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Abstract. We study the central diffractive production of the (three neutral) Higgs bosons, with a rapidity
gap on either side, in an MSSM scenario with CP -violation. We consider the bb̄ and τ τ̄ decay for the light
H1 boson and the four b-jet final state for the heavy H2 and H3 bosons, and discuss the corresponding
backgrounds. A direct indication of the existence of CP -violation can come from the observation of either
an azimuthal asymmetry in the angular distribution of the tagged forward protons (for the exclusive
pp → p +H + p process) or of a sin 2ϕ contribution in the azimuthal correlation between the transverse
energy flows in the proton fragmentation regions for the process with the diffractive dissociation of both
incoming protons (pp → X+H+Y ). We emphasise the advantage of reactions with the rapidity gaps (that
is, production by pomeron–pomeron fusion) to probe CP -parity and to determine the quantum numbers
of the produced central object.

1 Introduction

It is known that third generation squark loops can intro-
duce sizeable CP -violation in the Higgs potential of the
minimal supersymmetric standard model (MSSM), if the
soft-supersymmetry-breaking mass parameters of the third
generation are complex; see, for example, [1]. As a result,
the neutral Higgs bosons will mix to produce three physical
mass eigenstates with mixed CP -parity, which we denote
H1, H2 and H3 in order of increasing mass. A benchmark
scenario of maximal CP -violation, called CPX, was intro-
duced in [2]. In this scenario

|At| = |Ab| = 2MSUSY, |µ| = 4MSUSY,

MQ̃3,Ũ3,D̃3
= MSUSY, |M3| = 1 TeV, (1)

where Af are the soft-supersymmetry-breaking trilinear
parameters of the third generation squarks and µ is the su-
persymmetric higgsino mass parameter. The phenomeno-
logical consequences of thismodelmaybequite spectacular.
In particular, the H1ZZ coupling of the lightest Higgs bo-
son can be significantly suppressed; see, for example, [2] and
references therein. In this case, it was shown that the LEP2
data do not exclude the existence of a light Higgs boson
with mass MH < 60 GeV (40 GeV) in the minimal SUSY
model with tanβ ∼ 3–4 (2–3) and CP -violating phase

φCPX ≡ arg(µAt) = arg(µAb)

= arg(µAτ ) = arg(µmg̃) = 90◦ (60◦). (2)

Since the H1 couplings to the W and Z gauge bosons
become rather small, it would be hard to detect the light

Higgs via the processes e+e− → Z� → ZHi or e+e− →
Z� → HiHj .

It is therefore interesting to consider the possibility of
observing a light Higgs boson at the LHC or Tevatron col-
lider. However, in general, it will be hard to observe a light
Higgs at hadron colliders via the bb̄ decay mode because,
in particular, the transverse momenta of the outgoing b
and b̄ jets are not large. As a consequence the signal is
swamped by the QCD bb̄ background1. Therefore it was
proposed [5] to search for a CP -violating light Higgs bo-
son in the exclusive process pp → p + H + p at hadron
colliders, where the + signs denote the presence of large
rapidity gaps.Over the past fewyears such exclusive diffrac-
tive processes have been considered as a promising way to
search for manifestations of new physics in high energy
proton–proton collisions; see, for instance, [5–10]. These
processes have both unique experimental and theoretical
advantages in hunting for Higgs bosons as compared to
the traditional non-diffractive approaches. In particular,
in the exclusive diffractive reactions, the bb̄ background
is suppressed [9, 11–13], and it may be feasible to isolate
the signal.

In the present paper we discuss the central exclusive
diffractive production (CEDP) in more detail. We compare
the signal and the background for observing a light neu-
tral Higgs boson via H1 → bb̄ and H1 → ττ decay modes.
Then we evaluate the asymmetry arising from the inter-
ference of the P -even and P -odd production amplitudes.

1 The prospects for observing such a light Higgs in conven-
tional search channels, at the Tevatron and the LHC, were
studied in [3, 4].
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Fig. 1. Schematic diagram for the ex-
clusive central production of a light
Higgs boson

Note that this asymmetry is the most direct manifestation
of CP -violation in the Higgs sector. Finally, we consider
the exclusive diffractive production of the heavier neutral
Higgs bosons, H2 and H3, followed by the decays H2 or
H3 → H1H1 → 4b jets.

For numerical estimates, we use the formalism to de-
scribe central production in diffractive exclusive processes
of [7], and the parameters (that is the masses, width and
couplings of the Higgs bosons) given by the code “CP-
superH” [14], where we choose φCPX = 90◦, tanβ = 4,
MSUSY = 0.5 TeV, (that is |Af | = 1 TeV, |µ| = 2 TeV,
|Mg̃| = 1 TeV) and the charged Higgs boson mass MH± =
135.72 GeV so that the mass of the lightest Higgs boson,
H1, is MH1 = 40 GeV.2

The exclusive process is shown schematically in Fig. 1.
The cross section may be written [7] as the product of the
effective gluon–gluon luminosity L, and the square of the
matrix element of the subprocess gg → H. Note that the
hard subprocess is mediated by the quark/squark triangles.
For a CP -violating Higgs, there are two different vertices
of the Higgs–quark interaction: the scalar Yukawa vertex
and the vertex containing the γ5 Dirac matrix. Therefore
the gg → H matrix element contains two terms:3

M = gS · (e⊥
1 · e⊥

2 )− gP · εµναβe1µe2νp1αp2β/(p1 ·p2), (3)

where e⊥ are the gluon polarisation vectors and εµναβ is
the antisymmetric tensor. In (3) we have used a simpli-
fied form of the matrix element which already accounts for
gauge invariance, assuming that the gluon virtualities are
small in comparison with the Higgs mass. In forward exclu-
sive central production, the incoming gluon polarisations
are correlated, in such a way that the effective luminosity
satisfies the P -even, Jz = 0 selection rule [7, 13]. There-
fore only the first term contributes to the strictly forward
cross section. However, at non-zero transverse momenta of
the recoil protons, p⊥

1,2 �= 0, there is an admixture of the
P -odd Jz = 0 amplitude of order p⊥

1 p⊥
2 /Q2

⊥, on account of
the gP term becoming active. Thus we consider non-zero
recoil proton transverse momenta, and demonstrate that
the interference between the CP -even (gS) and CP -odd
(gP ) terms leads to left–right asymmetry in the azimuthal
distribution of the outgoing protons. First, we consider the
background. Unfortunately, even in the exclusive process,
we show below that the QCD bb̄ background is too large.
However, we shall see that it may be possible to observe
such a CP -violating light Higgs boson in the H → ττ de-
cay mode, where the QED background can be suppressed

2 The values are chosen to provide an “optimistic” scenario
for the observation of a CP -violating Higgs boson in CEDP.

3 For calculations of gS and gP in the MSSM with CP -
violation, see, for example, [15].

by selecting events with relatively large outgoing proton
transverse momenta; say, p⊥

1,2 > 300 MeV.

2 Exclusive diffractive H1 production
followed by bb̄ decay

First, we consider the exclusive double-diffractive process

pp → p + (H → bb̄) + p (4)

The signal-to-background ratio is given by the ratio of the
cross sections for the hard subprocesses, since the effective
gluon–gluon luminosity L cancels out. The cross section
for the gg → H subprocess4 [7]

σ̂(gg → H) =
2π2Γ (H → gg)

M3
H

δ

(
1 − M2

bb̄

M2
H

)

∼ constant × δ

(
1 − M2

bb̄

M2
H

)
, (5)

as the width5, Γ (H → gg), behaves as Γ ∼ α2
SGFM3

H ,
where GF is the Fermi constant. On the other hand, at
leading order, the QCD background is given by the gg → bb̄
subprocess

dσ̂QCD

dE2
T

∼ m2
b

E2
T

α2
S

M2
bb̄

E2
T

, (6)

where ET is the transverse energy of the b and b̄ jets. At
leading order (LO), the cross section is suppressed by the
Jz = 0 selection rule (which gives rise to the m2

b/E2
T factor)

in comparison with the inclusive process. The extra factor
was crucial to suppress the background. It was shown in [9]
that it is possible to achieve a signal-to-background ratio
of about 3 for the detection of a standard model Higgs
with mass MH ∼ 120 GeV, by selecting bb̄ exclusive events
where the polar angle θ between the outgoing jets lies in
the interval 60◦ < θ < 120◦ if the missing mass resolution
∆mmissing = 1 GeV. The situation is much worse for a light
Higgs, since the signal-to-background ratio behaves as∫

dL
d lnM2

bb̄

σ̂(gg → H) d lnM2
bb̄∫

dL
d lnM2

bb̄

σ̂QCD d lnM2
bb̄

� GF(
m2

b

M2
bb̄

1
M2

bb̄

)
2∆Mbb̄

Mbb̄

∼ M5
bb̄, (7)

4 In [7] we denoted the initial state by ggPP to indicate that
each of the incoming gluons belongs to colour-singlet pomeron
exchange. Here this notation is assumed to be implicit.

5 Strictly speaking, we should consider CP -even and CP -odd
contributions to the width separately, but it does not change
the conclusion qualitatively.
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where we have used ∆ lnM2
bb̄

= 2∆Mbb̄/Mbb̄. The M5 be-
haviour comes just from dimensional counting. As the ex-
perimental resolution ∆Mbb̄ is larger than the width of the
Higgs, ΓH , the Higgs cross section (in the numerator) is
driven by GF, while the QCD background is proportional
to m2

b and the size of the ∆Mbb̄ interval. To restore the
dimensions we have to divide m2

b∆Mbb̄ by M5
bb̄

. Thus, in
going from MH ∼ 120 GeV to MH ∼ 40 GeV, the expected
leading-order QCD bb̄ background increases by a factor of
240 in comparison with that for Mbb̄ = 120 GeV.

Strictly speaking, there are other sources of background
[9]. There is the possibility of the gluon jet being misidenti-
fied as either a b or a b̄ jet, or a contribution from the NLO
gg → bb̄g subprocess, where the extra gluon is not sepa-
rated from either a b or a b̄ jet. These contributions have no
m2

b/M
2
bb̄

suppression, and hence increase only as M−3
H , and

not as M−5
H , with decreasing MH . For MH ∼ 120 GeV,

the LO bb̄ QCD production was only about 30% of the
total background. However, for MH1 ∼ 40 GeV, the LO bb̄
contribution dominates. Finally, with the cuts of [9], we
predict that the cross section of the H1 signal is6

σCEDP(pp → p + (H1 → bb̄) + p) � 14 fb

as compared to the QCD background cross section, with
the same cuts7, of

σCEDP(pp → p + (bb̄) + p) � 1.4
∆M

1 GeV
pb.

That is, the signal-to-background ratio is only S/B ∼
1/100, and so even for an integrated luminosityL = 300 fb−1

for ∆M = 1 GeV the significance of the signal is only 3.7σ.
Here we have taken a K factor of K = 1.5 for the QCD bb̄
background, and again used the cuts and efficiencies quoted
in [9]. Therefore, to identify a light Higgs, it is desirable to
study a decay mode other than H1 → bb̄. The next largest
mode is H1 → ττ , with a branching fraction of about 0.07.

The dependence of the results on the mass of the H1
Higgs boson is illustrated in Table 1. Clearly the cross
section decreases with increasing mass. On the other hand

6 Note that our CEDP cross section is about two times larger
than that quoted in [5]. This difference occurs mainly because
we use an improved approximation for the unintegrated gluon
densities. To be specific, we use (26) of [16], rather than the
simplified formula (4) of [9] used in [5]. In addition we allow
for the transverse momenta p⊥

1,2 of the recoil protons in the
gluon loop of Fig. 1. For smaller boson masses, MH ∼ 40 GeV,
this leads to a steeper p⊥

1,2 dependence of the amplitude, which
emphasises larger values of the impact parameter, b⊥, where
the absorptive effects are weaker. Therefore we obtain a larger
soft survival factor, S2 � 0.029, at the LHC energy. However,
recall that a factor of 2 difference is within the accuracy of the
approach [8, 9].

7 Here and in what follows we assume that the proton and b-
tagging efficiencies and the missing mass resolution in the case
of a light Higgs boson are the same as for the case of MHiggs =
120 GeV [9]. Likely, this assumption is not well justified. In
particular, the missing mass resolution and proton tagging
efficiency may worsen at lower masses.

Table 1. The cross sections (in fb) of the central exclusive
diffractive production of Hi neutral Higgs bosons, together
with those of the QCD (bb̄) and QED (ττ) backgrounds. The
acceptance cuts applied are (a) the polar angle cut 60◦ <
θ(b or τ) < 120◦ in the Higgs rest frame, (b) p⊥

i > 300 MeV
for the forward outgoing protons and (c) the polar angle cut
45◦ < θ(b) < 135◦. The azimuthal asymmetries Ai are defined
in (12)

M(H1) GeV cuts 30 40 50
σ(H1)Br(bb̄) a 45 14 6
σQCD(bb̄) a 16000 1400 200
Abb̄ 0.14 0.07 0.04
σ(H1)Br(ττ) a, b 1.9 0.6 0.3
σQED(ττ) a, b 0.2 0.1 0.04
Aττ b 0.2 0.1 0.05
M(H2) GeV 103.4 104.7 106.2
σBr(H2 → 2H1 → 4b) c 0.5 0.5 0.5
σBr(H2 → 2b) a 0.1 0.1 0.2
M(H3) GeV 141.9 143.6 146.0
σBr(H3 → 2H1 → 4b) c 0.14 0.2 0.18
σBr(H3 → 2b) a 0.04 0.07 0.1

the signal-to-background ratio increases. Therefore for the
case MH1 = 50 GeV we see a slightly improved statistical
significance of 4.4σ for the bb̄ decay mode.

3 The ττ decay mode

At the LHC energy, the expected cross section for exclusive
diffractive H1 production, followed by ττ decay, is

σ (pp → p + (H → ττ) + p) ∼ 1.1 fb, (8)

where the 60◦ < θ < 120◦ polar angle cut has already been
included. Despite the low Higgs mass, we note that the
exclusive cross section is rather small. As we already saw
in (5), the cross section of the hard subprocess σ̂(gg →
H) is approximately independent of MH . Of course, we
expect some enhancement from the larger effective gluon–
gluon luminosity L for smaller MH . Indeed, it may be
approximated by [7, 17]

L ∝ 1
/

(MH + 16 GeV)3.3, (9)

and gives an enhancement of about 18.8 (for MH = 40 GeV
in comparison with that for MH = 120 GeV).

On the other hand, in the appropriate region of SUSY
parameter space, the CP -even H → gg vertex, gS , is
almost 2 times smaller [5, 14] than that of a standard
model Higgs, giving a suppression of 4. Also the ratio
B(H → ττ)/B(H → bb̄) gives a further suppression of
about 12. Although the ττ signal has the advantage that
there is practically no QCD background8, exclusive τ+τ−
events may be produced by γγ fusion; see Fig. 2. The cross

8 There may be background caused by a pair of high ET

(∼ 15 GeV) gluons being misidentified as a ττ pair. To suppress
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Fig. 2. The QED background to the H → ττ
exclusive signal

section for this latter QED process is appreciable. It is en-
hanced by two large logarithms, ln2(tminR2

p), arising from
the integrations over the transverse momenta of the outgo-
ing protons (that is, of the exchanged photons). The lower
limit of the logarithmic integrals is given by

tmin � −(xmp)2 � −
(

MH√
s

mp

)2

, (10)

while the upper limit is specified by the slope R2
p of the

proton form factor. To suppress the QED background, one
may select events with relatively large transverse momenta
of the outgoing protons. For example, if p⊥

1,2 > 300 MeV,
then the cross section for the QED background, for Mττ =
40 GeV, is about9

σQED(pp → p + ττ + p) � 0.1
∆M

1 GeV
fb, (11)

while the signal (8) contribution is diminished by the cuts,
p⊥
1,2 > 300 MeV, down to 0.6 fb. Thus, assuming an ex-

perimental missing mass resolution of ∆M ∼ 1 GeV, we
obtain a healthy signal-to-background ratio of S/B ∼ 6
for MH1 ∼ 40 GeV.

Note that in all the estimates given above, we include
the appropriate soft survival factors S2 – that is, the prob-
abilities that the rapidity gaps are not populated by the
secondaries produced in the soft rescattering. The survival
factors were calculated using the formalism of [19]. More-
over, here we account for the fact that only events with
proton transverse momenta p⊥

1,2 > 300 MeV were selected.
In particular, for the QED process, we have S2 � 0.7,
rather than the value S2 � 0.9, which would occur in the
absence of the cuts on the proton momenta10.

4 Azimuthal asymmetry
of the outgoing protons

A specific prediction, in the case of a CP -violating Higgs
boson, is the asymmetry in the azimuthal ϕ distribution of

such a background down to the level of S/B ∼ 1, the probability,
Pg/τ , that a gluon is misidentified as a τ must be less than
about 1/750, assuming that the missing mass resolution is
∆M = 1 GeV. In [18], for an inclusive event, the probability
Pg/τ was evaluated as 1/500. Thus it seems reasonable to
suppose that the probability Pg/τ < 1/750 can be achieved
in the much cleaner environment of an exclusive diffractive
(CEDP) event.

9 As we consider sizeable p⊥
1,2, we account for both the F1

and F2 electromagnetic proton form factors.
10 Without the momenta cuts, the main QED contribution
comes from small p⊥

1,2, that is, from large impact parameters
b⊥ � Rp, where the probability of soft rescattering is already
small; see [20] for details.

the outgoing protons, caused by the interference of the CP -
odd and CP -even vertices, that is, between the two terms
in (3). The polarisations of the incoming active gluons are
aligned along their respective transverse momenta, Q⊥−p⊥

1
and Q⊥ +p⊥

2 . Hence the contribution caused by the second
term, gP , is proportional to the vector product

n0 · (p⊥
1 × p⊥

2 ) ∼ sin ϕ,

where n0 is a unit vector in the beam direction, p1. The sign
of the angle ϕ is fixed by the four-dimensional structure
of the second term in (3); see [8] for a detailed discussion.
Of course, due to the P -even, Jz = 0 selection rule, this
(P -odd) contribution is suppressed in the amplitude by
p⊥
1 p⊥

2 /Q2
⊥, in comparison with that of the P -even gS term.

Note that there is a partial compensation of the suppression
due to the ratio gP /gS ∼ 2. Also the soft survival factors
S2 are higher for the pseudoscalar and interference terms,
than for the scalar term.

An observation of the azimuthal asymmetry may there-
fore be a direct indication of the existence of CP -violation
(or P -violation in the case of CEDP) in the Higgs sector11.
Neglecting the absorptive effects (of soft rescattering), we
find, for example, an asymmetry

A =
σ(ϕ < π) − σ(ϕ > π)
σ(ϕ < π) + σ(ϕ > π)

(12)

= 2Re(gSg∗
P )rS/P (2/π)/(|gS |2 + |rS/P gP |2/2).

Here the (numerically small) parameter rS/P reflects the
suppression of the P -odd contribution due to the selection
rule discussed above.

At the LHC energy in the absence of rescattering effects,
A � 0.09 for MH1 = 40 GeV. However, we find that soft
rescattering tends to wash out the azimuthal distribution,
and to weaken the asymmetry. Besides this the real part
of the rescattering amplitude multiplied by the imaginary
part of the pseudoscalar vertex gP (with respect to gS) gives
some negative contribution. So finally we predict A � 0.07.
For the lower Tevatron energy, the admixture of the P -odd
amplitude is larger,while the probability of soft rescattering
is smaller. Therefore, at

√
s = 2 TeV, we find that the

asymmetry is twice as large, A ∼ 0.17. On the other hand
the effective ggPP luminosityL and the corresponding cross
section of H1 (CEDP) production is 10 times smaller (for
MH1 = 40 GeV).

The asymmetries expected at the LHC, with and with-
out the cut p⊥

1,2 > 300 MeV on the outgoing protons, are
shown for different H1 masses in Table 1. The asymmetry
decreases with increasing Higgs mass; first, due to the de-
crease of |gP |/|gS | ratio in this mass range, and second, due
to the extra suppression of the P -odd amplitude arising
from the factor p⊥

1 p⊥
2 /Q2

⊥ in which the typical value of Q⊥
in the gluon loop increases with mass.
11 In [21] (see also [22–24]) a suggestion, along the same lines,
was made for the explicit observation of CP -violating effects.
There, various polarisation asymmetries in two-photon fusion
Higgs production processes were discussed. In the absence of ab-
sorptive effects, the azimuthal asymmetry A may be expressed,
via gluon helicity amplitudes, in the same way as the quantity
A2 of [21], written in terms of photon helicities.
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5 Heavy H2 and H3 Higgs production
with H1H1 decay

Another possibility to study the Higgs sector in the CPX
scenario is to observe central exclusive diffractive pro-
duction (CEDP) of the heavy neutral H2 and H3 Higgs
bosons, using the H2, H3 → H1 + H1 decay modes. For
the case we considered above (tan β = 4, φCPX = 90◦,
MH1 = 40 GeV), the masses of the heavy bosons are
MH2 = 104.7 GeV and MH3 = 143.6 GeV. At the LHC
energy, the CEDP cross sections of the H2 and H3 bosons
are not too small – σCEDP = 1.5 and 0.9 fb, respectively.
When the branching fractions, Br(H2 → H1H1) = 0.84,
Br(H3 → H1H1) = 0.54 and Br(H1 → bb̄) = 0.92, are
included, we find

σ(pp → p + (H → bb̄ bb̄) + p) = 1.1 and 0.4 fb

for H2 and H3, respectively. Thus there is a chance to
observe, and to identify, the central exclusive diffractive
production of all three neutral Higgs bosons, H1, H2 and
H3, at the LHC.

The QCD background for exclusive diffractive produc-
tion of four b jets is significantly less than the signal. Other
decay channels are also worth mentioning. For a very light
boson, say MH1 = 30 GeV, it is also possible to produce
four b jets via the cascade H3 → H2H1 → 4b jets. How-
ever, the expected cross section is about 0.02 fb, which
looks too low to be useful. A larger cross section is ex-
pected for the direct H2 → bb̄ decay, where the branching
fraction Br(H2 → bb̄) = 0.14 for MH1 = 40 GeV leads
to the cross section σ(p + (H2 → bb̄) + p) = 0.2 fb. Note
that in this case, we only need to tag two, and not four, b
jets. So the detection efficiency is about a factor of 1/0.6
larger. The situation is even better for MH1 = 50 GeV,
where Br(H2 → bb̄) = 0.25 and σ(p + (H2 → bb̄) + p) =
0.4 fb. If it is possible to compare the 4b and 2b jet sig-
nals, then it will allow a probe of the nature of the H2
boson. Finally, for the heaviest boson, H3, the decay mode
H3 → H1 + Z is not small, with a branching fraction of
Br(H3 → H1 + Z) = 0.27 for MH1 = 40 GeV.

6 Central Higgs production
with double-diffractive dissociation

To enhance the Higgs signal we study a less exclusive reac-
tion than pp → p + H + p, and allow both of the incoming
protons to dissociate. In [7] it was called double-diffractive
inclusive production, and was written

pp → X + H + Y. (13)

Now there is no form factor suppression as the initial pro-
tons are destroyed. Also the cross section is larger due to
the increased p⊥

i phase space. Moreover the cross section
is also enhanced because we no longer have the P -even se-
lection rule, and so the pseudoscalar gg → H coupling, gP ,
becomes active. The cross section for inclusive production,
via the central double dissociation (CDD) process, is found

Table 2. The cross sections (in fb) for the central produc-
tion of Hi neutral Higgs bosons by inclusive double-diffractive
dissociation, together with that of the QED (ττ) background.
A polar angle acceptance cuts of 60◦ < θ(b or τ) < 120◦

(45◦ < θ(b) < 145◦) in the Higgs rest frame is applied for the
case of H1 (H2, H3) bosons. The numbers in brackets corre-
spond to the imposition of the additional cut of E⊥

i > 7 GeV
for the proton dissociated systems

M(H1) GeV 30 40 50
σ(H1)Br(ττ) 19 (4) 6 (2) 2.6 (0.8)
σQED(ττ) 66 (2.2) 30 (1.5) 15 (0.9)
M(H2) GeV 103.4 104.7 106.2
σḂr(H2 → 2H1 → 4b) 4 (2) 4 (2) 3.5 (2)
M(H3) GeV 141.9 143.6 146.0
σḂr(H3 → 2H1 → 4b) 1.5 (0.8) 2.2 (1.2) 2 (1.1)

by using
(i) the effective ggPP luminosity of [7];
(ii) the probability, S2, that the gaps survive soft rescat-
tering, calculated using model II of [25], and
(iii) the opacity of the proton given in [19].

Typical results, for the LHC energy, are shown in Ta-
ble 2. For the Tevatron energy, the cross section appears
to be too small, and even for a light boson of mass MH1 =
30 GeV we have Br(H1 → ττ)σ < 1.5 fb, while the QED
background is about 15 fb.

Of course, the missing mass method cannot be used to
measure the mass of the Higgs boson for central produc-
tion with double dissociation (CDD). Therefore the mass
resolution will not be so good as for CEDP; we evaluate the
background for ∆M = 10 GeV. Moreover, with the absence
of the Jz = 0 selection rule, the LO QCD bb̄-background is
not suppressed. Hence we study only the ττ decay mode
for the light boson, H1, and the four b jet final state for
the heavy H2 and H3 bosons.

The background to the H1 → ττ -signal arises from the
γγ → ττ QED process. It is evaluated in the equivalent
photon approximation. The photon flux,

Nγ =
α

π
dq2

q2

dx

x
F2(x, q2), (14)

was calculated using LO MRST2001 partons [26], with the
integral over the photon transverse momentum running
from q = mρ up to q = Mττ/2. The lower limit is approxi-
mately where the γ∗p cross section becomes flat and loses
its σ(γ∗p) ∼ 1/q2 behaviour. The upper limit reflects the
dependence of the γγ → ττ matrix element on the virtual-
ity of the photon. From Table 2 we see that the H1-signal
for inclusive diffractive production, (13), exceeds the exclu-
sive signal by more than a factor of ten. On the other hand
the signal-to-background ratio is worse; S/BQED is about
1/5. Moreover there could be a huge background due to the
misidentification of a gluon dijet as a ττ -system. To make
this QCD background satisfy BQCD < S would require the
probability of misidentifying a gluon as a τ lepton to be
Pg/τ < 1/1500.
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Fig. 3. Central Higgs production
with double-diffractive dissociation
(CDD), in which the incoming pro-
tons dissociate into systems with
transverse energies E⊥

i

For the four b jet signals of the heavy H2 and H3 bosons,
theQCDbackground canbe suppressedby requiring each of
the four b jets to have polar angle in the interval (45◦, 135◦),
in the frame where the four b jet system has zero rapidity.
However, in the absence of a good mass resolution, that
is, with only12 ∆M = 10 GeV, we expect the four b jet
background to be 3–5 times the signal. Nevertheless these
signals are still feasible, with cross sections of the order
of a few fb. For example, with an integrated luminosity of
L = 300 fb−1 and an efficiency of 4b-tagging of (0.6)2 [9],
we predict about 400 H2 events and 200 H3 events. Taking
the background-to-signal ratio to be B/S = 4, we then
have a statistical significance of about 10σ for H2 and 6σ
for H3.

The inclusive CDD kinematics allow a study of CP -
violation to be made, and of the separation of the contri-
butions coming from the scalar and pseudoscalar gg → H
couplings, gS and gP of (3), respectively. Indeed, the po-
larisations of the incoming active gluons are aligned along
their transverse momenta, Q⊥ −p⊥

1 and Q⊥ +p⊥
2 . Hence

the gg → H fusion vertices take the forms

VS = (Q⊥ − p⊥
1 ) · (Q⊥ + p⊥

2 )gS , (15)

VP = n0 · [(Q⊥ − p⊥
1 ) × (Q⊥ + p⊥

2 )]gP , (16)

where gS and gP are defined in (3).
For the exclusive (CEDP) process the momenta p⊥

1,2
were limited by the proton form factor, and typically Q2 �
p2
1,2. Thus

VS = gS Q2
⊥ while VP = gP (n0 · [p⊥

2 × p⊥
1 ]). (17)

On the contrary, for double-diffractive dissociation produc-
tion (CDD) Q2 < p2

1,2. In this case

VS = gS p⊥
1 p⊥

2 cosϕ and VP = gP p⊥
1 p⊥

2 sinϕ. (18)

Moreover we can select events with large outgoing trans-
verse momenta of the dissociating systems, say p⊥

1,2 >
7 GeV, in order to make reasonable measurements of the
directions of the vectors p⊥

1 = E⊥
1 and p⊥

2 = E⊥
2 . Here

E⊥
1,2 are the transverse energy flows of the dissociating

systems of the incoming protons. At LO, this transverse
energy is carried mainly by the jet with minimal rapidity
in the overall centre-of-mass frame. The azimuthal angular

12 However this resolution is still sufficient to separate the H2

and H3 bosons.

Table 3.The coefficients in the azimuthal distribution dσ/dϕ =
σ0(1 + a sin 2ϕ + b cos 2ϕ), where ϕ is the azimuthal angle
between the E⊥ flows of the two proton dissociated systems.
If there were no CP -violation, then the coefficients would be
a = 0 and |b| = 1

M(H1) GeV 30 40 50
a b a b a b

H1 −0.53 −0.73 −0.56 −0.55 −0.53 −0.33
H2 0.44 0.90 0.41 0.91 0.37 0.92
H3 −0.38 0.92 −0.40 0.91 −0.42 0.90

distribution has the form13

dσ

dϕ
= σ0(1 + a sin2ϕ + b cos2ϕ), (19)

where the coefficients are given by

a =
2Re(gSg∗

P )
|gS |2 + |gP |2 and b =

|gS |2 − |gP |2
|gS |2 + |gP |2 . (20)

Note that the coefficient a arises from scalar–pseudoscalar
interference, and reflects the presence of a T -odd effect. Its
observation would signal an explicit CP -violating mixing
in the Higgs sector. On the other hand, in the absence
of CP -violation, the sign of the coefficient b reveals the
CP -parity of the new boson14.

The predictions for the coefficients are given in Table 3
for different values of the Higgs mass, namely MH1 = 30,
40 and 50 GeV. The coefficients are of appreciable size and,
given sufficient luminosity, may be measured at the LHC.
Imposing the cuts E⊥

i > 7 GeV reduces the cross sections
by about a factor of two, but does not alter the signal-
to-background ratio, S/BQCD. However the cuts do give
increased suppression of the QED ττ background and now,
for the light H1 boson, the ratio S/BQED exceeds one. We
emphasise here that, since we have a relatively large E⊥,
the angular dependences are quite insensitive to the soft
rescattering corrections.

7 Conclusions

Wehave evaluated the cross sections, and the corresponding
backgrounds, for the central double-diffractive production
of the (three neutral) CP -violating Higgs bosons at the
LHC. This scenario is of interest since even a very light

13 In the CP -conserving case, an idea similar in spirit was
considered in [27], where it was suggested to measure the az-
imuthal correlations of the two tagged jets in inclusive Higgs
production. However the proof of the feasibility of such an ap-
proach in non- diffractive processes requires further detailed
studies of the possible dilution of the effect due to the parton
showers in the inclusive environment of the jets.
14 Note that we may search for any new pseudoscalar boson
produced by the CDD process by looking for the corresponding
azimuthal distribution, dσ/dϕ ∼ sin2ϕ.
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boson of mass about 30 GeV is not experimentally ruled
out for some ranges of the MSSM parameters.

We have studied the production of the three states,
H1, H2, H3, both with exclusive kinematics, pp → p+H+p
which we denoted CEDP, and in double-diffractive reac-
tions where both the incoming protons may be destroyed,
pp → X +H +Y which we denoted CDD. Recall that a +
sign denotes the presence of a large rapidity gap. Proton
taggers are required in the former processes, but not in the
latter. Typical results are summarised in Tables 1 and 2,
respectively. The cross sections are not large, but should
be accessible at the LHC. The uncertainties in the calcula-
tion of the exclusive cross sections were discussed in [8,17].
For the light H1 boson, where the contribution from the
low Q⊥ region is more important, the uncertainty is much
larger. Recall that for the semi-inclusive CDD processes
the effective gluon–gluon (ggPP ) luminosity is calculated
using the LO formula. Thus we cannot exclude rather large
NLO corrections. On the other hand, for CDD, the values
of the cross sections are practically insensitive to the con-
tributions from the infrared domain. Moreover, with the
skewed CDD kinematics, the NLO BFKL corrections are
expected to be much smaller than in the forward (CEDP)
case. So we may expect an uncertainty of the predictions
to be about a factor of 3 to 4, or even better.

It would be very informative to measure the azimuthal
angular dependence of the outgoing proton systems, for
both the CEDP and CDD processes. Such measurements
would reveal explicitly any CP -violating effect, via the
interference of the scalar andpseudoscalar gg → H vertices.

Finally, we recall the advantages of diffractive, as com-
pared to the non-diffractive, production of Higgs bosons:
(i) a much better mass Higgs resolution is obtained by the
missing mass method for exclusive events;
(ii) a clean environment, which may be important to iden-
tify four b jets with transverse momenta pT ∼ MH1/2 ∼
20 GeV (for the non-diffractive process, at the LHC energy,
the QCD backgroud may be too large);
(iii) a possibility to measure the CP -property of the Higgs
boson and to detect CP -violation (note that the asym-
metries Abb̄ and Aττ are explicit manifestations of CP -
violation at the quark level). Next, assuming that P and
C parities are conserved,
(iv) the existence of the P -even, Jz = 0 selection rule for
LO central exclusive diffractive production, which means
that we observe an object of natural parity (most proba-
bly 0+); the analysis of the azimuthal angular distribution
of the outgoing protons may give additional information
about the spin of the centrally produced object [8];
(v) in addition we know that an object produced by the
diffractive process (that is, by pomeron–pomeron fusion)
has positive C-parity, is an isoscalar and a colour singlet15.

15 An instructive topical example, which illustrates the power
of CEDP as a spin-parity analyser, concerns the determination
of the quantum numbers of the recently discovered X(3872)
resonance [28]. Knowledge of its C-parity is important to un-
derstand its nature. If it is a C = +1 state with spin-parity
0+ or 2+ then it may be even seen in CDD production with a
large rapidity gap on either side of its J/ψ π+π− decay. For-

The properties listed above should help to distinguish
the H2 and H3 four-jet decay channels from the production
of a SUSY particle, followed by a “cascade”-like decay. In
our view, this study gives further support to the importance
of observing forward particles and of the advantages of
installing proton taggers.
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