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In the next-to-minimal supersymmetric standard model (NMSSM) a variety of parameter configurations
yields a Higgs boson consistent with the one observed at the LHC. Additionally, the Higgs sector of the
model can contain explicit charge parity (CP)-violating phases even at the tree level, in contrast with the
minimal supersymmetric standard model (MSSM). In this article we present the one-loop Higgs boson
mass matrix of the complex NMSSM in the renormalization-group-improved effective potential approach.
We also present the trilinear Higgs boson self couplings as well as various partial decay widths of a generic
CP-mixed Higgs boson in the model. We then analyze a very interesting phenomenological scenario
wherein the decay of a relatively light pseudoscalar-like Higgs boson into ∼125 GeV standard model-like
Higgs boson(s) is induced by nonzero CP-violating phases. We discuss in detail a few benchmark cases in
which such a decay can contribute significantly to the production of SM-like Higgs bosons at the LHC on
top of the gluon fusion process. It can thus be partially responsible for the γγ excess near 125 GeV due to
the subsequent decay of the SM-like Higgs boson. Such a scenario is extremely difficult to realize in the
complex MSSM and, if probed at the LHC, it could provide an indication of the nonminimal nature of
supersymmetry.
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I. INTRODUCTION

The new particle with a mass around 125 GeV first
observed by the CMS and ATLAS experimental collabo-
rations at the Large Hadron Collider (LHC) in July, 2012
[1,2], seems to be increasingly consistent with the Higgs
boson of the standard model (SM) [3–5]. However, there is
growing evidence from other collider experiments as well
as from astroparticle physics and cosmology that the SM
fails to provide a complete description of nature and that
there must lie physics beyond it. One of the most important
yet unresolved issues in particle physics is that of charge
parity (CP) violation. Although it was first discovered
experimentally [6] many decades ago, its only source in the
SM [7] does not prove sufficient to explain the observed
baryon asymmetry in the Universe. Therefore, a variety of
sources of CP violation beyond the SM have been
proposed in the literature (for a review, see [8] and
references therein), but these remain hidden to this day.
In models with supersymmetry (SUSY), the soft masses

and couplings of the superpartners of SM particles as well
as the soft Higgs sector parameters can very well be
complex and can thus explain baryogenesis by generating
the desired amount of CP violation. The Higgs sector of the
minimal supersymmetric standard model (MSSM) does not
contain CP-violating (CPV) phases at the tree level and
these are only induced at the one-loop level by the sfermion
sector [9–11]. These phases can substantially modify both

the mass spectrum and production/decay rates of the Higgs
bosons [12] and can at the same time provide a solution to
electroweak baryogenesis [13]. However, these phases are
also strongly constrained by the measurements of fermionic
electric dipole moments (EDMs) [14]. In the context of the
LHC, the impact of the CPV phases on the phenomenology
of the MSSM Higgs bosons was studied in detail in [15]
prior to the Higgs boson discovery and has been revisited in
[16] afterwards.
In the next-to-minimal supersymmetric standard model

(NMSSM) [17–19] (see, e.g., [20,21] for reviews) the
presence of an additional Higgs singlet field besides the
two MSSM doublets has some very interesting phenom-
enological implications. In this model either of the two
lightest CP-even Higgs bosons, h1 and h2, can play the role
of the observed SM-like Higgs boson with a mass around
125 GeV [22]. In fact in the NMSSM it is also possible to
have h1 and h2 almost degenerate in mass around 125 GeV
[23], so that the observed signal is actually a superposition
of two individual peaks due to each of these, and likewise
for h1 and a1, the lightest pseudoscalar of the model [24].
Additionally, in some regions of the NMSSM parameter
space the singlet-like scalar or pseudoscalar of the model
can be considerably lighter than the SM-like Higgs boson.
In these regions the SM-like Higgs boson can decay via
such “invisible” channels, causing a significant suppression
of the γγ and ZZ signal rates, as studied recently in [25,26].
The NMSSM contains some new couplings in the Higgs

sector which, if assumed to be complex, can result in new
CPV phases even at the tree level, conversely to the MSSM.
Indeed, additional MSSM-like phases also appear in the
Higgs boson mass matrix beyond the born approximation.
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Nonzero CPV phases can substantially modify the phe-
nomenology of the ∼125 GeV SM-like Higgs boson in the
NMSSM, as studied recently in [27]. But, like the MSSM,
the measurements of fermionic EDMs can put strong
constraints on the allowed values of the CPV phases in
the NMSSM also. However, the conditions under which
these EDM constraints can be avoided in the MSSM
[10,28] in fact also apply in this model. One can, for
example, assign very heavy soft masses to the sfermions of
the first two generations in order to minimize their con-
tribution to the EDMs. Alternatively, one can argue that the
phase combinations occurring in the EDMs can be different
from the ones inducing Higgs boson mixing [29].
The complete one-loop Higgs mass matrix has been

derived in [30] in the Feynman diagrammatic approach. In
the renormalization-group (RG)-improved effective poten-
tial approach the neutral Higgs sector of the complex
NMSSM (cNMSSM) has previously been studied in detail
in [31,32], including only the dominant one-loop correc-
tions from the (s)quark and gauge sectors. In this article, we
provide the RG-improved one-loop Higgs mass matrix of
the cNMSSM in the effective potential approach in which
the complete set of dominant corrections from the third
generation (s)quark, stau, gauge as well as chargino/
neutralino sectors have been included. We also present
the tree level expression for the trilinear Higgs boson self
couplings in the cNMSSM. These couplings are extremely
important for studying the LHC phenomenology of Higgs
bosons in the model. Moreover, we present the set of
expressions for partial decay widths of a CPV Higgs boson.
The Higgs boson mass matrix and decay widths provided

here have been implemented in a comprehensive fortran
package for conveniently carrying out phenomenological
studies of the cNMSSM Higgs sector. Using this package
we analyze in this article a very interesting scenario made
possible by nonzero CPV phases in the NMSSM, owing to
the fact that the five neutral Higgs bosons of the model no
longer carry definite CP assignments. The scalars and
pseudoscalars of the CP-conserving (CPC) limit thus
couple to one another, which implies that any of these
Higgs bosons can have a nonzero decay width into a pair of
lighter ones, when kinematically allowed. We argue that
such a scenario can be of particular importance in the
context of the recent LHC discovery. The reason is that it is
very much probable for the lighter of the two pseudoscalar-
like Higgs bosons to have a mass ∼250 GeV, particularly
when one of the scalar-like Higgs bosons is required to
have SM-like γγ and ZZ signal rates and a mass near
125 GeV. Such a mass would result in a much larger
branching ratio (BR) of this Higgs boson into a pair of the
SM-like Higgs bosons compared to that of the other,
typically much heavier, scalar-like Higgs bosons, despite
a relatively much smaller trilinear coupling.
However, despite having a large BR into lighter Higgs

bosons, the above mentioned ∼250 GeV boson can be very

difficult to produce at the LHC on account of being singlet-
like and thus having a considerably reduced coupling to
two gluons. Therefore, the relative probability of its
production in the gluon fusion mode also needs to be
taken into account in the above scenario. For this purpose,
we define an auxiliary signal rate, similar to the conven-
tional “reduced cross section,” which quantifies the con-
tribution of the ∼250 GeV boson to the production of the
SM-like Higgs bosons, decaying eventually into photons
pairs, at the LHC. We then select representative points from
three distinct regions in the cNMSSM parameter space
wherein the ∼125 GeV SM-like Higgs boson is either h1 or
h2, the lightest and next-to-lightest of the five neutral Higgs
bosons, respectively, to investigate our scenario of interest.
We discuss in detail the impact of the variation in the most
relevant of the CPV phases on our auxiliary signal rate in
each of these cases. We conclude that for large values of the
phase, this rate can become quite significant, reaching a few
tens of percent of the direct production rate of the SM-like
Higgs boson in the gluon fusion channel.
The article is organized as follows. In the next section we

will give details of the cNMSSM Higgs mass matrix at the
tree level and the one-loop as well as logarithmically
enhanced dominant two-loop corrections to it. In Sec. III
we will present the expressions for the trilinear self
couplings of the Higgs bosons and we will also define
notation for their couplings to other model particles. In
Sec. IV wewill provide detailed expressions for all possible
two-body partial decay widths of the Higgs boson in the
presence of CPV phases. In Sec. V, after discussing at
length our scenario of interest, we will present our
numerical results for the three points investigated. We will
summarize our findings in Sec. VI.

II. HIGGS SECTOR OF THE cNMSSM

As noted in the introduction, the NMSSM contains a
singlet Higgs superfield, Ŝ, besides the two MSSM SUð2ÞL
doublet superfields,

Ĥu ¼
�
Ĥþ

u

Ĥ0
u

�
; Ĥd ¼

�
Ĥ0

d

Ĥ−
d

�
: (1)

The scale-invariant superpotential of the cNMSSM is thus
written as

WNMSSM ¼ MSSM Yukawa termsþ λŜĤuĤd þ
κ

3
Ŝ3;

(2)

where λ≡ jλjeiϕλ and κ≡ jκjeiϕκ are dimensionless com-
plex Yukawa couplings. The second term in the above
superpotential replaces the Higgs-higgsino mass term,
μĤuĤd, of the MSSM superpotential, and the last cubic
term explicitly breaks the dangerous Uð1ÞPQ symmetry,
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introducing in turn a discrete Z3 symmetry. Upon breaking
the electroweak symmetry, the singlet field acquires a
vacuum expectation value (VeV), s, naturally of the order
of the SUSY-breaking scale, MSUSY, and an effective
μ-term, μeff ¼ λs, is generated.

A. Tree level Higgs potential and mass matrix

The superpotential in Eq. (2) leads to the tree level
Higgs potential containing the D-, F- and soft SUSY-
breaking terms:

V0 ¼ jλðHþ
u H−

d −H0
uH0

dÞ þ κS2j2 þ ðm2
Hu

þ jμþ λSj2ÞðjH0
uj2 þ jHþ

u j2Þ þ ðm2
Hd

þ jμþ λSj2ÞðjH0
dj2 þ jH−

d j2Þ

þ g2

4
ðjH0

uj2 þ jHþ
u j2 − jH0

dj2 − jH−
d j2Þ2 þ

g22
2
jHþ

u H0�
d þH0

uH−�
d j2

þm2
SjSj2 þ

�
λAλðHþ

u H−
d −H0

uH0
dÞSþ 1

3
κAκS3 þ H:c:

�
; (3)

where g2 ≡ g2
1
þg2

2

2
, with g1 and g2 being the Uð1ÞY and

SUð2ÞL gauge couplings, respectively, and Aλ ≡ jAλjeiϕAλ

and Aκ ≡ jAκjeiϕAκ are dimensionful soft SUSY-breaking
trilinear couplings. These, along with λ and κ, are the only
complex parameters appearing in the tree level Higgs
potential, since the soft SUSY-breaking masses m2

Hu
, m2

Hd

and m2
Hu

are real.
In order to obtain the physical Higgs states, the above

potential is expanded around the VeVs of the three Higgs
fields as

H0
d ¼

� 1ffiffi
2

p ðvd þHdR þ iHdIÞ
H−

d

�
;

H0
u ¼ eiθ

� Hþ
u

1ffiffi
2

p ðvu þHuR þ iHuIÞ
�
;

S ¼ eiφffiffiffi
2

p ðsþ SR þ iSIÞ: (4)

The potential in Eq. (3) then has a minimum at non-
vanishing vu, vd and s only if the following so-called
tadpole conditions are satisfied:

1

vd

� ∂V0

∂HdR

�
¼ m2

Hd
þ g2

4
ðv2d − v2uÞ − Rλ

vus
vd

þ jλj2
2

ðv2u þ s2Þ − 1

2
R

vus2

vd
¼ 0;

1

vu

� ∂V0

∂HuR

�
¼ m2

Hu
−
g2

4
ðv2d − v2uÞ − Rλ

vds
vu

þ jλj2
2

ðv2d þ s2Þ − 1

2
R

vds2

vu
¼ 0;

1

s

�∂V0

∂SR
�

¼ m2
S − Rλ

vdvu
s

þ jλj2
2

ðv2d þ v2uÞ

þ jκj2s2 −Rvdvu þ Rκs ¼ 0; (5)

1

vu

� ∂V0

∂HdI

�
¼ 1

vd

� ∂V0

∂HuI

�
¼ Iλsþ

1

2
Is2 ¼ 0;

1

s

�∂V0

∂SI
�

¼ Iλ
vdvu
s

− Ivdvu − Iκs ¼ 0; (6)

where we have defined

R ¼ jλjjκj cosðϕ0
λ − ϕ0

κÞ; I ¼ jλjjκj sinðϕ0
λ − ϕ0

κÞ;

Rλ ¼
jλjjAλjffiffiffi

2
p cosðϕ0

λ þ ϕAλ
Þ; Rκ ¼

jκjjAκjffiffiffi
2

p cosðϕ0
κ þ ϕAκ

Þ;

Iλ ¼
jλjjAλjffiffiffi

2
p sinðϕ0

λ þ ϕAλ
Þ; Iκ ¼

jκjjAκjffiffiffi
2

p sinðϕ0
κ þ ϕAκ

Þ;

(7)

with

ϕ0
λ ≡ ϕλ þ θ þ φ and ϕ0

κ ≡ ϕκ þ 3φ: (8)

The parameters Iλ and Iκ can be re-expressed in terms of I
using the CP-odd tadpole conditions in Eq. (6) as

Iλ ¼ −
1

2
Is; Iκ ¼ −

3

2
I
vdvu
s

: (9)

Then the phase combinations ϕ0
λ þ ϕAλ

and ϕ0
κ þ ϕAκ

are
determined up to a twofold ambiguity by ϕ0

λ − ϕ0
κ, which is

thus the only remaining physical CP phase at the tree level.
The three CP-even tadpole conditions in Eq. (5), on the
other hand, can be used to remove the soft mass parameters
m2

Hu
, m2

Hd
and m2

S.
The 6 × 6 neutral Higgs mass matrix, obtained by

taking the second derivative of the potential in Eq. (3)
evaluated at the vacuum, can be cast into the form

M2
0 ¼

�
M2

S M2
SP

ðM2
SPÞT M2

P

�
; (10)

in the basis HT ¼ ðHdR;HuR; SR;HdI; HuI; SIÞ. The ele-
ments of the top left 3 × 3 CP-even block in the above
equation are given as
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M2
S;11 ¼

g2

2
v2dðQÞ þ

�
Rλ þ

RsðQÞ
2

�
sðQÞ tan β;

M2
S;22 ¼

g2

2
v2uðQÞ þ

�
Rλ þ

RsðQÞ
2

�
sðQÞ
tan β

;

M2
S;33 ¼ Rλ

vdðQÞvuðQÞ
sðQÞ þ 2jκj2sðQÞ2 þ RκsðQÞ;

M2
S;12 ¼ ðM2

S;21Þ ¼
�
−
g21 þ g22

4
þ jλj2

�
vdðQÞvuðQÞ

−
�
Rλ þ

RsðQÞ
2

�
sðQÞ;

M2
S;13 ¼ ðM2

S;31Þ ¼ −RλvuðQÞ þ jλj2vdðQÞsðQÞ
−RvuðQÞsðQÞ;

M2
S;23 ¼ ðM2

S;32Þ ¼ −RλvdðQÞ
þ jλj2vuðQÞsðQÞ −RvdðQÞsðQÞ; (11)

where vuðQÞ, vdðQÞ and sðQÞ are the three Higgs
VeVs defined at the scale Q2 ¼ M2

SUSY and
tan β≡ vuðQÞ=vdðQÞ. The bottom right CP-odd block
in Eq. (10) is given as

M2
P;11 ¼

�
Rλ þ

RsðQÞ
2

�
sðQÞ tan β;

M2
P;22 ¼

�
Rλ þ

RsðQÞ
2

�
sðQÞ
tan β

;

M2
P;33 ¼ Rλ

vdðQÞvuðQÞ
sðQÞ þ 2RvdðQÞvuðQÞ − 3RκsðQÞ;

M2
P;12 ¼ ðM2

P;21Þ ¼
�
Rλ þ

RsðQÞ
2

�
sðQÞ;

M2
S;13 ¼ ðM2

S;31Þ ¼ ðRλ −RsðQÞÞvuðQÞ;
M2

S;23 ¼ ðM2
S;32Þ ¼ ðRλ −RsðQÞÞvdðQÞ; (12)

and the off-diagonal CP-mixing block reads

M2
SP ¼

0
B@

0 0 − 3
2
Isvu

0 0 − 3
2
Isvd

1
2
Isvu 1

2
Isvd 2Ivdvu

1
CA: (13)

B. RG-improved one-loop effective potential

The one-loop corrections to the effective potential are
given by the Coleman-Weinberg formula (in the DR
scheme with an ultraviolet cutoff M2

SUSY) as

ΔVeff ¼
1

64π2
STrM4

�
ln

�
M2

M2
SUSY

�
−
3

2

�
. (14)

As a result of these corrections, the Higgs mass matrix gets
modified so that

M2
H ¼ M2

0 þ ΔM2
eff : (15)

In the following we present analytical expressions for
the corrections ΔM2

eff above. These corrections have
been adopted from [20] and modified to explicitly include
the CPV phases. They are thus of the same order as
those implemented in the publicly available package
NMSSMTools-v3.2.4 [33].

1. Top and bottom squark contributions

Some of the radiative corrections due to the stop and
sbottom loops can be accounted for by the following shift
in the Higgs mass matrix:

Aλ → A0
λ ¼ Aλ þ

3h2t
16π2

Atft þ
3h2b
16π2

Abfb; (16)

where ht ≡ 2mt
vu

and hb ≡ 2mb
vd

are the Yukawa couplings of
top and bottom quarks, with mt and mb being their
respective masses. Note that these Yukawa couplings have
complex phases in general. However, we assume them to be
real, since their nonzero phases can always be reabsorbed
by redefining the quark fields [7] when generation mixing
is neglected, which is the case here. At ≡ jAtjeiϕAt and
Ab ≡ jAbjeiϕAb are the complex soft SUSY-breaking coun-
terparts of these Yukawa couplings for the top and bottom
squarks, respectively.
The above shift results in the redefinition of the param-

eters R and I given in Eq. (7) and a subsequent improve-
ment in the relation between the latter and Iλ given in
Eq. (9). It also takes care of the ∼h4t;b radiative corrections to
M2

P. The remaining corrections ∼h2t ≡ h2t ðM2
SUSYÞ and

∼h2b ≡ h2bðM2
SUSYÞ to M2

S are written as

ΔM2
S;11 ¼

3h2bm
2
b

8π2
ð−jAbj2B0

bgb þ 2jAbjBbL ~b þ L ~bbÞ −
3h2t m2

t

8π2
jμj2B0

tgt;

ΔM2
S;22 ¼

3h2t m2
t

8π2
ð−jAtj2B0

tgt þ 2jAtjBtL~t þ L~ttÞ −
3h2bm

2
b

8π2
jμj2B0

bgb;

ΔM2
S;33 ¼ −

3h2t m2
t

16π2
jλj2v2dðQÞB0

tgt −
3h2bm

2
b

16π2
jλj2v2uðQÞB0

bgb;
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ΔM2
S;12 ¼

3h2t m2
t

8π2
jμj

�
jAtjB0

tgt cosðϕ0
λ þ ϕAt

Þ − jAtj cosðϕ0
λ þ ϕAt

Þ þ jμj cot β
m~t2

2
−m~t2

1

�

þ 3h2bm
2
b

8π2
jμj

�
jAbjB0

bgb cosðϕ0
λ þ ϕAb

Þ − jAbj cosðϕ0
λ þ ϕAb

Þ þ jμj tan β
m ~b22

−m ~b21

�
;

ΔM2
S;13 ¼

3h2bm
2
bjλjvuðQÞ

8
ffiffiffi
2

p
π2

�
jAbjB0

bgb cosðϕ0
λ þ ϕAb

Þ − jAbj cosðϕ0
λ þ ϕAb

Þ þ jμj tan β
m ~b22

−m ~b21

�

þ 3h2t
64π2

jλj2sðQÞvdðQÞð4ft − 4m2
t B0

tgtÞ;

ΔM2
S;23 ¼

3h2t m2
t jλjvdðQÞ

8
ffiffiffi
2

p
π2

�
jAtjB0

tgt cosðϕ0
λ þ ϕAt

Þ − jAtj cosðϕ0
λ þ ϕAt

Þ þ jμj cot β
m~t2

2
−m~t2

1

�

þ 3h2b
64π2

jλj2sðQÞvuðQÞð4fb − 4m2
bB

0
bgbÞ; ð17Þ

where jμj≡ jμeff j=
ffiffiffi
2

p ¼ jλjsðQÞ= ffiffiffi
2

p
, mt and mb are the masses of t and b quarks, respectively, and the squark masses m ~q

are given in Appendix A. Also in the above equations

Bt ¼
jAtj − jμj cot β cosðϕ0

λ þ ϕAt
Þ

m~t2
2
−m~t2

1

;

Bb ¼
jAbj − jμj tan β cosðϕ0

λ þ ϕAb
Þ

m ~b22
−m ~b21

;

B0
t ¼

jAtj2 þ jμj2cot2β − 2jμjjAtj cot β cosðϕ0
λ − ϕAt

Þ
ðm~t2

2
−m~t2

1
Þ2 ;

B0
b ¼

jAbj2 þ jμj2tan2β − 2jμjjAbj tan β cosðϕ0
λ − ϕAb

Þ
ðm ~b22

−m ~b21
Þ2 ; (18)

and the quantities L ~f, L ~ff, ff and gf are given in Appendix B. M2
SP also receives the corresponding corrections given as

ΔM2
SP;11 ¼ −

3h2bm
2
b

4π2
jAbjjμj tan β sinðϕ0

λ þ ϕAb
Þ

m ~b22
−m ~b21

L ~b;

ΔM2
SP;22 ¼ −

3h2t m2
t

4π2
jAtjjμj cot β sinðϕ0

λ þ ϕAt
Þ

m~t2
2
−m~t2

1

L~t;

ΔM2
SP;12 ¼

3h2t m2
t

8π2
jμj

�
jAtjB0

tgt sinðϕ0
λ þ ϕAt

Þ − jAtj sinðϕ0
λ þ ϕAt

Þ
m~t2

2
−m~t2

1

�

þ 3h2bm
2
b

8π2
jμj

�
jAbjB0

bgb sinðϕ0
λ þ ϕAb

Þ − jAbj sinðϕ0
λ þ ϕAb

Þ
m ~b22

−m ~b21

�
;

ΔM2
SP;13 ¼

3h2bm
2
bjλjvuðQÞ

8
ffiffiffi
2

p
π2

�
jAbjB0

bgb sinðϕ0
λ þ ϕAb

Þ − jAbj sinðϕ0
λ þ ϕAb

Þ
m ~b22

−m ~b21

�
;

ΔM2
SP;23 ¼

3h2t m2
t jλjvdðQÞ

8
ffiffiffi
2

p
π2

�
jAtjB0

tgt sinðϕ0
λ þ ϕAt

Þ − jAtj sinðϕ0
λ þ ϕAt

Þ
m~t2

2
−m~t2

1

�
: (19)

There are additionalD-term contributions which are quite involved but do not give large logarithms since the squarks are
assumed to have masses close to the ultraviolet cutoff M2

SUSY. These corrections are given for M2
S as
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ΔM2
S;11 ¼ 2jμjðjAtjCt cot β cosðϕ0

λ þ ϕAt
Þ − jAbjCb tan β cosðϕ0

λ þ ϕAb
ÞÞ þ 2jAbj2Cb þ 2Db − 2jμj2Ctcot2β;

ΔM2
S;22 ¼ 2jμjðjAbjCb tan β cosðϕ0

λ þ ϕAb
Þ − jAtjCt cot β cosðϕ0

λ þ ϕAt
ÞÞ þ 2jAtj2Ct þ 2Dt − 2jμj2Cbtan2β;

ΔM2
S;12 ¼ cot βððjμj2 − jAtj2ÞCt −DtÞ þ tan βððjμj2 − jAbj2ÞCb −DbÞ

− jμjðjAtjCtð1 − cot2βÞ cosðϕ0
λ þ ϕAt

Þ þ jAbjCbð1 − tan2βÞ cosðϕ0
λ þ ϕAb

ÞÞ;

ΔM2
S;13 ¼

jλjffiffiffi
2

p ðjAtjCtvdðQÞ cot β cosðϕ0
λ þ ϕAt

Þ − jAbjCbvuðQÞ cosðϕ0
λ þ ϕAb

ÞÞ

þ jλj2
2

sðQÞðvuðQÞCb tan β − vdðQÞCt cot βÞ;

ΔM2
S;23 ¼

jλjffiffiffi
2

p ðjAbjCbvuðQÞ tan β cosðϕ0
λ þ ϕAb

Þ − jAtjCtvdðQÞ cosðϕ0
λ þ ϕAt

ÞÞ

þ jλj2
2

sðQÞðvdðQÞCt cot β − vuðQÞCb tan βÞ; (20)

where again the quantities Cf and Df are defined in Appendix B, and for M2
SP as

ΔM2
SP;11 ¼ 2jμjðjAtjCt cot β sinðϕ0

λ þ ϕAt
Þ − jAbjCb tan β sinðϕ0

λ þ ϕAb
ÞÞ;

ΔM2
SP;22 ¼ 2jμjðjAbjCb tan β sinðϕ0

λ þ ϕAb
Þ − jAtjCt cot β sinðϕ0

λ þ ϕAt
ÞÞ;

ΔM2
SP;12 ¼ −jμjðjAtjCtð1 − cot2 βÞ sinðϕ0

λ þ ϕAt
Þ þ jAbjCbð1 − tan2 βÞ sinðϕ0

λ þ ϕAb
ÞÞ;

ΔM2
SP;13 ¼

jλjffiffiffi
2

p ðjAtjCtvd cot β sinðϕ0
λ þ ϕAt

Þ − jAbjCbvu sinðϕ0
λ þ ϕAb

ÞÞ;

ΔM2
SP;23 ¼

jλjffiffiffi
2

p ðjAbjCbvu tan β sinðϕ0
λ þ ϕAb

Þ − jAtjCtvd sinðϕ0
λ þ ϕAt

ÞÞ: (21)

Finally, neglecting all terms without two powers of large logarithms, the dominant two-loop squark contributions to the
effective potential can be obtained by integrating the relevant RG equations. These contributions are given as

ΔM2
S;11 ¼

3h4bv
2
dðQÞ

256π4

�
ln2

�
M2

SUSY

m2
t

��
16g23 −

2

3
g21 þ 3sin2βh2t − 3cos2βh2b

�

þ
�
ln2

�
M2

A

m2
t

�
− ln2

�
M2

SUSY

m2
t

��
ð3sin2βh2b þ ð3sin2β þ 1Þh2t Þ

�
;

ΔM2
S;22 ¼

3h4t v2uðQÞ
256π4

�
ln2

�
M2

SUSY

m2
t

��
16g23 þ

4

3
g21 − 3sin2βh2t þ 3cos2βh2b

�

þ
�
ln2

�
M2

A

m2
t

�
− ln2

�
M2

SUSY

m2
t

��
ð3cos2βh2t þ ð3cos2β þ 1Þh2bÞ

�
: (22)

2. Chargino/neutralino, gauge boson and dominant stau contributions

Again, some of the radiative corrections due to the chargino/neutralino loops can be described by an additional shift in Aλ

on top of the corrections in Eq. (16),

A0
λ → A00

λ ¼ A0
λ þ

1

16π2
ðg21M1 þ 3g22M2ÞLM2μ; (23)

where M1 and M2 are the soft gaugino masses, which are taken here to be real. The logarithm LM2μ is defined, along with
the Lμν, Lμ and Lν used in the following, in Appendix B. For the CP-odd block in the Higgs mass matrix, all the radiative
corrections due to chargino/neutralino loops, ∼g4, are included by the above shift. The remaining contributions to M2

S are
given as
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ΔM2
S;11 ¼

1

16π2

�
2g2m2

Zcos
2βð−10þ 16sin2θW − 8sin4θWÞLM2μ − 4

�
jμj2R tan β þ λ4m2

Zcos
2β

g2

�
Lμν

�
;

ΔM2
S;22 ¼

1

16π2

�
2g2m2

Zsin
2βð−10þ 16sin2θW − 8sin4θWÞLM2μ − 4

�
jμj2R cot β þ λ4m2

Zsin
2β

g2

�
Lμν

�
;

ΔM2
S;33 ¼

1

16π2
ð−32jκj2ν2Lν − 8jλj2jμj2LμÞ;

ΔM2
S;12 ¼

1

16π2

�
4

�
jμj2R −

λ4m2
Z sin β cos β

g2

�
Lμν − 4g2m2

Z sin β cos βLM2μ

�
;

ΔM2
S;13 ¼

1

16π2
mZsðQÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p ½2jλj2g2 cos βð−6þ 4sin2θWÞLM2μ þ 2
ffiffiffi
2

p
jλj2ð2R sin β − ðjλj2 þ 4jκj2Þ cos βÞLμν�;

ΔM2
S;23 ¼

1

16π2
mZsðQÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p ½2jλj2g2 sin βð−6þ 4sin2θWÞLM2μ þ 2
ffiffiffi
2

p
jλj2ð2R cos β − ðjλj2 þ 4jκj2Þ sin βÞLμν�; (24)

where jνj≡ jκjsðQÞ= ffiffiffi
2

p
andmZ is the mass of the Z boson.

The corresponding corrections to M2
SP are given as

ΔM2
S;11 ¼ −

1

4π2
jμj2I tan βLμν;

ΔM2
S;22 ¼ −

1

4π2
jμj2I cot βLμν;

ΔM2
S;12 ¼

1

4π2
jμj2ILμν;

ΔM2
S;13 ¼

1

2
ffiffiffi
2

p
π2

mZsðQÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p jλj2I sin βLμν;

ΔM2
P;23 ¼

1

2
ffiffiffi
2

p
π2

mZsðQÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p jλj2I cos βLμν: (25)

The contributions from gauge bosons can be conven-
iently written as

ΔM2
S;11 ¼ ΔGaugecos2β;

ΔM2
S;22 ¼ ΔGaugesin2β;

ΔM2
S;12 ¼ ΔGauge sin β cos β; (26)

in terms of the auxiliary quantity

ΔGauge ¼
1

16π2
g2m2

Zð−9þ 12sin2θW − 6sin4θWÞ

× ln

�
M2

SUSY

m2
Z

�
: (27)

Finally, staus can be considerably lighter than the third
generation squarks and hence can give comparatively larger
D-term contributions, which are written as

ΔM2
S;11 ¼ Δ~τcos2β;

ΔM2
S;22 ¼ Δ~τsin2β;

ΔM2
S;12 ¼ −Δ~τ sin β cos β; (28)

where, assuming a common stau mass, m~τ,

Δ~τ ¼ −
1

16π2
g2m2

Zð9 sin4 θW þ 3 cos4 θWÞ ln
�
M2

SUSY

m2
~τ

�
;

(29)

with θW being the weak mixing angle.

3. Wave function renormalization

As mentioned earlier, the elements of the loop-corrected
Higgs mass matrix obtained so far contain VeVs vuðQÞ,
vdðQÞ and sðQÞ defined at the scale Q2 ¼ M2

SUSY. These
VeVs are related to the VeVs of the properly normalized
Higgs fields (i.e., after the addition of quantum effects with
Q2 < M2

SUSY) as

vuðQÞ¼ vuffiffiffiffiffiffiffiffi
ZHu

p ; vdðQÞ¼ vdffiffiffiffiffiffiffiffi
ZHd

p ; sðQÞ¼ sffiffiffiffiffiffi
ZS

p ; (30)

where Zi, with i ¼ Hu, Hd, S, are the wave function
renormalization constants. These constants multiply the
kinetic terms in the effective action and their explicit forms
are given in Appendix B. The elements of the Higgs mass
matrix, therefore, have to be rescaled by appropriate powers
of these renormalization constants as

M02
H;ij ¼ M2

H;ij=
ffiffiffiffiffiffiffiffiffiffi
ZiZj

p
. (31)

This rescaling then takes care of further contributions of the
order g2h2t;b to the Higgs mass matrix.

C. Physical Higgs boson masses

To obtain the physical mass eigenstates the 6 × 6 Higgs
mass matrixM02

H can be diagonalized using the orthogonal
matrix O as

ðH1; H2; H3; H4; H5; H6ÞTa
¼ OaiðHdR;HuR; SR;HdI; HuI; SIÞTi : (32)
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However, one of the resulting states corresponds to a
massless Nambu-Goldstone (NG) mode, G. In order to
isolate this NG mode, a β rotation of M2

P is carried out,
before the above diagonalization, as

0
B@

HdI

HuI

SI

1
CA ¼

0
B@

cos β sin β 0

− sin β cos β 0

0 0 1

1
CA
0
B@

G

HI

SI

1
CA: (33)

In the new basis, hT ≡ ðHdR;HuR; SR;HI; SIÞ, after drop-
ping the NG mode, the tree level pseudoscalar block in
Eq. (10) gets replaced by

M2
Pβ

¼
� ðRλ þRs=2Þ v2s

vdvu
ðRλ −RsÞv

ðRλ −RsÞv Rλ
vdvu
s þ 2Rvdvu − 3Rκs

�
;

(34)

where v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2d

q
, and the off-diagonal CP-mixing

block gets replaced by

M2
SPβ

¼

0
B@

0 − 3
2
Isvu

0 − 3
2
Isvd

1
2
Isv −2Ivuvd

1
CA: (35)

The radiatively corrected Higgs mass matrix in the new
basis can be obtained by similarly β-rotating the mass
matrix given in Eq. (31) as

M02
h ¼ ðM02

HÞβ: (36)

The effective potential masses of the neutral Higgs bosons
are then obtained by diagonalizing the above 5 × 5 mass
matrix as O0TM02

hO
0¼diagðm2

h1
m2

h2
m2

h3
m2

h4
m2

h5
Þ, such that

m2
h1
≤ m2

h2
≤ m2

h3
≤ m2

h4
≤ m2

h5
: (37)

For Higgs boson pole masses, the approximate
expression obtained in [20] can be extrapolated to the
cNMSSM as

mpole2
hi

¼m2
hi
−

3h2t
16π2

½ðm2
hi
− 4m2

t ÞO2
i2 þm2

hi
O2

i5�Bðm2
hi
;m2

t Þ

−
3h2b
16π2

�
m2

hi
ðO2

i1 þO2
i4Þ ln

�
m2

t

m2
b

�

þ ððm2
hi
− 4m2

bÞO2
i1 þm2

hi
O2

i4ÞBðm2
hi
;m2

bÞ
�
; (38)

where the function BðM2; m2Þ is defined as

BðM2; m2Þ ¼

8>>>>>><
>>>>>>:

2 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

M2

q
ln

0
B@1þ

ffiffiffiffiffiffiffiffiffi
1−4m2

M2

q

1−
ffiffiffiffiffiffiffiffiffi
1−4m2

M2

q
1
CA∶ M2 > 4m2;

2 − 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

M2 − 1

q
arctan

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

4m2−M2

q �
∶ M2 < 4m2:

(39)

In the case of the charged Higgs states, a β rotation is also carried out for isolating the NG modes. The corrections to the
charged Higgs boson mass, of the order h4t;b and those induced by chargino/neutralino, gauge boson and slepton loops give
rise to some additional terms on top of the shifts of Aλ described earlier. After including these corrections and β-rotating, the
mass of the physical charged Higgs boson is given as

M02
� ¼

�
ðRλ þRs=2Þsþ vuðQÞvdðQÞ

�
g22
2
− jλj2

���
vuðQÞ

ZHd
vdðQÞ þ

vdðQÞ
ZHu

vuðQÞ
�

þ v2uðQÞ þ v2dðQÞ
16π2

�
6h2t h2b ln

�
M2

SUSY

m2
t

�
−
3

4
g42 ln

�
M2

SUSY

m2
~l

�
þ 7g21g

2
2 − g42
4

ln

�
M2

SUSY

m2
Z

�
þ 2ðg21g22 − g42ÞLM2μ

�
; (40)

where the rescaling by the wave function normalization constants has been taken care of. The pole mass of the charged
Higgs boson is then obtained as

mpole2
h� ¼ M02

� þ 3

16π2

�
ðh2t cos2β þ h2bsin

2βÞ
�
M02

�

��
1 −

m2
t

M02
�

�
ln

				M
02
� −m2

t

m2
t

				 − 2

�

þ ðm2
t þm2

bÞ
��

1 −
m2

t

M02
�

�
ln

				 m2
t

M02
� −m2

t

				þ 1

��
þ 4m2

t m2
b

v2

��
1 −

m2
t

M02
�

�
ln

				 m2
t

M02
� −m2

t

				þ 1

�

: (41)
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III. TRILINEAR HIGGS BOSON SELF
INTERACTIONS

The complete NMSSM Lagrangian contains the inter-
action terms of the Higgs bosons with the fermions,
scalars and vector bosons as well as with each other, from
which the corresponding couplings can be obtained. In
Table I we summarize various Higgs boson couplings

which will be used in the expressions for neutral Higgs
boson decay widths in the next section. The analytical
formulas for these couplings in the cNMSSM, with the
exception of the Higgs boson self couplings, can be found
in [32]. The couplings between three neutral Higgs
bosons, obtained from the potential in Eq. (3), are
given as

ghahbhc ¼
g2

4
ðvuðΠ111

abc − Π122
abc þ Π144

abc − Π155
abcÞ þ vdðΠ222

abc − Π211
abc þ Π255

abc − Π244
abcÞÞ

þ λ2

2
ðvuðΠ122

abc þ Π133
abc þ Π155

abc þ Π166
abcÞ þ vdðΠ211

abc þ Π233
abc þ Π244

abc þ Π266
abcÞ þ sðΠ311

abc þ Π322
abc þ Π344

abc þ Π355
abcÞÞ

þ κ2sðΠ333
abc þ Π366

abcÞ − RλðΠ123
abc − Π453

abc − Π426
abc − Π156

abcÞ þ RκðΠ333
abc − 3Π366

abcÞ

−
R
2
ðvuðΠ233

abc − Π266
abc þ 2Π536

abcÞ þ vdðΠ133
abc − Π166

abc þ Π436
abcÞ þ 2sðΠ123

abc − Π345
abc þ Π156

abc þ Π426
abcÞÞ

−
I
2
ðvuðΠ566

abc − Π533
abc þ 2Π236

abcÞ þ vdðΠ466
abc − Π433

abc þ Π136
abcÞ

þ sð3Π126
abc − 3Π456

abc − Π135
abc − Π423

abcÞ þ 3
vdvu
s

ðΠ666
abc − Π336

abcÞÞ; (42)

where

Πijk
abc ¼ OaiObjOck þOaiOcjObk þObiOajOck

þObiOcjOak þOciOajObk þOciObjOak; (43)

with Oxy being the elements of the Higgs mixing matrix
defined inEq. (32). The couplings of the neutralHiggsbosons
to a pair of charged Higgs bosons are similarly given as

ghahþh− ¼ g21
8
ðvuðΠ111

abc − Π122
abcÞ þ vdðΠ222

abc − Π211
abcÞÞ

þ g22
8
ðvuðΠ111

abc þ Π122
abc þ 2Π212

abcÞ
þ vdðΠ222

abc þ Π211
abc þ 2Π112

abcÞÞ

þ λ2

2
ðsðΠ311

abc þ Π322
abcÞ − vuΠ212

abc − vdΠ112
abcÞ

þRsΠ312
abc þ RλΠ312

abc þ
3

2
IsΠ612

abc; (44)

where

Πijk
abc ¼ 2OaiCjCk with C1 ¼ cos β; C2 ¼ sin β:

(45)

IV. NEUTRAL HIGGS BOSON DECAYS

In this section, we present the analytical expressions for
the decay widths of the cNMSSMHiggs bosons into pairs of
fermions, massive gauge bosons, sfermions, photons, gluons
and lighter Higgs bosons as well as into a lighter Higgs and
massive gauge boson pair. These expressions have mostly

been adopted from [34] and follow the notation therein. For
the decay modes involving an off-mass-shell gauge boson,
three-body decays are described following [35].

(i) h → ff0
The decay width of a Higgs boson into two fermions
is given as

Γðha → ff0Þ

¼ NC
GFMhaλ

1=2ð1; κaf; κaf0 Þ
4

ffiffiffi
2

p
π

m̄2
qðmhaÞΓMK

f
a

× ½ð1 − κaf − κaf0 ÞðjgShaff0 j2 þ jgPhaff0 j2Þ
− 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κafκaf0

p ðjgShaff0 j2 − jgPhaff0 j2Þ�; (46)

TABLE I. The couplings of the NMSSM Higgs boson ha to
particles and sparticles at the tree level. gS

haf̄f
and gP

haf̄f
refer to

vector and axial vector couplings of the fermions, respectively.Oai
are the elements of the Higgs mixing matrix defined in Sec. II C.

Fermion pair gS
haf̄f

gP
haf̄f

dd̄=lþl− Oa1= cos β −Oa4= cos β
uū Oa2= sin β −Oa5= sin β
~χ0j ~χ

0
k gS

ha ~χ0j ~χ
0
k

gPha ~χ0j ~χ0k
~χ−j ~χ

þ
k gSha ~χþj ~χ−k

gPha ~χþj ~χ−k

sfermions gha ~fb ~f�c
Gauge bosons ghaVV
Higgsþ Z boson ghahbZ
Neutral Higgs bosons ghahbhc
Charged Higgs bosons ghahþh−
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where GF=
ffiffiffi
2

p ¼ g22=8m
2
W , with mW being the W

boson mass, κafð0Þ≡m2
fð0Þ=m

2
ha
, λð1;x;yÞ≡ð1−x−yÞ2−

4xy and the couplings gShaff0 and gPhaff0 have been

defined in Table I (where f0 ¼ f̄ in the case of quarks
and leptons). The color factor NC is equal to 3 for
quarks and to 1 for leptons, charginos and neutralinos.
ΓM ¼ ð 4

1þδbc
Þ for Majorana fermions such as (s)neu-

trinos, neutralinos and charginos, with δbc ¼ 1 when
they are identical, while for Dirac fermions ΓM ¼ 1.
For ha → qq̄, the leading-order QCD corrections are
taken into account with the enhancement factor

Kq
a ¼ 1þ 5.67

αsðm2
ha
Þ

π . For leptons, neutralinos and

charginos, Kf
a ¼ 1.

(ii) h → VV
The decay width into two massive gauge bosons is
given as

Γðha → VVÞ ¼ δV
GFg2haVVm

3
ha

16
ffiffiffi
2

p
π

× βiVð1 − 4κaV þ 12κ2aVÞ; (47)

where κaV ¼ m2
V=m

2
ha
, βaV ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4κaV
p

, δW ¼ 2 and
δZ ¼ m4

W=ðcos θWmZÞ4 ¼ 1. Below the VV threshold,
when one of the gauge bosons is off mass shell, the
three-body decay width of a Higgs boson is given as

Γðha → VV�Þ ¼ δ0V
3GFg2haVVmham

4
V

16
ffiffiffi
2

p
π

RðκaVÞ; (48)

where δ0W ¼ 2, δ0Z ¼ 7=12 − 10 sin2 θW=9þ 40 ×
sin4 θW=27 and

RðxÞ ¼ 3
1 − 8xþ 20x2ffiffiffiffiffiffiffiffiffiffiffiffiffi

4x − 1
p arccos

�
3x − 1

2x3=2

�

−
1 − x
2x

ð2 − 13xþ 47x2Þ

−
3

2
ð1 − 6xþ 4x2Þ log x: (49)

(iii) ha → hbhc, ~fb ~f
�
c

The decay width of a Higgs boson into two scalar
particles, including sfermions and lighter Higgs
bosons, is written as

Γðha → hbhc; ~fb ~f
�
cÞ ¼

NFjGj2
16πmha

λ1=2ð1; κab; κacÞ;

(50)

where ðNF;GÞ ¼ ð1=ð1þ δbcÞ; ghahbhcÞ, ðNC; gha ~fb ~f�cÞ
and κai ¼ m2

hi; ~fi
=m2

ha
.

(iv) ha → hbZ
The decay width of a Higgs boson into a lighter
Higgs and Z boson pair is given as

Γðha → hbZÞ ¼ g2hahbZ
GFm4

Z

8
ffiffiffi
2

p
πmha

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ0ðm2

hb
;m2

Z;m
2
ha
Þ

q

× λ0ðm2
hb
;m2

ha
;m2

ZÞ; (51)

where the function λ0ðx; y; zÞ ¼ ð1 − x=z − y=zÞ2−
4xy=z2. Below the threshold for the above process,
the three-body decay width is given as

Γðha → hbZ�Þ ¼ g2hahbZδ
0
Z

9G2
Fm

4
Zmha

16π3
GhbZ; (52)

where the generic functions Gij can be written as

Gij ¼
1

4

�
2ð−1þ κj − κiÞ

×
ffiffiffiffiffi
λij

q �
π

2
þ arctan

�
κjð1 − κj þ κiÞ − λij

ð1 − κiÞ
ffiffiffiffiffi
λij

p
��

þ ðλij − 2κiÞ log κi
þ 1

3
ð1 − κiÞ

�
5ð1þ κiÞ − 4κj þ

2

κj
λij

�

; (53)

using the parameters

λij¼−1þ2κiþ2κj−ðκi−κjÞ2; κi¼
m2

i

m2
ha

: (54)

(v) h → Zγ
The decay width of a Higgs boson into a Z boson
and photon pair is given by

Γðha → ZγÞ ¼ GFm2
Wα

2m3
ha

64π3
ð1 − κaZÞ3

× ½jSZγa ðmhaÞj2 þ jPZγ
a ðmhaÞj2�: (55)

In the above expression the scalar and pseudoscalar
form factors, retaining only the dominant loop con-
tributions, which include those from t and b quarks,
W� and H�, are given by

SZγa ðmhaÞ ¼
X
f¼b;t

gS
haf̄f

F0
sfðτaf;λfÞþ ghaVVF

0
1ðτaW;λWÞ

þ ghahþh−

2
ffiffiffi
2

p
GFm2

h�
F0
0ðτah� ;λh�Þ;

PZγ
a ðmhaÞ ¼

X
f¼b;t

gP
haf̄f

F0
pfðτaf;λfÞ; (56)

SHOAIB MUNIR PHYSICAL REVIEW D 89, 095013 (2014)

095013-10



where τax ¼ 4m2
x=m2

ha
and λx ¼ 4m2

x=m2
Z. The form

factors F0
sf, F

0
pf, F

0
0 and F0

1 are given as

F0
sfðτ; λÞ ¼ 6

QfðI3f − 2Qfsin2θWÞ
cos θW

× ½I1ðτ; λÞ − I2ðτ; λÞ�;

F0
pfðτ; λÞ ¼ 12

QfðI3f − 2Qfsin2θWÞ
cos θW

I2ðτ; λÞ;

F0
0ðτ; λÞ ¼

cos 2θW
cos θW

I1ðτ; λÞ;

F0
1ðτ; λÞ ¼ cos θW

�
4ð3 − tan2θWÞI2ðτ; λÞ

þ
��

1þ 2

τ

�
tan2θW

−
�
5þ 2

τ

��
I1ðτ; λÞ



; (57)

where Qf is the electric charge of the fermion f and
I3f is the third component of its isospin. The functions
I1;2 are defined as

I1ðτ; λÞ ¼
τλ

2ðτ − λÞ þ
τ2λ2

2ðτ − λÞ2 ½fðτÞ − fðλÞ�

þ τ2λ

ðτ − λÞ2 ½gðτÞ − gðλÞ�; (58)

I2ðτ; λÞ ¼ −
τλ

2ðτ − λÞ ½fðτÞ − fðλÞ�; (59)

with

gðτÞ ¼
8<
:

ffiffiffiffiffiffiffiffiffiffi
τ − 1

p
arcsin 1ffiffi

τ
p τ ≥ 1ffiffiffiffiffiffi

1−τ
p
2

h
log 1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p − iπ
i

τ < 1.
(60)

(vi) h → γγ
The decay width into two photons is given as

Γðha → γγÞ ¼ GFα
2m3

ha

128
ffiffiffi
2

p
π3

½jSγaðmhaÞj2 þ jPγ
aðmhaÞj2�;

(61)

where α is the fine-structure constant. The scalar and
pseudoscalar form factors, retaining only the loop
contributions from W�, H� and the dominant ones
from (s)fermions, are given by

SγaðmhaÞ ¼ 2
X

f¼b;t;~χ�
1
;~χ�

2

NCQ2
fg

S
haf̄f

FsfðτafÞ

þ
X

~fj¼~t1;~t2; ~b1; ~b2;~τ1;~τ2

NCQ2
f

gHi
~f�j ~fj

2
ffiffiffi
2

p
GFm2

~fj

F0ðτa ~fjÞ

þ ghaVVF1ðτaWÞþ
ghahþh−

2
ffiffiffi
2

p
GFm2

h�
F0ðτah�Þ;

Pγ
aðmhaÞ ¼ 2

X
f¼b;t;~χ�

1
;~χ�

2

NCQ2
fg

P
haf̄f

FpfðτafÞ: (62)

The form factors Fsf, Fpf, F0 and F1 in the above
equations are given as

FsfðτÞ ¼ τ½1þ ð1 − τÞfðτÞ�; FpfðτÞ ¼ τfðτÞ;
F0ðτÞ ¼ −τ½1 − τfðτÞ�;
F1ðτÞ ¼ −½2þ 3τ þ 3τð2 − τÞfðτÞ�; (63)

in terms of the scaling function fðτÞ written as

fðτÞ ¼
8<
:

arcsin2
�

1ffiffi
τ

p
�
∶ τ ≥ 1;

− 1
4

h
ln
�
1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p
�
− iπ

i
2
∶ τ < 1:

(64)

(vii) h → gg
The decay width of a Higgs boson into two gluons is
given by

Γðha → ggÞ ¼ GFα
2
Sm

3
ha

16
ffiffiffi
2

p
π3

× ½Kg
SjSgaðmhaÞj2 þ Kg

PjPg
aðmhaÞj2�;

(65)

where αS is the strong coupling constant and the scalar
and pseudoscalar form factors, retaining only the
contributions from third generation (s)quarks, are
given by

SgaðmhaÞ ¼
X
f¼b;t

gS
haff̄

FsfðτafÞ

þ
X

~fj¼~t1;~t2; ~b1; ~b2

gha ~f�j ~fj
4

ffiffiffi
2

p
GFm2

~fj

F0ðτa ~fjÞ;

Pg
aðmhaÞ ¼

X
f¼b;t

gP
haff̄

FpfðτafÞ; (66)

with functions Fsf, Fpf and F0 being the same as for
the γγ mode above. Kg

S;P in Eq. (65) are QCD loop
enhancement factors that include the leading-order
QCD corrections. In the heavy-quark limit, the factors
Kg

H;A are given by [36]

NOVEL HIGGS-TO-125 GEV HIGGS BOSON DECAYS IN … PHYSICAL REVIEW D 89, 095013 (2014)

095013-11



Kg
S ¼ 1þ αSðM2

Hi
Þ

π

�
95

4
−
7

6
NF

�
;

Kg
P ¼ 1þ αSðM2

Hi
Þ

π

�
97

4
−
7

6
NF

�
; (67)

where NF is the number of quark flavors lighter than
the ha boson.

V. NOVEL HEAVY HIGGS BOSON DECAYS INTO
SM-LIKE 125 GeV STATES

In this section we discuss a cNMSSM scenario which, if
probed at the LHC, could provide an indication of not only
the existence of CP violation in the Higgs sector but also of
a nonminimal nature of SUSY. For a numerical analysis of
this scenario, we use a fortran program (available on
request) in which the Higgs mass matrix calculated above
has been implemented along with other SUSY mass
matrices (given in Appendix A). This program computes
the particle mass spectrum for a given set of the cNMSSM
input parameters defined at MSUSY. In addition, all the
expressions for decay widths, as given in the previous
section, have been implemented in the program, enabling it
to also calculate Higgs boson BRs in various decays modes.
In the current version of the program, QCD corrections
have been included only in the decays into quarks and
gluons via K-factors, as noted in Eqs. (46) and (67),
respectively. In the CPC limit, the Higgs boson masses
and BRs have been compared with those given by
NMSSMTools-v3.2.4 [33] (with the flag for precision in
the calculation of Higgs boson masses set to the default
value of 0). While the mass calculations have been found to
differ by ∼1% at the most between the two programs, the
differences in BRs can reach as high as ∼5% for some
points. This is mainly because of a more robust treatment
of QCD corrections in NMSSMTools, which is not
straightforwardly extendable to the CPV case.
We also note here that the extension of further correc-

tions to the Higgs boson masses, those from Higgs loop
contributions and those calculated in [37] for the real
NMSSM (included in NMSSMTools by setting the Higgs
boson mass precision flag to 2), to the cNMSSM in the
effective potential approach is a work in progress.
However, while such improved precision may slightly alter
the regions of the model parameter space yielding the
correct mass of the signal candidate Higgs boson, the
results obtained here for our scenario of interest, which is a
generic feature of the cNMSSM, should still largely be
valid in those regions.
Our package also tests the output of a given point in the

cNMSSM parameter space against the constraints from the
direct searches of the SM (and SUSY) Higgs boson(s) as
well as third generation squark, stau and light chargino at
the large electron positron (LEP) collider. Although no
limits from b-physics, LHC SUSY searches or from relic

density measurements have so far been implemented in the
package, in our current analysis we confine ourselves to
points from among those which have been found to best
comply with such constraints (see, e.g., [22,23,38,39]).
In the experimental searches the magnitude of the

signal is typically characterized by the “signal strength,”
μðXÞ≡ σobsðXÞ=σhSMðXÞ, where hSM implies a SM Higgs
boson with a mass equal to the measured one of the
observed boson decaying via a given channel X. The
theoretical counterpart of this quantity, sometimes referred
to as the reduced cross section, for a Higgs boson, hi,
produced in the dominant gluon fusion mode is given as

μhiðXÞ ¼
σðgg → hiÞ
σðgg → hSMÞ

×
BRðhi → XÞ
BRðhSM → XÞ : (68)

To a good approximation, the ratio of the production cross
sections σ of hi and hSM in the above expression can be
substituted by the ratio of their respective decay widths
into two gluons. We, therefore, redefine the reduced cross
section as

RhiðXÞ≡
Γðhi → ggÞ
ΓðhSM → ggÞ ×

BRðhi → XÞ
BRðhSM → XÞ ; (69)

which is calculated by the program for each of the Higgs
bosons of the model. For the Higgs bosons that are assumed
to have escaped detection so far, RhiðXÞ is tested against the
LHC exclusion limit on μðXÞ wherever it is available for a
given decay channel. In case two Higgs bosons of the
model are so close in mass that the event excesses due to
each of them cannot be independently resolved by the
experiment, RhiðXÞ is simply taken to be the sum of their
individual reduced cross sections.
As noted earlier, the presence of nonzero CPV phases in

the Higgs sector of the NMSSM can result in some unique
scenarios which are not possible when CP is conserved. In
particular, a decrease in the mass of a given Higgs boson
with a variation in CPV phases can result in the kinematical
opening of new decay channels. Conversely, a gradual
decrease in the Higgs boson mass can result in the closing
of a particular decay channel beyond a certain value of a
given CPV phase, thereby causing a notable reduction in its
total width and a deviation in its BRs from the CPC case.
Indeed, such deviations were observed for a ∼125 GeV
SM-like Higgs boson in [27], owing sometimes to the
contribution of the CPV phases to the gaugino masses also
besides the Higgs boson mass itself. Another crucial
possibility arises due to the fact that the Higgs mass
eigenstates do not carry a definite CP assignment for
nonzero CPV phases. Hence, couplings between pseudo-
scalar and scalar states which are forbidden in the CPC
limit become possible upon the introduction of such
phases, resulting in some “unconventional” Higgs boson
decays.
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In the NMSSM, in analogy with the decoupling regime
of the MSSM, when one of the CP-even Higgs bosons is
required to have exactly SM-like couplings and a mass
around 125 GeV the other doublet-like scalar and
pseudoscalar Higgs bosons are typically very heavy,
≳500 GeV. In this case a correlation exists between the
masses of the light doublet-like and the singlet-like scalar
Higgs bosons such that the latter is either lighter than the
former, in a small portion of the parameter space, or
decoupled like the other heavy doublet-like Higgs
bosons. On the other hand, the mass of the singlet-like
pseudoscalar, typically a1, approximated at the leading
order (for large tan β) by

m2
a1 ≃ −κsAκ; (70)

can vary much more freely depending on the size of the
parameter Aκ, with marginal effect on the masses of the
other Higgs bosons. It is thus possible for a1 to have a mass
close to twice that of the SM-like Higgs boson. Note also
the fact that the partial decay width of a given Higgs boson,
ha, into two lighter Higgs bosons, given in Eq. (51), is
inversely proportional tomha . Hence, when CPV phases are
turned on, the decay amplitude of a (now CP-indefinite)
∼250 GeV Higgs boson into a pair of SM-like Higgs
bosons is nonvanishing. Evidently, a lower mass of a1 also
implies the availability of more, albeit still rather small,
phase space for its production.
In the following we will further discuss the representa-

tive points of three benchmark cNMSSM parameter space
cases wherein not only a SM-like ∼125 GeV Higgs boson
but also the above mentioned ∼250 GeV Higgs boson can
be obtained. We will analyze in detail the impact of
variation in the CPV phase ϕ0

κ (we fix φ to 0° so that
ϕ0
κ ¼ ϕκ)

1 on the properties of the relevant Higgs bosons
for these points. We should indicate here that the chosen
points exhibiting our scenario of interest are indeed not
isolated ones and dedicated scans of their neighbourhoods
in the model parameter space should reveal many more
similar points. However, such scans are beyond the scope
of this article since our aim here is to highlight some
specific characteristics of the parameter regions yielding
our representative points, rather than to map out their sizes.
For convenience, we shall refer to the singlet-like pseu-
doscalar(-like) Higgs boson generically as hp, to the
∼125 GeV SM-like Higgs boson as hd and to the other
singlet-dominated scalar(-like) boson as hs henceforth.

In principle, since the coupling of hp to a pair of hd is
only induced by CPV phases, one can expect the corre-
sponding partial decay width and BR to be minimal.
However, as noted above, the fact that the mass of hp lies
much closer to the hdhd production threshold than that of
the heavy doublet-like Higgs bosons is crucial and provides
a unique possibility in the context of Higgs boson phe-
nomenology at the LHC. Therefore, for quantifying the
magnitude of the process where hp produced via gluon
fusion decays into one or more hd which subsequently
decay in the channel X, we compute, following Eq. (69),
the auxiliary quantity

A
hp
i ðγγÞ≡ Γðhp → ggÞ

ΓðhSM → ggÞ × BRðhp → hdhiÞ

×
BRðhd → γγÞ
BRðhSM → γγÞ ; (71)

where hSM refers to a SM Higgs boson with the same mass
as hd. i ¼ d, s in the above equation, since the decay hp →
hdhs is also possible when mhs < mhp −mhd . The second
of the two Higgs bosons thus produced, whether hd or hs, is
assumed to have escaped undetected in the recent run of the
LHC, since no Higgs pair production has been observed
there. It can, however, be probed mainly in the bb̄ decay
channel, as discussed in [40], in the next LHC run withffiffiffi
s

p ¼ 14 TeV. We, therefore, also calculate the corre-
sponding auxiliary rate for this Higgs boson in the bb̄

channel. Evidently, both A
hp
d ðγγÞ and A

hp
s ðγγÞ are by

definition zero in the CPC limit. We stress here that
the above expression gives only a crude estimate of the
diphoton production rate via this channel, since the
incoming gluons will require a larger momentum fraction
for producing the heavier hp than for hSM and thus their
structure functions will differ. However, while a calculation
of the actual total cross section for the process hp →
hdhi → X1X2 is needed for an accurate estimate of its
significance at the LHC, the above expression provides a
reasonably good approximation since hp in our scenario of
interest is not much heavier than hd. Evidently, then, such
an auxiliary signal rate cannot be defined for the other,
much heavier, Higgs bosons of the model.
Furthermore, in our analysis below we will compute

RhdðXÞ, defined in Eq. (69), for X ¼ γγ, ZZ, τþτ−2 for each
benchmark case as a measure of the deviation of hd from
SM-like properties. RhdðXÞ ¼ 1 thus implies that hd has an
exactly SM-like signal strength in the channel X. As for the
SUSY inputs, we will impose the minimal supergravity
model-inspired unification conditions,

1Since only the difference ϕ0
λ − ϕ0

κ enters the Higgs mass
matrix at the tree level, the variation in Higgs boson properties
with varying ϕ0

κ is almost identical to that with varying ϕ0
λ, as was

noted in [27]. However, since ϕ0
κ is virtually unconstrained by the

measurements of fermionic EDMs [30,32], we only vary this
phase in our analysis. Also, since ϕA0

does not contribute directly
to the Higgs-to-Higgs decay width, its relevance to our scenario
under consideration is minimal.

2A ∼4σ evidence of a ∼125 GeV Higgs boson has now also
been established in the τþτ− channel [41,42].
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M0 ≡MQ3
¼ MU3

¼ MD3
¼ ML3

¼ ME3
¼ MSUSY;

M1=2 ≡ 2M1 ¼ M2 ¼
1

3
M3;

A0 ≡ At ¼ Ab ¼ Aτ;

where M2
~Q3

;M2
~U3

;M2
~D3

and M2
~L3

;M2
~E3

are the soft

SUSY-breaking squared masses of the third generation
squarks and sleptons, respectively. Finally, we will
fix sign½cosðϕλ þ ϕAλ

Þ� ¼ sign½cosðϕκ þ ϕAκ
Þ� ¼ þ1.

A. h1 ¼ hd
We first discuss the case when the lightest Higgs state,

h1, is SM like while hp is the second lightest of the five
neutral Higgs states of the model, hence corresponding to
h2. As a representative of this case we choose the point P1,

given in Table II, in the cNMSSM parameter space. This
point yields hd around 125 GeV in the CPC limit, with
almost exactly SM-like signal strengths in the γγ, ZZ and
τþτ− channels, despite a nonvanishing λ and, hence, singlet
component (such a NMSSM Higgs boson has been dis-
cussed in [43]). In panel (a) of Fig. 1 we show the auxiliary

signal rates A
hp
d ðγγÞ and A

hp
d ðbb̄Þ as functions of ϕκ for P1.

We see that the lines corresponding to these two signal rates
overlap each other exactly. Both these rates rise gradually
and reach a maximum value, ∼0.07, for ϕκ ¼ 29°. Such an
hp can thus be responsible for up to 7% of the observed γγ
excess besides that due to the direct production of hd in the

gluon fusion channel. The increase in A
hp
d ðγγÞ and Ahp

d ðbb̄Þ
with ϕκ is a twofold consequence of the gradual increase in
the gluonic width of hp and an increase in its BR into the hd
pair. The reason for the cutoff in the line is that beyond
ϕκ ¼ 29° the minimization condition given in Eq. (9) is not
satisfied any more.
In panel (b) we show the signal strength of hp, produced

via gluon fusion, in the γγ, ZZ and τþτ−decay channels. We
note that although there is a considerable rise in Rhp ,
particularly in the γγ and ZZ channels, with an increasing
amount of CP violation, these rates barely exceed the per
mil level for allowed values of ϕκ. This is due to the fact
that hp has a significantly reduced coupling to two photons

TABLE II. Values of the cNMSSM parameters corresponding
to the three benchmark cases discussed in the text. All dimen-
sionful parameters are in units of GeV.

Point M0 M1=2 A0 tan β λ κ μeff Aλ Aκ

P1 2500 1300 −6000 12 0.09 0.11 1000 600 −30
P2 2500 1000 −3000 20 0.04 0.013 200 200 −200
P3 1000 500 −2500 2 0.54 0.34 140 185 −200
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FIG. 1 (color online). Case when h1 ¼ hd and h2 ¼ hp. (a) Auxiliary rates A
hp
d ðγγÞ (solid brown line) and Ahp

d ðbb̄Þ (dashed violet line)
as functions of ϕκ , for hdhd pair production. (b) Rhpðτþτ−Þ (solid violet line), RhpðγγÞ (dashed brown line) and RhpðZZÞ (dotted green

line) as functions of ϕκ . (c) BRs of hp into bb̄ (solid cyan line), WþW− (dashed violet line), hdhd (large-dotted red line), ZZ (small-
dotted green line) and τþτ− (dot-dashed blue line) vs mhp . (d) Signal strengths of hd in the τþτ− channel (solid green line), in the ZZ
channel (dashed red line) and in the γγ channel (dotted blue line) vs mhd .
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compared to that of a SM Higgs boson with the same mass.
In panel (c) there are shown the dominant BRs of hp against
its mass, with ϕκ increasing from left to right. This plot
demonstrates the main reason of large auxiliary signal rates
of hp for nonzero ϕκ, as observed above. We see that as
soon as the process hp → hdhd is allowed, it becomes one
of the dominant decay modes of hp, with BR reaching up to
∼0.23. However, it is still not the most dominant decay
mode due to the fact that hp develops nonzero couplings
also to gauge boson pairs. Therefore, the decay hp →
WþW− has the highest BR for nonzero ϕκ, while the BR of
hp into ZZ also lies close its BR into hdhd. As a result, the
decay modes hp → bb̄ and hp → τþτ−, which had the
highest and second highest BRs, respectively, in the CPC
limit, become very subdominant. Since there is a negligible
increase in the mass of hp with increasing ϕκ, all the above
BRs remain almost constant over the entire allowed range
of this phase.
Finally, in panel (d) we show the signal strengths of hd in

the γγ, ZZ and τþτ− channels plotted against its mass. With
increasing ϕκ (again, from left to right), mhd falls slowly. It
reaches ∼125 GeV for ϕκ ¼ 29°, hence becoming more
consistent with the mass measurements at the LHC [44,45]
(which, nevertheless have appreciable experimental errors).
We see in the figure that the signal strengths of hd in all

three decay modes considered are very SM like in the CPC
limit and show a very slow drop with increasing ϕκ.

B. h2 ¼ hd
As stated in the introduction, in the NMSSM the h2

(the second lightest scalar in the CPC limit) can also be the
∼125 GeV SM-like Higgs boson with the h1 corresponding
to hs. Below, we discuss two distinct cases, based on the
compositionsofh1 andh2, inwhich this possibility is realized.

1. Small singlet-doublet mixing

For small λ, κ and μeff but intermediate-to-large tan β, h2 is
still doublet dominated and hence possesses very SM-like
couplings to fermions and bosons. In this case, due to a
smaller VeV s resulting from a lower value of μeff (recall that
μeff ¼ λs) compared to the case discussed above, the mass of
the singlet-like scalar Higgs boson falls below that of hd. In
fact, owing to a highly dominant singlet component,mhs can
reach very low values, ∼40 GeV, before it violates the LEP
limit on hZ production [46]. This effectively bounds mhp ,
which grows with increasing Aκ whilemhs falls, from above.
Thus, it is extremely difficult for Aκ and, resultantly, mhp to
become large enough to allow the hp → hdhd decay.
However, thanks to a fairly light hs, the decay hp → hdhs
is alternatively possible for nonzero ϕκ.
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FIG. 2 (color online). Case when h2 ¼ hd with small singlet-doublet mixing and h3 ¼ hp. (a), (b) Auxiliary rates A
hp
d ðγγÞ and

A
hp
s ðbb̄Þ, respectively, as functions of ϕκ, for hdhs pair production. (c) Rhpðτþτ−Þ (solid violet line), RhpðγγÞ (dashed brown line) and

RhpðZZÞ (dotted green line) as functions of ϕκ . (d) BRs of hp into bb̄ (solid cyan line),WþW− (dashed violet line), ZZ (large-dotted blue
line), hdhs (small-dotted red line) and χ1χ1 (dot-dashed green line) vs mhp . (e) Signal strengths of hd in the τþτ− channel (solid violet
line), in the ZZ channel (dashed red line) and in the γγ channel (dotted green line) vs mhd . (f) Signal strengths of hs in the γγ channel
(solid green line), in the ZZ channel (dashed red line) and in the τþτ− channel (dotted blue line) vs mhs .
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We choose the point P2, with its coordinates in the
cNMSSM parameter space given in Table II, to demonstrate
the effects of CP violation on the phenomenology of hp for

this case. In panel (a) of Fig. 2 we show A
hp
d ðγγÞ against ϕκ

for P2. We see in the figure that A
hp
d ðγγÞ grows steadily until

ϕκ ¼ 40° after which it falls abruptly. The reason for this fall
is the opening up of the hp → χ1χ1 decay channel as we

shall see below. Note that even the peak value of A
hp
d ðγγÞ for

ϕκ ¼ 40° in this case lies two orders of magnitude below the
per mil level. The line has been artificially cut off at ϕκ ¼ 90°

since the auxiliary rate remains almost steady afterwards. In

panel (b) A
hp
s ðbb̄Þ is shown for the second Higgs boson, hs,

produced along with hd against ϕκ. The auxiliary rate via this
Higgs boson is always lower than that of hd on account of its
being singlet dominated and hence coupling very weakly to
matter. In panel (c) we show the direct production signal
rates of hp in the γγ, ZZ and τþτ− channels against ϕκ.
While RhpðγγÞ and RhpðZZÞ remain almost of the same
order as the auxiliary rate via hd,Rhpðτþτ−Þ rises much more
briskly with increasing ϕκ and reaches the per mil level
for ϕκ ∼ 40°.
The reason for the sudden drop in the various signal rates

of hp after ϕκ ¼ 40° becomes obvious from panel (d),

where we show its dominant BRs plotted against mhp . In
contrast with the first case above, even when the hp → hdhs
decay channel opens up for nonzero ϕκ, it remains very
subdominant, with BR still smaller than that for the hp →
bb̄mode. We see in the figure that for small nonzero values
of ϕκ the decay mode hp → WþW− is clearly the most
dominant one, with BR as high as ∼0.7, while hp → ZZ is
the second most dominant mode. With increasing ϕκ (left to
right) mhp falls negligibly, but just before it reaches
187.86 GeV, the BR(hp → χ1χ1) suddenly shoots up.
This is a consequence of the fact that mχ1 also falls sharply
as ϕκ is increased, so much so that for ϕκ > 40° χ1 becomes
light enough to make the decay of hp into its pair possible
kinematically. Resultantly, beyond ϕκ ¼ 40° all the hitherto
dominant decay modes, hp → WþW−, hp → ZZ and
hp → bb̄, become more and more subdominant while
the BR(hp → hdhs) falls even further.
The above discussion of the behavior of various BRs of hp

has an important implication, that χ1, at least for large values
of ϕκ, is highly singlino dominated. It should, therefore, be
extremely difficult to be probed at a direct detection experi-
ment for dark matter, such as XENON [47]. In panel (e) we
show the signal strengths of hd against its mass for this case.
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FIG. 3 (color online). Case when h2 ¼ hd with large singlet-doublet mixing and h3 ¼ hp. (a) Auxiliary rates A
hp
d ðγγÞ (solid green line)

and A
hp
d ðbb̄Þ (dashed brown line) as functions of ϕκ , for hdhd pair production. (b) A

hp
d ðγγÞ (solid green line) and A

hp
s ðbb̄Þ (dashed red

line) as functions of ϕκ , for hdhs pair production. (c) Signal strengths RhpðγγÞ (solid violet line), RhpðZZÞ (dashed brown line) and
Rhpðτþτ−Þ (dotted green line) as functions of ϕκ . (d) BRs of hp into hdhd (solid green line) and hdhs (dashed red line) vsmhp . (e) BRs of
hp into χ1χ1 (solid cyan line), hshs (dashed violet line), WþW− (large-dotted blue line) and ZZ (small-dotted orange line) vs mhs .
(f) RhdðγγÞ (solid green line), RhdðZZÞ (dashed red line), Rhdðτþτ−Þ (large-dotted blue line), Rhsðτþτ−Þ (small-dotted orange line),
RhsðZZÞ (dot-large-dashed brown line) and RhsðγγÞ (dot-small-dashed violet line) vs mhd;s .
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The mass mhd increases slowly with increasing ϕκ, con-
versely to P1, while RhdðZZÞ and RhdðγγÞ fall gradually.
These two rates never drop below 0.9 and hence always lie
well within the experimental uncertainties around the mea-
sured central values at the LHC. Rhdðτþτ−Þ, on the other
hand, is always much higher than RhdðZZÞ and RhdðγγÞ and
closer to 1 for all values of ϕκ. Finally, in panel (f) there are
shown the signal strengths of the accompanying hs in the
same three decay channels. Conversely to the hd rates,
Rhsðτþτ−Þ is much lower than RhsðZZÞ andRhsðγγÞ, with all
these rates lying just above the percent level for ϕκ ¼ 0°. The
rates rise slowly with increasing ϕκ until it reaches 40°, after
which they become almost steady.

2. Large singlet-doublet mixing

It was noted in [22] that, for large λ and κ and small tan β
and μeff , h2 in the NMSSM (again, hd here) can have a
considerably enhanced γγ rate compared to hSM, due
mainly to the reduced coupling and consequently reduced
BR(hd → bb̄). This scenario, in which the h1 (hs here) has
a mass lying just below mh2 [23] and the lightest stop can
have a mass significantly below 1 TeV [39], is sometimes
referred to as the “natural NMSSM” [48]. To discuss the
impact of a light hp on such a scenario in the cNMSSM, we
choose the point P3, given in Table II.
Unlike in the second case discussed above, in this case hp

can easily have a mass more than twice that of hd, implying
that its decay into hdhd is possible simultaneously with that
into hdhs, once CP is violated. In panel (a) of Fig. 3 we

show A
hp
d ðγγÞ and A

hp
d ðbb̄Þ when a pair of hd is produced

via hp decay, as functions of the phase ϕκ. We see that

A
hp
d ðγγÞ grows rapidly with increasing ϕκ, reaching ∼0.07

for ϕκ ¼ 5°. A
hp
d ðbb̄Þ also grows, although relatively slowly,

with increasing ϕκ, which is cut off at 5° due to the fact that
mhd falls sharply, as we shall see later, and for larger values
of the phase it becomes incompatible with the current LHC
measurements of the Higgs boson mass. At the same time,
the mass of hs, which has a significant doublet component
due to the large λ, also violates the LEP bound mentioned

earlier. In panel (b) we show A
hp
d ðγγÞ and A

hp
s ðbb̄Þ when,

alternatively, an hdhs pair is produced via hp decay, as
functions of ϕκ. In this case the two auxiliary rates rise to
much larger values for ϕκ ¼ 5° compared to the case of
hdhd pair production seen in panel (a). Notably, while

A
hp
d ðγγÞ reaches a peak value of 0.25, A

hp
s ðbb̄Þ also rises to

about 0.12, owing to the fact that hs here has a considerably
larger doublet component compared to the above case with
small singlet-doublet mixing. Panel (c) shows that RhpðγγÞ
for this case also rises to percent level for ϕκ > 1° and
reaches a peak value of ∼0.07. RhpðZZÞ and Rhpðτþτ−Þ also
rise slowly, with the latter barely exceeding the per mil level
for ϕκ ¼ 5°.

In panel (d) of Fig. 3 we show the BR(hp → hdhd) and
the BR(hp → hdhs) plotted against mhp , with ϕκ increasing
from left to right. In contrast with the earlier cases, we see
that neither of these two BRs reaches a value even as high
as 0.04, even though they still yield significant AhpðγγÞ
rates as noted above. The BR(hp → hdhd) is dominant over
the BR(hp → hdhs) for ϕκ ≤ 4°, but becomes subdominant
for larger ϕκ, owing to the fact that mhs starts falling faster
than mhd . The reason for small BRs of hp in these two
decay modes becomes clear, once again, when one looks at
the other BRs, shown in panel (e) againstmhs . We see in the
figure that the BR(hp → χ1χ1) is always highly dominant.
In fact, for ϕκ ¼ 0° hp almost always decays into a pair of
χ1. With increasing ϕκ,mhs starts falling and, consequently,
the BR(hp → hshs) starts rising. At the same time, the
BR(hp → WþW−) and the BR(hp → ZZ) also rise slowly,
while the BR(hp → χ1χ1) drops sharply, although it still
remains the most dominant one for almost the entire
allowed range of ϕκ. Only for ϕκ ¼ 5° the BR of hitherto
the third dominant decay mode, hp → WþW−, rises
slightly above the BRs of both hp → χ1χ1 and hp →
hshs and becomes the most dominant one, ∼0.3.
Finally, in panel (f) we show the signal strengths for both

hd and hs in the γγ, ZZ and τþτ− channels against their
respective masses for this case. We see that mhd falls quite
sharply with increasing ϕκ, again in contrast with the earlier
cases, which is one of the reasons for ϕκ being restricted to
values of Oð1Þ, as noted earlier. Additionally, RhdðZZÞ is
not only smaller than RhdðγγÞ when CP is conserved but it
also behaves quite differently with increasing ϕκ. RhdðγγÞ,
already significantly above 1 in the CPC limit, slowly
increases further with increasing ϕκ while RhdðZZÞ, also
slightly above 1 initially, grows more SM like by falling
slowly. Expectedly, Rhdðτþτ−Þ is already below 1 in the
CPC limit owing to the large singlet component of hd and,
consequently, a reduced coupling to fermions. It falls
further with increasing ϕκ and deviates considerably from
a SM-like rate for the maximum allowed value of the phase.
As for hs, its mass also drops with increasing ϕκ, but its
signal rates in the three decay channels considered rise
continuously. In fact, Rhsðτþτ−Þ reaches as high as ∼0.5 for
ϕκ ¼ 5° while RhsðγγÞ and RhsðZZÞ also reach up to 0.2.
One may thus deduce in this case that nonzero values of

ϕκ are already tightly constrained by the LHC Higgs boson
data. The is due to the dual fact that such values push
RhdðγγÞ, which is already on the larger side in the CPC
limit, upward, and Rhdðτþτ−Þ, which is already on the
smaller side in the CPC limit, further downward. However,
it should be noted that any further enhancement in the γγ
rate is only slight with increasing ϕκ, particularly for
ϕκ < 4°, so that it is still consistent with the ATLAS
measurement, μðγγÞ ¼ 1.6� 0.3Þ [45]. The same can be
said for the signal strengths of hd and hs in the τþτ−

NOVEL HIGGS-TO-125 GEV HIGGS BOSON DECAYS IN … PHYSICAL REVIEW D 89, 095013 (2014)

095013-17



channel. For smaller nonzero values of ϕκ Rhdðτþτ−Þ
(Rhsðτþτ−Þ) is still large (small) enough to be consistent
with (excluded by) the LHC data, taking into account the
experimental errors on the measurements. Nevertheless, of
the three cases discussed here, while this case presents the
possibility of the largest contribution by hp to hd produc-
tion at the LHC, it is the weakest in that the signal strengths
of the Higgs bosons predicted by it lie at the verge of being
excluded.

VI. SUMMARY AND OUTLOOK

In this article we have presented the one-loop Higgs mass
matrix of the complexNMSSM in theRG-improved effective
potential approach, along with the expressions for Higgs
boson trilinear self couplings. We have then highlighted a
scenario, precluded in the MSSM, wherein the decay of a
pseudoscalar-likeHiggs boson into 125GeVHiggs bosons is
induced by nonzero values of the CPV phase ϕκ. We have
noted that, when one of the scalar Higgs bosons is required to
have a SM-like signal rate, it is relatively easy for the mass of
the singlet-pseudoscalar-like Higgs boson to be near
∼250 GeV compared to the other heavy Higgs bosons of
the model. The fact that the decay width of a heavy Higgs
boson into two lighter ones is inversely proportional to its
mass renders such a ∼250 GeV Higgs boson particularly
interesting as well as relevant for the phenomenology of the
SM-like Higgs boson in the model.
We have analyzed three benchmark cases corresponding

to different parameter configurations in the NMSSM which
generate a ∼125 GeV SM-like Higgs boson and a pseudo-
scalar near 250 GeV. In our analysis the impact of nonzero
CPVphases in each of these cases is quantified in terms of an
auxiliary signal rate AhpðγγÞ. This approximate quantity
assumes that the ∼250 GeV pseudoscalar-like Higgs boson
is produced in the gluon fusion mode at the LHC and decays
into a (pair of) SM-like Higgs boson(s), one of which
subsequently decays into a photon pair. By calculating this
auxiliary rate in each case studied,wehavededuced that such
a ∼250 GeV Higgs boson can generally contribute signifi-
cantly to the production of SM-likeHiggs bosons at the LHC
for large CPV phases. In fact, in one of the cases discussed,
the auxiliary signal rate for thisHiggs boson canbe as high as
25% of the observed γγ rate.

Evidently, a calculation of the total cross section for our
considered process is essential to draw concrete inferences
about its observability or significance at the LHC. In this
regard, a calculation of higher order corrections to the
Higgs trilinear couplings in the complex NMSSM, follow-
ing those derived in [49] for the real NMSSM, could prove
crucial. Furthermore, a detailed study of the signal topol-
ogies in various channels due to the production of multiple
Higgs bosons, in line with the ones studied recently in
[40,48,50], is also in order. For this purpose, we eventually
aim to embed the cNMSSM in a publicly available tool
such as CalcHEP [51] to make possible the calculation of
actual cross sections in this model. Our current analysis,
nevertheless, serves as a clear and timely demonstration of
the fact that CP violation in the Higgs sector can be a very
important probe of new physics at the LHC. Of particular
relevance here is the observation that the ∼250 GeV Higgs
boson mostly has a very poor signal strength when
decaying itself into a photon pair but a large BR into
lighter Higgs bosons for nonzero CPV phases. Thus, the
already observed SM-like Higgs boson could provide an
important, and possibly the only, handle on such a beyond-
the-SM (and MSSM) scenario.
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APPENDIX A: SPARTICLE MASS MATRICES

(i) The chargino mass matrix, in the ð ~W−; ~H−Þ basis,
using the convention ~H−

LðRÞ ¼ ~H−
dðuÞ, can bewritten as

MC ¼
� M2

ffiffiffi
2

p
MW cos βffiffiffi

2
p

MW sin β jλjvSffiffi
2

p eiϕ
0
λ

�
; (A1)

which is diagonalized by two different unitary matrices
as CRMCC

†
L ¼ diagfm~χ�

1
; m~χ�

2
g, where m~χ�

1
≤ m~χ�

2
.

(ii) The neutralino mass matrix, in the
ð ~B; ~W0; ~H0

d; ~H
0
u; ~SÞ basis, can be written as

MN ¼

0
BBBBBBBB@

M1 0 −mZ cos βsW mZ sin βsW 0

0 M2 mZ cos βcW −mZ sin βcW 0

−mZ cos βsW mZ cos βcW 0 − jλjvSffiffi
2

p eiϕ
0
λ − jλjvsβffiffi

2
p eiϕ

0
λ

mZ sin βsW −mZ sin βcW − jλjvSffiffi
2

p eiϕ
0
λ 0 − jλjv cos βffiffi

2
p eiϕ

0
λ

0 0 − jλjvsβffiffi
2

p eiϕ
0
λ − jλjv cos βffiffi

2
p eiϕ

0
λ

ffiffiffi
2

p jκjvSeiϕ0
κ

1
CCCCCCCCA
; (A2)
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where sW ¼ sin θW , with θW being the Weinberg angle. The above matrix is diagonalized as
N�MNN† ¼ diagðm~χ0

1
; m~χ0

2
; m~χ0

3
; m~χ0

4
; m~χ0

5
Þ, where N is a unitary matrix and m~χ0

1
≤ m~χ0

2
≤ m~χ0

3
≤ m~χ0

4
≤ m~χ0

5
.

(iii) For the stop, sbottom and stau matrices, in the ð ~qL; ~qRÞ basis, we have

~M2
t ¼

0
B@ M2

~Q3

þm2
t þ cos 2βM2

Z

�
1
2
− 2

3
s2W

�
h�t vuffiffi

2
p

�
jAtje−iðθþϕAt Þ − jλjvSffiffi

2
p eiϕ

0
λ cot β

�
htvuffiffi

2
p

�
jAtjeiðθþϕAt Þ − jλjvSffiffi

2
p e−iϕ

0
λ cot β

�
M2

~U3

þm2
t þ cos 2βM2

ZQts2W

1
CA;

~M2
b ¼

0
B@M2

~Q3

þm2
b þ cos 2βM2

Z

�
− 1

2
þ 1

3
s2W

�
h�bvdffiffi

2
p

�
jAbje−iϕAb − jλjvSffiffi

2
p eiϕ

0
λ tan β

�
=

ffiffiffi
2

p

hbvdffiffi
2

p
�
jAbjeiϕAb − jλjvSffiffi

2
p e−iϕ

0
λ tan β

�
=

ffiffiffi
2

p
M2

~D3

þm2
b þ cos 2βM2

ZQbs2W

1
CA;

~M2
τ ¼

0
B@ M2

~L3

þm2
τ þ cos 2βM2

Zðs2W − 1=2Þ h�τvdffiffi
2

p
�
jAτje−iϕAτ − jλjvSffiffi

2
p eiϕ

0
λ tan β

�
=

ffiffiffi
2

p

hτvdffiffi
2

p
�
jAτjeiϕAτ − jλjvSffiffi

2
p e−iϕ

0
λ tan β

�
=

ffiffiffi
2

p
M2

~E3

þm2
τ − cos 2βM2

Zs
2
W

1
CA; (A3)

where hτ ≡ 2mτ
vd

and mτ are the Yukawa coupling and mass of the τ lepton, respectively, and Aτ ≡ jAτjeiϕAτ is the soft
Yukawa coupling of ~τ. The mass eigenstates of the top and bottom squarks and the stau are obtained by diagonalizing
the above mass matrices as U ~f† ~M2

fU
~f ¼ diagðm2

~f1
; m2

~f2
Þ, such that m2

~f1
≤ m2

~f2
, for f ¼ t, b and τ.

APPENDIX B: FUNCTIONS

(i) The functions used in the leading (s)quark corrections to the Higgs mass matrix are given as

L~t ¼ ln

�m2
~t2

m2
~t1

�
; L ~b ¼ ln

�m2
~b2

m2
~b1

�
; L~tt ¼ ln

�
m~t1m~t2

m2
t

�
; L ~bb ¼ ln

�
m ~b1

m ~b2

m2
b

�
;

ft ¼
1

m2
~t2
−m2

~t1

�
m2

~t2
ln

� m2
~t2

M2
SUSY

�
−m2

~t1
ln

� m2
~t1

M2
SUSY

��
− 1;

fb ¼
1

m2
~b2
−m2

~b1

�
m2

~b2
ln

� m2
~b2

M2
SUSY

�
−m2

~b1
ln

� m2
~b1

M2
SUSY

��
− 1;

gt ¼
�m2

~t2
þm2

~t1

m2
~t2
−m2

~t1

L~t − 2

�
; gb ¼

�m2
~b2
þm2

~b1

m2
~b2
−m2

~b1

L ~b − 2

�
; (B1)

where the mass eigenvalues m ~q have been given in Appendix A.
(ii) Additional quantities used in the D-term contributions are given as

gu ¼
1

4
g22 −

5

12
g21; gd ¼

1

4
g22 −

1

12
g21; Du ¼

1

2

�
M ~Q3

−M ~U3
þ gu

2
ðv2d − v2uÞ

�
;

Dd ¼
1

2

�
M ~Q3

−M ~D3
þ gd

2
ðv2u − v2dÞ

�
; Ct ¼

3m2
t

32π2

�
4guDu

ðm2
~t2
−m2

~t1
Þ2 g

0
t −

g21 þ g22
2ðm2

~t2
−m2

~t1
ÞL~t

�
;

Cb ¼
3m2

b

32π2

�
4gdDd

ðm2
~b2
−m2

~b1
Þ2 g

0
b −

g21 þ g22
2ðm2

~b2
−m2

~b1
ÞL ~b

�
;

Dt ¼ −
3m2

t

16π2

�
2guDu

ðm2
~t2
−m2

~t1
ÞL~t þ

g21 þ g22
4

ln

�m2
~t1
m2

~t2

M2
SUSY

��
;

Db ¼ −
3m2

b

16π2

�
2gdDd

ðm2
~b2
−m2

~b1
ÞL ~b þ

g21 þ g22
4

ln

�m2
~b1
m2

~b2

M2
SUSY

��
: (B2)
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(iii) The chargino/neutralino corrections use the following potentially large logarithms:

Lμ ¼ ln

� jμj2
M2

SUSY

�
; Lν ¼ ln

�
4jνj2
M2

SUSY

�
; LM2μ ¼ ln

�
maxðM2

1;2; jμj2Þ
M2

SUSY

�
; Lμν ¼ ln

�
maxð4jνj2; jμj2Þ

M2
SUSY

�
; (B3)

where for simplification we assume M1 ∼M2 ≡M1;2 for the gaugino masses.
(iv) The Higgs wave function renormalization constants for the three weak eigenstates Hu, Hd and S are given, in the

Landau gauge, as

ZHu
¼ 1þ 1

16π2

�
3h2t ln

�
M2

SUSY

m2
t

�
−
3

4
ðg21 þ 3g22Þ ln

�
M2

SUSY

m2
Z

�
þ cos2ð3h2b þ h2τ − 3h2t Þ ln

�
M2

A

m2
t

�

þ g21
2
ln

�
M2

SUSY

maxðjμj2;M2
1Þ
�
þ 3g22

2
ln

�
M2

SUSY

maxðjμj2;M2
2Þ
�
þ λ2 ln

�
M2

SUSY

maxðjμj2; 4jνj2Þ
��

;

ZHd
¼ 1þ 1

16π2

�
ð3h2b þ h2τÞ ln

�
M2

SUSY

m2
t

�
−
3

4
ðg21 þ 3g22Þ ln

�
M2

SUSY

m2
Z

�
þ sin2ð3h2t − h2τ − 3h2bÞ ln

�
M2

A

m2
t

�

þ g21
2
ln

�
M2

SUSY

maxðjμj2;M2
1Þ
�
þ 3g22

2
ln

�
M2

SUSY

maxðjμj2;M2
2Þ
�
þ l2 ln

�
M2

SUSY

maxðjμj2; 4jνj2Þ
��

;

ZS ¼ 1þ 1

8π2

�
λ2 ln

�
M2

SUSY

jμj2
�
þ κ2 ln

�
M2

SUSY

4jνj2
��

: (B4)
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