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1 The Higgs sector of the MSSM

1.1 Supersymmetry and the MSSM

1.1.1 The hierarchy problem

As is well known1, when calculating the radiative corrections to the SM Higgs boson mass,

one encounters divergences which are quadratic in the cut–off scale Λ at which the theory

stops to be valid and New Physics should appear. To summarize the problem, let us consider

the one–loop contributions to the Higgs mass, Fig. 1.1a, of a fermion f with a repetition

number Nf and a Yukawa coupling λf =
√

2mf/v. Assuming for simplicity that the fermion

is very heavy so that one can neglect the external Higgs momentum squared, one obtains [13]

∆M2
H = Nf

λ2
f

8π2

[
− Λ2 + 6m2

f log
Λ

mf
− 2m2

f

]
+ O(1/Λ2) (1.1)

which shows the quadratically divergent behavior, ∆M2
H ∝ Λ2. If we chose the cut–off scale

Λ to be the GUT scale, MGUT ∼ 1016 GeV, or the Planck scale, MP ∼ 1018 GeV, the Higgs

boson mass which is supposed to lie in the range of the electroweak symmetry breaking

scale, v ∼ 250 GeV, will prefer to be close to the very high scale and thus, huge. For the SM

Higgs boson to stay relatively light, at least MH <∼ 1 TeV for unitarity and perturbativity

reasons, we need to add a counterterm to the mass squared and adjust it with a precision of

O(10−30), which seems highly unnatural. This is what is called the naturalness or fine–tuning

problem [14]. A related question, called the hierarchy problem, is why Λ ≫ MZ .

The problem can be seen as being due to the lack of a symmetry which protects MH

against very high scales. In the case of fermions, chiral symmetry is a protection against

large radiative corrections to their masses [and the breaking of chiral symmetry generates

radiative corrections which are only logarithmically divergent], while local gauge symmetry

protects the photons from acquiring a mass term. In the case of the Higgs boson, there is

no such a symmetry. [Note that the divergence is independent of the Higgs mass and does

not disappear if MH=0; this can be understood since the choice of a massless Higgs boson

does not increase the symmetry of the SM].
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Figure 1.1: Diagrams for the contributions of fermions and scalars to the Higgs boson mass.
1Some aspects of this issue have been discussed in section 1.4.3 of the first part of this review: §I.1.4.3.
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For quarks, the first important corrections to be included are those due to standard QCD

and the running from the scale mQ to the high scale Q. The relations between the pole quark

masses and the running masses defined at the scale of the pole masses, mQ(mQ), have been

discussed in the MS scheme in §I.1.1.4 of part 1. However, in the MSSM [and particularly in

constrained models such as mSUGRA for instance] one usually uses the modified Dimensional

Reduction DR scheme [71] which, contrary to the MS scheme, preserves Supersymmetry [by

suitable counterterms, one can however switch from a scheme to another; see Ref. [72]]. The

relation between the DR and MS running quark masses at a given scale µ reads [73]

mDR
Q (µ) = mMS

Q (µ)
[
1 −

1

3

αs(µ2)

π
− kQ

α2
s(µ

2)

π2
+ · · ·

]
(1.41)

where the strong coupling constant αs is also evaluated at the scale µ, but defined in the

MS scheme instead; the coefficient of the second order term in αs is kb ∼ 1
2 and kt ∼ 1 for

bottom and top quarks, and additional but small electroweak contributions are present2.

In addition, one has to include the SUSY–QCD corrections which, at first order, consist

of squark/gluino loops. In fact, electroweak SUSY radiative corrections are also important

in this context and in particular, large contributions can be generated by loops involv-

ing chargino/neutralino and stop/sbottom states, the involved couplings being potentially

strong. In the case of b quarks, the dominant sbottom/gluino and stop/chargino one–loop

corrections can be written as [69]

∆mb

mb
= −

αs

3π

[
−s2θb

mg̃

mb

(
B0(mb, mg̃, mb̃1

) − B0(mb, mg̃, mb̃2
)
)]

+ B1(mb, mg̃, mb̃1
)

+ B1(mb, mg̃, mb̃2
) −

α

8πs2
W

mtµ

M2
W sin 2β

s2θt [B0(mb, µ, mt̃1) − B0(mb, µ, mt̃2)]

−
α

4πs2
W

[
M2µ tanβ

µ2 − M2
2

(
c2
θt
B0(mb, M2, mt̃1) + s2

θt
B0(mb, M2, mt̃2)

)
+ (µ ↔ M2)

]
(1.42)

where the finite parts of the Passarino–Veltman two–point functions [74] are given by

B0(q
2, m1, m2) = −log

(
q2

µ2

)
− 2

−log(1 − x+) − x+log(1 − x−1
+ ) − log(1 − x−) − x−log(1 − x−1

− )

B1(q
2, m1, m2) =

1

2q2

[
m2

2

(
1 − log

m2
2

µ2

)
− m2

1

(
1 − log

m2
1

µ2

)

+(q2 − m2
2 + m2

1)B0(q
2, m1, m2)

]
(1.43)

2Since the difference between the quark masses in the two schemes is not very large, ∆mQ/mQ ∼ 1%, to
be compared with an experimental error of the order of 2% for mb(mb) for instance, it is common practice
to neglect this difference, at least in unconstrained SUSY models where one does not evolve the parameters
up to the GUT scale.
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like the signal from a cut-and-count experiment, the flavour asymmetry measurement does not
suffer from the systematic uncertainty associated with the normalization of the background.

The remainder of this paper is organized as follows. In Sec. 2 we briefly outline the RNS
framework that we use for our analysis, and set up the model line that we use for our study.
We describe our simulation of the signal and SM backgrounds along with our analysis cuts in
Sec. 3 where we also compare and contrast our calculations with those of Han et al. [47]. Our
projections for the LHC14 reach for higgsinos assuming integrated luminosities ranging from
100-1000 fb−1 form the subject of Sec. 4. We conclude in Sec. 5 with a summary of our results
and our outlook for discovering natural SUSY at the LHC.

2 A model line with radiatively-driven naturalness

The RNS framework provides a setting for generating MSSM spectra with ∆EW in the 10-30
range. Specifically, we generate these in the framework of the NUHM2 model [22] specified by
the parameter set,

m0, m1/2, A0, tanβ, µ, mA (4)

consisting of the familiar mSUGRA/CMSSM parameters specified at the GUT scale, augmented
by the weak scale parameters µ and mA. The ability to specify µ and mA independently
of other parameters arises from the freedom to choose the GUT scale values of the scalar
Higgs soft-SUSY breaking parameters independently of the m0, which is why the model is
referred to as the non-universal Higgs mass model with two additional parameters. If we
choose A0 ∼ −(1.5− 2)m0 then radiative corrections in (1) from top squark loop contributions
Σu

u(t̃1,2) are suppressed even for mt̃1 = 1−2 TeV and mt̃2 ∼ (2−4)mt̃1. The large magnitude of
A0 at the same time lifts mh to its measured value because the top-squarks are highly mixed.
Then, if we adopt |µ| ∼ 100 − 300 GeV, we find ∆EW in the 10-30 range as desired [9]. The
RNS spectrum is characterized by [8, 48],

• light higgsino states W̃±

1 and Z̃1,2 in the 100-300 GeV range (the lighter the better) with

a mass gap between the heavier higgsinos and Z̃1 of about 10− 30 GeV,

• well-mixed third generation squarks with TeV scale masses,

• mg̃ ≤ 4− 5 TeV so that gluino loop corrections do not uplift the top squark masses.

First/second generation sfermion masses can be chosen to be in the 5-30 TeV range without
jeopardizing naturalness provided one of several degeneracy patterns within first/second gen-
eration sfermion multiplets is respected [49]. Although not required by naturalness, we adopt
this choice because it ameliorates the SUSY flavour problem by decoupling the new physics
[50], and also addresses the proton decay [51] and gravitino [52] problems (in models where
gravitinos get a mass comparable to that of these scalars).

Within the RNS framework, the mass gaps between W̃1/Z̃2 and the higgsino-like LSP Z̃1

decrease with increasing m1/2. The smallest value of mZ̃2
−mZ̃1

consistent with ∆EW < 30 is
about 10 GeV [29]. Since LHC signals for higgsino detection become most challenging for small
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Let us now assume the existence of a number NS of scalar particles with masses mS and

with trilinear and quadrilinear couplings to the Higgs boson given, respectively, by vλS and

λS. They contribute to the Higgs boson self–energy via the two diagrams of Fig. 1.1b, which

lead to a contribution to the Higgs boson mass squared

∆M2
H =

λSNS

16π2

[
− Λ2 + 2m2

Slog
( Λ

mS

)]
−
λ2

SNS

16π2
v2
[
− 1 + 2log

( Λ

mS

)]
+ O

(
1

Λ2

)
(1.2)

Here again, the quadratic divergences are present. However, if we make the assumption that

the Higgs couplings of the scalar particles are related to the Higgs–fermion couplings in such

a way that λ2
f = 2m2

f/v
2 = −λS, and that the multiplicative factor for scalars is twice the

one for fermions, NS = 2Nf , we then obtain, once we add the two scalar and the fermionic

contributions to the Higgs boson mass squared

∆M2
H =

λ2
fNf

4π2

[
(m2

f − m2
S)log

( Λ

mS

)
+ 3m2

f log
(mS

mf

)]
+ O

(
1

Λ2

)
(1.3)

As can be seen, the quadratic divergences have disappeared in the sum [26]. The logarithmic

divergence is still present, but even for values Λ ∼ MP of the cut–off, the contribution is

rather small. This logarithmic divergence disappears also if, in addition, we assume that the

fermion and the two scalars have the same mass mS = mf . In fact, in this case, the total

correction to the Higgs boson mass squared vanishes altogether.

The conclusion of this exercise is that, if there are scalar particles with a symmetry

which relates their couplings to the couplings of the standard fermions, there is no quadratic

divergence to the Higgs boson mass: the hierarchy and naturalness problems are technically

solved. If, in addition, there is an exact “supersymmetry”, which enforces that the scalar

particle masses are equal to the fermion mass, there are no divergences at all since, then,

even the logarithmic divergences disappear. The Higgs boson mass is thus protected by this

“supersymmetry”. One can generalize the argument to include the contributions of the other

particles of the SM in the radiative corrections to MH : by introducing fermionic partners

to the W/Z and Higgs bosons, and by adjusting their couplings to the Higgs boson, all the

quadratically divergent corrections to the Higgs boson mass are canceled.

If this symmetry is badly broken and the masses of the scalar particles are much larger

than the fermion and Higgs masses, the hierarchy and naturalness problems would be

reintroduced again in the theory, since the radiative corrections to the Higgs mass, ∝
(m2

f − m2
S)log(Λ/mS), become large again and MH will have the tendency to exceed the

unitarity and perturbativity limit of O(1 TeV). Therefore, to keep the Higgs mass in the

range of the electroweak symmetry breaking scale, MH = O(100 GeV), we need the mass

difference between the SM and the new particles to be rather small. For the radiative cor-

rections to be of the same order as the tree–level Higgs boson mass, the new particles should

not be much heavier than the TeV scale, mS,F = O(1 TeV).

14

For quarks, the first important corrections to be included are those due to standard QCD

and the running from the scale mQ to the high scale Q. The relations between the pole quark

masses and the running masses defined at the scale of the pole masses, mQ(mQ), have been
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Reduction DR scheme [71] which, contrary to the MS scheme, preserves Supersymmetry [by

suitable counterterms, one can however switch from a scheme to another; see Ref. [72]]. The

relation between the DR and MS running quark masses at a given scale µ reads [73]

mDR
Q (µ) = mMS

Q (µ)
[
1 −

1

3

αs(µ2)

π
− kQ

α2
s(µ

2)

π2
+ · · ·

]
(1.41)

where the strong coupling constant αs is also evaluated at the scale µ, but defined in the

MS scheme instead; the coefficient of the second order term in αs is kb ∼ 1
2 and kt ∼ 1 for

bottom and top quarks, and additional but small electroweak contributions are present2.

In addition, one has to include the SUSY–QCD corrections which, at first order, consist

of squark/gluino loops. In fact, electroweak SUSY radiative corrections are also important

in this context and in particular, large contributions can be generated by loops involv-

ing chargino/neutralino and stop/sbottom states, the involved couplings being potentially

strong. In the case of b quarks, the dominant sbottom/gluino and stop/chargino one–loop

corrections can be written as [69]

∆mb

mb
= −

αs

3π

[
−s2θb

mg̃

mb

(
B0(mb, mg̃, mb̃1

) − B0(mb, mg̃, mb̃2
)
)]

+ B1(mb, mg̃, mb̃1
)

+ B1(mb, mg̃, mb̃2
) −

α

8πs2
W

mtµ

M2
W sin 2β

s2θt [B0(mb, µ, mt̃1) − B0(mb, µ, mt̃2)]

−
α

4πs2
W

[
M2µ tanβ

µ2 − M2
2

(
c2
θt
B0(mb, M2, mt̃1) + s2

θt
B0(mb, M2, mt̃2)

)
+ (µ ↔ M2)

]
(1.42)

where the finite parts of the Passarino–Veltman two–point functions [74] are given by

B0(q
2, m1, m2) = −log

(
q2

µ2

)
− 2

−log(1 − x+) − x+log(1 − x−1
+ ) − log(1 − x−) − x−log(1 − x−1

− )

B1(q
2, m1, m2) =

1

2q2

[
m2

2

(
1 − log

m2
2

µ2

)
− m2

1

(
1 − log

m2
1

µ2

)

+(q2 − m2
2 + m2

1)B0(q
2, m1, m2)

]
(1.43)
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stops to be valid and New Physics should appear. To summarize the problem, let us consider

the one–loop contributions to the Higgs mass, Fig. 1.1a, of a fermion f with a repetition

number Nf and a Yukawa coupling λf =
√
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is very heavy so that one can neglect the external Higgs momentum squared, one obtains [13]

∆M2
H = Nf

λ2
f

8π2
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f log
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mf
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f
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which shows the quadratically divergent behavior, ∆M2
H ∝ Λ2. If we chose the cut–off scale

Λ to be the GUT scale, MGUT ∼ 1016 GeV, or the Planck scale, MP ∼ 1018 GeV, the Higgs

boson mass which is supposed to lie in the range of the electroweak symmetry breaking

scale, v ∼ 250 GeV, will prefer to be close to the very high scale and thus, huge. For the SM

Higgs boson to stay relatively light, at least MH <∼ 1 TeV for unitarity and perturbativity

reasons, we need to add a counterterm to the mass squared and adjust it with a precision of

O(10−30), which seems highly unnatural. This is what is called the naturalness or fine–tuning

problem [14]. A related question, called the hierarchy problem, is why Λ ≫ MZ .

The problem can be seen as being due to the lack of a symmetry which protects MH

against very high scales. In the case of fermions, chiral symmetry is a protection against

large radiative corrections to their masses [and the breaking of chiral symmetry generates

radiative corrections which are only logarithmically divergent], while local gauge symmetry

protects the photons from acquiring a mass term. In the case of the Higgs boson, there is

no such a symmetry. [Note that the divergence is independent of the Higgs mass and does

not disappear if MH=0; this can be understood since the choice of a massless Higgs boson

does not increase the symmetry of the SM].
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Figure 1.1: Diagrams for the contributions of fermions and scalars to the Higgs boson mass.
1Some aspects of this issue have been discussed in section 1.4.3 of the first part of this review: §I.1.4.3.
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Let us now assume the existence of a number NS of scalar particles with masses mS and

with trilinear and quadrilinear couplings to the Higgs boson given, respectively, by vλS and

λS. They contribute to the Higgs boson self–energy via the two diagrams of Fig. 1.1b, which

lead to a contribution to the Higgs boson mass squared

∆M2
H =

λSNS

16π2

[
− Λ2 + 2m2

Slog
( Λ

mS

)]
−
λ2

SNS

16π2
v2
[
− 1 + 2log

( Λ

mS

)]
+ O

(
1

Λ2

)
(1.2)

Here again, the quadratic divergences are present. However, if we make the assumption that

the Higgs couplings of the scalar particles are related to the Higgs–fermion couplings in such

a way that λ2
f = 2m2

f/v
2 = −λS, and that the multiplicative factor for scalars is twice the

one for fermions, NS = 2Nf , we then obtain, once we add the two scalar and the fermionic

contributions to the Higgs boson mass squared

∆M2
H =

λ2
fNf

4π2

[
(m2

f − m2
S)log

( Λ

mS

)
+ 3m2

f log
(mS

mf

)]
+ O

(
1

Λ2

)
(1.3)

As can be seen, the quadratic divergences have disappeared in the sum [26]. The logarithmic

divergence is still present, but even for values Λ ∼ MP of the cut–off, the contribution is

rather small. This logarithmic divergence disappears also if, in addition, we assume that the

fermion and the two scalars have the same mass mS = mf . In fact, in this case, the total

correction to the Higgs boson mass squared vanishes altogether.

The conclusion of this exercise is that, if there are scalar particles with a symmetry

which relates their couplings to the couplings of the standard fermions, there is no quadratic

divergence to the Higgs boson mass: the hierarchy and naturalness problems are technically

solved. If, in addition, there is an exact “supersymmetry”, which enforces that the scalar

particle masses are equal to the fermion mass, there are no divergences at all since, then,

even the logarithmic divergences disappear. The Higgs boson mass is thus protected by this
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quadratically divergent corrections to the Higgs boson mass are canceled.

If this symmetry is badly broken and the masses of the scalar particles are much larger

than the fermion and Higgs masses, the hierarchy and naturalness problems would be

reintroduced again in the theory, since the radiative corrections to the Higgs mass, ∝
(m2

f − m2
S)log(Λ/mS), become large again and MH will have the tendency to exceed the

unitarity and perturbativity limit of O(1 TeV). Therefore, to keep the Higgs mass in the

range of the electroweak symmetry breaking scale, MH = O(100 GeV), we need the mass

difference between the SM and the new particles to be rather small. For the radiative cor-

rections to be of the same order as the tree–level Higgs boson mass, the new particles should

not be much heavier than the TeV scale, mS,F = O(1 TeV).
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correction to the Higgs boson mass squared vanishes altogether.

The conclusion of this exercise is that, if there are scalar particles with a symmetry

which relates their couplings to the couplings of the standard fermions, there is no quadratic

divergence to the Higgs boson mass: the hierarchy and naturalness problems are technically

solved. If, in addition, there is an exact “supersymmetry”, which enforces that the scalar

particle masses are equal to the fermion mass, there are no divergences at all since, then,

even the logarithmic divergences disappear. The Higgs boson mass is thus protected by this

“supersymmetry”. One can generalize the argument to include the contributions of the other

particles of the SM in the radiative corrections to MH : by introducing fermionic partners

to the W/Z and Higgs bosons, and by adjusting their couplings to the Higgs boson, all the

quadratically divergent corrections to the Higgs boson mass are canceled.

If this symmetry is badly broken and the masses of the scalar particles are much larger

than the fermion and Higgs masses, the hierarchy and naturalness problems would be

reintroduced again in the theory, since the radiative corrections to the Higgs mass, ∝
(m2

f − m2
S)log(Λ/mS), become large again and MH will have the tendency to exceed the

unitarity and perturbativity limit of O(1 TeV). Therefore, to keep the Higgs mass in the

range of the electroweak symmetry breaking scale, MH = O(100 GeV), we need the mass

difference between the SM and the new particles to be rather small. For the radiative cor-

rections to be of the same order as the tree–level Higgs boson mass, the new particles should

not be much heavier than the TeV scale, mS,F = O(1 TeV).
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For quarks, the first important corrections to be included are those due to standard QCD

and the running from the scale mQ to the high scale Q. The relations between the pole quark

masses and the running masses defined at the scale of the pole masses, mQ(mQ), have been

discussed in the MS scheme in §I.1.1.4 of part 1. However, in the MSSM [and particularly in

constrained models such as mSUGRA for instance] one usually uses the modified Dimensional

Reduction DR scheme [71] which, contrary to the MS scheme, preserves Supersymmetry [by

suitable counterterms, one can however switch from a scheme to another; see Ref. [72]]. The

relation between the DR and MS running quark masses at a given scale µ reads [73]

mDR
Q (µ) = mMS

Q (µ)
[
1 −

1

3

αs(µ2)

π
− kQ

α2
s(µ

2)

π2
+ · · ·

]
(1.41)

where the strong coupling constant αs is also evaluated at the scale µ, but defined in the

MS scheme instead; the coefficient of the second order term in αs is kb ∼ 1
2 and kt ∼ 1 for

bottom and top quarks, and additional but small electroweak contributions are present2.

In addition, one has to include the SUSY–QCD corrections which, at first order, consist

of squark/gluino loops. In fact, electroweak SUSY radiative corrections are also important

in this context and in particular, large contributions can be generated by loops involv-

ing chargino/neutralino and stop/sbottom states, the involved couplings being potentially

strong. In the case of b quarks, the dominant sbottom/gluino and stop/chargino one–loop

corrections can be written as [69]

∆mb

mb
= −

αs

3π

[
−s2θb

mg̃

mb

(
B0(mb, mg̃, mb̃1

) − B0(mb, mg̃, mb̃2
)
)]

+ B1(mb, mg̃, mb̃1
)

+ B1(mb, mg̃, mb̃2
) −

α

8πs2
W

mtµ

M2
W sin 2β

s2θt [B0(mb, µ, mt̃1) − B0(mb, µ, mt̃2)]

−
α

4πs2
W

[
M2µ tanβ

µ2 − M2
2

(
c2
θt
B0(mb, M2, mt̃1) + s2

θt
B0(mb, M2, mt̃2)

)
+ (µ ↔ M2)

]
(1.42)

where the finite parts of the Passarino–Veltman two–point functions [74] are given by

B0(q
2, m1, m2) = −log

(
q2

µ2

)
− 2

−log(1 − x+) − x+log(1 − x−1
+ ) − log(1 − x−) − x−log(1 − x−1

− )

B1(q
2, m1, m2) =

1

2q2

[
m2

2

(
1 − log

m2
2

µ2

)
− m2

1

(
1 − log

m2
1

µ2

)

+(q2 − m2
2 + m2

1)B0(q
2, m1, m2)

]
(1.43)

2Since the difference between the quark masses in the two schemes is not very large, ∆mQ/mQ ∼ 1%, to
be compared with an experimental error of the order of 2% for mb(mb) for instance, it is common practice
to neglect this difference, at least in unconstrained SUSY models where one does not evolve the parameters
up to the GUT scale.
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'

CNMSSM parameter Description Prior range Prior distribution
m0 Universal scalar mass 100, 4000 Log
m1/2 Universal gaugino mass 100, 2000 Log
A0 Universal trilinear coupling �7000, 7000 Linear
tan� Ratio of Higgs vev’s 1, 62 Linear
� Higgs trilinear coupling 0.001, 0.7 Linear
Nuisance Description Central value ± std. dev. Prior distribution
Mt Top quark pole mass 173.5± 1.0 Gaussian

mb(mb)
MS Bottom quark mass 4.18± 0.03 Gaussian

↵s(MZ)
MS Strong coupling 0.1184± 0.0007 Gaussian

Table 2: Priors for the parameters of the model and for the SM nuisance parameters used in our
scans. Masses and A0 are in GeV.

v3.3 [66] to calculate BR
�

B ! Xs�
�

, BR (Bs ! µ+µ�), BR (Bu ! ⌧⌫), and � (g � 2)SUSY
µ . DM

observables, such as the relic density and direct detection cross sections, are calculated with Mi-
crOMEGAs 2.4.5 [67].

Below we will present the results of our scans as one-dimensional (1D) or two-dimensional (2D)
marginalized posterior pdf maps of parameters and observables. For example, in evaluating a
posterior pdf for a given parameter, we marginalize over all of the model’s other parameters and
the SM nuisance parameters, as described in detail in Refs. [30, 41].

Notice that when discussing the results of the global scan for case 1 it will become apparent
that this case presents a remarkable CMSSM-like behavior. It would therefore be natural to try to
compare those results with our recent CMSSM analysis [30]. In doing so, one needs to take into
account the di↵erences between the numerical codes and constraints adopted in both studies. We
summarize them here.

1. In the present study we use NMSPEC (included in NMSSMTools) for calculating the su-
persymmetric spectrum, while in [30] we used SOFTSUSY. We have repeatedly cross-checked the
spectra obtained in the MSSM limit of the NMSSM with the ones generated by SOFTSUSY, finding
some di↵erences, especially with respect to loop corrections giving the largest values of the lightest
Higgs mass. In some regions of the parameter space the di↵erence between the two generators can
amount to a maximum of ⇠ 0.5–1GeV.5 Given the experimental and theoretical uncertainties in
the Higgs mass, such di↵erence translates into ⇠ 0.25 units of �2, which is not significant for the
purpose of the global scan.

2. In this paper we use the value of BR (Bs ! µ+µ�) measured at LHCb [35], which has
been incorporated in the likelihood as described in Sec. 3.1. The SM rate rescaled by the time-
dependent asymmetries is now BR (Bs ! µ+µ�)SM = (3.53 ± 0.38) ⇥ 10�9 [51], which is a value
more appropriate for comparison with the experimental rate than the unscaled, ⇠ 3.2⇥ 10�9, one.

3. We have updated the nuisance parameters Mt and mb(mb)MS following [38]; see Table 2.
The upgrade in Mt has significant implications for mh1 . The leading one-loop corrections to the
Higgs mass squared are given by

�m2
h =

3m4
t

4⇡2v2



ln

✓

M2
SUSY

m2
t

◆

+
X2

t

M2
SUSY

✓

1� X2
t

12M2
SUSY

◆�
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where mt is the running top quark mass,6 MSUSY is the geometrical average of the physical stop

5The best agreement between SOFTSUSY and NMSSMTools is obtained by setting the flag precision for the

Higgs masses to zero which, therefore, was chosen as the default setting for our calculations.
6Note that the running top quark mass is related to the pole mass through the formula given in Eq. (10) of
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1 Introduction

The lack of super-partner signals from new physics searches at LHC8 [1, 2] (the LHC with√
s = 8 TeV), together with the measured value of the mass of a Standard Model (SM)-like

Higgs boson [3, 4], has led many authors to question whether weak scale supersymmetry (SUSY)
as realized by the Minimal Supersymmetric Standard Model is natural: i.e. whether the weak
scale exemplified by the values of MZ or mh can be obtained without large fine-tuning of model
parameters. The relative insensitivity of weak scale physics to physics at very high scales (such
as e.g. the unification scale MGUT in SUSY Grand Unified Theories) was for many years (and
remains) one of the driving motivations for weak scale SUSY. We stress that weak scale SUSY
theories do not suffer from the huge fine-tuning problem of the Standard Model (SM): while
fine-tuning in the SM is a part in 1026, fine-tuning in weak scale SUSY theories, by any of
several measures discussed in the literature, is typically no more than a part in O(104), and
often significantly smaller [5, 6].

The well-known relation [7],

M2
Z

2
=

m2
Hd

+ Σd
d − (m2

Hu
+ Σu

u) tan
2 β

tan2 β − 1
− µ2 (1)

obtained from the minimization of the (renormalization group improved) one-loop electroweak
scalar potential of the Minimal Supersymmetric Standard Model (MSSM) enables us to define
∆EW, which measures the degree of cancellation between various contributions (defined at the
weak scale) to obtain the measured value of M2

Z . In (1), Σu
u and Σd

d are radiative corrections
which depend strongly on the value of third generation squark masses. Expressions for the Σu

u

and Σd
d are given in the Appendix of Ref. [8]. The electroweak fine-tuning parameter ∆EW is

defined by [9, 8, 10],
∆EW ≡ maxi |Ci| /(M2

Z/2) , (2)

where CHd
= m2

Hd
/(tan2 β − 1), CHu

= −m2
Hu

tan2 β/(tan2 β − 1) and Cµ = −µ2. Also,
CΣu

u(k) = −Σu
u(k) tan

2 β/(tan2 β − 1) and CΣd
d
(k) = Σd

d(k)/(tan
2 β − 1), where k labels the

various loop contributions included in Eq. (1). Requiring weak scale fine-tuning smaller than
∆−1

EW then implies that,

|µ|2 < ∆EW
M2

Z

2
, (3)

implying that higgsinos cannot be very heavy [11].1

We emphasize that the existence of light higgsinos, Z̃1,2 and W̃±

1 , is a very robust feature of
SUSY models with low fine-tuning. Even with other measures of fine-tuning in the literature –
such as ∆HS which includes the effects of large logarithms from renormalization that occur in
models defined at a high scale [12, 13, 14] or the traditional measure ∆BG [15, 16] which most
readily incorporates correlations between weak scale parameters – light higgsinos are a must.
This is often hidden because proponents of these measures often emphasize the contribution
of top squark masses to fine-tuning, and the role of higgsinos is obscured. It has been noted,
however, that correlations among model parameters (such as A0 ≃ −1.6m0, m1/2 = (0.15 −

1We have tacitly assumed that higgsinos obtain their mass from the superpotential µ term that then also
enters the scalar Higgs potential. This is the case in all models we know of.

1

• MSSM

The MSSM Superpotential, from which the scalar potential is derived, is given as

WMSSM = hu Q̂ · Ĥu Û c
R + hd Ĥd · Q̂ D̂c

R + he Ĥd · L̂ Êc
R + µĤu · Ĥd (4)

where Q̂, Û c
R, D̂R, L̂ and ÊR are the quark and lepton Superfields and hu, hd and he are the

corresponding Yukawa couplings. In this model, the mass of H± is given at LO as

m2
H± = m2

A +m2
W , (5)

where mW is the mass of the W boson. In order to allow the H± → HobsW± decay, one requires
mH± > mHobs

+mW , which translates into the requirement mA ! 190GeV. In the MSSM, under
such a condition, the tree-level mass of HSM, the SM-like Higgs boson, has an upper limit

m2
HSM

≤ m2
Z cos2 2β , (6)

where mZ is the mass of the Z boson. Therefore, if the HSM is identified with the Hobs and hence
required to have a mass close to 125GeV in accordance with the LHC measurement, a large value of
tan β is necessary. Furthermore, the absence of any significant deviations of the signal strengths of
the Hobs from the SM expectations so far [44] seems to be pushing the MSSM towards the so-called
‘decoupling regime’. This regime corresponds to mA ! 150GeV for tan β ! 10 and yields SM-like
couplings of the HSM, in addition to a maximal tree-level mass, as noted above. The net effect of all
these observations is that a H± with mass greater than 200GeV and a HSM with the correct mass
and SM-like couplings can be obtained simultaneously only for large tan β. However, according to
Eqs. (2) and (3), tan β ∼ 10 not only diminishes the BR(H± → W±HSM) but also the gb → tH−

cross section.
The complete MSSM contains more than 120 free parameters in addition to those of the SM.

In its phenomenological version, the pMSSM, one assumes the matrices for the sfermion masses
and for the trilinear scalar couplings to be diagonal, which reduces the parameter space of the
model considerably. Here, since we are mainly concerned with the Higgs sector of the model,
we further impose the following mSUGRA-inspired (where mSUGRA stands for minimal Super-
Gravity) universality conditions:

m0 ≡ MQ1,2,3
= MU1,2,3

= MD1,2,3
= ML1,2,3

= ME1,2,3
,

m1/2 ≡ 2M1 = M2 =
1

3
M3,

A0 ≡ At = Ab = Aτ , (7)

where MQ1,2,3
, MU1,2,3

, MD1,2,3
, ML1,2,3

and ME1,2,3
are the soft masses of the sfermions, M1,2,3

those of the gauginos and At,b,τ the soft trilinear couplings. This leaves us with a total of six free
parameters, namely m0, m1/2, A0, mA, tan β and the Higgs-higgsino mass parameter µ.

• NMSSM

The NMSSM [45, 46, 47] (see, e.g., [48, 49] for reviews) contains a singlet Higgs field in addition to
the two doublet fields of the MSSM. The scale-invariant Superpotential of the NMSSM is written
as

WNMSSM = MSSM Yukawa terms + λŜĤu · Ĥd +
κ

3
Ŝ3 , (8)

where Ŝ is the additional Higgs singlet Superfield and λ and κ are dimensionless Yukawa couplings.
The introduction of the new singlet field results in a total of five neutral Higgs mass eigenstates

6
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The MSSM Superpotential, from which the scalar potential is derived, is given as
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R + hd Ĥd · Q̂ D̂c

R + he Ĥd · L̂ Êc
R + µĤu · Ĥd (4)

where Q̂, Û c
R, D̂R, L̂ and ÊR are the quark and lepton Superfields and hu, hd and he are the

corresponding Yukawa couplings. In this model, the mass of H± is given at LO as

m2
H± = m2

A +m2
W , (5)

where mW is the mass of the W boson. In order to allow the H± → HobsW± decay, one requires
mH± > mHobs

+mW , which translates into the requirement mA ! 190GeV. In the MSSM, under
such a condition, the tree-level mass of HSM, the SM-like Higgs boson, has an upper limit
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HSM
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Z cos2 2β , (6)

where mZ is the mass of the Z boson. Therefore, if the HSM is identified with the Hobs and hence
required to have a mass close to 125GeV in accordance with the LHC measurement, a large value of
tan β is necessary. Furthermore, the absence of any significant deviations of the signal strengths of
the Hobs from the SM expectations so far [44] seems to be pushing the MSSM towards the so-called
‘decoupling regime’. This regime corresponds to mA ! 150GeV for tan β ! 10 and yields SM-like
couplings of the HSM, in addition to a maximal tree-level mass, as noted above. The net effect of all
these observations is that a H± with mass greater than 200GeV and a HSM with the correct mass
and SM-like couplings can be obtained simultaneously only for large tan β. However, according to
Eqs. (2) and (3), tan β ∼ 10 not only diminishes the BR(H± → W±HSM) but also the gb → tH−

cross section.
The complete MSSM contains more than 120 free parameters in addition to those of the SM.

In its phenomenological version, the pMSSM, one assumes the matrices for the sfermion masses
and for the trilinear scalar couplings to be diagonal, which reduces the parameter space of the
model considerably. Here, since we are mainly concerned with the Higgs sector of the model,
we further impose the following mSUGRA-inspired (where mSUGRA stands for minimal Super-
Gravity) universality conditions:
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= MU1,2,3

= MD1,2,3
= ML1,2,3

= ME1,2,3
,

m1/2 ≡ 2M1 = M2 =
1

3
M3,

A0 ≡ At = Ab = Aτ , (7)

where MQ1,2,3
, MU1,2,3

, MD1,2,3
, ML1,2,3

and ME1,2,3
are the soft masses of the sfermions, M1,2,3

those of the gauginos and At,b,τ the soft trilinear couplings. This leaves us with a total of six free
parameters, namely m0, m1/2, A0, mA, tan β and the Higgs-higgsino mass parameter µ.

• NMSSM

The NMSSM [45, 46, 47] (see, e.g., [48, 49] for reviews) contains a singlet Higgs field in addition to
the two doublet fields of the MSSM. The scale-invariant Superpotential of the NMSSM is written
as

WNMSSM = MSSM Yukawa terms + λŜĤu · Ĥd +
κ

3
Ŝ3 , (8)

where Ŝ is the additional Higgs singlet Superfield and λ and κ are dimensionless Yukawa couplings.
The introduction of the new singlet field results in a total of five neutral Higgs mass eigenstates
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of the SM Higgs-like boson. We separately consider the cases of this boson being h1, or h2, or a
combination of both. We test the parameter space of the model against the currently published,
already stringent constraints from SUSY searches at the LHC and other relevant constraints from
colliders, b-physics and dark matter (DM) relic density. Our goal is to map out the regions of
the parameter space of the CNMSSM that are favored by these constraints. As in our CMSSM
study [30], the CMS razor limit based on 4.4/fb of data is implemented through an approximate
but accurate likelihood function. We also study the e↵ects of relaxing the (g � 2)µ constraint.

The article is organized as follows. In Sec. 2 we briefly revisit the model, highlighting some of
its salient features. In Sec. 3 we detail our methodology, including our statistical approach and our
construction of the likelihoods for the BR (Bs ! µ+µ�) signal, the CMS razor 4.4/fb analysis, and
the CMS Higgs searches. In Sec. 4 we present the results from our scans and discuss their novel
features. We summarize our findings in Sec. 5.

2 The NMSSM with GUT-scale universality

The NMSSM is an economical extension of the MSSM, in which one adds a gauge-singlet superfield
S whose scalar component couples only to the two MSSM Higgs doublets Hu and Hd at the tree
level.1 The scale-invariant superpotential of the model has the form

W = �SHuHd +


3
S3 + (MSSM Yukawa terms) , (1)

where � and  are dimensionless couplings. Upon spontaneous symmetry breaking, the scalar Higgs
field S develops a vev, s ⌘ hSi, and the first term in Eq. (1) assumes the role of the e↵ective µ-term
of the MSSM, µe↵ = �s. The soft SUSY-breaking terms in the Higgs sector are then given by

Vsoft = m2
Hu

|Hu|2 +m2
Hd

|Hd|2 +m2
S |S|2 +

✓

�A�SHuHd +
1

3
AS

3 + h.c.

◆

, (2)

where A� and A are soft trilinear terms associated with the � and  terms in the superpotential.
The vev s, determined by the minimization conditions of the Higgs potential, is e↵ectively induced
by the SUSY-breaking terms in Eq. (2), and is naturally set by MSUSY, thus solving the µ-problem
of the MSSM.

We define the CNMSSM in terms of five continuous input parameters and one sign,

m0,m1/2, A0, tan�,�, sgn(µe↵) , (3)

where unification conditions at a high scale require that all the scalar soft SUSY-breaking masses
in the superpotential (except mS) are unified to m0, the gaugino masses are unified to m1/2, and
all trilinear couplings, including A� and A, are unified to A0. This leaves us with two additional
free parameters: � and the singlet soft-breaking mass m2

S . The latter is not unified to m2
0 for

both theoretical and phenomenological reasons. From the theoretical point of view, it has been
argued [39] that the mechanism for SUSY breaking might treat the singlet field di↵erently from the
other superfields. From the phenomenological point of view, the freedom in mS allows for easier
convergence when the renormalization group equations (RGEs) are evolved from the GUT scale
down to MSUSY. It also yields, in the limit � ! 0, and with �s fixed, e↵ectively the CMSSM
plus a singlet and singlino fields that both decouple from the rest of the spectrum. Through the
minimization equations of the Higgs potential,m2

S can then be traded for tan� (the ratio of the vev’s

1For simplicity we will be using the same notation for superfields and their bosonic components.
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with two additional singlets. The main motivation for the second singlet S̄ was a possible

mixed (’Dirac’) mass term, MsSS̄ which allows for very heavy singlets without a suppres-

sion of the tree-level F-term contribution to the Higgs mass while keeping the soft SUSY

breaking terms small. As the soft mass squared of the NMSSM singlet feeds into the soft

Higgs masses, this was argued to eliminate this source of fine tuning. The first study of

the fine tuning in the DiracNMSSM was based on a rough fine tuning measure including

only parameters at the electroweak scale which takes the impact of the RGEs only crudely

into account. In addition, the estimate of the Higgs mass was subject to large theoretical

uncertainties and the constraints from SUSY searches as well as dark matter abundance

were not included. In this work we perform a full numerical study of the fine tuning in

the DiracNMSSM using state of the art computer tools. To this end we implemented the

DiracNMSSM in SARAH to produce a corresponding version of SPheno– a state of the art

spectrum calculator. Our estimate of the fine tuning is based on a full two-loop running

of the renormalisation group equations and we perform a precise mass calculation in the

Higgs sector. The dark matter abundance is calculated with MicrOmegas.

We proceed as follows: in sec. 2 we introduce the DiracNMSSM and discuss the Higgs

sector in some detail. In sec. 3 we give details about the fine tuning calculation and present

our numerical results in sec. 4. We conclude in sec. 5. In the appendix we present all renor-

malisation group equations, mass matrices and vertices which are changed in comparison

to the MSSM and explain in great detail the renormalisation of the CP even Higgs sector

in the DiracNMSSM.

2 The DiracNMSSM

2.1 The superpotential and soft-breaking terms

In the DiracNMSSM one adds two chiral singlet superfields S and S̄ to the MSSM with

superpotential

W = W
MSSM

+ �SHuHd +MsSS̄ + ⇠sS + ⇠s̄S̄ . (2.1)

The general soft SUSY breaking terms associated with the Higgs and singlet sectors are

V
soft

= m2

s|s|2 +m2

s̄|s̄|2 +m2

hu
|hu|2 +m2

hd
|hd|2

+ (bµ huhd + �A�shuhd + bsss̄+ tss+ ts̄s̄+ h.c.) . (2.2)

Since the renormalisation group equations (RGEs) for the DiracNMSSM have not been

given in the literature before we list the �-functions for all superpotential and soft-breaking

parameters as well as all gauge couplings and vacuum expectation values (VEVs) up to

two loop in Appendix A.
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super-TeV scales, generating large radiative corrections which lift the light Higgs mass; we reject
this idea, as it simply moves the little hierarchy problem from the MSSM to the NMSSM. A
second proposal [2] is to mix the singlets with the Higgs doublets in such a way as to generate
very light Higgs bosons that are di�cult to produce and detect at LEP, thereby avoiding all
existing Higgs search constraints. The third proposal, which has been studied for many years,
is to use the �-term to lift the lightest Higgs mass [8]. It is well known that, at tree level in the
NMSSM:

m2

h0  m2

Z cos2 2� +
�2v2

2
sin2 2� (2)

where v = 174GeV and tan� = hHui/hHdi. This well-known expression allows the lightest
Higgs mass to be raised above the MSSM limit, though only at tan� close to one, where the
MSSM contribution is in fact minimized. Further, it is bounded by the usual requirement that
� remain perturbative all the way to the gauge unification scale so as not to disrupt the gauge
coupling unification of the MSSM.

But the superpotential of the NMSSM is not the most general superpotential one encounters
when extending the MSSM by the addition of one gauge singlet. In fact, if we only impose
gauge symmetries and R-parity, the most general, renormalizable superpotential is:

W = W
Yukawa

+ (µ+ �S)HuHd +
µS

2
S2 +



3
S3 + ⇠S (3)

In particular, the most general superpotential contains explicit mass terms both for the HuHd

pair (the usual µ-term) and for the singlet itself (µs), as well as a tadpole term for the singlet.
In the analysis that follows, we will allow µ and µS to take arbitrary values at or below the TeV
scale, independent of the vev of S, and so we give up any attempt at solving the µ-problem
(or µs-problem). But in its place we will find a lightest Higgs more easily lifted above the
LEP bound. Though there is no symmetry that explicitly forbids the tadpole term, the non-
renormalization theorem will prevent it from being generated radiatively until SUSY is broken.
We will assume that the tadpole term is either absent or simply too small to play any role in the
dynamics of the model. Finally, while the S3 term is required in the usual NMSSM in order to
stabilize the potential in the S direction, our potential is stabilized by the explicit mass term,
µs. Because it is no longer required, and because its e↵ects will tend to be small anyway, we
will take  to be e↵ectively zero in the analysis that follows. Therefore the superpotential of
interest here is given by

W = (µ+ �S)HuHd +
1

2
µsS

2. (4)

We will refer to this very simple singlet extension of the MSSM as the S-MSSM hereafter.
Philosophically, the S-MSSM is an attempt to barely extend the MSSM; not only is the particle
content minimally extended, but the structure of the vacuum will be nearly identical to that of
the MSSM. In this sense, our philosophy is similar to that in Ref. [5], and indeed those authors
briefly considered a model like the S-MSSM, though without examining its implications in any
detail.

The Lagrangian for the scalar fields is given by the familiar F - and D-terms as well as
soft-breaking operators. These are given by the usual MSSM soft-breaking terms, including the
bilinear BµHuHd, plus contributions from the gauge singlet. The terms relevant to the Higgs
potential are:

V
soft

= m2

s|S|2 +m2

Hu
|Hu|2 +m2

Hd
|Hd|2 + (BµHuHd +BsS

2 + �A�SHuHd + h.c.) + · · · (5)

2
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of points for tan� ⇠ 1 � 6 in the figure, with the mass of H
1

reaching comparatively larger

values than elsewhere. However, mA1 for such points almost never falls below ⇠ 60GeV. In

figure 2(b) we show mH1 as a function of the coupling , with the heat map corresponding

to the coupling �. Again there is a clear strip of points with � & 0.6 (and  ⇠ 0.15 � 0.5)

for which mH1 can be as high as 129GeV. These points are the ones lying also in the small

tan� strip in figure 2(a). The rest of the points, corresponding to smaller � and larger tan�,

can barely yield mH1 in excess of 126GeV. The reason for the behaviour of mH1 observed in

these figures is explained in the following.

The tree-level mass of H
SM

in the NMSSM is given by [46]

m2

HSM
' m2

Z cos2 2� + �2v2 sin2 2� � �2v2

2


�� sin 2�

✓
+

A�

2s

◆�
2

. (4.1)

For small � and large tan� the negative third term on the right hand side of the above

equation can dominate over the positive second term, leading to a reduction in the tree-

level m2

HSM
. The mass of H

SM

can then reach values as high as 125GeV or so only through

large radiative corrections from the stop sector, thus requiring the so-called maximal mixing

scenario and thereby invoking fine-tuning concerns. Alternatively the correct mass of H
SM

,

particularly when it is the H
1

, can be obtained in a more natural way through large � and

small tan�, implying a reduced dependence on the radiative corrections. This enhances the

tree-level contribution to m2

HSM
from the positive second term and nullifies that from the

negative third term. We shall refer to this parameter configuration as the ‘naturalness limit’

in the following.5 In figure 3(a) we see that, for the points in the strip corresponding to the

naturalness limit, larger mH1 is obtained without requiring either m
0

shown on the horizontal

axis, or A
0

, shown by the heat map, to be too large. For points outside this strip, the desired

mass of H
1

can only be achieved with large m
0

or, in particular, very large �|A
0

|.
In figure 3(b) we show the distributions of the remaining three parameters,6 A�, A

and m
1/2, on the horizontal and vertical axes and by the heat map, respectively. Again one

sees a dense strip of points with relatively smaller values of m
1/2 which corresponds to the

naturalness limit. These points are also restricted to comparatively smaller values of +|A�|
but extend to a wider range of A than the points outside the strip. The smallness and

positivity of A� is warranted for further enhancing the tree-level m2

HSM
by reducing the size

of the term in the square brackets in eq. (4.1). The sign and size of A is then mainly defined

by the condition of smallness of mA1 . According to eq. (2.4), for A�, A > 0, increasing A

reduces m2

A1
as long as |2� v2 sin 2�| < |3sA|. Moreover, since � and tan� ought to be large

in order to maximise mH1 , mA1 can only be reduced further by reducing .

5In our original scan with wide parameter ranges, very few points belonging in the naturalness limit were

obtained. We therefore performed a dedicated scan of the reduced parameter ranges corresponding to the

naturalness limit, also given in table 2, and merged the points from the two scans. This results in a relatively

high density of such points in strips with sharp edges seen in the figures.
6Unlike A0, A� and A shown in the figures are the ones calculated at MSUSY by NMSSMTools from A�

⇤

and A
⇤, respectively, input at the GUT scale.
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correct Z boson mass, mZ , is known, m0

, m
1/2, A0

, the coupling �, taken as an input at the

SUSY-breaking scale, M
SUSY

, and the sign of µ
e↵

constitute the only free parameters of the

CNMSSM.

As noted in [48], the fully constrained NMSSM struggles to achieve the correct mass

for the assumed SM-like Higgs boson, particularly in the presence of other important ex-

perimental constraints. Furthermore, the parameters governing the mass of the singlet-like

pseudoscalar Higgs boson, which will be discussed below, are not input parameters them-

selves, but are calculated at the electroweak (EW) scale starting from the four GUT-scale

parameters. In order to avoid these issues the unification conditions noted above need to be

relaxed. In a partially unconstrained version of the model the soft masses of the Higgs fields,

mHu , mHd and mS , are disunified from m
0

and taken as free parameters at the GUT scale.

Through the minimisation conditions of the Higgs potential these three soft masses can then

be traded at the EW scale for the parameters , µ
e↵

and tan�. Similarly, the soft trilinear

coupling parameters A�
⇤ and A

⇤, though still input at the GUT scale, are disunified from

A
0

. The model is thus defined in terms of the following nine continuous input parameters:

m
0

, m
1/2, A0

, tan�, �, , µ
e↵

, A�
⇤, A

⇤,

where tan� ⌘ vu/vd, with vu being the VEV of the u-type Higgs doublet and vd that of the

d-type one. This version of the model serves as a good approximation of the most general

EW-scale NMSSM as far as the phenomenology of the Higgs sector is concerned. In this way,

one can minimise the number of free parameters in a physically motivated way instead of

imposing any ad-hoc conditions, as would be needed for the general NMSSM. We, therefore,

adopt this model to analyse the phenomenology of the light pseudoscalar here. We refer to it

as the CNMSSM-NUHM, where NUHM stands for non-universal (soft) Higgs masses, in the

following.

2.1 Mass of A
1

The presence of an extra singlet Higgs field in the NMSSM results in a total of five neu-

tral Higgs mass eigenstates, scalars H
1,2,3 and pseudoscalars A

1,2, and a charged pair H±,

after rotating away the Goldstone bosons. The tree-level mass of A
1

can be given by the

approximate expression

m2

A1
' �(A� + 4s)

v2 sin 2�

2s
� 3sA �

M4

P,12

M2

P,11

(2.3)

where v ⌘
q
v2u + v2d ' 174GeV and all the parameters are defined at M

SUSY

. M2

P,12 and

M2

P,11 in the above equation correspond to the o↵-diagonal and the doublet-like diagonal

elements, respectively, of the symmetric 2 ⇥ 2 pseudoscalar mass matrix. Note that since

m2

A1
is proportional to � sin 2�, the e↵ect of an increase in � with fixed tan� is analogous

to that of a decrease in tan� with fixed �. Thus, in the following, whenever the dependence

of m2

A1
on � is analysed, the inverse dependence on tan� is implicit. Assuming negligible
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(a) (b)

Figure 7: Marginalized 2D posterior pdf in (a) the (m0, m1/2) plane and (b) the (A0, tan�) plane
of the CNMSSM constrained by the experiments listed in Table 1 for case 2. The color code is the
same as in Fig. 2.

under the assumption of a moderate-to-large tan� and as long as the parameters µe↵ , s, and
A(,�) do not exceed the EW scale by too much, a good approximation to the masses of the two
lightest CP -even Higgs bosons at the tree level was found in [75]:

m2
h1,2

⇡ 1

2

⇢

M2
Z + 4(s)2 + sA ⌥

q

⇥

M2
Z � 4(s)2 � sA

⇤2
+ 4�2v2 [2�s� (A� + s) sin 2�]2

�

.

(17)
In Eq. (17), the second term under the square root is suppressed with respect to the EW scale
because � is small, as we shall see below. One can see that in the regime where ||s < MZ ,
the mass of h2 is of order MZ and mh1 scales as ||s. Thus, the physicality condition m2

h1
� 0

translates into the approximate relation |A| . 4||s. On the other hand, in the regions where
||s > MZ , mh2 ⇠ s and mh1 ⇠ MZ . Values of mh2 much greater than 126GeV are disfavored
by the likelihood function, so that ||s presents an upper bound, which translates into an upper
bound on |A|.

Since in most of the parameter space s is very large, and � and  are correlated, the scan also
shows upper bounds for � and , in a fashion very similar to what is shown in Fig. 5 for case 1. For
case 2, in the SC region � is very small, � . 0.01, while in the FP/HB region it can assume slightly
larger values, � . 0.04. Obviously, the upper bound on ||s does not depend on any particular
position in the parameter space, but the bound on  (or �) does, and is a↵ected particularly by
µe↵ . In the SC region µe↵ > 600GeV while in the FP/HB region µe↵ ' 200GeV.

Given the strong constraint on |A0| placed by the mass of h2, the only way of obtaining the relic
density though coannihilation with the lightest stau is if the lightest neutralino is a nearly pure
singlino and very light. This is exactly what is observed in the SC region and, as a consequence,
in that region � and  are bounded to be much smaller than in case 1 (the neutralino mass matrix
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The free parameters of the MSSM Higgs sector are (mA, tan�, µ), where mA is the mass
of the CP-odd scalar. In the NMSSM mA, which is the 1⇥ 1 entry of the pseudoscalar mass
matrix before diagonalisation can be traded for A�, and µ gets replaced by µ

e↵

, so that all in
all we have the Higgs sector parameters (�,, A�, A tan�, µ

e↵

). There are thus three more
parameters in the NMSSM than in the MSSM, which are all related to the Higgs sector. All
other SUSY parameters are the same as in the MSSM.

As S is a complex field, there will be two additional physical Higgs bosons in the
NMSSM compared to the MSSM. For a CP-conserving theory (as is assumed here) we have
three CP-even neutral states H

1

, H
2

, H
3

and two CP-odd neutral states A
1

and A
2

, where
we take the states to be ordered in mass with H

1

and A
1

the lightest states.
The fermion component of Ŝ is called the singlino, and mixes with the bino B̃0, wino

W̃ 0

3

and higgsinos H̃0

d , H̃
0

u. There are therefore five neutralinos in the NMSSM. At leading
order the neutralino masses and mixings depend on the parameters of the neutralino mass
matrix. If we introduce the vector  ̃0 = (�iB̃0,�iW̃ 0

3

, H̃0

d , H̃
0

u, S̃
0) the non-diagonal mass

Lagrangian in the gauge eigenstate basis is given by

L
mass

= �1

2
( ̃0)TM�̃0  ̃0 + h.c., (2.3)

where M�̃0 is the symmetric matrix

M�̃0 =

0

BBBBB@

M
1

0 �g1vdp
2

g1vup
2

0

M
2

g2vdp
2

�g2vup
2

0

0 �µ
e↵

��vu
0 ��vd

2s

1

CCCCCA
, (2.4)

with g
1

v/
p
2 = MZ sin ✓W and g

2

v/
p
2 = MZ cos ✓W .

The neutralino masses and compositions therefore at tree-level depend on the Higgs
sector parameters tan�,�,, µ

e↵

, vu, vd and the gaugino masses M
1

and M
2

. The mass
matrix eq. (2.4) is symmetric and can be diagonalized by a unitary matrix N to give a
matrix D = diag(m�̃0

i
) = N⇤M�̃0N †, for i = 1 . . . 5. If all parameters of the mass matrix are

real (as in our case) then the matrix N is orthogonal, and we have D = NM�̃0NT . Then

the neutralinos are given by �̃0

i = Nij ̃
0

j .
The eigenvalues are real, but can be positive or negative. (They can be made positive by

a phase transformation.) They are not ordered in mass after performing the diagonalization,
but should then be reordered so that �̃0

1

is the lightest neutralino. This is our dark matter
candidate, and is thus a linear combination

�̃0

1

= N
11

B̃0 +N
12

W̃ 0

3

+N
13

H̃0

d +N
14

H̃0

u +N
15

S̃0. (2.5)

We define the gaugino fraction Zg = |N
11

|2 + |N
12

|2, higgsino fraction Zh = |N
13

|2 + |N
14

|2
and singlino fraction Zs = |N

15

|2, so that we can talk about the composition of �̃0

1

. We are
going to be mostly interested in cases where the singlino fraction is appreciable.

Let us note some properties of the leading order mass matrix. The diagonal element
2s = 2µ

e↵

/� corresponds to the mass of the singlino. Thus, if this is small the lightest
neutralino is more likely to be singlino dominated. Similarly, if µ

e↵

is small, *** Shoaib:
depending on the size of �, *** the lightest neutralino can have a larger higgsino
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Note also that the running of Aκ in turn depends dominantly on Aλ. Aκ runs upwards with Aλ as
long as the latter is negative. When Aλ turns positive Aκ runs in the opposite direction, owing to
its RGE. Thus Aκ in the leading term in Eq. (3) will have somewhat constrained GUT scale values
that can yield correct ma1 . On the other hand, for µeff > 0, the two terms in Beff are both positive
and the cancellation described above does not occur.

In summary, the net effect of the interplay between various Higgs sector parameters is that for
negative µeff the values of A0 at the GUT scale are bounded from below by the condition of the
physicality of a1. This constraint on A0 causes a slight tension between mh1

and ma1 , since it is
well known that in order to obtain h1 which is SM-like with mass ∼125GeV large negative values
of A0 are required for MSUSY ∼ 1TeV. For positive µeff there is no such tension because A0 is
relatively free to take values that give large negative At at MSUSY, as long as the correct a1 mass
can be achieved by adjusting other free parameters.

2.2 γγ decay of the pseudoscalar

Besides a singlet-like a1 with mass similar to that of the experimentally observed boson, this scenario
also requires a low mass, mχ±

1

, of the lightest chargino. The effective coupling of a pseudoscalar ai,

with i = 1, 2, to two photons (see, e.g., [31, 32]), is dominated by a light chargino in the loops and
can be approximated by

Ceff
ai (γγ) ≃

ga1χ±
1
χ±
1√√

2GF mχ±
1

Aai
1/2(τi) , (4)

where τi =
m2

ai

4m2

χ
±
1

. For τi ≤ 1, which is applicable here, with mai ≃ 126GeV and the light chargino

obeying the lower limit, mχ±
1

> 94GeV [33], the form-factor Aai
1/2(τi) =

1
τi
arcsin2

√
τi [34] in the

above equation lies in the range
1 < Aai

1/2(τi) ! 1.2. (5)

The coupling of ai to charginos in Eq. (4) can be written, following the notation of [19], as

gaiχ±
1
χ±
1

= i
[ λ√

2
Pi3 sin θU sin θV −

g2√
2
(Pi2 cos θU sin θV + Pi1 sin θU cos θV )

]
, (6)

where θU , θV are the mixing angles for rotating the chargino interaction states to mass eigen-
states, and Pij are the entries of the mixing matrix that diagonalizes the pseudoscalar mass matrix.
When the pseudoscalar weak eigenstates Aweak

i are expressed in the basis (HdI , HuI , SI) [19], Pi1

corresponds to HdI , Pi2 to HuI and Pi3 to SI , respectively.
The first term in Eq. (6) implies that sin θU,V ≃ 1 (yielding a Higgsino-like χ±

1 ), P13 ≃ 1 and that
larger values of λ are needed in order to enhance Ceff

a1 (γγ) for the singlet-like a1. On the other hand,
for the doublet-like pseudoscalar, a2, an enhancement in Ceff

a2 (γγ) requires either cos θU sin θV or
sin θU cos θV to be non-negligible. This can be realized only in a very limited region of the parameter
space where M2 ≃ µeff and not too large in order to keep mχ±

1

low. Moreover, in this case, the
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, (7)
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sin θU cos θV is dominant. Evidently, in this case the a2bb̄ coupling, and in turn BR(a2 → bb̄), will
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γγ signal rate, defined in Eq. (1).

The above explanation also precludes such a scenario in the MSSM, where the pseudoscalar,
A, is doublet-like. Besides, as noted in [35, 36], in the MSSM in order to obtain the lightest
CP-even Higgs boson, h, with mass around 125GeV, mA is required to be ! 300GeV, which
is the so-called decoupling regime of the model. On the other hand, while it is also possible to
have a ∼125GeV H, the heavier CP-even Higgs boson of the MSSM, this can only be achieved
for 95GeV < mA < 110GeV, in a tiny portion of the ‘non-decoupling regime’. This region is,
moreover, disfavored by the constraints from flavor physics [37, 38].

In the fully constrained version of the NMSSM, unification of Aκ and A0 at the GUT scale
introduces tension between the masses of h1 and a1, not allowing both to acquire values " 125GeV
simultaneously. There, in order to obtain the correct h1 mass, large negative values of A0 are
necessary so that the mixing term ( Xt

MSUSY
≃ At

MSUSY
) can be maximized. A light a1, on the other

hand requires small Aκ at MSUSY, which in turn implies small Aκ at the GUT scale, owing to the
effects of running. Moreover, small values of µeff , necessary to obtain light Higgsino-like charginos,
additionally limit the running of At in the CNMSSM [14]. Therefore, to obtain a SM-like ∼ 125GeV
h1 and a pseudoscalar with a similar mass and a non-negligible γγ rate one has to look beyond the
MSSM and the CNMSSM, hence we analyse the CNMSSM-NUHM here.

Through the mechanism explained above, a more precise measurement of the reduced effective
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, can yield an effective limit on the mass of the lighter chargino
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for ma1 ≃ 125GeV. The bound obtained on the mass of χ±
1 is also an effective upper limit on the

mass of the lightest neutralino, χ (≡ χ0
1).

Having described the mechanism for enhancing the γγ decay rate of a1, we now discuss the
actual quantity used for comparison with the experimentally observed γγ rate. In terms of the
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Γtotal
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λ −2κs)v
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λ
+κs)

∣∣ and Γtotal
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hSM
denote the theoretical values of the total widths

of a1 and a SM Higgs boson with the same mass as a1, respectively. The dependence of the above
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a1 .
Eq. (9) also shows that, as noted in the Introduction, the conditions necessary to enhance Ca1(γγ),
i.e., large λ and small µ, also yield an enhanced |Ca1(dd)| ≃ |P ′′

11|.
In Sec. 3 we will use Eqs. (8) and (9) to obtain an effective upper limit on mχ±

1

and the mass

of χ, mχ, in our model under consideration.

2Assuming a singlet-like a1, which implies P13 ≃ 1, and a Higgsino-like χ±
1

so that sin θU,V ≃ 1.
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2.3 bb̄/τ+τ− decay of the pseudoscalar

The signal rate in these decay modes can be written, following Eq. (9), as

Rbb
bb̄/τ+τ−(a1) ≃

|P ′′
11|4

Γtotal
a1 /Γtotal

hSM

, (10)

It should be noted in the above expression that both the bb̄ and τ+τ− decay rates scale with the same
reduced coupling Ca1(dd). Both these decay channels, therefore, show exactly the same behavior
as far as their signal rates are concerned, despite the fact that BR(a1 → τ+τ−) is considerably
smaller than BR(a1 → bb̄). From an experimental point of view, the bb̄ decay mode will result in
4 b-jets which may be quite challenging to tag owing to the large hadronic background, although
this mode has been visited in the past [3]. The τ+τ− decay mode, on the other hand, is subject
to a much smaller leptonic background and is in fact the preferred mode for analysing possibly
supersymmetric Higgs bosons.

3 The CNMSSM-NUHM

In the fully constrained NMSSM universality conditions are imposed on the dimensionful parameters
at the GUT scale. This leads to a unified gaugino mass parameter, m1/2, besides m0 and A0, with
Aλ and Aκ also unified to the latter. Thus, given the correct value of the mass of Z boson, mZ ,
m0, m1/2, A0 and λ, taken as an input parameter at MSUSY, constitute the only free parameters
in the CNMSSM.

In the partially unconstrained version of the model, the CNMSSM-NUHM, the soft masses
of the Higgs fields, mHu

, mHd
and mS , as well as the soft trilinear coupling parameters Aλ and

Aκ are taken as free parameters at the GUT scale, instead of assuming their unification with m0

and A0, respectively. Through the minimization conditions of the Higgs potential the three mass
parameters mHu

, mHd
and mS at the electroweak scale can be traded for the parameters κ, µeff

and tan β. The model is thus defined in terms of the following eight continuous input parameters:

m0, m1/2, A0, tan β, λ, κ, µeff , Aλ = Aκ.

The unification of Aλ and Aκ at the GUT scale assumed above is in general not necessary in the
CNMSSM-NUHM. In fact, one can argue that the restriction on A0 for µeff < 0 and the resultant
tension between mh1

and ma1 discussed in the previous section can be relaxed by not imposing
such a condition. In that case, the effect of large Aλ can be counter-balanced by increasing Aκ

independently, thus still yielding physical a1 solutions. However, this unification condition has
minimal impact on the allowed parameter space of the model for our purpose, since, as we shall see
later, we can still exploit the interesting phenomenology of the model while keeping the number
of free parameters to a minimum. This is also consistent with the fully constrained version of the
model that we studied earlier [14], where Aκ and Aλ were set equal to A0 at the GUT scale, even
though mS ̸= m0.

4 Methodology and results

We perform scans of the parameter space of CNMSSM-NUHM requiring both h1 and a1 to have
masses near 125GeV. We impose the latest 95% confidence level (CL) exclusion limit on the
(m0,m1/2) space of mSUGRA/CMSSM obtained by the ATLAS collaboration from two same-sign
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degenerate in mass with the lightest ∼125GeV scalar, h1. Such a1 can have a sizeable one-loop
effective coupling to γγ in the presence of a light Higgsino-like chargino in the loop. Thus with
decreasing mass of such a chargino one should expect a rise in the signal rate defined, for a general
Higgs boson hi, as

RY
X(hi) =

σ(Y → hi)

σ(Y → hSM)
×

BR(hi → X)

BR(hSM → X)
, (1)

where hSM is a SM Higgs boson with the same mass as hi and X denotes any one of its allowed
SM decay channels. Y stands for the various possible Higgs boson production modes at the LHC,
which include gluon fusion (ggh), VBF, Wh/Zh1 and tt̄h/bb̄h. However, for X = γγ, despite
the non-negligible size of the second term in the product on the right hand side of Eq. (1), no
net enhancement in the γγ rate of a1 with decreasing chargino mass would be visible in the ggh
production mode. The reason is that the first term in the product always has a very small magnitude
due to a highly reduced effective coupling of a1 to two gluons compared to that of a SM Higgs boson,
which is dominated by the top quark loop, thus nullifying the overall effect.

The overall enhancement in RY
X(a1) due to a light chargino should instead be visible in the bb̄h

production mode since, as we shall see, the conditions necessary to obtain a light chargino also
result in an enhanced coupling of a1 to bb̄/τ+τ−. In fact, one should thus obtain a simultaneous
enhancement in the signal rates of the three channels, γγ, bb̄ and τ+τ− (collectively referred to
as X henceforth). We point out here that, while the enhancement in the bb̄ and τ+τ− channels
only is in principle possible even with a light MSSM-like scalar Higgs boson for large tan β, the
above ‘triple enhancement’ should be a clear signature of our proposed scenario. For this reason we
shall investigate bb̄h Higgs production mode here, emphasizing the importance of a measurement
of the signal rate in this mode, which is very subdominant for a SM Higgs boson and is therefore
generally considered to be of less interest. In contrast, in SUSY it is enhanced by tan2 β [27] and
can therefore be potentially very interesting.

In the bb̄h channel, the a1 could be partially responsible for a net enhancement in the signal
rate, Rbb

X(obs), in the X decay channels measured at the LHC. However, being a pseudoscalar, it
would not contribute to the WW and ZZ channels (denoted collectively by V ), so that, assuming
h1 to be exactly SM-like,

Rbb
X(obs) ≡

σbb
X(obs)

σbb
X(hSM)

= Rbb
X(h1) +Rbb

X(a1) ≃ 1 +Rbb
X(a1) and Rbb

V (obs) = Rbb
V (h1) ≃ 1 . (2)

Furthermore, a difference in the mass measurements in the X and V modes would also provide a
hint for mass degenerate h1 and a1. Such a degeneracy would imply that the signal observed in
the X channels should in fact be interpreted as the ‘sum’ of two individual peaks due to h1 and
a1, while the peaks in the V modes correspond to h1 alone. h1 is still SM-like in this scenario due
to a significant singlet component even though tan β can take fairly large values [28]. Since this
scenario is compatible with a SM-like scalar Higgs boson, it is also not in conflict with the recent
CMS measurements in the ZZ mode which disfavor the pure pseudoscalar hypothesis [29, 30].

We identify regions of the CNMSSM-NUHM parameter space where both h1 and a1 with masses
around 125GeV can be obtained, expecting that a discrepancy between X and V rates will be
seen by CMS and ATLAS collaborations in a focussed analysis of the bb̄h production mode. We
further confine ourselves only to the regions where the above mentioned triple enhancement can
be obtained, serving as a clear signature of this scenario. We investigate the impact of other
important experimental constraints on these regions. These include the limits from direct SUSY

1We note here that the VBF and Wh/Zh production modes are irrelevant for a pseudoscalar Higgs boson.
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normalised to the corresponding ones of a SM Higgs boson. However, since the WW and ZZ

decays of each Hi in the NMSSM depend on the same V V Hi reduced coupling, NMSSMTools

computes a unique value of the signal rate, RV V , for both these channels. But note that,

at the LHC, the �� and ZZ decay channels remain the only ones so far where the observed

significance of the signal exceeds the expected one, with the latest measurements of the signal

strengths in these channels being

µ�� = 1.13± 0.24 , µZZ = 1.0± 0.29 , (3.3)

according to the CMS analyses [51], and

µ�� = 1.57+0.33
�0.28 , µZZ = 1.44+0.40

�0.35 , (3.4)

in the ATLAS analyses [52]. We therefore identify the calculated RV V with the signal rate

for the ZZ channel and ignore the experimental result for the WW channel.

In our final analysis of the A
1

production and decay channels at the LHC, for HSM to

be consistent with the ATLAS Higgs boson data, its R��/ZZ is required to lie within the

range given in eqs. (3.4). Similarly, for consistency with the CMS data, R��/ZZ for H
SM

should satisfy eqs. (3.3). Note that these two requirements are imposed separately, since the

measurements from the two experiments are not mutually very consistent in all cases and

can also be expected to fluctuate somewhat at the next LHC run. It is for this reason that

among the ‘good points’ from our scans we will retain also those that do not comply with

these robust requirements. All these good points are, however, required to be consistent with

the LEP and LHC exclusion limits, applicable on the other, non-SM-like, Higgs bosons of the

model and tested using HiggsBounds-v4.1.3 [53–56].

The output files of NMSSMTools contain a SLHA Block as input for the HiggsBounds

package, which is essentially composed of the squared reduced couplings of all Hi’s. Here an

ambiguity arises due to the fact that HiggsBounds uses these reduced couplings for calculat-

ing the cross section ratios (similarly to eq. (3.1) and its equivalents for other Higgs boson
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with
φ′
λ ≡ φλ + θ + ϕ and φ′

κ ≡ φκ + 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 = −
1

2
I s , Iκ = −

3

2
I
vdvu
s

. (9)

Then the phase combinations φ′
λ + φAλ

and φ′
κ +φAκ are determined up to a twofold ambiguity by

φ′
λ − φ′

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 =

(
M2

S M2
SP

(M2
SP )

T M2
P

)
, (10)

in the basis HT = (HdR, HuR, SR, HdI , HuI , SI). The elements of the top left 3×3 CP-even block
in the above equation are given as

M2
S,11 =

g2

2
v2d(Q) +

(
Rλ +

Rs(Q)

2

)
s(Q) tan β ,

M2
S,22 =

g2

2
v2u(Q) +

(
Rλ +

Rs(Q)

2

)
s(Q)

tan β
,

M2
S,33 = Rλ

vd(Q)vu(Q)

s(Q)
+ 2|κ|2s(Q)2 +Rκs(Q) ,

M2
S,12 = (M2

S,21) =

(
−
g21 + g22

4
+ |λ|2

)
vd(Q)vu(Q)−

(
Rλ +

Rs(Q)

2

)
s(Q) ,

M2
S,13 = (M2

S,31) = −Rλvu(Q) + |λ|2vd(Q)s(Q)−Rvu(Q)s(Q) ,

M2
S,23 = (M2

S,32) = −Rλvd(Q) + |λ|2vu(Q)s(Q)−Rvd(Q)s(Q) , (11)

where vu(Q), vd(Q) and s(Q) are the three Higgs VeVs defined at the scale Q2 = M2
SUSY and

tan β ≡ vu(Q)/vd(Q). The bottom right CP-odd block in Eq. (10) is given as

M2
P,11 =

(
Rλ +

Rs(Q)

2

)
s(Q) tan β ,

M2
P,22 =

(
Rλ +

Rs(Q)

2

)
s(Q)

tan β
,

M2
P,33 = Rλ

vd(Q)vu(Q)

s(Q)
+ 2Rvd(Q)vu(Q)− 3Rκs(Q) ,

M2
P,12 = (M2

P,21) =

(
Rλ +

Rs(Q)

2

)
s(Q) ,

M2
S,13 = (M2

S,31) =
(
Rλ −Rs(Q)

)
vu(Q) ,

M2
S,23 = (M2

S,32) =
(
Rλ −Rs(Q)

)
vd(Q) , (12)

and the off-diagonal CP-mixing block reads

M2
SP =

⎛

⎝
0 0 −3

2Isvu
0 0 −3

2Isvd
1
2Isvu

1
2Isvd 2Ivdvu

⎞

⎠ . (13)
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Finally, staus can be considerably lighter than the third generation squarks and hence can give
comparatively larger D-term contributions which are written as

∆M2
S,11 = ∆τ̃ cos

2 β ,

∆M2
S,22 = ∆τ̃ sin

2 β ,

∆M2
S,12 = −∆τ̃ sin β cos β , (28)

where, assuming a common stau mass, mτ̃ ,

∆τ̃ = −
1

16π2
g2m2

Z(9 sin
4 θW + 3cos4 θW ) ln

(
M2

SUSY

m2
τ̃

)
, (29)

with θW being the weak mixing angle.

2.2.3 Wave function renomalisation

As mentioned earlier, the elements of the loop-corrected Higgs mass matrix obtained so far contain
VeVs vu(Q), vd(Q) and s(Q) defined at the scale Q2 = M2

SUSY. These VeVs are related to the VeVs
of the properly normalised Higgs fields (i.e., after the addition of quantum effects withQ2 < M2

SUSY)
as

vu(Q) =
vu√
ZHu

, vd(Q) =
vd√
ZHd

, s(Q) =
s√
ZS

, (30)

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

M′2
H,ij = M2

H,ij/
√

Zi Zj . (31)

This rescaling then takes care of further contributions of the order g2 h2t,b to the Higgs mass matrix.

2.3 Physical Higgs boson masses

To obtain the physical mass eigenstates the 6 × 6 Higgs mass matrix M′2
H can be diagonalised

using the orthogonal matrix O as

(H1, H2, H3, H4, H5, H6)
T
a = Oai (HdR, HuR, SR, HdI , HuI , SI)

T
i . (32)

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 diagonalisation,
as ⎛

⎝
HdI

HuI

SI

⎞

⎠ =

⎛

⎝
cos β sin β 0
− sinβ cos β 0

0 0 1

⎞

⎠

⎛

⎝
G
HI

SI

⎞

⎠ . (33)

In the new basis, hT ≡ (HdR, HuR, SR, HI , SI), after dropping the NG mode, the tree level
pseudoscalar block in Eq. (10) gets replaced by

M2
Pβ

=

(
(Rλ +Rs/2) v2s

vdvu
(Rλ −Rs)v

(Rλ −Rs)v Rλ
vdvu
s + 2Rvdvu − 3Rκs

)

, (34)
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discovery. The reason is that it is very much probable for the lighter of the two pseudoscalar-like
Higgs bosons to have a mass ∼ 250GeV, particularly when one of the scalar-like Higgs bosons is
required to have SM-like γγ and ZZ signal rates and a mass near 125GeV. Such a mass would
result 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 ∼ 250GeV
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 conventional ‘reduced cross section’, which quantifies
the contribution of the ∼ 250GeV 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 ∼ 125GeV 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 organised 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 Sect. 3 we will present the expressions for the trilinear self-couplings
of the Higgs bosons and will also define notation for their couplings to other model particles. In
Sect. 4 we will provide detailed expressions for all possible two-body partial decay widths of the
Higgs boson in the presence of CPV phases. In Sect. 5, after discussing at length our scenario of
interest, we will present our numerical results for the three points investigated. We will summarise
our findings in Sect. 6.

2 Higgs sector of the cNMSSM

As noted in the introduction, the NMSSM contains a singlet Higgs superfield, Ŝ, besides the two
MSSM SU(2)L doublet superfields,

Ĥu =

(
Ĥ+

u

Ĥ0
u

)

, Ĥd =

(
Ĥ0

d

Ĥ−

d

)

. (1)

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

WNMSSM = MSSM Yukawa terms + λŜĤuĤd +
κ

3
Ŝ3 , (2)

where λ ≡ |λ|eiφλ and κ ≡ |κ|eiφκ are dimensionless complex Yukawa couplings. The second term
in the above superpotential replaces the Higgs-higgsino mass term, µĤuĤd, of the MSSM superpo-
tential and the last cubic term explicitly breaks the dangerous U(1)PQ symmetry, 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 = λs, is generated.

3
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A Sparticle mass matrices

• The chargino mass matrix, in the (W̃−, H̃−) basis, using the convention H̃−

L(R) = H̃−

d(u), can be
written as

MC =

⎛

⎝
M2

√
2MW cosβ

√
2MW sin β |λ|vS√

2
eiφ

′
λ

⎞

⎠ , (A.1)

which is diagonalised by two different unitary matrices as CRMCC
†

L = diag{mχ̃±
1

, mχ̃±
2

}, where
mχ̃±

1

≤ mχ̃±
2

.

• The neutralino mass matrix, in the (B̃, W̃ 0, H̃0
d , H̃

0
u, S̃) basis, can be written as

MN =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

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 − |λ|vS√
2

eiφ
′
λ − |λ|vsβ√

2
eiφ

′
λ

mZ sinβsW −mZ sinβcW − |λ|vS√
2

eiφ
′
λ 0 − |λ|v cos β

√
2

eiφ
′
λ

0 0 − |λ|vsβ√
2

eiφ
′
λ − |λ|v cos β

√
2

eiφ
′
λ

√
2|κ|vS eiφ

′
κ

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (A.2)

where sW = sin θW , with θW being the Weinberg angle. The above matrix is diagonalised as
N∗MNN † = diag (mχ̃0

1
,mχ̃0

2
,mχ̃0

3
,mχ̃0

4
,mχ̃0

5
), where N is a unitary matrix and mχ̃0

1
≤ mχ̃0

2
≤

mχ̃0
3
≤ mχ̃0

4
≤ mχ̃0

5
.

• For the stop, sbottom and stau matrices, in the (q̃L, q̃R) basis, we have

M̃2
t =

⎛

⎝
M2

Q̃3

+ m2
t + cos 2βM2

Z (12 − 2
3s

2
W ) h∗

t vu√
2
(|At|e−i(θ+φAt

) − |λ|vS√
2
eiφ

′
λ cot β)

htvu√
2
(|At|ei(θ+φAt

) − |λ|vS√
2
e−iφ′

λ cot β) M2
Ũ3

+ m2
t + cos 2βM2

Z Qts2W

⎞

⎠ ,

M̃2
b =

⎛

⎝ M2
Q̃3

+ m2
b + cos 2βM2

Z (−1
2 + 1

3s
2
W )

h∗
b
vd

√
2
(|Ab|e−iφAb − |λ|vS√

2
eiφ

′
λ tan β)/

√
2

hbvd√
2
(|Ab|eiφAb − |λ|vS√

2
e−iφ′

λ tan β)/
√
2 M2

D̃3

+ m2
b + cos 2βM2

Z Qbs2W

⎞

⎠ ,

M̃2
τ =

(
M2

L̃3

+ m2
τ + cos 2βM2

Z (s2W − 1/2) h∗
τvd√
2
(|Aτ |e−iφAτ − |λ|vS√

2
eiφ

′
λ tan β)/

√
2

hτvd√
2
(|Aτ |eiφAτ − |λ|vS√

2
e−iφ′

λ tan β)/
√
2 M2

Ẽ3

+ m2
τ − cos 2βM2

Z s2W

)

,

(A.3)

where hτ ≡ 2mτ

vd
and mτ are the Yukawa coupling and mass of the τ lepton, respectively, and Aτ ≡

|Aτ |eiφAτ is the soft Yukawa coupling of τ̃ . The mass eigenstates of the top and bottom squarks and

the stau are obtained by diagonalising the above mass matrices as U f̃† M̃2
f U

f̃ = diag(m2
f̃1
,m2

f̃2
) ,

such that m2
f̃1

≤ m2
f̃2
, for f = t, b and τ .
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where φ1,2 and a1,2 are real fields. The constant phase ξ can be set to zero at tree level, but
will in general become non–zero once loop corrections are included.

The mass matrix of the neutral Higgs bosons can be computed from the effective potential
[10]

VHiggs =
1

2
m2

1

(
φ2

1 + a2
1

)
+

1

2
m2

2

(
φ2

2 + a2
2

)
−
∣∣∣m2

12

∣∣∣ (φ1φ2 − a1a2) cos(ξ + θ12)

−
∣∣∣m2

12

∣∣∣ (φ1a2 + φ2a1) sin(ξ + θ12) +
ĝ2

8
D2 +

1

64π2
Str

[

M4

(

log
M2

Q2
0

−
3

2

)]

, (2)

where we have allowed the soft breaking parameter m2
12 = |m2

12| eiθ12 to be complex. We have
introduced the quantities

D = φ2
2 + a2

2 − φ2
1 − a2

1; ĝ2 =
g2 + g′2

4
, (3)

where the symbols g and g′ stand for the SU(2) and U(1)Y gauge couplings, respectively. Q0 in
eq.(2) is the renormalization scale; the parameters of the tree–level potential, in particular the
mass parameters m2

1, m2
2 and m2

12, are running parameters, taken at scale Q0. The potential
(2) is then independent of Q0, up to two–loop corrections.

M is the field–dependent mass matrix of all modes that couple to the Higgs bosons. The
by far dominant contributions come from third generation quarks and squarks. The (real)
masses of the former are given by

m2
b =

1

2
|hb|2

(
φ2

1 + a2
1

)
; m2

t =
1

2
|ht|2

(
φ2

2 + a2
2

)
, (4)

where hb and ht are the bottom and top Yukawa couplings. The corresponding squark mass
matrices can be written as

M2
t̃ =

⎛

⎝
m2

Q̃
+ m2

t − 1
8

(
g2 − g′2

3

)
D −h∗

t

[
A∗

t (H0
2 )∗ + µH0

1

]

−ht

[
AtH0

2 + µ∗ (H0
1 )

∗]
m2

Ũ
+ m2

t −
g′2

6 D

⎞

⎠ ; (5a)

M2
b̃ =

⎛

⎝
m2

Q̃
+ m2

b + 1
8

(
g2 + g′2

3

)
D −h∗

b

[
A∗

b (H0
1 )

∗
+ µH0

2

]

−hb

[
AbH0

1 + µ∗ (H0
2 )∗
]

m2
D̃

+ m2
b + g′2

12 D

⎞

⎠ . (5b)

Here, H0
1 and H0

2 are given by eqs.(1) while m2
t and m2

b are as in eqs.(4) and D has been
defined in eqs.(3). In eqs.(5) m2

Q̃
, m2

Ũ
and m2

D̃
are real soft breaking parameters, Ab and At

are complex soft breaking parameters, and µ is the complex supersymmetric Higgs(ino) mass
parameter. The eigenvalues of the mass matrices (5) are:

m2
t̃1,2

=
1

2

[

m2
Q̃

+ m2
Ũ

+ |ht|2
(
φ2

2 + a2
2

)
−

ĝ2

2
D (6a)

∓

⎧
⎨

⎩

(

m2
Q̃
− m2

Ũ
−

3g2 − 5g′2

24
D
)2

+ 2 |ht|2
∣∣∣Ate

iξ (φ2 + ia2) + µ∗ (φ1 − ia1)
∣∣∣
2

⎫
⎬

⎭

1/2
⎤

⎥⎦ ;

m2
b̃1,2

=
1

2

[

m2
Q̃

+ m2
D̃

+ |hb|2
(
φ2

1 + a2
1

)
+

ĝ2

2
D (6b)

∓

⎧
⎨

⎩

(

m2
Q̃
− m2

D̃
+

3g2 − g′2

24
D
)2

+ 2 |hb|2
∣∣∣Ab (φ1 + ia1) + µ∗e−iξ (φ2 − ia2)

∣∣∣
2

⎫
⎬

⎭

1/2
⎤

⎥⎦ .

2
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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 phenomenology 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 (γγ) ≡
Γ(hp → gg)

Γ(hSM → gg)
× BR(hp → hdhi)×

BR(hd → γγ)

BR(hSM → γγ)
, (71)

where hSM refers to a SM Higgs boson with the same mass as hd. i = 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 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 with

√
s = 14TeV. We,

therefore, also calculate the corresponding auxiliary rate for this Higgs boson in the bb̄ channel.

Evidently both A
hp

d (γγ) and A
hp

s (γγ) are by definition zero in the CPC limit. We stress here that
the above expression gives only a crude estimate of 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 Rhd
(X), defined in Eq. (69), for X =

γγ, ZZ, τ+τ−2 for each benchmark case as a measure of the deviation of hd from SM-like properties.
Rhd

(X) = 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 mSUGRA-inspired unification conditions,

M0 ≡ MQ3
= MU3

= MD3
= ML3

= ME3
= MSUSY,

M1/2 ≡ 2M1 = M2 =
1
3M3,

A0 ≡ At = Ab = Aτ ,

where M2
Q̃3

, M2
Ũ3

, M2
D̃3

and M2
L̃3

, M2
Ẽ3

are the soft SUSY-breaking squared masses of the third

generation squarks and sleptons, respectively. Finally, we will fix sign[cos(φλ+φAλ
)] = sign[cos(φκ+

φAκ)] = +1.

5.1 h1 = 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 2, in the cNMSSM parameter space. This point
yields hd around 125GeV in the CPC limit, with almost exactly SM-like signal strengths in the γγ,
ZZ and τ+τ− channels, despite a non-vanishing λ and, hence, singlet component (such a NMSSM
Higgs boson has been discussed in [43]). In panel (a) of figure 1 we show the auxiliary signal rates

A
hp

d (γγ) and A
hp

d (bb̄) 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 = 29◦. Such a 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 (γγ)

2A ∼ 4σ evidence of a ∼ 125GeV Higgs boson has now also been established in the τ+τ− channel [41, 42].
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