dM
≈ 0.5 fb/GeV

[
0.92

(
120

M

)6
+
1

2

(
120

M

)8]
, (21)

where the first term in the square brackets corresponds to
the processes listed in items (i–ii, iv (b)) above, while the
last term arises from the mass-suppressed term described
in item (iii).
It is worth mentioning that in the derivation of (21)

a b jet cut (60◦ < θ < 120◦ in the bb̄ rest frame) was ap-
plied to suppress the collinear singularities. In order to
use the same efficiencies listed in Table 1 below for both
the signal and background, we fix the normalization in
(21) as if the background had the same (flat) distribu-
tion in cos θ as the Higgs decay signal.10 Correspondingly,
the value of σB is normalised such that the contribution
coming from the 60◦ < θ < 120◦ interval becomes equal
to the genuine QCD cross section integrated over this θ
interval.
It should be noted that in comparison with the back-

ground studies in [28], in (21) we use a higher value of
the probability Pg/b for misidentifying a gluon as a b jet,
Pg/b = 1.3%, corresponding to the values used in ATLAS
studies [1].11

Recall that currently the most serious background is
caused by exclusive bb̄ QCD production, which has exactly
the same characteristics as the h/H → bb̄ signal. The last
term in (21) shows the lowest-order result. As discussed
above, the higher-order αs corrections can be quite large.
At the moment, only double-logarithmic effects are known;
see [88] and references therein. It would therefore be desir-
able to calculate, at least, the complete one-loop expression
for the ggPP → bb̄ background.
Finally, it is worth noticing that we use (21) only for the

numerical evaluations of the background contribution, and
no detector simulation has been performed. In a more com-
plete treatment, involving a detector simulation, optimi-
sation procedures could be applied that would potentially
further reduce the effects of backgrounds.

4.2 The backgrounds to the p⊕ (h,H→ τ+τ�)⊕p
signal

Although the τ+τ− signal has the advantage that there is
practically no irreducible QCD background, there are still
other sources of background events; see, for example, [49].
First, exclusive τ+τ− events may be produced by γγ fu-
sion. Secondly, there may be a contribution caused by ex-
clusive production of a pair of high ET (∼M/3) gluons
being misidentified as a τ+τ− pair. In more detail, we have
the following.

(a) The cross section for the QED production mechanism
is appreciable, and is enhanced by two large loga-

10 This approximation proves to be sufficient within the given
limited angular interval for θ (60◦ < θ < 120◦).
11 One may expect that in the particularly clean environment
of the CED events, the value of Pg/b could be reduced.

rithms arising from the integration over the trans-
verse momenta of the exchanged photons. The cor-
responding luminosity factor can be calculated with
sufficient accuracy using the equivalent photon ap-
proximation; see, for example, [27, 96]. To suppress
the contribution caused by a collinear singularity
in the γγ → τ+τ− cross section, we impose a cut
60◦ < θ < 120◦ on the polar angle θ in the τ+τ−

rest frame. As in the bb̄ case, this results in a reduc-
tion of the Higgs signal by a factor of 2. Neglecting
the τ lepton mass and following the standard cal-
culational procedure we obtain for the LHC energy√
s= 14TeV

σ(pp→ p⊕ τ+τ−⊕p) = 20 fb
2∆M

M

(120GeV
M

)2
.

(22)

In (22) we account for the gap survival factor S2 

0.9, caused by the ‘soft’ rescatterings [79, 96], and
for reference purposes we use the cross section for
exclusive production of a τ+τ− pair with the in-
variant mass M = 120GeV. For the mass window
∆M = 5GeV at M = 120GeV the expected QED
background is about 2 fb. Since the dominant con-
tribution to the photon–photon luminosity comes
from very small transverse momenta of the exchanged
photons, to suppress this background we can se-
lect events with comparatively large pT of the out-
going protons. For example, if pT > 200MeV, the
QED background is diminished by a factor of more
than 70, while the Higgs signal is reduced by about
40%.12

(b) The prolific gluon dijets may mimic τ+τ− produc-
tion since one may misidentify the outgoing gluons
as τ ’s. To evaluate this contribution we use the tech-
nique of [27] to calculate the effective exclusive ggPP

luminosity and the Born ggPP → gg hard cross sec-
tion. Here ggPP indicates that the ‘active’ gluons,
which interact to form the system with massM ,
originate from colourless t-channel exchanges; see
Fig. 1. Imposing the same θ cut, 60◦ < θ < 120◦, we
obtain

σ(pp→ p⊕ gg⊕p) = 45 pb
2∆M

M

(120GeV
M

)5
. (23)

To suppress this QCD background down to the level
of 1 fb atM = 120GeV, the probability that a gluon is
misidentified as a τ , Pg/τ , must be less than 1/50 for
each high ET jet.

13

12 It should be noted that since larger photon transverse mo-
menta correspond to smaller impact parameters, the soft sur-
vival factor in the photon fusion process at pT > 200 MeV falls
to S2 � 0.5.
13 In [97, 98], for the inclusive case, the probability Pg/τ was
evaluated as 1/500. It therefore seems quite realistic to expect
that the probability Pg/τ < 1/50 can be achieved in the much

cleaner environment of a CED event.
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4.3 The backgrounds to the
p⊕ (h,H→WW (�))⊕p signal

The WW (∗) decay mode of the Higgs is less challenging
than the bb̄ channel from a purely experimental perspec-
tive. As discussed in detail in [99, 100], another attractive
feature of the WW (∗) channel is that in this case there is
no relatively large continuum background process, such as
central exclusive bb̄ production in the case of H → bb̄. It
should be recalled that the latter strongly relies on the ex-
perimental missing mass resolution and misidentification
probability Pg/b being sufficiently well under control to
provide adequate background suppression.
Events with two W bosons in the final-state fall into

3 broad categories depending on the decay modes of the
W : fully hadronic, semi-leptonic and fully leptonic. Exper-
imentally, events in which at least one of the W bosons
decays in either the electron or muon channel are by far
the simplest, and the analysis [99, 100] focuses on the semi-
leptonic and fully leptonic modes, which constitute about
half the signal.
The main exclusive backgrounds in the case of theWW

channel can be divided into two broad groups.

1. Central production of aWW pair, pp→ p⊕ (WW (∗))⊕
p, from the process γγ→WW (∗).

2. The W -strahlung process pp→ p⊕Wjj⊕ p arising
from the ggPP →Wqq̄ subprocess, where the (hadroni-
cally decaying)W ∗ is ‘faked’ by the two quarks.

As shown in [99], over a wide region of Higgs masses the
photon–photon backgrounds can be strongly suppressed if
one requires that the final leptons and jets are central and
impose cuts on the transverse momenta of the protons in
the taggers. At the same time, these cuts do not signifi-
cantly affect the signal.
The potentially problematic background arises from

the second category above, i.e. from the QCDW -strahlung
processes, which have been studied in detail in [100]. Fol-
lowing this analysis, above the WW threshold the back-
ground should not be a problem, since its contribution can
be suppressed extremely effectively by requiring the invari-
ant mass of the diquark system to be close toMW .
For MH < 2MW , there are two distinct scenarios in

which either the W or the W ∗ decays leptonically. In the
latter case the QCD background has been shown to be very
small. For the former, without additional cuts on the final
state, the calculated gg background is of the same order as
the SM Higgs signal. Though a full MC simulation would
be required to assess the effectiveness of the further op-
timisation approaches, we expect that procedures such as
cuts on the final-state particles and azimuthal correlations
between jets, should enable this background to be signifi-
cantly reduced further without dramatically affecting the
signal.
To summarise the current understanding, further opti-

misation efforts are required in order to reduce the QCD
background contribution, arising in the semi-leptonic case
when the off-shell W boson decays hadronically. For the
fully leptonic decay modes, and for semi-leptonic decays
in which the on-mass-shell W boson decays hadronically,

the signal-to-background ratio for a SM-type Higgs boson
should be much greater than unity. As explained above,
an important property of the WW channel is that in this
case the suppression of the dominant backgrounds does not
rely primarily on the high precision of the missing mass
resolution.

5 CED production of the CP-even Higgs
bosons h and H: experimental aspects

In the following we will discuss the prospective experimen-
tal efficiencies for the various CED channels. As discussed
above, in the MSSM the Higgs-boson phenomenology is
very different from the SM case. The light CP-even MSSM
Higgs boson cannot be heavier than about 130GeV [52, 53].
For large values of tanβ and not too large MA, its cou-
plings to bottom quarks and τ leptons can be strongly
enhanced compared to the SM case. In certain parame-
ter regions, on the other hand, also a strong suppression
of the couplings of the light CP-even MSSM Higgs boson
to down-type fermions is possible, leading in this case to
an enhancement of BR(h→WW (∗)). Within the SM with
increasing Higgs-boson mass the branching ratios of the
Higgs boson into bb̄ and τ+τ− fall very rapidly due to the
rise of the branching ratios into the WW (∗) and ZZ(∗). In
the MSSM, on the other hand, theH boson decouples from
the gauge bosons if its mass is much higher than the up-
per bound on the mass of the light Higgs, and the A boson
has zero couplings to the SM gauge bosons at tree level.
Consequently, the decays ofH,A into bb̄ and τ+τ− remain
dominant as long as no decay channels into supersymmet-
ric particles (or light Higgs bosons) are open. Therefore,
in the mass region above about 130GeV the decay chan-
nelsH→ bb̄, τ+τ− are much more important in the MSSM
as compared to the SM case. The couplings of H,A to
down-type fermions receive an additional enhancement in
the large tanβ region. On the other hand, the decay of
the neutral CP-even MSSM Higgs bosons into W bosons,
h,H→WW (∗) is significant only for relatively lowmasses,
i.e.Mh,MH � 130GeV.
A detailed investigation of the Higgs sector is one of

the central physics targets of the recent proposal [101] to
add proton tagger (roman pot (RP)) detectors positioned
at a distance ±420m from the interaction points of the
ATLAS and CMS experiments at the LHC. At nominal
LHC optics this will allow coverage in the proton fractional
momentum loss ξ in the range 0.002–0.02, with an accept-
ance of around 30% for a centrally produced system with
a mass around 120GeV. A combination with the foreseen
proton detectors at ±220m [38, 40] would significantly in-
crease the physics reach of forward studies, enlarging the ξ
range up to 0.2. This would be especially beneficial because
of the acceptance for higher mass states and improvements
in the triggering; see the discussion below and [39].
Experimentally, for increasing mass of the centrally

produced system, the detector characteristics improve and
the overall environment becomes cleaner. When the mass
increases, the overall proton tagger acceptance (which in-



240 S. Heinemeyer et al.: Studying the MSSM Higgs sector by forward proton tagging at the LHC

cludes all the combinations of 420m and 220m taggers)
rises, also the trigger and b tagging efficiencies increase,
and the Higgs-boson mass resolution can improve. The
signal-to-background ratio should also increase since it be-
haves roughly asM3/∆M , where as before ∆M is the mass
window over which the signal and background is collected;
see (19), (20) and (21).
While the total RP acceptance increases with rising

mass, the acceptance of the 420+420m (referred to below
as “420”) configuration starts to decrease around a mass of
90 GeV, so that the fraction of the CED signal events de-
tected at this configuration becomes marginal for masses
above 200GeV. In general, the low mass signal comprises
events detected at 220+420m or 420+220m (referred to
below as “combined” configuration) and in the 420 configu-
ration, while the high-mass signal consists mainly of events
detected at 220+220m (denoted as “220”) and in the com-
bined configuration. For MH � 250GeV only the 220 RP
configuration is relevant.
The mass resolution, δM , however, depends on the RP

configuration. At M = 120GeV in the 420 case a mass
resolution of δM = 1.9 GeV is achievable, whereas the reso-
lution becomes 2–3 times worse for the combined or 220
configurations. Because of worsening mass resolution, in
order to collect a sufficient part of the signal we have to
apply a wider mass window than in the 420 case. By en-
larging the mass window, the collected signal increases
as a consequence of the convolution of the Gaussian and
Breit–Wigner distributions (as will be explained below),
while the background contribution is directly proportional
to the width of the mass window. At some point, the statis-
tical significance stops rising and starts to decrease. There-
fore, it becomes essential to find the optimal mass window
widths for all different RP configurations. The procedure
we used to find the optimum mass window is described
below.
We now briefly describe the main selection criteria for

the three basic decay channels.

– h,H → bb̄: In the current study the signal comprises
two main event categories: (a) two b tagged jets and
(b) two jets with at least one b-hadron decaying into
a muon. The signature for (a) consists of three main in-
gredients: (i) two scattered protons, one in each arm of
the RPs, (ii) two well-collimated b tagged jets (back-
to back in the azimuthal angle φ, 2.85 < |φ1−φ2| <
3.43) with rapidities |ηjet|< 2.5 in the central detector,
and (iii) consistent values of the whole 4-momentum
(mass, rapidity and transverse momentum) of the cen-
tral mass system as evaluated from the two tagged
protons (“missing mass”) and as determined from the
two jets. In particular the following cuts were imposed
on the longitudinal momentum fractions x+, x− and
the ratio of the dijet mass Mbb measured in the cen-
tral detector to the missing massMmissing, given by the
RPs [39]:

∣∣xkbb−xkmissing∣∣ /xkmissing < 0.3
(k = +,− denote the light cone components of the

momenta in opposite beam directions)

0.85<Mbb/Mmissing < 1.15

(for the 420 configuration)

0.8<Mbb/Mmissing < 1.2

(for the combined and 220 RP configurations) . (24)

The other event category (b) with muons in the final
state yields about 10% of the whole signal sample. The
signal is selected in the same way as in the event cat-
egory (a) except that the jets are not required to be
b-tagged and in addition, the jet plus muon trigger con-
ditions are applied (a jet with ET > 40GeV and at least
one muon with ET > 3 GeV). Further details on the se-
lection cuts can be found in [39].14

– h,H→ τ+τ−: This channel has a dominant dijet signa-
ture, but also sizable branching ratios of τ → lνν̄. These
features render this channel similar to the h,H → bb̄
channel. Therefore, we conservatively assume the same
selection efficiencies as in the case of decays to bb̄.
– h,H →WW (∗): The experimental feasibility of the
mode h,H→WW (∗) has been studied in detail in [99,
100]. Triggering on this channel is not a problem, since
the final state is rich in high-pT leptons. Efficiencies of
about 20% can be achieved if the standard leptonic and
dileptonic trigger thresholds are applied. It was demon-
strated in [99, 100] that there would be a detectable
signal with small and controllable background for the
CED production of a SM-like Higgs boson in the mass
interval between 140GeV and 200GeV. Unfortunately,
based on the standard lepton level 1 trigger thresh-
olds and roman pot acceptances (see Table 1 and [99]),
the yield for a 120GeV SM Higgs boson with an inte-
grated luminosity of L= 60 fb−1 is only about 3 events.
15 The prospects become better for higher luminosity.
Furthermore, as we will discuss below, the potential of
the h,H →WW (∗) mode may improve in favourable
regions of the MSSM parameter space when the decay
h→ bb̄ is suppressed [66].

For the purpose of this paper we define the overall effi-
ciency, ε, which incorporates the RP and central detector
acceptances, experimental cuts, efficiencies of the central
detector and level 1 triggers. In the h,H → bb̄ case it also
accounts for the b tagging efficiency and for the cut on the
rapidities of the central jets |ηjet1−ηjet2|< 1.1.

16 The same
angular (rapidity) cut is imposed in the ττ channel in order
to suppress the QED background. The parameter ε relates
the cross section that can actually be detected, σdet, to
the theoretical cross section σth (calculated using (19), (20)
and (21)), which would correspond to the case that no ex-
perimental cuts are applied and no efficiency losses occur.

14 It would be beneficial to include electrons originated from
the b decays; at the moment this is still under discussion.
15 The yield would rise if the lepton level 1 leptonic trigger
thresholds could be reduced [99].
16 In the configuration with two forward outgoing protons this
is equivalent to the cut 60◦ < θ < 120◦ on the polar angle of
b jets in the bb̄ rest frame, required to reduce the QCD back-
ground (see the discussion in Sect. 4.1).
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Accordingly,

σdet = ε ·σth . (25)

The background processes relevant for the various CED
channels have been discussed in Sects. 4.1–4.3. To retain
the signal at the level 1 trigger, the following trigger condi-
tions can be used.

1. Single-sided 220 m RP and at least two jets, each with
ET > 40 GeV, measured in the central detector . As was
shown in [102], for this trigger a tolerable level 1 band-
width of 1 kHz per experiment may be kept only up to
luminosities of about L∼ 2×1033 cm−2s−1 due to pile-
up background. Requiring the single-sided 220m RP
condition implies that the symmetric 420 RP configu-
ration may only be possible for the events where the
acceptances of 220m and 420m RPs at the same side
overlap. In such events (amounting roughly to 40% of
the total event yield for the bb̄ decay mode at a mass of
120 GeV in the CMS–TOTEM system) the information
from 420m is going to be used due to a better resolution
on the fractional momentum loss ξ of the proton. In the
rest of the signal retained by this level 1 trigger con-
dition, the combined RP configuration will be present,
resulting in a 2–3 times worse mass resolution than for
the 420 case (see above).
The efficiency of this trigger to retain that part of the
signal that passes the cuts on the two jets and does
not include selected muons rises from about 60% at
M = 120GeV to 100% atM = 200GeV.

2. A jet with ET > 40 GeV and at least one muon with
ET > 3 GeV, both measured in the central detector . This
trigger retains that part of the signal that comes from
the decays of b-hadrons or τ leptons into muons. There-
fore, it also increases the fraction of the 420 RP config-
uration in the total signal sample. The saving efficiency
for the signal events of the above type that pass the cuts
is 100% for all masses.

3. At least two jets each with ET > 90 GeV measured in the
central detector . This is the lowestET threshold for any
dijet trigger designed at ATLAS or CMS. Obviously, all
the signal with masses well above 200 GeV (and pass-

Table 1. RP acceptances (A) for the 420, combined and 220 RP configurations, and
total experimental selection efficiencies for the signal decay channels h,H → bb̄ and
h,H →WW (∗), evaluated under the assumption that the whole signal is collected at
a given mass [39]. All numbers are given in %. They have been obtained with Ex-
HuME 1.3 [83]. Conservatively, ε(h,H → τ+τ−) is set equal to ε(h,H → bb̄) (with ε
defined in (25))

M [GeV] A420 Acomb A220 ε420(bb̄) εcomb(bb̄) ε220(bb̄) ε(WW (∗))

100 37 13 0 1.2 0.8 0 –
120 31 25 0 1.7 2.5 0 11.7
140 25 37 0 1.6 5.1 0 14.6
160 19 49 0 1.5 7.6 0 20.4
180 14 60 0 1.2 9.6 0 21.5
200 9 69 0 0.4 11.0 0 24.2
300 0 76 13 0 12.5 2.0 –

ing the cuts) may be retained at level 1 just by this
trigger.

4. Leptonic triggers, requiring electrons or muons in the
central detector . This trigger serves mainly to retain
events with W bosons decaying leptonically or semi-
leptonically. In CMS, the ET thresholds are 29, 10,
14 and 3 GeV for the single-electron, double-electron,
single-muon and double-muon triggers, respectively.
Corresponding values for ATLAS are 25, 15, 20 and
10GeV, but the trigger efficiencies are similar.

For the process h,H → bb̄, a combination of the trig-
gers 1 and 2 allows for the retention of about 65% of the
signal events passing the relevant cuts at M = 120GeV
and up to 100% at M = 200GeV, while at masses well
above 200GeV the trigger 3 retains the whole signal sam-
ple selected by the cuts. On the other hand, the signal for
the process h,H →WW (∗) (with the leptonic decay of at
least oneW ) is collected by applying the cuts correspond-
ing to the trigger definition only, without any additional
selections.
Table 1 shows RP acceptances as a function of the

Higgs-boson mass for all possible RP configurations. We
also show the signal selection efficiencies that have been
used in our evaluation of the statistical significances. Fol-
lowing [4], the statistical significance has been calculated
as a probability from the Poisson distribution with mean
equal to the number of background events to observe
a number of events equal or greater than a sum of signal
and background events, converted to an equivalent number
of sigmas of Gaussian distribution [103–105]. The number
of signal events at a given mass has been obtained by scal-
ing the signal cross section from (19) or (20) by the signal
selection efficiencies from Table 1. The same procedure has
been applied to obtain the number of background events
with the cross section calculated using (21). In the calcula-
tion of the significance, we considered the number of signal
and background events without systematic uncertainties.
As mentioned above, both the signal and the background
consist of two contributions corresponding to the two RP
configurations, namely 420 and combined up to masses of
200GeV, and 220 and combined for masses above 200GeV.
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In the case of large tanβ the total width (Γtot) of the
Higgs bosons may become rather large. Therefore, in what
follows we choose the optimal mass window

∆M(M, tanβ) = 2

√
δM2(M)+Γ 2tot(M, tanβ) , (26)

where the mass resolution δM was taken from the RP stud-
ies made in [46]. The values of the mass window range
from 3 to 20GeV for the 420 case and between 11 and
22 GeV for the combined or 220 RP configurations. The
lower boundaries correspond to low values of Γtot, while
the larger boundaries correspond to larger values of Γtot.
In our analysis we use the optimummass window as the

region over which the signal as well as background cross
sections are integrated to obtain the numbers of signal (S)
and background (B) events:

S = σS(M)L[I420(M, tanβ)ε420(M)

+Icomb(M, tanβ)εcomb(M)] , (27)

B =
dσB

dM
L[∆M420(M, tanβ)ε420(M)

+∆Mcomb(M, tanβ)εcomb(M)] , (28)

where σS and dσB/dM are the cross sections calculated
using (19), (20) and (21).17 I420 and Icomb are the inte-
grals of convolutions of the Gaussian and Breit–Wigner
mass distributions over a given mass window for the 420
and combined RP configuration, respectively, and ∆M420
and ∆Mcomb are the corresponding mass windows. Since
the total width, which depends on tanβ, enters ∆M420
and ∆Mcomb, our background rate given in (28) formally
depends on tanβ. It should be noted that in a situation
where the total width is larger than the mass resolution,
the CED process may provide a unique opportunity to ac-
tually measure the total width. This information may be
very important for distinguishing an MSSM Higgs boson
from a SM-type Higgs.
Because of the acceptance, the 220 RP configura-

tion only contributes for the highest mass value given in
Table 1, i.e. M = 300GeV. Because of similar mass reso-
lutions for the combined and 220 RP configurations, in
this mass region contributions of both the RP configu-
rations are summed and denoted by “combined”. When
calculating the integrals I, we account for the mass depen-
dence of the hard subprocess, the experimental efficiencies
(from Table 1) and the effective exclusive ggPP luminos-
ity. For this particular choice of the optimummass window,
the values of I420 and Icomb are shown in Table 2. Evi-
dently they are close to 0.67 over the whole studied range
of the values of the mass and the total width. As a sys-
tematic cross-check, we have also tried another option for
the optimum mass window (arising from a more complete

17 When calculating B, we actually integrated over the mass
window from M −∆M/2 up to M +∆M/2 explicitly. We ob-
tained the same result as using (28) which is due to the fact
that the effect of the first derivative with respect to M is can-
celled by the integration over the symmetric interval, and only
the second derivative may contribute.

Table 2. The values of the integrals I420/Icomb [%] for the 420
and combined RP configurations

M [GeV] Γtot = 0.2 1 5 10 20 [GeV]

120 65/67 62/66 69/66 71/71 75/80
140 64/67 61/65 69/63 69/65 70/67
160 62/67 62/65 69/62 70/66 71/68
180 62/67 62/64 67/64 67/67 68/69
200 61/67 59/64 62/63 65/67 83/69
300 –/68 –/65 –/63 –/67 –/70

calculation), namely ∆M =
√
(2.7δM)

2
+(1.5Γtot)2, and

observed very similar results as for the previous option.
For the h,H → τ+τ− sample it may be possible to ex-

ploit the full 420 RP information in the off-line analysis.
Using information on the event topology and other char-
acteristics of the h,H → τ+τ− sample, it may be possible
to avoid the single-sided 220m RP condition for the τ+τ−

final state. However, no detailed studies of the trigger for
such events have been performed so far [106].
From the discussion above, it is evident that it would be

beneficial if the 420m RPs could be incorporated into the
level 1 trigger. Based on the currently foreseen hardware
this seems not to be feasible, given the scope of the level 1
trigger buffer and the time that the signal needs to travel
from the 420m RP detector. An increase of the level 1
trigger latency would allow one to use the 420m RP infor-
mation for triggering at level 1 [107]. Such a setup could
be very advantageous for suppressing pile-up and non-pile-
up backgrounds. It is worth noting in this context that an
increase of the level 1 trigger latency, as needed for trigger-
ing on the 420m RP information, has been discussed in the
context of the LHC luminosity upgrade (SLHC) [108, 109].
In the above discussion of the experimental prospects

for CED Higgs production we have particularly empha-
sised the importance of triggering in the central detector
on leptons arising from b, τ or W decays. From the ex-
perimental point of view, in order to further enhance the
physics potential of the CED Higgs processes an improve-
ment of the signal selection efficiency by lowering the lep-
ton thresholds would therefore be beneficial.
Bearing in mind the remaining theoretical uncertain-

ties on the signal rates (e.g. from higher-order QCD ef-
fects), the results for the signal rates in this study rep-
resent a conservative evaluation. A possible enhancement
of the signal rates by a factor of about 2 would still be
compatible with our estimates of the theoretical uncer-
tainties. Furthermore, on the experimental side a gain in
sensitivity might be expected from improvements and op-
timisation of the event selection procedures, triggers and
various efficiencies. Besides the above-mentioned possibil-
ity of including the 420 RP into the level 1 trigger, one
could envisage improvements from lowering the lepton pT
thresholds in the existing level 1 triggers, from consider-
ing, possibly, an electron trigger and from improving the
selection procedure for the bb̄ and ττ signals. In order to
illustrate the physics gain that could be expected if such
a more optimistic scenario were to be realised, we will in-
clude in the following a discussion of the cross sections
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and experimental efficiencies outlined above with scenarios
where the event rates are higher by a factor of 2 (due to im-
provements on the experimental side and possibly higher
signal rates, denoted by “eff×2”).
Finally, it is important to recall that the price to pay

for the increase of the LHC luminosity is a rise in the
average number, N , of soft proton–proton interactions per
bunch crossing. Thus, at an instantaneous luminosity of
2×1033 cm−2 s−1 N = 7, while at 1034 cm−2 s−1 N = 35.
In such a situation each hard scale central event18 is accom-
panied by a luminosity-dependent number of minimum
bias events, which dominantly are of soft origin. A certain
fraction of these pile-up events contains protons within the
acceptances of the RPs. In particular, from an evaluation
based on [110] it follows that about 2%–3% (0.75%–1%)
of the minimum bias events can be detected in the RPs at
220m (420m) on one side. When the same RP acceptances
are applied, these numbers appear to be in a reasonable
agreement with the results of [39], where Phojet [111, 112]
was used to generate minimum bias events. The pile-up
events could potentially endanger the prospects of CED
studies at high luminosities, since they can be overlaidwith
hard scale inclusive non-diffractive events. None of these
events would separately survive the signal selection cuts,
but once two single diffractive events, each with a proton
within the RP acceptance, are overlaid with a hard scale
central signal, this mixture of three events may perfectly
fake the signal. The problem is that the rates of inclu-
sive processes are so huge compared to the CED signal
that this situation may occur quite frequently. As a result,
event pile-up is (currently) considered to be one of the most
important background sources in the planned high instan-
taneous luminosity runs.
The pile-up issue is currently under very intensive

study within ATLAS and CMS (for a detailed discussion,
see [39]). Although at first sight the issue of pile-up back-
grounds does not look favourable, the situation is far from
being hopeless. Apart from concentrating on the 420m
RP configuration, which enables a narrow mass window to
be imposed, there are other possible leverages that could
bring the pile-up problem under control.
In the FP420 project [101] there are prospects for in-

stalling fast timing detectors with an expected vertex reso-
lution of better than 3mm. Such a precision would enable
one to determine whether the protons seen in the RPs came
from the same vertex as the hard scale central signal. Pre-
liminary Monte Carlo studies indicate that, with the nomi-
nal LHC running conditions, a rejection of a factor of about
40 should be possible [40].
The pile-up effect can further be reduced by exploit-

ing precise vertex detectors with vertex resolution of bet-
ter than 100 µm: events with more than one vertex in
a few mm window in the beam direction given by the tim-
ing detectors (presumably from pile-up) can then be re-
jected [39]. Another possibility to reduce the effect of pile-
up is to exploit different track multiplicity properties of

18 Here “hard scale event” refers to an event with a large ET
jet (or lepton), or where a particle with a large mass (for ex-
ample, aW -boson) is produced.

signal and pile-up events. A cut reflecting this difference
may provide another rejection factor of up to 100 [113].
Here, however, further studies have to be performed, in
particular with full detector simulations.
Finally, matching the whole 4-momentum (not just the

mass, but also the rapidity and transverse momenta) of the
central heavy system (dijet, WW (∗) pair) measured in the
central detector to the corresponding values coming from
the forward protons taggers will further suppress the pile-
up background.
It should be noted that the situation concerning pile-

up backgrounds is more favourable in the WW (∗) channel
compared to the channel with a bb̄ pair in the central de-
tector. Indeed, in the SM case the signals expected in the
bb̄ and WW (∗) channels are of the same order of magni-
tude. The lower probability for the light Higgs to decay
to WW (∗) is partly compensated by a better efficiency
of the W signal selection. On the other hand, the proba-
bility of W production in the pile-up event is lower than
the probability of high ET b jet production. In fact the
suppression caused by the large mass (MW ∼ 80 GeV) of
aW boson is slightly stronger than that caused by the large
ET ∼ 40–50GeV of a b quark jet. Besides this, the elec-
troweak coupling, which controls theW production rate, is
smaller than the QCD coupling αs. As a result, the signal-
to-background ratio S/Bpile-up, where Bpile-up is the pile-up
background, is expected to be higher by around two orders
of magnitude for theWW (∗) channel as compared to the bb̄
case.
Concerning triggering at level 1, one may hope that

the pile-up background contaminating the level 1 trigger
output rate may be managed even at instantaneous lumi-
nosities higher than 2×1033 cm−2 s−1 (which was found
in initial studies [102] to be the highest luminosity com-
patible with a tolerable level 1 bandwidth of 1 kHz per ex-
periment). In particular, if a Higgs boson has already been
detected in the standard (non-diffractive) search channels,
the knowledge about its mass can be embedded into the
proposed diffraction level 1 trigger. Thus this information
can be used to significantly suppress the pile-up back-
ground (by restricting ξ values accepted at level 1). An-
other option would be to incorporate the information from
fast timing detectors into the level 1 trigger logic.
In conclusion, we believe that it is conceivable that with

intensive studies ATLAS and CMS will succeed in bring-
ing the effect of pile-up down to a tolerable level even at
the highest luminosities that will be delivered after several
years of LHC running. In other words, even at the high-
est instantaneous luminosities it may be possible to select
and study exclusive (CED) events in the presence of pile-
up interactions.
Based on the above discussion, in our numerical an-

alysis below we consider four scenarios for the achievable
luminosities and the experimental conditions for CED pro-
cesses at the LHC.

– 60 fb−1: An integrated LHC luminosity of L = 2×
30 fb−1, corresponding roughly to three years of run-
ning at an instantaneous luminosity L ∼ 1033 cm−2 s−1

by both ATLAS and CMS. With such a luminosity the
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effect of pile-up is not negligible but can be safely kept
under control. The signal selection efficiencies are based
on Table 1 (and are correspondingly reduced by taking
the optimal mass windows into account).
– 60 fb−1eff×2: The same integrated LHC luminosity as
in the above scenario, but with event rates that are
higher by a factor of 2 (see the discussion of possible
improvements and theoretical uncertainties above).
– 600 fb−1: An integrated LHC luminosity of L = 2×
300 fb−1 and the same efficiency factors as in the sce-
nario with L = 60 fb−1. This corresponds roughly to
three years of running at an instantaneous luminosity
L ≈ 1034 cm−2 s−1 by both ATLAS and CMS.
– 600 fb−1eff× 2: The same integrated LHC luminosity
as in the scenario with L= 2×300 fb−1 but with event
rates that are higher by a factor of 2.

6 Discovery reach for neutral CP-even Higgs
bosons in the MSSM in CED production

In this section we discuss the prospects for observing the
neutral CP-even MSSM Higgs bosons in CED production.
We display our results in terms of the lowest-order param-
eters of the MSSM Higgs sector, MA and tanβ, for the
benchmark scenarios described in Sect. 2.3. Also shown in
the plots as dark shaded (blue) areas are the parameter re-
gions excluded by the LEP Higgs searches in the channel
e+e−→ Z∗→ Zh,H [68, 69].
For each point in the parameter space we have eval-

uated the relevant Higgs production cross section, see
Sect. 3, times the Higgs branching ratio corresponding
to the decay mode under investigation. The Higgs-boson
masses, the decay branching ratios and the effective cou-
plings for the production cross sections have been calcu-
lated with the program FeynHiggs [51–54]. The result-
ing theoretical cross section has been multiplied by the
experimental efficiencies taking into account detector ac-
ceptances, experimental cuts and triggers as discussed in
Sect. 5. The backgrounds have been estimated according to
Sect. 4.
This procedure has been carried out for four different

assumptions on the luminosity scenario, see Sect. 5, and
the 5σ discovery contours (and contours for 3σ signifi-
cances, see below) have been obtained as described above.

6.1 Prospective sensitivities for CED production of
the light CP-even Higgs boson

We start our analysis with the production of the lighter
CP-even Higgs boson, h, and its decay into bottom quarks.
As explained in Sect. 2, the hbb̄ coupling can be signifi-
cantly enhanced compared to the SM case in the region
of relatively small MA and large tanβ (while the lighter
CP-even Higgs boson of the MSSM behaves like the SM
Higgs in the decoupling region,MA	MZ). CED produc-
tion of the lighter CP-even Higgs boson of the MSSM with
subsequent decay to bb̄ therefore yields a higher event rate
in this parameter region compared to the SM case. This

is shown in Fig. 2 where the ratio of signal events for the
MSSM to those for the SM (withMHSM =Mh) is displayed
in theMA–tanβ plane for the M

max
h (upper plot) and no-

mixing (lower plot) benchmark scenarios as specified in
(12), (13). For illustration, contour lines for the mass of
the lighter CP-even Higgs boson are also given. The dark
shaded (blue) region indicates the part of the MA–tanβ
plane that is excluded by the LEP Higgs searches in the
channel e+e−→ Z∗→ Zh,H [68, 69]. As discussed above,
the exclusion bounds from the Higgs search at the Tevatron
so far do not impose constraints on the parameter region
withMA � 100GeV and tanβ � 50.
Figure 2 shows that the signal rate can be enhanced

by up to a factor of R = 15 in the region of large tanβ
and relatively small MA. An enhancement by a factor of
R = 5 is possible for tanβ values down to about tanβ ≈
25. The enhancement in the region of large tanβ and
smallMA is slightly more pronounced in the no-mixing sce-
nario (lower plot). This behaviour can easily be understood

Fig. 2. Contours for the ratio of signal events in the MSSM to
those in the SM in the h→ bb̄ channel in CED production in the
MA–tan β plane. The ratio is shown in the M

max
h benchmark

scenario (with µ=+200 GeV, upper plot) and in the no-mixing
scenario (with µ = +200 GeV, lower plot). The values of the
mass of the light CP-even Higgs boson, Mh, are indicated by
dashed contour lines. The dark shaded (blue) region corres-
ponds to the parameter region that is excluded by the LEP
Higgs searches in the channel e+e−→ Z∗→ Zh,H [68, 69]
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from the discussion in Sect. 2.2. For the value of µ cho-
sen in the Mmaxh and no-mixing scenarios, µ=+200GeV,
the higher-order contribution ∆b is positive and there-
fore leads to a (slight) suppression of the bottom Yukawa
coupling. Since the numerical value of ∆b in the M

max
h

scenario is larger than in the no-mixing scenario, as a con-
sequence of the second term in (9), the Mmaxh scenario
yields slightly smaller enhancement factors compared to
the no-mixing scenario in the region of large tanβ and
small MA. In contrast, the differences between the two
scenarios in the parameters of the scalar top sector en-
tering via higher-order corrections (affecting in particular
the predicted value of Mh) give rise to a possible sizable
enhancement in the Mmaxh scenario up to higher values
of MA compared to the no-mixing scenario. While an en-
hancement by a factor of R = 2 occurs within the Mmaxh
scenario up toMA � 130GeV, the corresponding contour is
shifted towards lowerMA values in the no-mixing scenario

Fig. 3. 5σ discovery contours (upper plot) and contours of 3σ
statistical significance (lower plot) for the h→ bb̄ channel in
CED production in the MA–tan β plane of the MSSM within
the Mmaxh benchmark scenario. The results are shown for as-
sumed effective luminosities (see text, combining ATLAS and
CMS) of 60 fb−1, 60 fb−1eff×2, 600 fb−1 and 600 fb−1eff×2.
The values of the mass of the light CP-even Higgs boson, Mh,
are indicated by contour lines. The dark shaded (blue) region
corresponds to the parameter region that is excluded by the
LEP Higgs searches in the channel e+e−→Z∗→Zh,H [68, 69]

by about ∆MA = 10GeV. ForMA � 150GeV, on the other
hand, the signal rates are close to the SM case in both sce-
narios over practically the whole range of tanβ values, as
expected from the discussion of the decoupling limit given
above.
The 5σ discovery contours in theMA–tanβ plane obtained
for the four luminosity scenarios specified above are given
for the Mmaxh and no-mixing benchmark scenarios (i.e.
the same parameters as in Fig. 2) in the upper plots of
Figs. 3 and 4, respectively. The shapes of the 5σ discov-
ery contours in the two benchmark scenarios follow the
patterns discussed in Fig. 2: the region of high tanβ and
low MA can be covered with slightly lower integrated lu-
minosity in the no-mixing scenario than in the Mmaxh sce-
nario. While in the “60 fb−1” scenario tanβ values down
to about tanβ = 40 can be covered with 5σ significance in
the low MA region of the M

max
h scenario, the coverage in

the no-mixing scenario extends to about tanβ = 35 with

Fig. 4. 5σ discovery contours (upper plot) and contours of 3σ
statistical significance (lower plot) for the h→ bb̄ channel in
CED production in the MA–tan β plane of the MSSM within
the no-mixing benchmark scenario. The results are shown for
assumed effective luminosities (see text, combining ATLAS and
CMS) of 60 fb−1, 60 fb−1eff×2, 600 fb−1 and 600 fb−1eff×2.
The values of the mass of the light CP-even Higgs boson, Mh,
are indicated by contour lines. The dark shaded (blue) region
corresponds to the parameter region that is excluded by the
LEP Higgs searches in the channel e+e−→Z∗→Zh,H [68, 69]
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the same luminosity (this would improve by ∆ tanβ ≈ 5–
10 in the more optimistic “60 fb−1eff× 2” scenario). On
the other hand, the coverage in the Mmaxh scenario ex-
tends to somewhat higher MA values. With 600 fb

−1 the
parameter region withMA � 135(125)GeV and tanβ � 20
can be covered in the Mmaxh (no-mixing) scenario at the
5σ level (and a slightly better coverage can be achieved
in the more optimistic “600 fb−1eff×2” scenario). In the
Mmaxh and no-mixing scenarios the parameter µ is set to
µ = +200GeV. It follows from the discussion of the ∆b
corrections given above that the discovery reach would in-
crease for negative values of µ. We will give an example
below for the case of the heavy CP-even Higgs boson. As an
example of expected event rates, for 60 fb−1 one would ex-
pect after all cuts in theMmaxh scenario with tanβ = 50 and
Mh ≈ 120GeV about 32 signal events and 28 background
events, while in the no-mixing scenario with tanβ = 50 and
Mh ≈ 113GeV one would expect 41 signal events and 35
background events.
In all our considered luminosity scenarios, a 5σ signifi-

cance for the production of the lighter CP-even Higgs bo-
son of the MSSM and its decay into bottom quarks is found
only in the region of relatively smallMA and large tanβ in
Figs. 3 and 4. This is related to the fact that for a SM Higgs
in the mass range corresponding to Figs. 3 and 4 the statis-
tical significance remains below the 5σ level. Because of the
enhanced signal rate in the respective part of the MSSM
parameter space, as discussed above, a 5σ discovery region
occurs in the MSSM while it is absent in the SM case.
Since the lighter CP-even Higgs boson of the MSSM is

likely to be detectable also in “conventional” Higgs search
channels at the LHC (see, for example, [1, 4]), it may not
be necessary to require a statistical significance as high
as 5σ for the CED channel. For illustration, we therefore
also show the contours of 3σ statistical significances, given
in the lower plots of Figs. 3 and 4. Higgs production in
the CED channel will provide unique information on the
Higgs-boson properties. In particular, it will be import-
ant for determining the CP quantum numbers, for a pre-
cise mass measurement, and it may even allow for a direct
measurement of the Higgs-boson width. The CED produc-
tion process with subsequent decay into bottom quarks is
of particular relevance since this channel may be the only
possibility for directly accessing the hbb̄ coupling, although
the decay into bottom quarks is by far the dominant de-
cay mode of the lighter CP-even Higgs boson in nearly the
whole parameter space of the MSSM (and it is also the
dominant decay of a light SM-like Higgs). For this reason
information on the bottom Yukawa coupling is import-
ant for determining any Higgs-boson coupling at the LHC
(rather than just ratios of couplings [20, 21]).
Figures 3 and 4 show that at the 3σ level a significantly

larger part of the MA–tanβ plane can be covered com-
pared to the 5σ discovery contours. In particular, in the
“600 fb−1eff×2” scenario the coverage in both benchmark
scenarios extends to large MA values and small values
of tanβ. With the exception of a small parameter region
aroundMA ≈ 140(130)GeV, in theMmaxh (no-mixing) sce-
nario the whole MA–tanβ plane of the MSSM (and also
the case of a light SM-like Higgs) can be covered with the

CED process in this case. This important result implies
that if the CED channel can be utilised at high instanta-
neous luminosity (which requires in particular that pile-up
background is brought under control; see the discussion in
Sect. 5) there is a good chance to detect the lighter CP-even
Higgs boson of the MSSM in this channel with subsequent
decay into bottom quarks, yielding crucial information on
the properties of the new state.
In Fig. 5 we show the results for h→ τ+τ− in theMmaxh

scenario (with µ = +200GeV). Despite the fact that this
decay is easier to disentangle from the background than
the h→ bb̄ channel, the lower branching ratio compared
to the decay h→ bb̄ results in a slightly worse coverage of
the MSSM parameter space in theMA–tanβ plane. While
in the “60 fb−1” scenario the bb̄ channel allows the region
of low MA and high tanβ to be probed at the 5σ level
(see Fig. 3), the statistical significance achievable with the
τ+τ− channel at the same luminosity remains below 5σ

Fig. 5. 5σ discovery contours (upperplot) and contours of 3σ
statistical significance (lower plot) for the h→ τ+τ− channel in
CED production in the MA–tan β plane of the MSSM within
the Mmaxh benchmark scenario. The results are shown for as-
sumed effective luminosities (see text, combining ATLAS and
CMS) of 60 fb−1, 60 fb−1eff×2, 600 fb−1 and 600 fb−1eff×2.
The values of the mass of the light CP-even Higgs boson, Mh,
are indicated by contour lines. The dark shaded (blue) region
corresponds to the parameter region that is excluded by the
LEP Higgs searches in the channel e+e−→Z∗→Zh,H [68, 69]
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for tanβ < 50. For the most optimistic luminosity scenar-
ios the coverage of the τ+τ− channel is only slightly worse
than that of the bb̄ channel shown in Fig. 3. The qualitative
features of the no-mixing scenario are similar to those dis-
cussed above for the h→ bb̄ channel, and we do not show
it here. In interpreting the prospects for the h→ τ+τ−

channel it should be noted that we have conservatively as-
sumed the same selection efficiencies for this channel as
for the h→ bb̄ channel. As discussed above, an improved
selection procedure could yield a significant gain for the
τ+τ− channel.
As a further channel for the lighter CP-even Higgs bo-

son of the MSSM we consider the decay h→WW (∗). Since
the irreducible background to this channel has not yet been
fully investigated, it would be premature to present 5σ dis-
covery regions as for the other channels. Thus we only
present the ratio of signal events in the MSSM to those in
the SM (with MHSM =Mh). As discussed above, an en-
hancement of the hbb̄ coupling compared to the SM case
typically occurs in the region of large tanβ and smallMA;
see Fig. 2. This in turn leads to a reduction of the branch-
ing ratio of h→WW (∗), so that one would expect that
in general the h→WW (∗) channel in the MSSM should
have a smaller or at most equal event rate compared to
the corresponding process in the SM (with MHSM =Mh).
However, as discussed in Sect. 2 in the context of the small-
αeff benchmark scenario, higher-order corrections in the
MSSM can also have the opposite effect and yield a sig-
nificant suppression of the hbb̄ coupling, giving rise to an
enhancement of BR(h→WW (∗)). Figure 6 shows contours
for the ratio of signal events in the MSSM to those in
the SM in the h→WW (∗) channel within the MA–tanβ
plane of the small-αeff benchmark scenario; see (14). For
140GeV �MA � 170GeV and intermediate tanβ an en-
hancement of the MSSM rate compared to the SM case of

Fig. 6. Contours for the ratio of MSSM to SM signal events in
the h→WW (∗) channel in CED production in the MA–tan β
plane (withMHSM =Mh). The ratio is shown in the small-αeff
benchmark scenario. The values of the mass of the light CP-
even Higgs boson, Mh, are indicated by dashed contour lines.
The dark shaded (blue) region corresponds to the parameter re-
gion that is excluded by the LEP Higgs searches in the channel
e+e−→ Z∗→ Zh,H [68, 69]

up to a factor of R= 4 is possible. In this region one would
expect about 12 signal events in CED Higgs production
with h→WW (∗) for a luminosity of 60 fb−1 within the ac-
ceptance of the roman pots at 420 and 220m, and after
applying the standard lepton level 1 trigger thresholds.

6.2 Prospective sensitivities for CED production
of the heavy CP-even Higgs boson

We now turn to the prospects for producing the heavier
CP-even Higgs boson of the MSSM in CED channels. The
discovery reach in the “conventional” search channels at
the LHC, in particular bb̄H/A,H/A→ τ+τ−, covers the
parameter region of high tanβ and not too largeMA [1–4],
while a “wedge region” [1, 4, 50] remains where the heavy
MSSM Higgs bosons escape detection at the LHC (the dis-
covery reach is somewhat extended if decays of the heavy
MSSM Higgs bosons into supersymmetric particles can be

Fig. 7. Contours for the ratio of signal events in the MSSM to
those in the SM in the H → bb̄ channel in CED production in
the MA–tan β plane. The ratio is shown in the M

max
h bench-

mark scenario (with µ=+200 GeV, upper plot) and in the no-
mixing scenario (with µ= +200 GeV, lower plot). The values
of the mass of the heavier CP-even Higgs boson, MH , are in-
dicated by dashed contour lines. The dark shaded (blue) region
corresponds to the parameter region that is excluded by the
LEP Higgs searches in the channel e+e−→Z∗→Zh,H [68, 69]
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utilised [1, 4]). CED production of the heavier CP-even
Higgs boson of the MSSM with subsequent decay into bot-
tom quarks provides a unique opportunity for accessing its
bottom Yukawa coupling in a mass range where for a SM
Higgs boson the decay rate into bottom quarks would be
negligibly small.
As explained above, the properties of the heavier

CP-even Higgs boson of the MSSM differ very signifi-
cantly from the ones of a SM Higgs in the region where
MH ,MA � 150GeV. While for a SM Higgs the BR(H →
bb̄) is strongly suppressed in this mass region, the decay
into bottom quarks is the dominant decay mode for the
heavier CP-even MSSM Higgs boson (as long as no decays
into supersymmetric particles or lighter Higgs bosons are
open). The drastic difference between the heavier CP-even
MSSM Higgs boson and its SM counterpart with the same
mass is clearly visible in Figs. 7 and 8, where the ratio of
signal events for the MSSM over the events for the SM
is displayed in the MA–tanβ plane for the M

max
h (upper

plots) and no-mixing (lower plots) benchmark scenarios

Fig. 8. Contours for the ratio of signal events in the MSSM to
those in the SM in the H → bb̄ channel in CED production in
the MA–tan β plane. The ratio is shown in the M

max
h bench-

mark scenario (with µ= −500 GeV, upper plot) and in the no-
mixing scenario (with µ = −500 GeV, lower plot). The values
of the mass of the heavier CP-even Higgs boson, MH , are in-
dicated by dashed contour lines. The dark shaded (blue) region
corresponds to the parameter region that is excluded by the
LEP Higgs searches in the channel e+e−→Z∗→Zh,H [68, 69]

with µ = +200GeV (Fig. 7) and µ = −500GeV (Fig. 8).
For illustration, contour lines for the mass of the heavier
CP-even Higgs boson are also given. As before, the dark
shaded (blue) region indicates the part of the MA–tanβ
plane that is excluded by the LEPHiggs searches [69] in the
channel e+e−→ Z∗→ Zh,H [68, 69].
Figure 7 shows that the MSSM process in the H →

bb̄ channel is significantly enhanced compared to the SM
case essentially everywhere in the unexcluded part of the
MA–tanβ plane. For MA ≈ 120 GeV the rate is enhanced
by about a factor of R = 3, while for large MA we find
a huge enhancement by typically two orders of magni-
tude. In accordance with our discussion of the ∆b correc-
tions given above, the enhancement is somewhat more pro-
nounced in the no-mixing scenario, where it reaches a fac-
tor of R= 500 in the high-tanβ region, while Fig. 7 shows
an enhancement of up to R= 400 in theMmaxh scenario.

Fig. 9. 5σ discovery contours (upper plot) and contours of
3σ statistical significance (lower plot) for the H → bb̄ chan-
nel in CED production in the MA–tan β plane of the MSSM
within the Mmaxh benchmark scenario (with µ = +200 GeV).
The results are shown for assumed effective luminosities (see
text, combining ATLAS and CMS) of 60 fb−1, 60 fb−1eff×2,
600 fb−1 and 600 fb−1eff× 2. The values of the mass of the
heavier CP-even Higgs boson, MH , are indicated by contour
lines. The dark shaded (blue) region corresponds to the param-
eter region that is excluded by the LEP Higgs searches in the
channel e+e−→ Z∗→ Zh,H [68, 69]
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While in the case of positive µ shown in Fig. 7 the
higher-order contribution ∆b yields a suppression of the
bottom Yukawa coupling, the opposite effect occurs if the
parameter µ is negative. This is illustrated in Fig. 8, where
µ=−500GeV has been chosen. As a consequence, the en-
hancement compared to the SM rate is even larger in this
case, reaching a factor of R = 2000 in the Mmaxh scenario.
(The fact that the enhancement in the no-mixing scenario
with µ=−500GeV is less pronounced is due to the numer-
ically smaller value of ∆b in the no-mixing scenario, as
explained above.)
In Figs. 9–11 we show the contours of 5σ (upper

plots) and 3σ (lower plots) statistical significances ob-
tained in the four luminosity scenarios specified above
for the H → bb̄ channel in CED production within the
Mmaxh scenario for µ = +200GeV, the no-mixing sce-
nario for µ = +200GeV and the Mmaxh scenario for µ =

Fig. 10. 5σ discovery contours (upper plot) and contours of 3σ
statistical significance (lower plot) for the H → bb̄ channel in
CED production in the MA–tan β plane of the MSSM within
the no-mixing benchmark scenario (with µ = +200 GeV).
The results are shown for assumed effective luminosities (see
text, combining ATLAS and CMS) of 60 fb−1, 60 fb−1eff×2,
600 fb−1 and 600 fb−1eff× 2. The values of the mass of the
heavier CP-even Higgs boson, MH , are indicated by contour
lines. The dark shaded (blue) region corresponds to the param-
eter region that is excluded by the LEP Higgs searches in the
channel e+e−→ Z∗→ Zh,H [68, 69]

−500GeV, respectively. The pattern of the 5σ and 3σ con-
tours follows from the discussion above: the coverage in
the MA–tanβ plane is largest in the M

max
h scenario for

µ = −500GeV (Fig. 11), followed by the no-mixing sce-
nario for µ = +200GeV (Fig. 10) and the Mmaxh scenario
for µ=+200GeV (Fig. 9).
In the Mmaxh scenario for µ = +200GeV (Fig. 9) an

integrated luminosity of 60 fb−1 will not be sufficient to
probe a parameter region with tanβ ≤ 50 at the 5σ level.
At the 3σ level, on the other hand, the sensitivity of the
“60 fb−1” scenario extends down to about tanβ = 35 for
MA ≈ 130GeV. In the “600 fb−1eff×2” scenario the dis-
covery reach for the heavier CP-even Higgs boson goes
beyondMH ≈ 200GeV in the large tanβ region at the 5σ
level, while at the 3σ level the coverage extends to about
MH = 250GeV for tanβ ≈ 50. In the “600 fb−1eff×2” sce-
nario the (5σ level) discovery of a heavy CP-even Higgs

Fig. 11. 5σ discovery contours (upper plot) and contours of
3σ statistical significance (lower plot) for the H → bb̄ chan-
nel in CED production in the MA–tan β plane of the MSSM
within the Mmaxh benchmark scenario for the case where µ =
−500 GeV. The results are shown for assumed effective lumi-
nosities (see text, combining ATLAS and CMS) of 60 fb−1,
60 fb−1eff×2, 600 fb−1 and 600 fb−1eff×2. The values of the
mass of the heavier CP-even Higgs boson,MH , are indicated by
contour lines. The dark shaded (blue) region corresponds to the
parameter region that is excluded by the LEP Higgs searches in
the channel e+e−→ Z∗→ Zh,H [68, 69]
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boson with a mass of about 140 GeV will be possible for all
values of tanβ. This is of particular interest in view of the
“wedge region” left uncovered by the conventional search
channels for heavy MSSM Higgs bosons.
The search reach is somewhat extended in the no-

mixing scenario for µ = +200GeV (Fig. 10). In this case
the “60 fb−1” scenario can probe tanβ values down to
about tanβ = 40 for MA ≈ 130GeV at the 5σ level, while
the coverage extends to tanβ � 30 at the 3σ level for small
MA. As an example of anticipated event rates, for 60 fb

−1

one would expect after all cuts in the no-mixing scenario
for µ=+200GeV,MH ≈ 125 GeV and tanβ = 50 (tanβ =
40) about 43 signal events and 26 background events (28
signal events and 21 background events).
The coverage is further enhanced in theMmaxh scenario

for µ =−500GeV (Fig. 11). In this case a significant part
of the MA–tanβ plane can be probed with 60 fb

−1 at the

Fig. 12. 5σ discovery contours (upper plot) and contours of
3σ statistical significance (lower plot) for the H→ τ+τ− chan-
nel in CED production in the MA–tan β plane of the MSSM
within the Mmaxh benchmark scenario (with µ = +200 GeV).
The results are shown for assumed effective luminosities (see
text, combining ATLAS and CMS) of 60 fb−1, 60 fb−1eff×2,
600 fb−1 and 600 fb−1eff× 2. The values of the mass of the
heavier CP-even Higgs boson, MH , are indicated by contour
lines. The dark shaded (blue) region corresponds to the param-
eter region that is excluded by the LEP Higgs searches in the
channel e+e−→ Z∗→ Zh,H [68, 69]

5σ level, extending down to about tanβ = 30 for MA ≈
140GeV. At the 3σ level the reach of the “60 fb−1” scenario
extends almost down to tanβ = 20 for MA ≈ 140GeV.
In this scenario the expected event rates for 60 fb−1 are
about 124 signal events and 65 background events (25 sig-
nal events and 14 background events) for MH ≈ 140GeV
and tanβ = 50 (tanβ = 30). In the “600 fb−1eff×2” sce-
nario a heavy CP-even Higgs boson with a mass of almost
MH = 150GeV can be discovered at the 5σ level for all
values of tanβ. In the high tanβ region, for this luminosity
masses ofMH ≈MA in excess of 250GeV can be probed at
the 5σ level (the coverage only slightly increases at the 3σ
level). This means that CED production at the LHC may
be a unique way to access the bottom Yukawa coupling of
a Higgs boson as heavy as 250GeV (which would obviously
be a clear sign of physics beyond the standard model).
The heavier CP-even Higgs boson can also be detected

via the decay H → τ+τ−. The dependence on the param-
eter µ is less pronounced in this channel compared to
CED production with the decay H → bb̄. This is due to
the fact that the ∆b corrections largely compensate be-
tween the production and the decay process; see [50, 67]
for a discussion of the analogous effect in the bb̄H/A and
H/A→ τ+τ− channel. We therefore restrict our discussion
to theMmaxh scenario with µ=+200GeV; see Fig. 12. The
upper plot shows the 5σ discovery contours, while the lower
plot shows the contours of 3σ statistical significance. Due
to the suppressed branching ratio, the discovery region is
significantly smaller than for the decay H → bb̄ (although
the enhancement of the signal rate compared to the SM
case (not shown) is of similar size as for the H → bb̄ chan-
nel). At the 5σ level an integrated luminosity of 600 fb−1

is necessary to probe parameter regions with tanβ ≤ 50.
In the “600 fb−1eff×2” scenario the coverage extends to
MH ≈ 200GeV at the 3σ level for tanβ ≈ 50.

7 Pseudoscalar Higgs-boson production
in diffractive processes

As is well known (see, for example, [1–4]), identifying the
pseudoscalar Higgs boson at the LHC will be a challenging
task. Inparticular, in the case of theMSSM(andmanyother
theories with extended Higgs sectors) the CP-odd A bo-
son decouples from the vector bosons, and therefore neither
Higgs-boson production via weak-boson fusion nor Higgs
decay modes into gauge bosons are of practical use. Ac-
cordingly, it is of interest to investigate whether the diffrac-
tive mechanism can provide some additional leverage in the
search for pseudoscalarHiggs bosons at the LHC.
Unfortunately, according to first studies performed

in [47], the situation with diffractive mechanisms for A
boson production in the MSSM looks less favourable com-
pared to the case of CED production of CP-even Higgs
bosons. Detailed future studies (both experimental and
theoretical) are required in order to reach a firm conclusion
regarding the prospects for detecting A bosons in diffrac-
tive processes. The discussion below reflects our current
(rather incomplete) understanding.
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The main problem with the diffractive production
mechanism for a heavy 0− state is the strong suppression
(by about two orders of magnitude) of the CED mode as
compared to the 0+ case due to the P-even selection rule;
see Sect. 3. Furthermore, for MA	MZ the masses of the
CP-odd A and the CP-even H are close to each other.
Consequently, the H contribution in CED production will
completely dominate over the much smaller A signal.
In order to evade the selection rule and to have a sizable

and comparableA andH production rate, it was suggested
in [47] to consider a less exclusive reaction

pp→X⊕φ⊕Y (φ=A,H) , (29)

where both incoming protons are allowed to dissociate, and
the Higgs bosons φ = A,H are separated from the pro-
ton remnants by large rapidity gaps; see Fig. 13. As shown
in [26, 27] such a ‘semi-exclusive’ process has the advan-
tage of a much larger cross section than the CED case. For
example, for Higgs-boson masses of 120–140GeV, by re-
quiring rapidity gaps∆η > 3, the effective ggPP luminosity
is enhanced by an order of magnitude. Moreover, the pro-
cess in (29) can be a good testing ground for the searches
for a CP-violating Higgs boson [49].
Despite its larger cross section, this semi-exclusive

Higgs-boson production is much less advantageous for the
CP-even Higgs bosons as compared to the exclusive pro-
duction analysed in Sect. 6. The main reason is that one
is losing the selection rule which for the CED case gave
rise to a strong suppression of the QCD backgrounds. We
consider here semi-exclusive production of the CP-even
Higgs bosons only as a background to the semi-exclusive A
searches, which seems to be the only prospective diffraction
production channel for this process.
From the experimental perspective, observation of

the A-boson production according to (29) with large ra-
pidity regions devoid of hadron radiation appears to be
very challenging. In particular, an observation of a siz-
able signal rate would require a high LHC luminosity,
L > 1033 cm−2 s−1, where one faces experimental diffi-
culties caused by the effects of pile-up background. As
discussed in Sect. 5, it might be possible to reduce this
background to an acceptable level with the help of fast tim-
ing detectors and other techniques. The level 1 trigger can

Fig. 13. Central production of an A boson with double diffrac-
tive dissociation (‘semi-exclusive’ process), in which the incom-
ing protons dissociate into systems with transverse momenta
p⊥i =E

⊥
i (i= 1, 2).Q is the momentum of the exchanged gluon,

p1,2 are the momenta of the incoming particles

be based, for example, on an observation in the forward
calorimeters, at |η1,2| ∼ 4–6, of two unbalanced jets (i.e.
one jet in the systemX and one in Y ) with E⊥1,2 > 20 GeV.
The events with rapidity gaps can be selected subsequently
in the off-line analysis. However, no dedicated experimen-
tal study of such a scenario has been performed so far.
Let us recall that the signature for the Higgs production
accompanied by two forward jets is a typical character-
istic of the weak-boson fusion (WBF) mechanism [1, 4].
There the standard procedure to reduce the QCD back-
grounds is to use a (mini-) jet veto. In the case of the
semi-exclusive process of (29) the characteristic transverse
momenta of the forward jets are lower than in the WBF
case (where they are typically around 10–20GeV). More-
over, in contrast to WBF Higgs production the gaps are
defined as rapidity regions devoid of any observed hadronic
activity. This definition has often been used by the HERA
experiments and is similar to that used by the CDF Col-
laboration [86, 87], especially in the case of the search for
exclusive diphoton events [114]. Such a stronger veto on
hadron activity in the rapidity gap interval should lead to
a more pronounced angular correlation between the for-
ward jets.
Since the main decay mode of the A boson is into

bottom quarks, with BR(A→ bb̄) ≈ 90%, the QCD back-
ground will be a serious obstacle for the semi-exclusive
search for A bosons. This is due in particular to the fact
that in the semi-exclusive kinematics of the process in (29)
the Jz = 0 selection rule can no longer be applied to sup-
press the bb̄ background. Furthermore, the possibility of
a very good missing mass resolution, which was provided
by the forward proton taggers in the exclusive reaction,
does not, of course, exist for the semi-exclusive process.
In order to evaluate the expected signal and back-

ground cross sections, we use below a simplified parametri-
sation for the ‘semi-exclusive’ ggPP luminosity for pro-
duction of a system of mass M , which was calculated at
leading order in [27]. In the region of interest, 100�MA �
300GeV, the semi-exclusive ggPP luminosity at ∆η > 3
and E⊥ > 20GeV can be approximated by

M2dLincl
dM2

= 0.0024 exp

(
−0.416

(
M

100GeV
−2

))
.

(30)

The corresponding ‘semi-exclusive’ A signal cross section
is [27]

σ̂incl =
π2Γ (A→ gg)

M3A
δ
(
1−M2/M2A

)
. (31)

Thus, to compute the cross section σ for the semi-exclusive
production of the pseudoscalarA the formula

σ ·BR= 0.0024 exp

(
−0.416

(
MA

100GeV
−2

))

×
π2Γ (A→ gg)

M3A
BR ·0.39mbGeV2 (32)

can be used. Here BR is the corresponding branching
fraction for A→ bb̄ or A→ τ+τ− (as calculated with
FeynHiggs [51–54]).
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To evaluate the bb̄ QCD background, we simply convo-
lute the effective luminosity Lincl with the spin-summed
leading-order cross section for the hard subprocess gg→
bb̄, given in [27] (see also [115]). Thus, the signal-to-
background ratio in the bb̄ channel can be expressed as

S/B

Γ (A→ gg) ·BR(A→ bb̄)

0.25α2s∆Mbb
. (33)

Here ∆Mbb denotes, as before, the bb̄ mass window.
To illustrate the typical expectation for the signal-to-
background ratio in the A→ bb̄ channel we first con-
sider a parameter point in the Mmaxh scenario with µ =
±200GeV at tanβ = 30 and MA = 140GeV. Unfortu-
nately, the result for the signal-to-background ratio ap-
pears to be not encouraging. For a mass window ∆Mbb 

24 GeV (taken as twice the mass resolution in the central
detector) and the angular cut 60◦ < θ < 120◦ to allow for
the suppression of the collinear singularity in the back-
ground gg→ bb̄ subprocess, we arrive at S/B∼ 1/100, with
the signal being at the fb level. To gain insight into what
one might expect at best in the bb̄ channel, we focus on
a ‘most optimistic’ Mmaxh scenario with µ = −700GeV,
tanβ = 50 and mg̃ = 1000GeV. As discussed in Sect. 2.2,
a large negative value of µ (together with large tanβ and
mg̃) leads to a significant enhancement of the bottom
Yukawa coupling of the A boson. For this ‘most optimistic’
scenario we find atMA = 160–200GeV

Γ (A→ gg) ·BR(A→ bb̄)≈ 22–24MeV , (34)

and σ ·BR(A→ bb) is decreasing from 65 fb for MA =
160GeV to 25 fb forMA = 200GeV.
This is illustrated in Fig. 14, where we show for the

Mmaxh scenario with µ=−700GeV andmg̃ = 1000GeV the
production cross section for the A boson (upper plot) and
the ratio of signal events in the MSSM to those in the
SM with MHSM =MA (lower plot). The difference in the
region excluded by the LEP Higgs searches in the chan-
nel e+e−→ Z∗→ Zh,H [68, 69] compared to the other
plots in this paper results from a downward shift in Mh
caused by the enhanced bottom Yukawa coupling in the
region of large tanβ. It should be noted that the large-
tanβ region for µ=−700GeV is also affected by the limits
from the MSSM Higgs-boson searches at the Tevatron, in
particular in the bb̄+(H,A), H,A→ bb̄ channel [70, 71].
The cross section in Fig. 14 ranges from 1 fb to 100 fb for
large tanβ. The ratio of A signal events in the MSSM to
those in the SM case (with MHSM =MA) reaches up to
R = 100 for tanβ � 15 or MA � 150GeV. For large tanβ
and MA a ratio of up to R = 5000 is possible. Accord-
ingly, Fig. 14 gives an idea in which part of the MSSM
parameter space there may be a chance for a successful A
search in the semi-exclusive process. In the discussed ‘most
optimistic’ case, the signal-to-background ratio in the bb̄
channel, using (33), gives S/B ≈ 5.5 GeV/∆Mbb. There-
fore, since the production cross section and branching ratio
are already chosen at optimistic values, an immediate con-
clusion is that the prospects for hunting a 0− Higgs boson
depend strongly on progress in improving ∆Mbb.

Fig. 14. Upper plot: The cross section (in fb) for central pro-
duction of the A boson with double diffractive dissociation
(‘semi-exclusive’ process) in theMA–tan β plane for theM

max
h

scenario with µ = −700 GeV. The values of the mass of the
light CP-even Higgs boson,Mh, are indicated by contour lines.
The dark shaded (blue) region corresponds to the parameter
region that is excluded by the LEP Higgs searches in the chan-
nel e+e−→ Z∗→ Zh,H [68, 69]. Lower plot: contours for the
ratio of A signal events in the MSSM over the SM case (with
MHSM =MA) for the same parameters

Even with such an overwhelming QCD background
there may still be a chance to identify the A→ bb̄ signal by
studying the azimuthal angular distributions of the trans-
verse energy flows in the forward (and backward) regions of
proton dissociation, i.e. of the total transverse momenta of
theX and Y systems; see Fig. 13.19 The dependence on the
azimuthal angle ϕ between the total transverse momenta
of the X and Y systems has the form

cos2 ϕ forH(0+) ,

sin2 ϕ for A(0−) , (35)

whereas theϕ-dependence of the backgrounds is practically
flat.Thedifferent behaviour of the azimuthal angular distri-
butions of signal and backgroundmay therefore allow for an
improvement in the statistical significance of the signal.

19 It should be noted that at E⊥ > 3–5 GeV the energy flow is
dominated by one (gluon) jet with the lowest rapidity.
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The difference in the azimuthal angular dependence
may even provide a way to discriminate between 0+ and
0− Higgs-boson production [47]. By selecting events with
rather large E⊥1,2 � 10–20GeV, where the transverse en-
ergy flows in the forward and backward hemispheres are
orthogonal to each other, the H signal can be suppressed.
In the region of E⊥1,2 > 20 GeV and |η1,2| = 3–6, for ex-
ample, the T2 detector of TOTEM [38] and/or forward
hadronic calorimeters (HF (CMS) or FCAL (ATLAS) and
ZDC (CMS and ATLAS)) could be used for such a dis-
crimination between A and H. However, at the moment
it is still unclear whether this is in fact a viable option.
Before drawing a firm conclusion, the whole issue of experi-
mental studies related to proton dissociation needs further
detailed investigation.
We also briefly investigate diffractive A production

with subsequent decay to τ+τ−. Here the dominant non-
pile-up backgrounds, arising from the QED production
process pp→X+(τ+τ−)+Y [49] and from misidentifica-
tion of a gluon dijet as a τ+τ− system, are small, while the
branching fraction BR(A→ τ+τ−) is about 10%. Using
the cut ET > 20GeV the cross section for the A→ τ+τ−

channel in the mass range 100–150GeV and tanβ > 20
ranges between 1–2 fb. If the overall efficiency were about
4%–10% as in the case of the τ+τ− channel in the exclu-
sive processes (see Table 1), an integrated LHC luminosity
of L = 600 fb−1 could be sufficient for the observation of
the semi-exclusive Higgs-boson signal. Moreover, in such
a case one could be even able to discriminate between the
A and H bosons by studying the azimuthal angular distri-
bution. However, this simple estimate may turn out to be
too optimistic since various experimental issues affecting
the semi-exclusive process at such high values of the in-
stantaneous luminosity, in particular the pile-up effect (see
Sect. 5), are currently unclear and need further dedicated
experimental studies.
Our current tentative conclusion is that the prospects

for the observation of the CP-odd Higgs boson in diffrac-
tive processes at the LHC look borderline. Detailed ex-
perimental simulation studies would be helpful in order to
arrive at a more definite conclusion on the prospects for A
boson production in this channel.

8 Conclusions

We have analysed in this paper the prospects for probing
the Higgs sector of the MSSM with central exclusive Higgs-
boson production processes at the LHC, utilising forward
proton detectors installed at 220m and 420m distance
around ATLAS and CMS. We have studied CED produc-
tion of the neutral CP-even Higgs bosons h and H and
their decays into bottom quarks, τ leptons andW bosons,
accounting in each case for the relevant background pro-
cesses. The experimental efficiencies for the various CED
channels are based on existing dedicated studies. The im-
pact of pile-up backgrounds, which are important in par-
ticular at high instantaneous LHC luminosity, has been
discussed, and various approaches for reducing this back-

ground source have been summarised. In order to illustrate
the physics potential of the CED processes, four luminosity
scenarios have been investigated, corresponding to differ-
ent assumptions on the achievable overall experimental ef-
ficiencies and the integrated luminosity that can be utilised
for the CED channels.
A striking feature of CED Higgs-boson production is

that this channel provides good prospects for detecting
Higgs-boson decays into bottom quarks, τ leptons and W
bosons. Although the decay into bottom quarks is the dom-
inant decay mode for a light SM-like Higgs boson, this
decay channel is very difficult to access in the conventional
search channels at the LHC. In the MSSM the bb̄ and τ+τ−

decay channels are of particular importance, since they are
in general dominant even for heavy MSSM Higgs bosons,
whereas a SM Higgs boson of the same mass would have
a negligible branching ratio into bb̄ and τ+τ−. It should be
noted that heavy Higgs bosons that decouple from gauge
bosons and therefore predominantly decay into heavy SM
fermions are a quite generic feature of extended Higgs-
boson sectors.
We have analysed the 5σ discovery contours and con-

tours of 3σ statistical significances for the CED channels
with h,H→ bb̄ and h,H→ τ+τ− in theMA–tanβ param-
eter plane of the MSSM for various benchmark settings of
the other parameters. Concerning the search for the light
CP-even Higgs boson, h, we find that for the (most op-
timistic) “600 fb−1eff× 2” scenario the whole MA–tanβ
plane of the MSSM, with the exception of a small pa-
rameter region for small MA, can be covered with the
CED process at the 3σ level. The case of a light SM-like
Higgs can also be covered at the 3σ level in this luminos-
ity scenario. Thus, if the CED channel can be utilised at
high instantaneous luminosity (which requires in particu-
lar that pile-up background is brought under control) it
can contribute very important information on the Higgs
sector of the MSSM. Besides giving access to the bottom
Yukawa coupling, which is a crucial input for determin-
ing all other Higgs-boson couplings, observation of a Higgs
boson in CED production with subsequent decay into bot-
tom quarks would provide information on the CP quantum
numbers of the new state, yield an (additional) precise
mass measurement, and may even allow a direct meas-
urement of the Higgs-boson width. We have furthermore
shown that even if only an integrated luminosity of 60 fb−1

can be utilised for the CED production process, the MSSM
parameter region with large tanβ and relatively smallMA
can still be probed. For the h→ τ+τ− channel we find
a slightly weaker coverage compared to the h→ bb̄ channel,
based however on conservatively assuming the same selec-
tion efficiencies for this channel as for the h→ bb̄ channel.
An improved selection procedure could yield a significant
gain for the τ+τ− channel.
We have shown that CED production of the heavier

CP-even Higgs boson of the MSSM with subsequent decay
into bottom quarks provides a unique opportunity for ac-
cessing its bottom Yukawa coupling in a mass range where
for a SM Higgs boson the decay rate into bottom quarks
would be negligibly small. In the “600 fb−1eff×2” scenario
the discovery of a heavy CP-even Higgs boson with a mass
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of about 140GeV will be possible for all values of tanβ.
This is of particular interest in view of the “wedge re-
gion” left uncovered by the conventional search channels
for heavy MSSM Higgs bosons. With an effective inte-
grated luminosity of only “60 fb−1eff× 2”, Higgs masses
of up to MH ≈ 200GeV can be probed in the high-tanβ
region at the 3σ level. If the bottom Yukawa coupling is
enhanced by higher-order corrections, this sensitivity ex-
tends beyondMH = 250GeV. For the H → τ+τ− channel,
as a consequence of the reduced branching ratio, an ef-
fective integrated luminosity of at least 600 fb−1 will be
necessary to probe significant parts of the MSSM parame-
ter space.
We have furthermore analysed the channels h,H →

WW (∗) in CED production and compared them with the
SM case. Since an enhancement of the bottom Yukawa
coupling happens at the expense of the branching ratio into
W bosons, the h,H →WW (∗) channel is less favourable
compared to the SM case in significant parts of the
MSSM parameter space. However, the opposite effect
is also possible, giving rise to an enhancement of the
CED Higgs-boson production with subsequent decay into
W bosons compared to the SM case. We have shown that
for 140GeV �MA � 170GeV and intermediate tanβ an
enhancement of the MSSM rate of the CED production
with h→WW (∗) of up to a factor of four is possible com-
pared to the SM case. Since the irreducible background
to this channel has not been fully investigated yet, we
have not presented 5σ discovery regions for this channel.
Clearly, more detailed experimental studies of the WW
modes would be very desirable to assess the physics poten-
tial of this interesting channel.
We have furthermore discussed the prospects for identi-

fying the CP-oddHiggs boson,A, in diffractive processes at
the LHC. Since the CED production of the CP-odd Higgs
boson is less promising than production of the CP-even
state because of a strong suppression of this mode caused
by the P-even selection rule, we have investigated A boson
production in a less exclusive reaction. The experimental
analysis of the double diffractive dissociation of the incom-
ing protons in the presence of severe QCD backgrounds
appears to be challenging at present. However, further de-
tailed experimental and theoretical studies will be required
to reach a firm conclusion on the prospects for this channel.
For clarity of presentation, the analyses in this paper

have been performed in the CP-conserving MSSM, i.e. in
terms of the CP eigenstates h,H,A. Our analysis could
easily be extended to the case where CP-violating com-
plex phases are present, giving rise to a mixing between
the three neutral Higgs bosons. In fact, the CED pro-
duction channels may provide crucial information on the
CP properties of Higgs-like states detected at the LHC.
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