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Abstract. Fermiophobic Higgs bosons (hf) exhibiting large branching ratios for decay to two photons can
arise in models with two or more scalar doublets and/or triplets. In such models the conventional production
mechanisms at hadron colliders, which rely on the hfV V coupling (V =W,Z), may be rendered ineffective
due to severe mixing angle suppression. In this scenario, double hf production may proceed via the com-
plementary mechanism qq′→H±hf with subsequent decay H

±→ hfW
∗, leading to events with up to four

photons. We perform a simulation of the detection prospects of hf in the multi-photon (> 3) channel at the
Fermilab Tevatron and show that a sizeable region of the (mH± ,mhf) parameter space can be probed during
Run II.

1 Introduction

Neutral Higgs bosons with very suppressed couplings to
fermions – “fermiophobic Higgs bosons” (hf) [1] – may
arise in specific versions of the two Higgs doublet model
(2HDM) [2, 3] or in models with Higgs triplets [4, 5]. Such
a hf would decay dominantly to two photons, hf→ γγ, for
mhf < 95 GeV or to two massive gauge bosons, hf→ V V

(∗),
(V =W±, Z) for mhf > 95 GeV [6, 7]. The large branching
ratio (BR) for hf→ γγ would provide a very clear experi-
mental signature, and observation of such a particle would
strongly constrain the possible choices of the underlying
Higgs sector [6–12].
Experimental searches for hf at LEP and the Fermilab

Tevatron have been negative so far. Mass limits have been
set in a benchmark model which assumes that the coup-
ling hfV V has the same strength as the standard model
(SM) Higgs coupling V V φ0, and that all fermion BRs are
exactly zero. Lower bounds of the order mhf

>
∼ 100GeV

have been obtained by the LEP Collaborations OPAL [13],
DELPHI [14, 15], ALEPH [16], and L3 [17, 18], utilizing the
channel e+e−→ hfZ, hf→ γγ. At the Tevatron Run I, the
limits on mhf from the DØ and CDF Collaborations are
respectively 78.5GeV [19] and 82GeV [20] at 95% C.L.,
using the mechanism qq′→ V ∗→ hfV , hf→ γγ, with the
dominant contribution coming from V =W±. For an inte-
grated luminosity of 2 fb−1, Run II will extend the coverage
of mhf in the benchmark model slightly beyond that of
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LEP [21, 23]. In addition, Run II will be sensitive to the
region 110GeV <mhf < 160GeV and BR(hf→ γγ)> 4%
which could not be probed at LEP. A preliminary search
in the inclusive 2γ+X channel has been performed with
190 pb−1 of Run II data [24].
However, the hfV V coupling in a specific model could

be suppressed relative to the φ0V V coupling by a mixing
angle, leading to aweakening of the abovemass limits. If this
suppression were quite severe (hfV V/φ

0V V < 0.1) a very
light hf (mhf � 100GeV) would have eluded the searches
at LEP and the Tevatron Run I in production mechan-
isms which rely upon the hfV V coupling. Therefore it is
of interest to consider other production mechanisms for hf
which may allow for observable rates if the hfV V coupling
is suppressed. Since the couplings hfV V and hfV H (where
H is another Higgs boson in the model) are complemen-
tary, two LEP Collaborations, i.e. OPAL [13] and DEL-
PHI [14, 15], also searched for fermiophobic Higgs bosons in
the channel e+e−→ A0hf, and ruled out the region mA+
mhf < 160GeV. However, a very lightmhf < 50 GeV is still
possible ifmA is sufficiently heavy.
An alternative production mechanism which also de-

pends on the complementary hfV H coupling is the pro-
cess qq′→H±hf [25, 26]. Such a mechanism is exclusive
to a hadron collider and can offer promising rates at the
Tevatron Run II, provided that H± is not too far above
its present mass bound mH± > 90 GeV. This alternative
experimental signature depends on the decays of H±. In
fermiophobic models the decay H±→ hfW (∗) can have
a larger BR than the conventional decaysH±→ tb, τν [27,
28], which leads to double hf production.
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In this paper we analyze the inclusive production of
multi-photon (3γ’s or 4γ’s) final states at the Tevatron
RUN II via the mechanism

pp̄→ hfH
±→ hfhfW

±→ γγγ(γ)+X .

In the 2HDM the multi-photon signature arises in the pa-
rameter spacemhf

<
∼90GeV,mH±

<
∼200GeV, and tanβ >

1. In this region, BR(hf→ γγ)∼ 1 and BR(H±→ hfW ∗±)
∼ 1, leading to a 4γ+leptons or jets signature. The multi-
photon signature has the added virtue of being extremely
clean concerning the background contamination, in con-
trast to the conventional searches for single hf production
in the channels γγ+V and γγ+X. In the present work
we show that the multi-photon signal can be observed
in a large fraction of the mhf ⊗mH± plane at the Teva-
tron RUN II. In fact, at 3σ level of statistical significance,
the RUN II will be able to exclude Higgs masses up to
mH±

<
∼240GeV for very light mhf , or mhf

<
∼100GeV for

mH± ≈ 100GeV.
Our work is organized as follows. In Sect. 2 we give

a brief introduction to fermiophobic Higgs bosons, exhibit-
ing the main decay channels of hf and H

±. The possible
fermiophobic Higgs production mechanisms and respective
signatures are described in Sect. 3.We present our analyses
in Sect. 4, and Sect. 5 contains our conclusions.

2 Fermiophobic Higgs bosons

In this section we briefly review the properties of hf. For
a detailed introduction we refer the reader to [7, 10–12].
Fermiophobia can arise in (i) 2HDM (Model I) and (ii)
Higgs triplets models.
In (i) the imposition of a discrete symmetry together

with a vanishing mixing angle ensures exact fermiophobia
at tree level. In (ii), gauge invariance forbids any coupling
of hf to quarks while lepton couplings are strongly con-
strained by neutrino oscillation data and lepton flavor vio-
lation experiments, resulting in approximate fermiophobia
at tree level.

2.1 2HDM (Model I)

If Φ1 and Φ2 are two Higgs SU(2) doublets with hyper-
charge Y = 1, the most general SU(2)×U(1) gauge invari-
ant scalar potential is [29]

V =m211Φ
†
1Φ1+m

2
22Φ

†
2Φ2−

(
m212Φ

†
1Φ2+h.c.

)

+ 12λ1
(
Φ†1Φ1

)2
+ 12λ2

(
Φ†2Φ2

)2
+λ3

(
Φ†1Φ1

)(
Φ†2Φ2

)

+λ4
(
Φ†1Φ2

)(
Φ†2Φ1

)
+

{
1
2λ5

(
Φ†1Φ2

)2

+
[
λ6

(
Φ†1Φ1

)
+λ7

(
Φ†2Φ2

)]
Φ†1Φ2+h.c.

}
. (1)

If the discrete symmetry Φ1→−Φ1 is imposed, the cou-
plings obey λ6 = λ7 = 0. However, the term proportional

to m212 can remain as a soft violation of the above discrete
symmetry and still ensure that Higgs-mediated tree-level
flavor changing neutral currents are absent [3]. Note that
the above 2HDM potential contains one more free param-
eter than those studied in [11, 12].
The potential in (1) breaks SU(2)L×U(1)Y down to

U(1)em when the two Higgs doublets acquire vacuum ex-
pectation values

〈Φ1〉=
1
√
2

(
0
v1

)
, 〈Φ2〉=

1
√
2

(
0
v2

)
, (2)

which must satisfy the experimental constraint m2Z =
1
2 (g

2+g′2)(v21+v
2
2)≈ (91 GeV)

2. The minimization condi-
tions that define the vacuum expectation values in terms of
the parameters of the potential (λ6 = λ7 = 0) are

t1 =m
2
11v1−m

2
12v2+

1
2λ1v

3
1+

1
2 (λ3+λ4+λ5)v1v

2
2 = 0,

t2 =m
2
22v2−m

2
12v1+

1
2λ2v

3
2+

1
2 (λ3+λ4+λ5)v

2
1v2 = 0,

(3)

from whichm211 and m
2
22 can be solved in favor of m

2
Z and

tanβ ≡ v2/v1.
The neutral CP -odd Higgs mass matrix is, after using

the minimization conditions,

M2A =

(
m212tβ−λ5v

2s2β −m212+λ5v
2sβcβ

−m212+λ5v
2sβcβ m212/tβ−λ5v

2c2β

)
(4)

and is diagonalized by a rotation in an angle β. We define
sβ = sinβ, cβ = cosβ, and tβ = tanβ.M

2
A has a zero eigen-

value corresponding to the neutral Goldstone boson while
its second eigenvalue is the mass of the physical CP -odd
Higgs boson A,

m2A =
m212
sβcβ

−λ5v
2 , (5)

with v2 = v21+ v
2
2. The charged Higgs mass matrix is given

by

M2
H±
=(
m212tβ−

1
2 (λ4+λ5)v

2s2β −m
2
12+

1
2 (λ4+λ5)v

2sβcβ
−m212+

1
2 (λ4+λ5)v

2sβcβ m212/tβ−
1
2 (λ4+λ5)v

2c2β

)
,

(6)

which also is diagonalized by a rotation in an angle β. It has
a zero eigenvalue corresponding to the charged Goldstone
boson, and the charged Higgs mass is

m2H± =m
2
A+
1

2
(λ5−λ4)v

2 . (7)

Here we see that the charged and the CP -odd Higgs masses
are independent parameters, as opposed to supersymme-
try, where the mass squared difference is equal to m2W at
tree level.
The neutral CP -even Higgs mass matrix is given by

M2H0 =(
m2As

2
β +λ1v

2c2β −m2Asβcβ +(λ3+λ4)v
2sβcβ

−m2Asβcβ +(λ3+λ4)v
2sβcβ m2Ac

2
β +λ2v

2s2β

)

(8)
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and the two eigenvalues are the masses of the neutral CP -
even Higgs bosons h and H. It is diagonalized by an angle
α defined by

sin 2α= [
−m2A+(λ3+λ4)v

2
]
s2β√[

m2Ac2β−λ1v
2c2β+λ2v

2s2β

]2
+[m2A− (λ3+λ4)v

2]
2
s22β

.

(9)

Fermiophobia is caused by imposing the mentioned dis-
crete symmetry Φ1→−Φ1 which forbids Φ1 coupling to
the fermions. This model is usually called “Type I” [2].
However, fermiophobia is erased due to the mixing in the
CP -even neutral Higgs mass matrix, which is diagonalized
by the mixing angle α, when both CP -even eigenstates h0

andH0 acquire a coupling to the fermions.
The fermionic couplings of the lightest CP -even Higgs

h0 take the form h0ff ∼ cosα/ sinβ, where f is any
fermion. Small values of cosα would strongly suppress the
fermionic couplings, and in the limit cosα→ 0 the coupling
h0ff would vanish at tree level, giving rise to fermiopho-
bia. This is achieved if

m2A = (λ3+λ4)v
2 . (10)

Despite this extra constraint, the parameters mA, mH±
and tanβ are still independent parameters in this model.
However, at the one-loop level, Higgs boson couplings

to fermions receive contributions from loops involving vec-
tor bosons and other Higgs bosons,

∼
1

16π2
(gmW )

(
g2

8

)
mfC0(m

2
h, 0, 0; 0,m

2
W ,m

2
W ) ,

where we have naively estimated the contribution of the
loop with the Passarino–Veltman function C0. To get an
order of magnitude of the correction we approximate C0 ∼
1/m2h, as expected in the limit of large Higgs mass, and
compare this correction with the tree-level vertex in the
SM gφ0ff ∼ gmf/2mW . We find

∆ghff
gφ0ff

∼
g2

64π2

(
mW

mh

)2
. (11)

This estimation is also applicable ifmh
<
∼mW replacingmh

by mW . This is a very small correction. Nevertheless, we
note that the proper renormalization of the φ0ff̄ vertex in-
volves a counterterm that has to be taken into account. It
is conventional to define an extreme hf in which all BRs
to fermions are set to zero. This gives rise to benchmark
BRs which are used in the current searches to set limits
onmhf .

2.2 Higgs triplet models

Fermiophobia (or partial fermiophobia) can arise for scalar
fields in isospin I = 1 triplet representations. Gauge in-
variance forbids any couplings of the triplet fields (χ) to
quarks. For hypercharge Y = 2 triplets, the neutral Higgs
fieldχ0 can couple to leptons (νν) via the followingYukawa
type interaction [30]:1

hijψ
T
iLCiτ2,∆ψjL+h.c. (12)

Here hij (i, j = 1, 2, 3) is an arbitrary coupling, C is the
Dirac charge conjugation operator, ψiL = (νi, li)

T
L is a left-

handed lepton doublet, and ∆ is a 2×2 representation of
the Y = 2 complex triplet fields:

∆=

(
χ+/
√
2 χ++

χ0 −χ+/
√
2

)
. (13)

The interaction described in (12) has the virtue of be-
ing able to provide neutrino masses and mixings consis-
tent with current neutrino oscillation data without in-
voking a right-handed neutrino. If the real part of the
neutral triplet field χ0r acquires a vacuum expectation
value (VEV) 〈χ0r〉 = b, the following Majorana mass ma-
trix (mij) for neutrinos is generated:

mij =
√
2hijb . (14)

Neutrino oscillation data constrain the product hijb, while
hij is constrained directly by lepton flavor violating pro-
cesses involving µ and τ , e.g. µ→ eγ, µ→ eee [31, 32].
Hence it is clear that χ0 is partially fermiophobic, with
a small coupling to neutrinos.
We will consider the Higgs triplet model (HTM) of [4, 5]

in which a complex Y = 2 triplet (∆) and a real Y = 0
triplet (ξ+, ξ0, ξ−) are added to the SM Lagrangian. The
HTM preserves ρ = 1 at tree level if the VEV’s of both
the neutral members are equal: 〈χ0〉= 〈ξ0〉= b. Taking the
VEV of the Higgs doublet 〈Φ0〉= a, one has the following
expression formW :

m2W =
1

4
g2(a2+8b2)≡

1

4
g2v2 (15)

where v2 = 2462GeV2. It is convenient to define a doublet–
triplet mixing angle analogous to tanβ in the 2HDM:

sin θH =

[
8b2

a2+8b2

]1/2
. (16)

In the HTM the physical Higgs boson mass spectrum is
as follows (in the notation of [33]):

H±±5 ,H
±
5 ,H

0
5 ,H

±
3 ,H

0
3 ,H

0
1 ,H

0′

1 . (17)

The first five scalars are mass eigenstates, while the latter
two can mix in general; see below. H01 plays the role of the

1 Note that there is no such interaction for Y = 0 triplets,
which are rendered fermiophobic as a consequence of gauge
invariance.
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SM Higgs boson and is composed of the real part of the
neutral doublet field. The eigenstate H0

′

1 is entirely com-
posed of triplet fields and is given by

H0
′

1 =
1
√
3

(√
2χ0r+ ξ0

)
. (18)

From the theoretical point of view, the size of the triplet
VEV b is only constrained by the requirement that the dou-
blet VEV a is sufficiently large to allow for a perturbative
top quark Yukawa coupling. However, experimental con-
straints on sin θH can be obtained by considering the effect
of H±3 on processes such as b→ sγ, Z → bb and B–B mix-
ing [34, 35]. Since H±3 has identical fermionic couplings to
that of H± in the 2HDM (Model I) with the replacement
cotβ→ tan θH, one can derive the bound sin θH ≤ 0.4.
In (18) the χ0r component in H0

′

1 couples to νν via the
hij coupling. One can see from (14) that the decay H

0′

1 →
γγ, mediated by W loops proportional to b, will dominate
overH0

′

1 → νν if b is of the order of a few GeV. ThusH
0′

1 is
a candidate for a hf, with BR(H

0′

1 → γγ) essentially equal
to that of the benchmark hf model. However, in generalH

0
1

and H0
′

1 mix through the following mass matrix written in
the (H01 ,H

0′

1 ) basis [33]:

M=

(
8c2H(λ1+λ3) 2

√
6sHcHλ3

2
√
6sHcHλ3 3s

2
H(λ2+λ3)

)
v2 . (19)

Here λi are dimensionless quartic couplings in the Higgs
potential and sH = sin θH, cH = cos θH. The assumption
that the λi couplings are roughly the same order of mag-
nitude together with the imposition of the bound sH < 0.4
results in very small mixing [36]. Moreover, H0

′

1 would be
the lightest Higgs boson in the HTM limit of small sH, as
stressed in [37]. In this paper we will study the production
process qq′→H±3 H

0′

1 , assuming thatH
0′

1 is a fermiophobic
Higgs with BRs equivalent to the benchmark hf model.

2.3 Fermiophobic Higgs boson branching ratios

For the sake of illustration, we depict in Fig. 1 the branch-
ing ratios of a fermiophobic Higgs boson hf into V V where
V can be either aW , Z or γ. In this figure we assumed that
the hf couplings to fermions are absent and that hf→ γγ is
mediated solely by aW boson loop,

giving rise to the following hf branching ratio into two pho-
tons:

Γ (hf→ γγ) =
α2g2

1024π3
m3hf
m2W
|F1 cosβ|

2 , (20)

with F1 = F1(τ), τ = 4m
2
W/m

2
hf
, a function given in [3]. We

Fig. 1. Branching ratios of the largest decay modes of a fermio-
phobic Higgs boson assuming exact fermiophobia at tree level.
The branching ratio into γγ equals theW ∗W ∗ mode for mhf ≈
90 GeV and drops to 20% for mhf = 100 GeV

remind the reader that the hfWW coupling normalized to
the SM φ0WW coupling satisfies sin(β−α)→ cosβ in the
fermiophobic limit.
This gives rise to benchmark BRs which are used in the

ongoing searches to derive mass limits onmhf . In practice,
hf→ γγ can also be mediated by charged scalar loops: H±

in the 2HDM [11, 12] and H±3 ,H
±
5 ,H

±±
5 in the HTM [38].

Although such contributions are suppressed relative to the
W loops by a phase space factor, they can be import-
ant if the mixing angle suppression for the hfWW coup-
ling (cosβ) is quite severe i.e. the scenario of interest in
this paper. In our numerical analysis we will assume the
benchmark BRs given in Fig. 1. One can see from the fig-
ure that the loop induced decay mode hf→ γγ is domin-
ant for mhf

<
∼95GeV and drops below 0.1% for hf masses

above 150GeV. On the other hand, the decay channel
hf→W ∗W ∗ dominates for mhf

>
∼95 GeV, being close to

100% until the threshold for hf decay into two real Z’s is
reached.

2.4 The decay H�→ hfW �

The experimental signature of the process qq′→H±hf de-
pends on the decay modes of H±. If H± decays to two
fermions, then the signal would be of the type, γγ+X,
which is essentially the same as that assumed in the in-
clusive searches. However, crucial to our analysis is the
fact that the decay H±→ hfW ∗ may have a very large
BR [27] in the 2HDM (Model I). This is because the de-
cay width to the fermions (H±→ f ′f) scales as 1/ tan2 β.
A similar behaviour occurs in the HTM [28] for the decay
H±3 →H

0′

1 W
∗ with the replacement 1/ tan2 β→ tan2 θH.

Thus in the region of tanβ > 10 (or small sin θH) the
fermionic decays of H± are depleted. This enables the de-
cayH±→ hfW ∗ (H

±
3 →H

0′

1 W
∗) to become the dominant

channel even if the mass difference mH± −mhf is much
less thanmW . In Fig. 2 we show the branching ratios of the
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Fig. 2. The charged Higgs boson branching ratios into fermions τντ (green/dotted), tb (red/dashed), cs (blue/dot-dashed), and cb
(magenta/solid), andW ∗hf (black/solid) as a function of the charged Higgs boson mass for two different tanβ and fermiophobic
Higgs mass values

charged Higgs boson into fermions and hfW
∗ as a function

ofMH± for several values of tanβ andmhf . From the right
panels we see that in the large tanβ regime the fermionic
decays are indeed suppressed. Moreover, we also see that
for light fermiophobic Higgs bosons, where aW boson can
be produced on its mass shell, the decay H±→W±hf is
essentially 100% for any tanβ. On the other hand, for heav-
ier fermiophobic Higgs bosons, the fermionic decays can be
the preferred decay channels mainly for small tanβ.

3 Phenomenology of hf at hadron colliders

3.1 hf production via the V V hf coupling

Current searches at the Tevatron assume that production
of hf proceeds via the V V hf coupling (V =W,Z) that
originates from the kinetic part of the Lagrangian. Run I
searches utilized the process qq′→ V hf giving a signature
of a γγ and a vector boson [19, 20]. The preliminary Run II
search is for inclusive γγ [24] and is therefore sensitive to
both qq′→ V hf and the subdominant vector boson fusion
qq′→ hfqq [21]. Note that gg→ hf via a fermion loop does
not contribute to hf production.

In the 2HDM (Model I) the strength of the V V hf coup-
ling relative to the SM coupling V V φ0 is given by

V V hf ∝
1√

1+tan2 β
. (21)

Hence the production mechanism qq→ V ∗→ V hf can be
rendered completely ineffective for tanβ > 10. In the HTM
the fermiophobic Higgs boson has a coupling size relative
to V V φ0 given by

V VH0
′

1 ∝
2
√
2

√
3
sH . (22)

In direct analogy to the large tanβ case of the 2HDM
(Model I), a small sH would suppress the coupling V V H

0′

1

and consequently deplete the hfV production. Hence it is
of concern to consider other production mechanisms which
are unsuppressed in the above scenario.

3.2 Associated hf production with H�

and the multi-photon signature

The production mechanism qq′→H±hf is complementary
to that of qq′→ V hf. This can be seen immediately from
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the explicit expressions for the couplings. In the 2HDM
(Model I) one has

V H±hf ∝
tanβ√
1+tan2 β

, (23)

while in the HTM

VH±H0
′

1 ∝
2
√
2

√
3
cH . (24)

Hence the above couplings are unsuppressed in the re-
gion of the parameter space where the standard production
mechanism qq′→ V hf becomes ineffective. The larger co-
efficient for the V H±3 H

0′

1 coupling is a consequence of the
quantum number (I, Y ) assignments in the HTM.
To date complementarymechanisms have not been con-

sidered in the direct fermiophobic Higgs searches at the
Tevatron. As emphasized in [25, 26] a more complete search
strategy for hf at hadron colliders must include such pro-
duction processes in order to probe the scenario of fermio-
phobic Higgs bosons with a suppressed coupling hfV V . In
the HTM one expects H0

′

1 to be the lightest Higgs boson
for small sin θH, which further motivates a search in the
complementary channel qq′→H±3 H

0′

1 .
The experimental signature arising from the comple-

mentary mechanism qq′→H±hf depends on theH± decay
channel. In a large fraction of the parameter space where
the complementary mechanism qq′→H±hf is important,
theH± decay is dominated byH±→ hfW ∗. Consequently,
this scenario would give rise to double hf production, with
subsequent decay of hfhf→ γγγγ, V V γγ and V V V V . For
light hf (mhf

<
∼90 GeV), the signal γγγγ would dominate,

as discussed in [27] at LEP, in [25] for the Tevatron Run II
and [26] at the LHC and the Linear Collider. More specific-
ally, the multi-photon signature arises in the portion of the
parameters space where mhf

<
∼90 GeV, mH±

<
∼ 200GeV,

and tanβ > 1 in the 2HDMModel I framework. In that re-
gion, BR(hf→ γγ)∼ 1 and BR(H±→ hfW ∗±)∼ 1 as well,
leading to a 4γ+leptons or jets signature.

Fig. 3. Total production cross sections times branching ratios of hf→ γγ and H
±→W±hf for pp̄→ hfH

±→ hfhf+W
±→

γγγγ+W± before cuts at the Tevatron Run II in femtobarns. The values of tanβ and mH± are as indicated in the figure

As explained in [25], processes other than qq′→H±hf
could give rise to a 4γ+X signal. One such mechanism
is qq̄→A0hf, where A0 is the heavy neutral pseudoscalar
decaying A0→ hfZ∗. However, LEP already searched for
e+e−→ hfA0 and set the boundmhf+mA > 160GeV [13].

Thus any contribution from qq→A0hf will be phase space
suppressed relative to that originating from qq′→H±hf.
A similar argument applies to the production of a pair of
charged Higgs bosons and its subsequent decay into hfV

∗

pairs, i.e. qq̄→ Z∗, γ∗→H+H−→ hfhfW+W− which is
phase space suppressed at Tevatron energies (2mH± >
180GeV from direct H± searches). In the minimal su-
persymmetric model the total rates for H+H− produc-
tion are enhanced in the large tanβ regime through the
Yukawa couplings of Higgs bosons to bottom quarks [39],
however in the 2HDM (Model I) and HTM, these Yukawa
couplings are suppressed. The LHC would probably have
much better prospects in these additional channels if all
the above pair productionmechanisms were combined with
the H±hf associated production in a fully inclusive multi-
photon search. Since our analysis for the Tevatron we will
focus on qq′→H±hf, which provides the best search po-
tential for the very light hf region because the phase space
constraint (mH± +mhf > 100GeV) is the least restrictive
of the Higgs pair production mechanisms.

4 Multi-photon signal analyses

We now present our analysis for the inclusive production of
multi-photon final states which may or may not be accom-
panied by extra leptons and/or jets, i.e. the reaction

pp̄→ hfH
±→ hfhfW

±→ γγγγ+X ,

at the Tevatron Run II. We focus our attention on two in-
clusive final states; (i) at least three photons (> 3γ) and (ii)
four photons (4γ). Only the “1-prong” tau lepton decays
were considered.
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Fig. 4. Normalized transverse energy distributions (in GeV) of photons for two different charged Higgs boson masses and three
different fermiophobic Higgs masses. The vertical solid lines indicate the EγT cut in (25)

Fig. 5. Normalized rapidity distributions of photons for two different charged Higgs boson masses and three different fermiopho-
bic Higgs masses. The vertical solid lines indicate the ηγ cut of (25)

In our analysis we evaluated the signal and standard
model backgrounds at the parton level. We calculated the
full matrix elements using the helicity formalism with the
help of Madevent [40, 41]. We employed CTEQ6L1 parton
distributions functions [42] evaluated at the factorization

scale QF =
√
ŝ, where

√
ŝ is the partonic center-of-mass

energy. Although QCD corrections increase the tree-level
cross section by a factor of around 1.3 [43], we shall present
results using the tree-level cross sections only. Moreover we
included momenta smearing effects as given in [19, 44–46]
and a detection efficiency of 85% per photon.
We present in Fig. 3 the total signal cross section times

the branching ratios of H±→ hfW± and hf→ γγ for the
complementary process qq′→H±hf; these results were ob-
tained without cuts and detection efficiencies. In the left
(right) panel we present the 4γ production cross section be-
fore cuts as a function of mhf for three different values of
mH± and tanβ = 3 (30). In the left panel, where tanβ = 3,
the upper curve (mH± = 100GeV) shows the strongest ef-
fect of the phase space suppression of the decay H±→
W ∗hf formhf

>
∼60 GeV. This cross section reduction can be

partially compensated by the increase in tanβ as shown in

the right panel. From the figure it is evident that this pro-
cess will produce a large number of events before cuts over
a large fraction of the parameter space.
Potential SM backgrounds for the multi-photon signa-

ture of fermiophobic Higgs bosons are (i) the three and four
photon production pp̄→ γγγ(γ), (ii) three photons and
aW production pp̄→ γγγW , and (iii) the associated pro-
duction of two or three photons and a jet where the latter
is misidentified as a photon pp̄→ γγ(γ)j(→ γ+X).
We verified that after cuts and taking into account

a P (j → γ) = 4×10−4 [44–46] photon misidentification
probability the total SM background amounts to 3.8 events
for an integrated luminosity of 2 fb−1. Therefore the com-
plementary process for the fermiophobic Higgs search has
the great advantage of being extremely clean for a large
portion of the 2HDM and HTM parameter space.2 In con-
trast, the ongoing search for inclusive γγ+X [24] suffers
from a sizeable background originating from QCD jets
faking photons. For the exclusive channel (γγ+V ) the

2 After completion of this work, preliminary results for
a search in the triphoton channel have been released by the
CDF Collaboration [47].
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Fig. 6. Normalized cone variable distributions between two photons (upper panels), a photon and a charged particle or jet (lower
panels) for the same parameter used in Fig. 4. The vertical solid lines indicate the ∆R cuts in (26)

Fig. 7. The photon–photon
invariant mass spectrum for
mH± = 150 GeV, mhf = 30,
50, 70 GeV, and mH± =
140 GeV,mhf = 90GeV at the
upper left, upper right, bottom
left , and bottom right panels,
respectively. Also shown are
the sum of all backgrounds
consisting of 3γ +X final
states. In these plots we en-
tered the invariant mass of all
photon pairs’ possible com-
binations. In all cases we set
tan β = 30
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background is considerably smaller but still not negligi-
ble [19, 20].

4.1 Searches at the Tevatron Run II

The multi-photon topology is privileged concerning the
level of background, which is small in the SM after mild
cuts. Consequently, we imposed a minimum set of cuts on
the final state particles, in order to guarantee their identi-
fication and isolation. Further studies could optimize the
search strategy. We required the events to possess cen-
tral photons with enough transverse energy to assure their
proper identification

EγT > 15GeV , |η
γ |< 1.0 , (25)

and isolated from the other particles in the final state (X =
charged lepton or jet) with a transverse energy in excess of
5 GeV

∆Rγγ > 0.4 , ∆RγX > 0.4 . (26)

Notice that the high pT central photons is enough to guar-
antee the trigger of these events [44–46]. These cuts are
very effective against the backgrounds from continuous
γγγ+X production which occur mainly through photon
and gluon bremsstrahlung emission from initial and/or fi-
nal state quarks, and gluon splitting to collinear quarks.
We have checked that 4γ+X topologies give a negligible
contribution after imposing the cuts.
In order to understand the effect of these cuts on the sig-

nal we studied some kinematical distributions. We present
in Fig. 4 the normalized transverse energy distribution of
the final state photons for several values ofHiggsmasses and
tanβ = 30. As one can see, the EγT spectrum peaks around
<
∼mhf/2andthe spectrumat lowE

γ
Tdecreasesas the fermio-

phobicHiggsbecomesheavier.Wecanalso learnthat theEγT
distribution becomes harder as the charged Higgs mass in-
creases. Thus, the transverse energy cut in (25) attenuates
more the light fermiophobic Higgs signal.
Figure 5 contains the photon rapidity distribution for

the same parameters as used in Fig. 4. The rapidity dis-
tribution of the photons stemming from the fermiophobic
Higgs decay peaks around zero. However, there is a size-
able contribution from high rapidity photons. For heavier
charged Higgs bosons the rapidity distribution is more cen-
tral. The hardest cut that we applied is the requirement
that the absolute value of the photon rapidity be smaller
than unity, and its effect is rather insensitive to the neu-
tral Higgs mass. On the other hand, the separation cuts
in (26) have little effect on the signal cross section as shown
in Fig. 6, with perhaps the exception of very small fermio-
phobic Higgs masses. Notice that we did not introduce any
cut on the photon–photon invariant masses. Certainly if
a signal is observed the photon pair invariant mass will dis-
play a clear peak at mhf even after adding all the possible
photon pair combinations and backgrounds; see Fig. 7.
We display in Fig. 8 the region in the planemH± ⊗mhf

where at least a 3σ signal can be observed, exhibiting three
or more photons, in the framework of the 2HDM Model I

for an integrated luminosity of 2 fb−1. The statistical sig-
nificance σ is defined by σ = S/

√
B, where S(B) is the

number of signal (background) events after applying cuts
and efficiency factors.
A few comments are in order. First of all, the expected

number of events diminishes for small hf masses since fewer
events pass the EγT cut in (25) as can be seen from Fig. 4.
Secondly, the shape of the region presenting at least 3σ (5σ
or 10σ) significance in the large hf mass region is the re-
sult of a competition between the phase space suppression
of the cross section asmH± increases for fixedmhf and the
growth of theH±→W±hf branching ratio; see Fig. 2. Fur-
thermore, for a fixed number of events, the optimum reach
in mH± takes place for mhf � 30–40 GeV. This is a con-
sequence of the combined effects of cuts and phase space
suppression, as we have already discussed.

Fig. 8. Expected signal statistical significance presenting three
or more photons in the mH± ⊗mhf plane assuming an inte-
grated luminosity of 2 fb−1 at the Tevatron RUN II. We as-
sumed the 2HDM Model I and took tan β = 3 (30) in the upper
(lower) panel
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As one can see from the upper panel in Fig. 8, even in
the low tanβ region the reach of the Tevatron RUN II is
quite impressive in this scenario. If no events were observed
above the backgrounds at RUN II, a large fraction of the
mH± ⊗mhf plane would be excluded at the 3σ level. The
situation improves slightly for larger tanβ as can be seen
from the lower panel of Fig. 8. Importantly, the expected
number of events is rather large in the regionmhf

<
∼70 GeV

and mH±
<
∼150GeV, so that it will be possible to recon-

struct the hf mass from the photon–photon invariant mass
distribution; see Fig. 7. In Fig. 9 we show the region in the
mH± ⊗mhf plane giving rise to a statistical significance
> 3σ for integrated luminosities of 2,4 and 8 fb−1 for the
case of tanβ = 30. One can see that the discovery reach
can be considerably improved if cases with > 2 fb−1 are ac-
cumulated; e.g. for mhf = 30GeV the 3σ evidence extends
frommH± = 180GeV tomH± = 240GeV as the luminosity
increases from 2 fb−1 to 8 fb−1.
For comparison, we present in Fig. 10 the expected sig-

nal significance of events containing three or more photons
after cuts for the HTM. In our numerical analysis we take
cH = 1 as a benchmark value, and the signal significance
for other values of cH can be obtained by simply rescaling
the displayed numbers. From the bound sH < 0.4 one ob-
tains cH > 0.9. In the exact cH = 1 limit (i.e. triplet VEV
b = 0) the neutrinos would not receive a mass at tree level
(see (14)). Extremely small values, sH < 10

−9, would re-
quire non-perturbative values of hij to generate realistic
neutrinomasses.Weare interested in the interval 0.9< cH <
0.99 (corresponding toGeV scale triplet VEV) in whichH0

′

1
decays primarily to photons in the detector, and neutrino
mass is generatedwith a very small hij ∼ 10−10.
It is clear that a larger region of themhf⊗mH± param-

eter space can be probed in the HTM than in the 2HDM.
In fact, at the 3σ level RUN II will be able to exclude
Higgs masses up to mH±

<
∼240 GeV or mhf

<
∼100GeV. In

Fig. 9. The region in themH± ⊗mhf plane giving rise to a sta-
tistical significance > 3σ for integrated luminosities of 2,4 and
8 fb−1. We take tan β = 30 and assume the 2HDM Model I

Fig. 10. In the upper panel we display the expected signal sta-
tistical significance containing three or more photons in the
mH± ⊗mhf plane in the HTM framework, assuming an inte-
grated luminosity of 2 fb−1 at the Tevatron RUN II. In the
lower panel we display the expected number of events present-
ing four photons in themH± ⊗mhf plane for the 2HDMModel
I and assuming tan β = 30

order to understand the signal suppression if one requires
an inclusive state containing four photons to pass our cuts,
we present in Fig. 10 lower panel the expected number of
events for the 2HDM, assuming tanβ = 30 and an inte-
grated luminosity of 2 fb−1. As expected, not only the
reach inmH± gets reduced tomH±

<
∼150 GeV at 95%C.L.,

but also the low and high hf mass regions become substan-
tially depleted.

5 Conclusions

Higgs bosons with very suppressed couplings to fermions
(hf) can arise in various extensions of the standard model,
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such as the two Higgs doublet model (2HDM) Type I or
Higgs triplet model (HTM). Their conventional produc-
tion mechanism at hadron colliders qq′ →W±hf can be
severely suppressed by either a large tanβ or a small triplet
vacuum expectation value. In this scenario the complemen-
tary channel pp̄→H±hf is maximal and provides an al-
ternative production mechanism. We studied the reaction
qq′→H±hf followed by the potentially important decay
H±→ hfW ∗. We performed a Monte Carlo simulation of
the detection prospects for a light hf where the branch-
ing ratio into photon pairs is dominant, which gives rise to
multi-photon signatures with very low SM background.We
showed that if a signal containing at least three photons
is not seen at the Tevatron RUN II, then a large portion
of the mH± versus mhf plane can be excluded both in the
small and large tanβ regimes of the 2HDM. Conversely, if
a signal were observed then > 50 events are expected for
a light H± and hf, which would allow for further detailed
phenomenological studies.
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