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3 Physics Department, IIT Guwahati, Assam, 781039, India

Received: 31 August 2007 / Revised version: 30 November 2007 /
Published online: 26 January 2008 − © Springer-Verlag / Società Italiana di Fisica 2008

Abstract. The di-photon decay channel of the lightest Higgs boson is considered as a probe to explore CP
violation in the minimal supersymmetric standard model (MSSM). The scalar/pseudo-scalar mixing is con-
sidered along with CP violation entering through the Higgs–sfermion–sfermion couplings, with and without
light sparticles. The impact of a light stop on the decay width and branching ratio (BR) is established
through a detailed study of the amplitude of the process H1→ γγ. The other sparticles have little influence
even when they are light. With a suitable combination of other MSSM parameters, a light stop can change
the BR by more than 50% with a CP -violating phase φµ ∼ 90

◦, while the change is almost nil with a heavy
stop.

1 Introduction

Despite its success in describing the physics of elementary
particles there are strong hints that the standard model
(SM) is only an effective theory valid up to the TeV range,
and new physics is needed to explain particle dynamics
(much) beyond this energy scale. Among many others, su-
persymmetry (SUSY) is one of the most favoured scenarios
and will be explored in all possible ways at the upcom-
ing large hadron collider (LHC) at CERN. Furthermore,
one of the main tasks of the LHC is the search for Higgs
bosons, i.e. the determination of the underlying mechan-
ism of electro-weak symmetry breaking (EWSB). Preci-
sion measurements at CERN LEP and SLAC SLC prefer
a light Higgs particle, which is indeed predicted in SUSY
models. The scalar potential of the MSSM conserves CP
at tree level (for reviews, see [1–3]), because SUSY im-
poses an additional (holomorphic) symmetry on the Higgs
sector of a general two-Higgs doublet model that enforces
flavour conservation in tree-level neutral currents and the
absence of CP -violating scalar/pseudo-scalar mixing in
the Born approximation. Beyond tree level, the CP in-
variance of the Higgs potential may in principle be spon-
taneously broken by radiative corrections when the vac-
uum expectation values (VEVs) of the two Higgs doublets
develop a relative phase [4, 5]. According to the Georgi–
Pais theorem [6] though, this type of CP violation requires
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a very light Higgs state, which is essentially ruled out by
experiment [7–9].
On the other hand many new MSSM parameters can

well be complex and thus explicitly break CP invariance.
Beyond the Born approximation these new CP -violating
phases induce CP violation also in the Higgs sector [5, 10].
The possibly complex parameters include

(i) the higgsino mass term µ,
(ii) the soft SUSY-breaking gaugino masses Ma (a =

1, 2, 3),
(iii) the soft bilinear term Bµ and
(iv) the soft trilinear Yukawa couplings Af of the Higgs

particles to scalar fermions of flavour f .

In general, all of these new phases are independent. How-
ever, when imposing universality conditions at a unifica-
tion scale MGUT all the three gaugino masses Ma have
a common phase, as well as all the trilinear couplings Af
have another common phase, i.e., four independent phases
remain: those of µ, Bµ, Ma and Af . Furthermore, the two
U(1) symmetries of the conformal-invariant part of the
MSSM may be employed to re-phase one of the Higgs dou-
blet fields and the gaugino fields such thatMa and Bµ are
real [10, 11]. In this paper we will work within this setup
with two independent physical phases, which we take to be
arg(µ) = φµ and arg(Af ) = φAf .
The newCP -violating phases in theMSSM are severely

constrained by bounds on the electric dipole moments
(EDMs) of electron, neutron and the Hg atom. In order to
avoid problems with phases associated with the sfermions
of the first and second generations one may deviate from
exact universality and considerAf to be diagonal in flavour



130 S. Hesselbach et al.: Exploring the di-photon decay of a light Higgs boson in the MSSM with explicit CP violation

space with vanishing first and second generation cou-
plings [12]. In general, the constraints are rather model de-
pendent and there have been several suggestions [13–30] to
evade these constraints allowing large CP -violating phases
of O(1). One possibility is to arrange for partial cancella-
tions among various contributions to the EDMs [19–24].
In this scenario, it has recently been pointed out that for
large trilinear scalar couplingsAf , phases φµ ∼O(1) can be
compatible with the EDM bounds [25]. Another option is
to make the first two generations of scalar fermions rather
heavy, of order of a few TeV, so that the one-loop EDM
constraints are automatically evaded; however, two-loop
contributions of third generation scalar fermions may still
be large [12]. (A detailed analysis of the so-calledCPX sce-
nario with very heavy first and second generations squarks
is available in [26].) As a matter of fact, one can consider
so-called effective SUSY models [27–29] where decoupling
of the first and second generation sfermions is invoked to
solve the SUSY flavour changing neutral current (FCNC)
and CP problems without spoiling the naturalness condi-
tion. Furthermore, the restrictions on the phases may also
disappear if lepton flavour violating terms in the MSSM
Lagrangian are included [30]. In conclusion, this means
that large phases cannot be ruled out and therefore we ana-
lyse the full range 0◦ ≤ (φµ, φA)≤ 180◦ in the following.
The CP -violating SUSY phases can in principle be de-

termined directly in SUSY particles production and decay
at high energy colliders [10, 31–45] or indirectly via their
radiative effects on the Higgs sector [10, 34]. Here we fo-
cus on the di-photon decay mode, H1→ γγ, of the lightest
neutral Higgs bosonH1, which involves direct, i.e. leading,
effects of the SUSY phases through couplings of the H1 to
SUSY particles in the loops (see Fig. 1) as well as indirect,
i.e. sub-leading, effects through the scalar/pseudo-scalar
mixing yielding the Higgs mass eigenstate H1. The di-
photon decay mode is important for the study of CP -vio-
lating effects in the MSSM Higgs sector for two reasons.
On the one hand, it is the most promising channel for the
discovery of a light neutral Higgs state with mass between
80 and 130GeV at the LHC [46, 47]. On the other hand,
the coupling strength of the dominant CP -violating terms
of the di-photon decay width, which depend on µ and Af

Fig. 1. Diagrams for Higgs decay into γγ pairs in the CP -vio-
lating MSSM: f ≡ t, b, τ ; f̃ ≡ t̃1,2, b̃1,2, τ̃1,2

(with f = b, t, τ , hereafter) is of the same order, O(α3), as
that of the CP -conserving ones.
The entire gg/qq→H1→ γγ process can be factorised

exactly into three parts: the production process, the Higgs
propagator and the decay channel. (Herein, we will adopt
this factorisation in the narrow width approximation,
thereby neglecting small corrections of O(ΓH1/MH1), as
ΓH1 �MH1 for a light Higgs state.) In this process, the
effects of CP violation can occur through the aforemen-
tioned couplings in the production, through a possible mix-
ing of Higgs states at one loop and above in the propagator
and through the same couplings in the decay. CP violation
in the production of a Higgs state in the gluon–gluon fu-
sion process at hadron colliders was studied first by [48, 49],
choosing a parameter space region that is not sensitive to
the CP mixing of the Higgs states, and later by [32, 51],
including the presence of CP mixing of the Higgs states.1

The effects of CP mixing in the propagator are discussed
separately but in great detail in [38, 39]. A detailed study
of the other MSSM Higgs decay channels in the presence of
CP violation can be found in [31–39, 50–56]2.
The results of a random parameter space scan to under-

stand the general behaviour of BR(H1→ γγ) for non-zero
φµ values are reported in [60]. It has been seen that about
50% deviations are possible for MH1 around 104GeV for
φµ = 100

◦, and an average of 30% deviation occurs over
the mass range 90–130GeV. Masses around and below
110GeV show a decrease in the BR for non-zero φµ values,
while masses above this value show an increase. Certain in-
dividual parameter space points were also discussed in [60].
Specifically, |Af | = 1.5 TeV, |µ| = 1TeV, tanβ = 20 was
considered as a benchmark scenario. Then, by choosing
(a) MŨ3 = 1TeV and (b) MŨ3 = 250GeV, it was demon-

strated that the light stop t̃1 has a strong impact on our
decay mode, through the µ and the trilinear couplings Af ,
which is quite different from the effects due only to the
(one-loop) change of the H1W

+W− coupling [51]. In [60],
it was also noticed that the effect of a light t̃1 is in the op-
posite direction as compared to that due to modifications
of the H1 coupling to the SM particles.
In this article we will consolidate the results of [60] by

a detailed discussion of the following points.

• TheHiggs mixing matrix elements are discussed in detail
showing the changes in mixing as the phase φµ is varied.

• The decay amplitudes due to individual (s)particles in
the loops are presented in detail and the real and imag-
inary parts of the scalar and pseudo-scalar contributions
are given separately. We will see that this unambigu-
ously shows that a light stop contribution is comparable
to the SM one, while the other sparticles have negligible
effects even in scenarios when they are light.

• Compared to [60], where only one particular value was
considered for tanβ, |µ| and |Af |, we present here results

1 CP violation in vector boson associated production (VHi)
is studied by [52].
2 Here all these decay modes have been studied inclusively.
A discussion of CP violation in exclusive four lepton final states
via gauge boson decays can be found in [57–59].
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with the four different values tanβ = 2, 5, 20, 50, the
two different values |µ|= 0.5, 1 TeV and the two different
values |Af |= 0.5, 1.5 TeV.

We postpone the full analysis of gg/qq→ H1 → γγ to
a forthcoming publication [61]. The outline of this paper is
as follows. In Sect. 2 the CP mixing in the Higgs sector is
explained in more detail. In Sect. 3 we analyse the phase
dependence ofH1→ γγ. We conclude in Sect. 4.

2 Higgs mixing in the CP -violating MSSM

In the Higgs sector of the MSSM with explicit CP
violation the CP -violating phases introduce non-vanishing
off-diagonal mixing terms in the neutral Higgs mass ma-
trix, which in the weak basis (φ1, φ2, a), where φ1,2 are the
CP -even states and a is the CP -odd state, may schemati-
cally be written as [10, 34, 50, 62, 63]

M2
H =

(
M2
S M

2
SP

M2
PS M

2
P

)
. (1)

Here, M2
S is a 2×2 matrix describing the transition be-

tween the CP -even states, M2
P gives the mass of the

CP -odd state, while M2
PS = (M

2
SP )

T (a 1× 2 matrix)
describes the mixing between the CP -even and CP -odd
states. The mixing matrix elements are typically propor-
tional to

M2
SP ∝ Im(µAf ) (2)

and dominated by loops involving the top squarks. As a re-
sult, the neutral Higgs bosons of the MSSM no longer carry
any definite CP -parities. Rotation from the EW states to
the mass eigenvalues,

(φ1, φ2, a)
T = O(H1,H2,H3)

T ,

is now carried out by a 3×3 real orthogonalmatrixO, such
that

OTM2
HO = diag

(
M2H1 ,M

2
H2
,M2H3

)
(3)

with MH1 ≤MH2 ≤MH3 . As a consequence, it is now ap-
propriate to parametrise the Higgs sector of the CP -vio-
lating MSSM in terms of the mass of the charged Higgs
boson, MH± , as the latter remains basically unaffected.
(For a detailed formulation of the MSSM Higgs sector with
explicit CP violation, see [10, 50].)

3 H1→ γγ in the CP -violating MSSM

A Higgs boson in the MSSM decays at one-loop level into
two photons through loops of fermions, sfermions, W±

bosons, charged Higgs bosons and charginos; see Fig. 1.
The analytical expressions for the respective amplitude
along with relevant couplings in the CP -violating MSSM

can be found in [64] and references therein. The amplitude
has the form

MγγHi =−
αM2Hi
4πv

{
Sγi (MHi)(ε

∗
1⊥ · ε

∗
2⊥)

−P γi (MHi)
2

M2Hi
〈ε∗1ε

∗
2k1k2〉

}
,

(4)

where k1,2 are the momenta of the two photons and
ε1,2 are their polarisation vectors, which are conveniently
written as εµr⊥ = ε

µ
r −2k

µ
r (ks · εr)/M

2
Hi
(r �= s) and where

〈ε1ε2k1k2〉 ≡ εµνρσε
µ
1 ε
ν
2k
ρ
1k
σ
2 . S

γ
i and P

γ
i are given by (re-

taining only the dominant loop contributions)

Sγi (MHi) = 2
∑

f=t,b,τ,χ̃±1 ,χ̃
±
2

NCQ
2
f gfg

S
Hiff̄

v

mf
Fsf (τif )

−
∑

f̃j=t̃1,t̃2,b̃1,b̃2,τ̃1,τ̃2

NCQ
2
fgHif̃∗j f̃j

v2

2m2
f̃j

F0(τif̃j )

− gHiWWF1(τiW)− gHiH+H−
v2

2M2
H±

F0(τiH±),

P γi (MHi) = 2
∑

f=t,b,τ,χ̃±1 ,χ̃
±
2

NCQ
2
f gfg

P
Hiff̄

v

mf
Fsf (τif ) .

For the expressions of the various couplings (the g) and
form factors (F (τ)) we refer to [64]. Then the partial decay
width is given by

Γ (Hi→ γγ) =
M3Hiα

2

256π3v2

[∣∣Sγi (MHi)∣∣2+ ∣∣P γi (MHi)∣∣2
]
.

(5)

The decay mode Hi→ γγ, i= 1, 2, 3, is discussed by [51]
along with Higgs production through gluon–gluon fusion.
However, that study was confined to MSSM parameter
space regions with suitably heavy sparticles f̃ and χ̃±,
where CP -violating effects are only due to the changed
SM particle (especially W±) couplings to the H1 and ef-
fects of sparticles in the triangle loops entering the decay
amplitude are negligible. Here we examine the complemen-
tary region of MSSM parameter space with light sparticles,
so that they contribute substantially to the latter. In par-
ticular, we will show that, in the presence of non-trivial
CP -violating phases, regions of MSSM parameter space
exist where the couplings of the Higgs bosons to all sparti-
cles in the decay loops are strongly modified with respect
to the CP -conserving MSSM, thereby inducing dramatic
changes on the H1→ γγ width and BR.
We have analysed the Higgs decay widths and BRs with

the publicly available FORTRAN code CPSuperH [64] ver-
sion 2, which is based on the results obtained in [31–35] and
the most recent renormalisation group improved effective-
potential approach, which includes dominant higher-order
logarithmic and threshold corrections, b-quark Yukawa
coupling re-summation effects and Higgs boson pole-mass
shifts [50, 65]. CPSuperH calculates the mass spectrum and
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decaywidths of the neutral and chargedHiggs bosons in the
generalCP -violatingMSSM including the phases ofAf and
µ. Furthermore, it computes all the couplings of the neutral
Higgs bosonsH1,2,3 and the chargedHiggs bosonH

± to SM
particles and their superpartners.
The open non-SM parameters of the model now in-

clude the higgsinomass |µ|, its phase φµ, the chargedHiggs
massMH± , the soft gaugino massesMa, the soft sfermion
masses of the third generationM(Q̃3,Ũ3,D̃3,L̃3,Ẽ3), the (uni-
fied) soft trilinear coupling of the third generation |Af | and
its phase φAf .
In our analysis we fix the following SUSY parameters:

• M1 = 100GeV,M2 = 1TeV,M3 = 1 TeV, and
• MQ̃3 =MD̃3 =ML̃3 =MẼ3 =MSUSY = 1TeV,
whereas the following parameters are varied:

• tanβ = 2, 5, 20, 50,
• |Af |= 500GeV, 1.5 TeV,
• φAf = 0◦ (whereas the CP -violating effects in the spar-
ticle sector depend on both φµ and φAf , the leading

Fig. 2. Mass of the lightest neutral Higgs boson H1 againstMH+ for φµ = 0
◦ (solid , red line) and φµ = 90

◦ (dashed , green line)
with |Af |= 1.5 TeV, |µ| = 1TeV and different values of tan β (top row) and tan β = 20, |µ|= 1TeV and different values of |Af |
(bottom row), respectively. In the left column a light stop (∼ 200 GeV) is present forMŨ3 = 250 GeV andMQ̃3 =MSUSY = 1TeV,
whereas in the right column all sparticles are heavy (∼ 1 TeV) forMŨ3 =MQ̃3 =MSUSY = 1TeV

CP -violating effects on the Higgs sector, as stated
above, are proportional to Im(µAf ), and so we opted to
fix φAf to 0

◦ and varied only φµ),
• |µ|= 500GeV, 1 TeV,
• φµ = 0–180◦,
• MH+ = 100–300GeV,• MŨ3 = 250GeV (case with light t̃1) and MŨ3 = 1TeV
(case with no light sfermion).

For this analysis, threshold corrections induced by the
exchange of gluinos and charginos in the Higgs–quark–
antiquark vertices [66–75] were not included. While these
corrections may change the actual values of the width and
BR, we expect them to be the same for the CP -conserving
and CP -violating cases. The situation will be different if
φ3, the phase of M3, could be non-zero. As mentioned in
the introduction, we have considered the case of a common
phase for the gaugino mass terms, which is rotated away,
makingMa (a= 1, 2, 3) real.
The mass of the lightest neutral Higgs boson, MH1 , is

sensitive to the value of φµ chosen. This dependence on
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φµ along with that on other SUSY parameters is illus-
trated in Fig. 2, whereMH1 is plotted against the charged
Higgs mass for tanβ = 2, 5, 20, 50, |Af | = 0.5, 1.5 TeV
and |µ|= 1TeV. Concerning the sparticles in the loop, two
cases are considered. The first case comprises a lightmt̃1 ∼
200GeV (corresponding to MŨ3 = 250GeV and MQ̃3 =

MSUSY = 1TeV), while all other sparticles are heavy, while
in the other case mt̃1 is also taken in the TeV range

withMŨ3 =MQ̃3 =MSUSY = 1TeV. The top row in Fig. 2

shows the sensitivity of MH1 to tanβ for |µ| = 1TeV and
|Af | = 1.5 TeV. While in the low tanβ case the mass shift
induced by the change in φµ from 0

◦ to 90◦ is about 10%,
in the case of tanβ = 20 or above it is about 1% or less. No-
tice that the relevant parameters here are |Af | and |µ|, and
MH1 is found to increase with increasing |Af | while its de-
pendence on |µ| is basically negligible. In the bottom row
of Fig. 2 we plot theMH1 dependence onMH± for the two
representative values of |Af |, 0.5 and 1.5 TeV, by keeping
tanβ = 20 and |µ|= 1TeV.

The sudden shift in the dependence of MH1 on MH+
aroundMH+ = 150GeV is understood in terms of the cross
over in the mass eigenstates at that point. We have il-
lustrated this in Fig. 3, where the masses of H1,2,3 are
plotted against MH+ for tanβ = 20, |Af | = 1.5 TeV and

Fig. 3. Mass of H1,2,3 against MH+ for tan β = 20 showing the cross over at MH+ ∼ 150 GeV. The left column is for
MŨ3 = 250 GeV (mt̃1 ∼ 200 GeV), while the right one is forMŨ3 = 1TeV (no light sparticle). Both plots are with |Af |= 1.5 TeV,
|µ|= 1TeV. Red , blue and cyan curves represent φµ = 0

◦, while green, magenta and orange curves correspond to φµ = 90
◦

Table 1. Selected values ofMHi (i= 1, 2, 3) for φµ = 0
◦ and φµ = 90

◦. All SUSY parameters are as
in Fig. 3 withMŨ3 = 250 GeV

φµ = 0
◦ φµ = 90

◦

MH+ (GeV) MH1 (GeV) MH2 (GeV) MH3 (GeV) MH1 (GeV) MH2 (GeV) MH3 (GeV)

100 40.7 61.4 120.7 37.6 61.2 120.7
120 77.4 90.3 120.8 75.8 89.7 121.0

200 120.5 179.8 183.8 119.8 176.7 184.2
250 120.8 232.1 237.3 120.2 231.4 237.6
300 120.9 284.8 289.6 120.3 284.2 289.8

|µ| = 1TeV, again with light and heavy stops. The cross
over is a reflection of the changing compositions of the CP
indefinite mass eigenstates, H1, H2 and H3, with eigen-
values MH1 <MH2 <MH3 , in terms of the CP definite
gauge eigenstates, φ1, φ2 and a. To explain this in a lit-
tle more detail, let us denote the mass eigenvalues as m1,
m2 and m3, and the corresponding eigenstates as h1, h2
and h3, before ordering them from lightest to heaviest (i.e.,
h1 need not be the lightest for all values of MH+). Of the
three mass eigenvalues, two (m1 and m2) grow linearly
withMH+ with almost the same slope, lying close to each
other. In the CP -conserving case one of these is a pseudo-
scalar, while the other is a scalar. The other eigenvalue
(m3) corresponds to a scalar eigenstate and is more or
less independent of MH+ . At MH+ ∼ 150 GeV all three
CP -conserving eigenstates are degenerate with eigenval-
ues around 120GeV. In the MH+ � 150GeV region h1 is
the lightest, while in the MH+ � 150GeV region it is h3
that is the lightest. When we order such that the lightest
one is H1, there is a transition from H1 = h1 to H1 = h3
aroundMH+ = 150GeV. For other values of tanβ, Af and
µ the situation is very similar, with small shifts in the ac-
tual values of MH+ and the degenerate mass where the
cross over happens. In the CP -violating case with non-zero
value of φµ, there is mixing between scalar and pseudo-
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Table 2. Same as Table 1, but withMŨ3 = 1TeV

φµ = 0
◦ φµ = 90

◦

MH+ (GeV) MH1 (GeV) MH2 (GeV) MH3 (GeV) MH1 (GeV) MH2 (GeV) MH3 (GeV)

100 57.2 60.0 122.6 57.6 59.8 122.6
120 86.8 89.3 123.1 87.7 88.9 123.0

200 121.2 183.3 183.4 121.9 182.6 183.7
250 121.6 236.9 237.0 122.1 236.4 237.2
300 121.7 289.2 289.3 122.2 288.9 289.5

Fig. 4. Mixing matrix elements Oij versus MH+ (such that Hi =O1iφ1+O2iφ2+O3ia) with tanβ = 20, |Af |= 1.5 TeV, |µ| =
1TeV,MQ̃3 =MD̃3 =ML̃3 =MẼ3 =MSUSY = 1TeV,MŨ3 = 250 GeV and φµ as indicated in the plots
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scalar states. For larger values of MH+ the lightest Higgs
state, H1, is almost a pure scalar, hence it will not be sub-
ject to anyCP violation throughmixing. The only possible

way to have CP violation here is through theH1f̃ f̃
∗ coup-

ling, especially that of the stop quark.We restrict ourselves
to regions of parameter space with smallMH+ , where the

effect of mixing as well as that due to a complex φ1,2f̃ f̃
∗

coupling are present. At large MH+ values, there will be
scalar/pseudo-scalar mixing in the heavier Higgs states,
H2 and H3. (We will not discuss the two heavier states
in the present article, though.) Tables 1 and 2 illustrate
selected values of the H1, H2 and H3 masses for sample
choices of MH± when φµ = 0

◦ and 90◦ in the presence of
a light stop and otherwise, respectively. Mass shifts can
typically be of a few percent, particularly for light Higgs
masses in the former case, while they are negligible in the
latter.
Next we analyse the Higgs mixing matrix for the pa-

rameters tanβ = 20, |Af |= 1.5 TeV and |µ|= 1TeV, as an
example of a generic pattern over the entire MSSM pa-
rameter space. We show the mixing matrix elements in
Fig. 4. In the CP -conserving case (φµ = 0

◦) H1 is mostly

φ1 below MH+ ∼ 150GeV and mostly φ2 above it. H2 is

the pseudo-scalar (a) below MH+ ∼ 150GeV, while above

Fig. 5.Mixing matrix elementsOi1 versusMH+ (such thatH1 =O11φ1+O21φ2+O31a) for tan β = 20. The top row corresponds
toMŨ3 = 250 GeV while the bottom row corresponds toMŨ3 = 1TeV. All other parameters are as in Fig. 4

MH+ ∼ 150GeV it is mostly φ1. H3, on the other hand, is
mostly φ2 belowMH+ ∼ 150 GeV and is the pseudo-scalar
above this value. Indeed there is some mixing between φ1
and φ2 in the transition region. For the maximum value
of φµ = 90

◦ the lightest (H1) is mostly the pseudo-scalar
belowMH+ ∼ 150GeV; H2 is mostly φ1 and H3 is mostly
φ2. Above this region H1 is mostly φ2, H2 is mostly a and
H3 is mostly φ1. There is of course some mixing (albeit
small) between all the three states (especially in the transi-
tion region). For values of φµ in between 0

◦ and 90◦ mixing
could be large, as demonstrated by the case of φµ = 40

◦ in
Fig. 4. Similar features also occur between φµ = 90

◦ and
180◦ (the other CP -conserving value). Concentrating on
H1, the lightest eigenstate, we have plotted the relevant
mixing matrix elements in Fig. 5 for the two cases with
and without the presence of a light t̃1, which shows that
indeed the mixing is affected by the presence of a light
stop.
These CP mixing effects feed into the decay ampli-

tude of (4) through couplings of the Hi to the SM and
SUSY particles in the loop (see Fig. 1) at one-loop and
tree level, respectively. In Figs. 6–10 we show different con-
tributions to the amplitude of H1→ γγ. Clearly, the SM
contribution is dominant in all cases. Among the major
contributions within the SM, that from the W± loop is
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Fig. 6.Different contributions to Re(Sγ1 ) against the input parameterMH+ with SUSY parameters as in Fig. 4 andMŨ3 = 1TeV.

Top row : (from left) SM, t̃1,2 and b̃1,2. Bottom row : (from left) τ̃1,2, χ̃
+
1,2 and H

+

Fig. 7. Different contributions to Re(Sγ1 ) against the input parameter MH+ with SUSY parameters as in Fig. 4 and MŨ3 =

250 GeV. Top row : (from left) SM, t̃1,2 and b̃1,2. Bottom row : (from left) τ̃1,2, χ̃
+
1,2 and H

+

about 5 times larger than the top quark contribution for
the whole range of MH+ (for the chosen set of SUSY pa-
rameters), while the bottom quark and tau lepton contri-
butions are about an order of magnitude smaller over the
lower range of MH+ (except around 100GeV) and negli-
gibly small for larger values. Magnitudes of both the W±

and top quark contributions grow withMH+ , which is a re-
flection of the fact that these couplings are proportional

to the mixing matrix element O21. When all SUSY states
are heavy (Fig. 6), all sparticle (and H+) contributions to
the real part of Sγ1 are two or three orders of magnitude
smaller than the SM term. The exception is the chargino
contribution, which is at the most 10%. The effect of a light
t̃1 (Fig. 7) enters in two different ways. Firstly, it affects
the SM couplings toH1 through loop corrections (compare
the top left plots in Figs. 6 and 7). This is more prominent
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Fig. 8. Contributions to Re (Sγ1 ) when the respective sparticle is light. The left plot is withMD̃3 = 310 GeV (or mb̃1 ∼ 300 GeV),
middle one is with MẼ3 = 310 GeV (or Mτ̃1 ∼ 300 GeV) and the right one is withM2 = 100 GeV (orMχ±1

∼ 100 GeV). All other

sparticles in the loop are of the order of TeV. The SM contribution in each case remains more or less the same as in Fig. 6 (no light
sparticle)

Fig. 9. SM and chargino contributions (as indicated) to Re(P γ1 ). The top row corresponds to the case withMŨ3 = 250 GeV and

bottom row withMŨ3 = 1TeV. The contributions in CP -conserving parameter points (φµ = 0
◦ and φµ = 180

◦) are all consistent
with zero

when φµ = 180
◦. The effects due to change in φµ are dif-

ferent from the case with no light sparticle. Secondly, the
t̃1 contribution (top middle plot in Fig. 7) is now compa-
rable (about 40% in the CP -conserving case) to that of
the SM. Contributions of other sparticles are not changed
much going from larger to smaller masses of the respec-
tive sparticle as shown in Fig. 8. In Fig. 9 contributions to

the real part of P γ1 are plotted againstMH+ . These terms
come through the pseudo-scalar component in H1. Since
the squarks, sleptons and the charged Higgs boson do not
couple to a, only SM objects and charginos contribute to
P γ1 . For the CP -conserving case it vanishes, as expected.
When φµ is non-zero, H1 has an a component and there is
a non-vanishing P γ1 , as illustrated by the curve correspond-
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Fig. 10. SM contribution to Im(Sγ1 ) (first row) and Im(P
γ
1 ) (second row) against the input parameter MH+ , for the case with

MŨ3 = 250 GeV (left column) and withMŨ3 = 1TeV (right column). Contributions from superparticles are zero

ing to φµ = 90
◦ in Fig. 9. Figure 10 shows the imaginary

parts of Sγ1 and P
γ
1 , which are sensitive to the value of

φµ. For the H1 mass range considered here only the SM
contribution is complex. Again, P γ1 being the contribution
from a coupling to the (s)particles, its imaginary part van-
ishes in the CP -conserving cases. The H1→ γγ width is
not sensitive to the sign of ImP γ1 , therefore the difference
between the cases of light t̃1 and no light sparticle is not
very dramatic.
From our MSSM parameter space scans, the follow-

ing generic features on the sensitivity of width and BR
to the CP -violating phase, φµ, have emerged. The effect
is most pronounced around the crossing region (MH+ ∼
150GeV). This is expected, since the scalar/pseudo-scalar
mixing in H1 is largest here. For much higher values of
MH+ , H1 is purely a scalar. There can still be a CP -vio-
lating effect through its sfermion couplings, though. The
latter will be more visible when there is a light sparticle
in the loop (a stop, in particular). For MH+ < 150GeV
there is still sufficient mixing to have a substantial differ-
ence in the BR. But in this region MH1 is also changed
by about 10 to 15% between φµ = 0

◦ and φµ = 90
◦. We

will, however, concentrate on the regionMH+ > 150GeV,

where MH1 > 115GeV for the parameter sets considered.
Moreover, the effect of φµ �= 0 on MH1 in this region is
within 1 GeV, which is less than the experimental un-
certainty expected at the LHC. In particular, we have
learnt that the width and BR of the decay H1→ γγ are
very sensitive to the t̃1 mass. The effect comes through
both a modification of the H1W

+W− couplings and the
presence of a light t̃1 in the triangle loops of the decay
amplitude.
As it is unfeasible to present all the results of our scan,

we have picked out a few different discrete choices of the
relevant MSSM parameters and plotted width and BR
against MH+ for the latter in Figs. 11–18. We choose five
representative values between 0◦ and 180◦ for the phase
of µ.3 Figure 11 is with |Af | = 1.5 TeV, |µ| = 1TeV and

3 To aid the reader, through multiple x-axes and labels, we
have included the mass of H1 in each plot corresponding to
MH± for the given choice of other MSSM parameters. Besides,
in each figure we have zoomed in near and above the aforemen-
tioned cross over point at MH± ≈ 150 GeV. Finally, as the BR
is the measurable quantity, we dwell on this while only plotting
the width for reference.
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Fig. 11.Width (left column) and BR (right column) ofH1→ γγ against the input parameterMH+ for |Af |=1.5 TeV, |µ|= 1TeV
and tan β = 20. Values of MH1 corresponding to representative points on MH+ axis are indicated on the horizontal lines above
separately for the values of φµ used. The top row corresponds to the case withMŨ3 = 250 GeV, while the bottom one corresponds
to the case withMŨ3 = 1TeV

tanβ = 20. Comparing the two cases of MŨ3 = 250GeV
and MŨ3 = 1TeV, there is a qualitative difference in the
sensitivity to φµ. This is also true for Fig. 12, which as-

sumes |Af |= 1.5 TeV and tanβ = 20, but the smaller value
|µ|= 500GeV. In the first case there is an increase in the
BR over the region MH+ > 150GeV (and a decrease over
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Fig. 12. Similar to Fig. 11, but with |Af |= 1.5 TeV, |µ|= 0.5 TeV and tan β = 20

the region MH+ < 150GeV) as φµ is switched on. This
relative change with φµ is maximised for some value of
φµ around 40

◦, beyond which the change in BR decreases
again to about 50% at φµ = 180

◦. In the second case there
is no such a trend as there is a 50% increase in the BR for
φµ = 90

◦ atMH+ ∼ 200GeV and the effect grows larger for

φµ > 90
◦. Other general features are the following. The de-

pendence on φµ decreases with lower values of |µ| as seen
from Fig. 12. The value of φµ with maximum BR in the
presence of a light t̃1 decreases compared to the case when
|µ|= 1TeV. In contrast, a smaller value of |Af |= 500GeV
(Figs. 13 and 14) keeps the picture qualitatively the same
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Fig. 13. Similar to Fig. 11, but with |Af |= 0.5 TeV, |µ|= 1TeV and tanβ = 20

for the two cases of light and heavy t̃1: e.g., in the region
MH+ > 150GeV, the BR increaseswith increasingφµ. But,
while in the first case (MŨ3 = 250GeV) there is a 50% in-
crease for φµ = 90

◦ atMH+ = 200GeV, in the second case
(MŨ3 = 1TeV) there is an increase of less than 20%. Again,

the deviations can be substantially larger for φµ > 90
◦. The

sensitivity of BR(H1→ γγ) to φµ is, however, reduced con-
siderably for lower values of tanβ, while the qualitative fea-
tures remain the same, as is illustrated in Figs. 15–18 for
tanβ = 5.
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Fig. 14. Similar to Fig. 11, but with |Af |= 0.5 TeV, |µ|= 0.5 TeV and tan β = 20

4 Conclusion

In this paper, we have demonstrated that the decay chan-
nel H1→ γγ is particularly suitable to probe the possible
presence ofCP -violating effects in theMSSM. Thismode is
in fact not only very sensitive to variations of the coupling

H1W
+W− pertaining to the dominant SM loop – induced

from mixing amongst Higgs states via one-loop effects (as
shown in previous literature) – but also to contributions of
a light t̃1 in the triangle loop defining the decay process –
which is in fact a tree-level effect induced by a complexµ pa-
rameter (while the trilinear couplingAt is taken real).
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Fig. 15. Similar to Fig. 11, but with |Af |= 1.5 TeV, |µ|= 1TeV and tanβ = 5

In particular, our detailed analyses indicate that stud-
ies of the di-photon channel of a light Higgs boson (with
mass below 130GeV or so) found at the LHC may eventu-
ally enable one to disentangle the CP -violating case from
the CP -conserving one, so long as the relevant SUSY pa-
rameters entering H1→ γγ are measured elsewhere. This

is not phenomenologically unconceivable, as the H1→ γγ
detection mode requires a very high luminosity, unlike the
discovery of those sparticles (and the measurement of their
masses and couplings) that enter the Higgs process studied
here. Furthermore, while explicit CP violation could af-
fect the mass of the lightest Higgs state of the underlying
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Fig. 16. Similar to Fig. 11, but with |Af |= 1.5 TeV, |µ|= 0.5 TeV and tan β = 5

SUSY model, we have restricted ourselves to regions of pa-
rameter space where – for an identical choice of all SUSY
inputs but φµ, the only relevant phase in the scenarios con-
sidered here – the difference between theMH1 values in the
CP -violating case and the CP -conserving one are below
the experimental uncertainty on the determination of such

a quantity, so that it would not be possible to confirm or
disprove the existence of complex parameters in the SUSY
Lagrangian by solely isolating a H1 resonance.
A complete analysis will eventually require one to

fold the decay process studied here in the narrow width
approximation with propagator effects and the appro-
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Fig. 17. Similar to Fig. 11, but with |Af |= 0.5 TeV, |µ|= 1TeV and tanβ = 5

priate production mode (gluon–gluon fusion and Higgs-
strahlung in this case), where similar CP -violating ef-
fects may enter. This will be done in a future publica-
tion [61]. Finally, as argued in Sect. 1, for the scenario
we considered here, with very heavy squarks and vanish-
ing trilinear couplings for the first and second generations,

we can evade the EDM constraints on the CP -violating
phases. A detailed analysis of this is also deferred to future
work.
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Fig. 18. Similar to Fig. 11, but with |Af |= 0.5 TeV, |µ|= 0.5 TeV and tan β = 5
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