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Abstract We perform a parameter scan of the phenomeno-

logical Minimal Supersymmetric Standard Model (pMSSM)

with eight parameters taking into account the experimental

Higgs boson results from Run I of the LHC and further low-

energy observables. We investigate various MSSM interpre-

tations of the Higgs signal at 125 GeV. First, we consider

the case where the light CP-even Higgs boson of the MSSM

is identified with the discovered Higgs boson. In this case it

can impersonate the SM Higgs-like signal either in the decou-

pling limit, or in the limit of alignment without decoupling.

In the latter case, the other states in the Higgs sector can also

be light, offering good prospects for upcoming LHC searches

and for searches at future colliders. Second, we demonstrate

that the heavy CP-even Higgs boson is still a viable can-

didate to explain the Higgs signal – albeit only in a highly

constrained parameter region, that will be probed by LHC

searches for the CP-odd Higgs boson and the charged Higgs

boson in the near future. As a guidance for such searches we

provide new benchmark scenarios that can be employed to

maximize the sensitivity of the experimental analysis to this

interpretation.
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1 Introduction

The discovery of a Higgs-like scalar boson in Run I of

the large hadron collider (LHC) [1,2] marks a milestone in

the exploration of electroweak symmetry breaking (EWSB).

Within experimental and theoretical uncertainties, the prop-

erties of the new particle are compatible with the Higgs

boson of the Standard Model (SM) [3]. However, a vari-

ety of other interpretations of the Higgs signal are possible,

corresponding to very different underlying physics. Here,

a prime candidate for the observed scalar boson is a CP-

even Higgs boson of the Minimal Supersymmetric Standard

Model (MSSM) [4–6], as it possesses SM Higgs-like proper-

ties over a significant part of the model parameter space with

only small deviations from the SM in the Higgs production

and decay rates [7].

One of the main tasks of the LHC Run II will be to deter-

mine whether the observed scalar boson forms part of the

Higgs sector of an extended model. In contrast to the SM, two

Higgs doublets are needed in the MSSM to give mass to up-

and down-type fermions. The extended Higgs sector entails

the existence of five scalar bosons, namely a light and heavy

CP-even Higgs bosons, h and H , a CP-odd Higgs boson, A,

and a pair of charged Higgs bosons, H±. Mixing between the

neutral CP-even and CP-odd states are possible in the CP-

violating case [8–13], which we will not considered here. At

lowest order, the Higgs sector of the MSSM can be fully spec-

ified in terms of the W and Z boson masses, MW and MZ ,

the CP-odd Higgs boson mass, MA, and tan β ≡ vU /vD ,

the ratio of the two neutral Higgs vacuum expectation val-

ues. However, higher-order corrections are crucial for a pre-
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cise prediction of the MSSM Higgs boson properties and

introduce dependences on other model parameters, see e.g.

Refs. [14–16] for reviews.

Many fits for the Higgs rates in various models and within

the effective field theory approach have been performed over

the last years, see e.g. Refs. [17,18]. Focusing on the MSSM,

recent fits have shown that the interpretation of the observed

scalar as the light CP-even MSSM Higgs boson (“light Higgs

case”) is a viable possibility, providing a very good descrip-

tion of all data [19–24]; see also Refs. [25–27] for global fits

including also astrophysical data. In the light-Higgs case,

decoupling of the heavy Higgs bosons (MA ≫ MZ ) [28–31]

naturally explains the SM-like couplings of the light MSSM

Higgs boson h [7]. Another interesting possibility to explain

the SM-like behavior of h without decoupling in the MSSM

– the so-called limit of alignment without decoupling – has

been outlined in Refs. [32,33], relying on an (accidental) can-

cellation of tree-level and loop contributions in the CP-even

Higgs boson mass matrix. This led to the definition of a spe-

cific benchmark scenario [33], which has since been ruled out

in the interesting low MA region via pp → H/A → τ+τ−

searches [23].

Alternatively, it was demonstrated that the heavy CP-even

Higgs boson can also be identified with the observed sig-

nal [7,19,34–37] (“heavy Higgs case”).1 In this scenario all

five MSSM Higgs bosons are relatively light, and in par-

ticular the lightest CP-even Higgs boson has a mass (sub-

stantially) smaller than 125 GeV with suppressed couplings

to gauge bosons. This led to the development of the low-

MH benchmark scenario [43]. This particular scenario has

meanwhile been ruled out by ATLAS and CMS searches

for a light charged Higgs boson [44,45]. However the heavy

Higgs interpretation in the MSSM remains viable, as we will

discuss in this paper.

The questions arise, whether, and if so by how much, the

MSSM can improve the theoretical description of the exper-

imental data compared to the SM, and which parts of the

MSSM parameter space are favored. In a previous analy-

sis [19] we analyzed these questions within the MSSM. We

performed a scan over the seven most relevant parameters

for MSSM Higgs boson phenomenology, taking into account

the data up to July 2012, which showed in particular some

enhancement in the measured rate for h → γ γ . We found

that both the light and the heavy Higgs case provided a good

fit to the data. In particular, the MSSM light Higgs case gave

a better fit than the SM when the data in the γ γ channel and

low-energy data was included.

1 Such a situation is more common in extensions of the MSSM. In par-
ticular, in the NMSSM it occurs generically if the singlet-like CP-even
state is lighter than the doublet-like Higgs bosons, see e.g. Refs. [38–
42].

The situation has changed in several respects with the

release of additional Higgs data by the ATLAS and CMS

Collaborations [46]. In particular, the final data obtained in

the LHC Run I does not show a significant enhancement over

the SM prediction in the γ γ channel anymore, and the heavy

Higgs case is much more restricted due to light charged Higgs

boson searches. The main aim of the present paper is to study

the MSSM Higgs sector in full detail taking into account the

current experimental data and in particular the final LHC Run

I results, and to propose paths towards a complete exploration

of the heavy Higgs case at the LHC in the ongoing Run II. We

incorporate the available measurements of the Higgs boson

mass and signal strengths, as well as measurements of the

relevant low-energy observables. Furthermore we take into

account all relevant constraints from direct Higgs and super-

symmetric (SUSY) particle searches. We investigate whether

the MSSM can still provide a good theoretical description of

the current experimental data, and which parts of the param-

eter space of the MSSM are favored. Within the light Higgs

case we analyze the situation with very large MA (decou-

pling), as well as for small/moderate MA (alignment without

decoupling). We also investigate the feasibility of the heavy

Higgs case and define new benchmark scenarios in which this

possibility is realized, in agreement with all current Higgs

constraints.

The paper is organized as follows. We employ the phe-

nomenological MSSM with 8 parameters (pM SSM 8),

which is introduced in detail in Sect. 2. In this section, we also

expand upon the theoretical background of the two possible

limits that lead to alignment in the CP even Higgs sector,

i.e. when one of the CP-even neutral MSSM Higgs bosons

behaves like the SM Higgs boson. In particular, we outline

how leading two-loop effects on the conditions for alignment

can be assessed and present a brief quantitative discussion of

these effects.2 The parameter scan with O(107) sampling

points, the techniques to achieve good coverage, as well as

the considered experimental observables and constraints are

described in Sect. 3. In Sect. 4 we present our results for

the best-fit points and the preferred parameter regions for the

light Higgs and the heavy Higgs interpretation. The effects

of the Higgs mass and Higgs rates measurements, precision

observables, and direct Higgs and SUSY searches are dis-

cussed, and the phenomenology of the other MSSM Higgs

states is outlined. In particular, in Sect. 4.4 we propose new

benchmark scenarios for the study of the heavy Higgs case,

which can be probed at the LHC Run II. We conclude in

Sect. 5. In Appendix A, we discuss the extent of the tuning

associated with the regions of the MSSM parameter space

that exhibit approximate Higgs alignment without decou-

pling. Finally in Appendix B, we provide tables listing the

2 More details will be presented in a separate publication [47].
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signal strength measurements from ATLAS, CMS and the

Tevatron (DØ and CDF) that are included in our analysis.

2 Theoretical background

2.1 The MSSM Higgs sector

In this section we briefly review the most important features

of the MSSM Higgs sector and motivate the choice of the

eight free pMSSM parameters in our scan. We provide a

detailed description of the relevant MSSM parameter sec-

tors and our notations, which remain unchanged compared

to [19].

In the supersymmetric extension of the SM, an even num-

ber of Higgs multiplets consisting of pairs of Higgs doublets

with opposite hypercharge is required to avoid anomalies due

to the supersymmetric Higgsino partners. Consequently the

MSSM employs two Higgs doublets, denoted by HD and

HU , with hypercharges −1 and +1, respectively. After min-

imizing the scalar potential, the neutral components of HD

and HU acquire vacuum expectation values (vevs), vD and

vU . Without loss of generality, we assume that the vevs are

real and non-negative (this can be achieved by appropriately

rephasing the Higgs doublet fields). The vevs are normalized

such that

v2 ≡ v2
D + v2

U ≃ (246 GeV)2. (1)

In addition, we define

tan β ≡ vU /vD. (2)

Without loss of generality, we may assume that 0 ≤ β ≤ 1
2π

(i.e., tan β is non-negative). This can always be achieved by

a rephasing of one of the two Higgs doublet fields.

The two-doublet Higgs sector gives rise to five physical

Higgs states. The mass eigenstates correspond to the neutral

Higgs bosons h, H (with Mh < MH ) and A, and the charged

Higgs pair H±. Neglecting possible CP-violating contribu-

tions of the soft-supersymmetry-breaking terms (which can

modify the neutral Higgs properties at the loop level), h and

H are the light and heavy CP-even Higgs bosons, and A is

CP-odd.

At lowest order, the MSSM Higgs sector is fully described

by MZ and two MSSM parameters, often chosen as the CP-

odd Higgs boson mass, MA, and tan β. In the MSSM at

the tree-level the mass of the light CP-even Higgs boson

does not exceed MZ . However, higher order corrections

to the Higgs masses are known to be sizable and must be

included, in order to be consistent with the observed Higgs

signal at 125 GeV [3]. Particularly important are the one-

and two-loop contributions from top quarks and their scalar

top (“stop”) partners. In order to shift the mass of h up to

125 GeV, large radiative corrections are necessary, which

require a large splitting in the stop sector and/or heavy stops.

For large values of tan β, the sbottom contributions to the

radiative corrections also become sizable. The stop (sbot-

tom) sector is governed by the soft SUSY-breaking mass

parameter Mt̃L
and Mt̃R

(M
b̃L

and M
b̃R

), where SU(2) gauge

invariance requires Mt̃L
= M

b̃L
, the trilinear coupling At

(Ab) and the Higgsino mass parameter μ.

To achieve a good sampling of the full MSSM parameter

space with O(107) points, we restrict ourselves to the eight

MSSM parameters

tan β, MA, Mq̃3
, A f , μ, M

ℓ̃3
, M

ℓ̃1,2
, M2 (3)

most relevant for phenomenology of the Higgs sector (the

scan ranges will be given in Sect. 3.1), under the assumption

that the third generation squark and slepton parameters are

universal. That is, we take Mq̃3
:= Mt̃L

(= M
b̃L

) = Mt̃R
=

M
b̃R

, M
ℓ̃3

:= Mτ̃L
= Mτ̃R

= Mν̃τ
and A f := At = Ab =

Aτ . Note that the soft SUSY-breaking mass parameter in the

stau sector, M
ℓ̃3

, can significantly impact the Higgs decays as

light staus can modify the loop-induced diphoton decay. M
ℓ̃3

is therefore taken as an independent parameter in our scans.

Even though the other slepton and gaugino parameters are

generally of less importance for the Higgs phenomenology,

we scan over the SU(2) gaugino mass parameter M2 as well as

over the mass parameter of the first two generation sleptons,

M
ℓ̃1,2

, (assumed to be equal) as these parameters are impor-

tant for the low-energy observables included in our analysis.

The remaining MSSM parameters are fixed,

Mq̃L
= Mq̃R

(q = c, s, u, d) = 1500 GeV, (4)

M3 = m g̃ = 1500 GeV. (5)

We choose relatively high values for the squark and gluino

mass parameters, which have a minor impact on the Higgs

sector, in order to be in agreement with the limits from direct

SUSY searches. Finally, the U(1)Y gaugino mass parameter,

M1, is fixed via the GUT relation

M1 = 5

3

s2
W

c2
W

M2 ≈ 1

2
M2, (6)

with sW =
√

1 − c2
W and cW = MW /MZ . For more details

on the definition of the MSSM parameters, we refer to [19].

2.2 The Higgs alignment limit

In light of the Higgs data, which indicates that the properties

of the observed Higgs boson are SM-like, we seek to explore

the region of the MSSM parameter space that yields a SM-

like Higgs boson. In general, a SM-like Higgs boson arises

if one of the neutral Higgs mass eigenstates is approximately

123



67 Page 4 of 44 Eur. Phys. J. C (2017) 77 :67

aligned with the direction of the Higgs vev in field space.

Thus, the limit of a SM Higgs boson is called the alignment

limit.

To analyze the alignment limit, it is convenient to define

(�1)
i = ǫi j (H∗

D) j , (�2)
i = (HU )i , (7)

where ǫ12 = −ǫ21 = 1 and ǫ11 = ǫ22 = 0, and there

is an implicit sum over the repeated SU(2) index j = 1, 2.

For consistency of the notation, we denote the corresponding

neutral Higgs vevs by v1 ≡ vD and v2 ≡ vU . We now define

the following linear combinations of Higgs doublet fields,

H1 =
(

H+
1

H0
1

)
≡ v1�1 + v2�2

v
,

H2 =
(

H+
2

H0
2

)
≡ −v2�1 + v1�2

v
(8)

such that 〈H0
1 〉 = v/

√
2 and 〈H0

2 〉 = 0, which defines the so-

called Higgs basis [48–50].3 It is straightforward to express

the scalar Higgs potential in terms of the Higgs basis fields

H1 and H2,

V = · · · + 1
2 Z1(H

†
1H1)

2 + · · ·

+
[

1
2 Z5(H

†
1H2)

2 + Z6(H
†
1H1)(H

†
1H2) + h.c.

]
+ · · · ,

(9)

where the most important terms of the scalar potential are

highlighted above. The quartic couplings Z1, Z5 and Z6 are

linear combinations of the quartic couplings that appear in

the MSSM Higgs potential expressed in terms of HD and

HU . In particular, at tree-level,

Z1 = 1
4 (g2 + g′ 2)c2

2β ,

Z5 = 1
4 (g2 + g′ 2)s2

2β ,

Z6 = − 1
4 (g2 + g′ 2)s2βc2β , (10)

where g and g′ are the SU(2) and U(1)Y gauge couplings,

respectively, c2β ≡ cos 2β and s2β ≡ sin 2β. Hence, the Zi

are O(1) parameters.

One can then evaluate the squared-mass matrix of the neu-

tral CP-even Higgs bosons, with respect to the neutral Higgs

states, {
√

2 Re H0
1 − v,

√
2 Re H0

2 }

M
2 =

(
Z1v

2 Z6v
2

Z6v
2 M2

A + Z5v
2

)
. (11)

3 Since the tree-level MSSM Higgs sector is CP-conserving, the Higgs
basis is defined up to an overall sign ambiguity, where H2 → −H2.
However, since we have adopted the convention in which tan β is non-
negative [cf. the comment below Eq. (2)], the overall sign of the Higgs
basis field H2 is now fixed.

If
√

2 Re H0
1 − v were a Higgs mass eigenstate, then its tree-

level couplings to SM particles would be precisely those of

the SM Higgs boson. This would correspond to the exact

alignment limit. To achieve a SM-like neutral Higgs state,

it is sufficient for one of the neutral Higgs mass eigenstates

to be approximately given by
√

2 Re H0
1 − v. In light of the

form of the squared-mass matrix given in (11), we see that a

SM-like neutral Higgs boson can arise in two different ways:

1. M2
A ≫ (Z1 − Z5)v

2. This is the so-called decoupling

limit, where h is SM-like and MA ∼ MH ∼ MH± ≫ Mh .

2. |Z6| ≪ 1. Then, h is SM-like if M2
A + (Z5 − Z1)v

2 > 0

and H is SM-like if M2
A + (Z5 − Z1)v

2 < 0.

In particular, the CP-even mass eigenstates are:
(

H

h

)
=

(
cβ−α −sβ−α

sβ−α cβ−α

) (√
2 Re H0

1 − v√
2 Re H0

2

)
, (12)

where cβ−α ≡ cos(β−α) and sβ−α ≡ sin(β−α) are defined

in terms of the mixing angle α that diagonalizes the CP-even

Higgs squared-mass matrix when expressed in the original

basis of scalar fields, {
√

2 Re �0
1−v1,

√
2 Re �0

2−v2}. Since

the SM-like Higgs field is approximately
√

2 Re H0
1 − v, it

follows that h is SM-like if |cβ−α| ≪ 1 [51] and H is SM-

like if |sβ−α| ≪ 1 [52]. The case of a SM-like H necessarily

corresponds to alignment without decoupling.

In the case of exact alignment without decoupling, Z6 =
0, the tree-level couplings of the SM-like Higgs boson are

precisely those of the Higgs boson of the Standard Model.

Nevertheless, deviations from SM Higgs boson properties

can arise due to two possible effects. First, there might exist

new particles that enter in loops and modify the loop-induced

Higgs couplings to gg, γ γ and Zγ . For example, if H is the

SM-like Higgs boson, then the charged Higgs boson mass

is not significantly larger than the observed Higgs mass, in

which case the charged Higgs loop can shift the one-loop

induced couplings of the observed Higgs boson to γ γ and

Zγ [52]. Similarly, SUSY particles can give a contribution at

the loop-level to other, at the tree-level SM-like, couplings.

Second, there might exist new particles with mass less that

half the Higgs mass, allowing for new decay modes of the

SM-like Higgs boson. An example of this possibility arises

if H is the SM-like Higgs boson and Mh < MH /2, in which

case the decay mode H → hh is allowed. Indeed, in the

exact alignment limit where sβ−α = 0, the tree-level Hhh

coupling in the MSSM is given by [53]

gHhh = gMZ

2cW

(1 − 3 sin2 2β). (13)

The possibility of alignment without decoupling has been

analyzed in detail in Refs. [31–33,51,52,54–56] (see also the

“τ -phobic” benchmark scenario in Ref. [57]). It was pointed

out that exact alignment via Z6 = 0 can only happen through
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an accidental cancellation of the tree-level terms with con-

tributions arising at the one-loop level (or higher). In this

case the Higgs alignment is independent of M2
A, Z1 and

Z5. This has two phenomenological consequences. First, the

remaining Higgs states can be light, which would imply good

prospects for LHC searches. Second, either the light or the

heavy neutral Higgs mass eigenstate can be aligned with the

SM Higgs vev and thus be interpreted as the SM-like Higgs

boson observed at 125 GeV.

The leading one-loop contributions to Z1, Z5 and Z6 pro-

portional to h2
t m2

t , where

ht =
√

2mt

vsβ

(14)

is the top quark Yukawa coupling, have been obtained in

Ref. [33] in the limit MZ , MA ≪ MS (using results from

Ref. [58]):

Z1v
2 = M2

Z c2
2β

+ 3m4
t

2π2v2

[
ln

(
M2

S

m2
t

)
+ X2

t

M2
S

(
1 − X2

t

12M2
S

)]
, (15)

Z5v
2 = s2

2β

{
M2

Z + 3m4
t

8π2v2s4
β

×
[

ln

(
M2

S

m2
t

)
+ X t Yt

M2
S

(
1 − X t Yt

12M2
S

)]}
, (16)

Z6v
2 = −s2β

{
M2

Z c2β − 3m4
t

4π2v2s2
β

×
[

ln

(
M2

S

m2
t

)
+ X t (X t + Yt )

2M2
S

− X3
t Yt

12M4
S

]}
, (17)

where sβ ≡ sin β, MS ≡ √
m t̃1

m t̃2
denotes the SUSY mass

scale, given by the geometric mean of the light and heavy

stop masses, and

X t ≡ At − μ/ tan β, Yt ≡ At + μ tan β. (18)

In Eqs. (15)–(18), we have assumed for simplicity that μ

and At (as well as the gaugino mass parameters that con-

tribute subdominantly at one-loop to the Zi ) are real param-

eters. That is, we are neglecting CP-violating effects that can

enter the MSSM Higgs sector via radiative corrections.

The approximate expression for Z6v
2 given in (17)

depends only on the unknown parameters μ, At , tan β and

MS . Exact alignment arises when Z6 = 0. Note that Z6 = 0

trivially occurs when β = 0 or 1
2π (corresponding to the

vanishing of either v1 or v2). But, this choice of parameters

is not relevant for phenomenology as it leads to a massless b

quark or t quark, respectively, at tree-level. Henceforth, we

assume that tan β is non-zero and finite. In our convention,

tan β is positive with 0 < β < 1
2π .

We can simplify the analysis of the condition Z6 = 0 by

solving Eq. (15) for ln(M2
S/m2

t ) and inserting this result back

into Eq. (17). The resulting expression for Z6 now depends

on Z1, tan β, and the ratios,

Ât ≡ At

MS

, μ̂ ≡ μ

MS

. (19)

Using Eq. (18) to rewrite the final expression in terms of Ât

and μ̂, we obtain,

Z6v
2 = − cot β

{
M2

Z c2β − Z1v
2 + 3m4

t μ̂( Ât tan β − μ̂)

4π2v2s2
β

×
[

1
6 ( Ât − μ̂ cot β)2 − 1

]}
. (20)

Setting Z6 = 0, we can identify Z1v
2 with the mass of the

observed (SM-like) Higgs boson (which may be either h or H

depending on whether sβ−α is close to 1 or 0, respectively).

We can then numerically solve for tan β for given values of

Ât and μ̂. The values of the real positive tan β solutions of

Z6 = 0 obtained by using the one-loop approximate formula

given in Eq. (20) are illustrated by the contour plots shown in

the three left panels of Fig. 1, where each panel corresponds to

a different solution of Z6 = 0. Note that at every point in the

(μ̂, Ât ) plane, the value of MS has been adjusted according

to Eq. (15) such that the squared-mass of the SM-like Higgs

boson in the alignment limit is given by Z1v
2 ≃ (125 GeV)2.

Taking the three left panels together, one can immediately

discern the regions of zero, one, two and three positive tan β

solutions of Eq. (20), and their corresponding values. A more

detailed discussion of these solutions will be presented in a

separate paper [47].

It is instructive to obtain an approximate analytic expres-

sion for the value of the largest real positive tan β solution.

Assuming |μ̂ Ât | tan β ≫ 1 the following approximate align-

ment condition, first written in Ref. [33], is obtained,

tan β ≃
M2

h/H + M2
Z + 3m4

t μ̂
2

8π2v2
( Â 2

t − 2)

m4
t μ̂ Ât

8π2v2
( Â 2

t − 6)

≃ 127 + 3μ̂2( Â 2
t − 2)

μ̂ Ât ( Â 2
t − 6)

, (21)

where M2
h/H ≃ Z1v

2 denotes the (one-loop) mass of the

SM-like Higgs boson obtained from Eq. (15), which could

be either the light or heavy CP-even Higgs boson. It is clear

from Eq. (21) that a positive tan β solution exists if either

μ̂ Ât ( Â2
t − 6) > 0 and Â2

t > 2, or if μ̂ Ât ( Â2
t − 6) < 0,

Â2
t < 2 and |μ̂| is sufficiently large such that the numerator

of Eq. (21) is negative. Keeping in mind that Eq. (21) was

123



67 Page 6 of 44 Eur. Phys. J. C (2017) 77 :67

Fig. 1 Contours of tan β corresponding to exact alignment, Z6 = 0,
in the (μ/MS, At/MS) plane. Z1 is adjusted to give the correct Higgs
mass. The three left panels exhibit the approximate one-loop results; the
three right panels exhibit the corresponding two-loop improved results.

Taking the three panels on each side together, one can immediately dis-
cern the regions of zero, one, two and three values of tan β in which exact
alignment is realized. In the overlaid blue regions we have (unstable)
values of |X t/MS | ≥ 3
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derived under the assumption that μ̂ Ât tan β ≫ 1, one easily

verifies that the largest of the three roots of Eq. (20) shown in

Fig. 1 always satisfies the stated conditions above. Another

consequence of Eq. (21) is that by increasing the value of

|μ̂ Ât | (in the region where 2 < Â2
t < 6), it is possible to

lower the tan β value at which alignment occurs.

If | Ât | ≪ 1, then Eq. (21) is no longer a good approxima-

tion. Returning to Eq. (20), we set Ât = 0 and again assume

that tan β ≫ 1. We can then solve approximately for tan β,

tan2 β ≃
M2

Z − M2
h/H + 3m4

t μ̂
2

4π2v2

(
1
6 μ̂2 − 2

)

M2
Z + M2

h/H + 3m4
t μ̂

2

4π2v2

. (22)

For example, in the parameter regime where Ât ≃ 0 and

|μ̂| ≫ 1, we obtain tan β ≃ |μ̂|/
√

6.

The question of whether the light or the heavy CP-even

Higgs boson possesses SM-like Higgs couplings in the align-

ment without decoupling regime depends on the relative size

of Z1v
2 and Z5v

2 + M2
A. Combining Eqs. (16) and (17), it

follows that in the limit of exact alignment where Z6 = 0, we

identify Z1v
2 as the squared mass of the observed SM-like

Higgs boson and

Z5v
2 = M2

Z (1 + c2β) + 3m4
t μ̂( Ât − μ̂ cot β)

8π2v2s4
β

×
{

s2β − 1
6

[
( Â 2

t − μ̂2)s2β − 2 Ât μ̂c2β

]}
. (23)

We define a critical value of M2
A,

M2
A,c ≡ max

{
(Z1 − Z5)v

2, 0
}
, (24)

where Z1v
2 = (125 GeV)2 and Z5v

2 is given by Eq. (23).

Note further that the squared-mass of the non-SM-like CP-

even Higgs boson in the exact alignment limit, M2
A + Z5v

2,

is positive, which implies that the minimum value possible

for the squared-mass of the CP-odd Higgs boson is

M2
A,m ≡ max

{
−Z5v

2, 0
}
. (25)

That is, if Z5 is sufficiently large and negative, then the min-

imal allowed value of M2
A is non-zero and positive.

We focus again on the parameter region in the (μ̂, Ât )

plane, and compute Z5 from Eq. (23) using the value of tan β

obtained from setting Z6 = 0 in Eq. (20). This allows us to

determine the value of M2
A,c for each point in the (μ̂, Ât )

plane. The interpretation of M2
A,c is as follows. If M2

A >

M2
A,c, then h can be identified as the SM-like Higgs boson

with Mh ≃ 125 GeV. If M2
A,m < M2

A < M2
A,c, then H can be

identified as the SM-like Higgs boson with MH ≃ 125 GeV.

The corresponding contours of MA,c are exhibited in the three

left panels of Fig. 2, which are in one-to-one correspondence

with the three left panels of Fig. 1.

As previously noted, the analysis above was based on

approximate one-loop formulae given in Eqs. (15)–(17),

where only the leading terms proportional to m2
t h2

t are

included. In the exact alignment limit, we identify Z1v
2

given by Eq. (15) as the squared-mass of the observed SM-

like Higgs boson. However, it is well known that Eq. (15)

overestimates the value of the radiatively corrected Higgs

mass. Remarkably, one can obtain a significantly more accu-

rate result simply by including the leading two-loop radiative

corrections proportional to αsm2
t h2

t .

In Ref. [59], it was shown that the dominant part of these

two-loop corrections can be obtained from the corresponding

one-loop formulae with the following very simple two step

prescription. First, we replace

m4
t ln

(
M2

S

m2
t

)
−→ m4

t (λ) ln

(
M2

S

m2
t (λ)

)
,

where λ ≡
[
mt (mt )MS

]1/2
, (26)

where mt (mt ) ≃ 165.6 GeV is the MS top quark mass [60],

and the running top quark mass in the one-loop approxima-

tion is given by

mt (λ) = mt (mt )

[
1 + αs

π
ln

(
m2

t (mt )

λ2

)]
. (27)

In our numerical analysis, we take αs = αs(mt (mt )) ≃
0.10826. Second, when m4

t multiplies that threshold correc-

tions due to stop mixing (i.e., the one-loop terms proportional

to X t and Yt ), then we make the replacement,

m4
t −→ m4

t (MS), (28)

where

mt (MS) = mt (mt )

[
1 + αs

π
ln

(
m2

t (mt )

M2
S

)
+ αs

3π

X t

MS

]
.

(29)

Note that the running top-quark mass evaluated at MS

includes a threshold correction proportional to X t that enters

at the scale of supersymmetry breaking. Here, we only keep

the leading contribution to the threshold correction under the

assumption that mt ≪ MS (a more precise formula can be

found in Appendix B of Ref. [59]). The above two step pre-

scription can now be applied to Eqs. (15)–(17), which yields a

more accurate expression for the radiatively corrected Higgs

mass and the condition for exact alignment without decou-

pling. Details of this analysis will be presented in a forth-

coming work [47].

The end results are summarized below. We have derived

analogous expressions to Eqs. (20) and (23) that incorporate

the leading two-loop effects at O(αsh2
t ). It is convenient to
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Fig. 2 Critical MA value, MA,c, in the exact alignment, indicating the
maximal MA value for which the mass hierarchy of the heavy Higgs
interpretation is obtained, corresponding to the solutions found in Fig. 1
in the (μ/MS, At/MS) plane. The three left panels exhibit the approx-

imate one-loop results; the three right panels exhibit the corresponding
two-loop improved results. In the overlaid blue regions we have (unsta-
ble) values of |X t/MS | ≥ 3
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introduce the following notation,

C ≡ 3m4
t

2π2v2
, αs ≡ αs

π
, xt ≡ X t/MS, (30)

where mt ≡ mt (mt ) is the MS top quark mass, and

X1 ≡ x2
t

(
1 − 1

12 x2
t

)
, X5 ≡ xt yt

(
1 − 1

12 xt yt

)
,

X6 ≡ 1
2 xt (xt + yt ) − 1

12 x3
t yt . (31)

Then, the two-loop corrected condition for the exact align-

ment limit corresponding to Z6 = 0 is given by,

2M2
Z s2

βc2β − (Z1v
2 − M2

Z c2
2β)

[
1 + 4αs(X1 − X6)

]

+C(X1 − X6)
[
1 + αs(4X1 + 4

3 xt )
]

= 0, (32)

which supersedes Eq. (20), and the O(αs) correction to Eq.

(23) is given by,

Z5v
2 = M2

Z (1 + c2β) + C(X5 − X6)

tan2 β

×
{

1 + 4αs

(
X6 + 1

3 xt − 2s2
βc2βC−1 M2

Z

)}
. (33)

One can now define two-loop improved versions of M2
A,c and

M2
A,m [cf. Eqs. (24) and (25)].

In the right panels of Figs. 1 and 2, we plot the two-

loop improved versions of the corresponding one-loop results

shown in the left panels. There are a few notable changes,

which we now discuss. First, in our scan of the (μ̂, Ât ) plane,

we have observed numerically that there is a new solution to

the alignment condition [cf. Eq. (32)] that is unrelated to the

solutions found in the one-loop analysis. However, this solu-

tion always corresponds to a value of |X t | > 3MS , which

lies outside our region of interest. Henceforth, we simply

discard this possibility. What remains are solutions that can

be identified as the two-loop corrected versions of the one-

loop results obtained above. The right panels of Fig. 1 exhibit

the remaining real positive tan β solutions of Eq. (32).

We can now see the effects of including the leading

O(αsh2
t ) corrections. The regions where positive solutions

to Eq. (32) exist shown in the right panels of Fig. 1 have

shrunk somewhat as compared to the corresponding positive

solutions to Eq. (20) shown in the left panels of Fig. 1. For

example, only one positive solution for tan β exists for large

μ̂ and Ât in the two-loop approximation, whereas three posi-

tive solutions exist in the one-loop approximation. Using the

values of tan β found in the right panels of Fig. 1, one can now

produce the corresponding two-loop corrected plots shown

in the right panels of Fig. 2. The qualitative features of the

one-loop and two-loop results are similar, after taking note

of the slightly smaller regions in which positive solutions for

tan β exist in the two-loop approximation.

One new feature of the two-loop approximation not yet

emphasized is that we must now carefully define the input

parameters μ and At . In the above formulae and plots we

interpret these parameters as MS parameters. However, it is

often more convenient to re-express these parameters in terms

of on-shell parameters. In Ref. [59], the following expression

was obtained for the on-shell squark mixing parameter XOS
t

in terms of the MS squark mixing parameter X t , where only

the leading O(αs) corrections are kept,

XOS
t =X t − αs

3π
MS

[
8+4X t

MS

− X2
t

M2
S

− 3X t

MS

ln

(
m2

t

M2
S

)]
.

(34)

Since the on-shell and MS versions of μ are equal at this

level of approximation, we also have

AOS
t = XOS

t + μ

tan β
. (35)

A more detailed examination of the above results, when

expressed in terms of the on-shell parameters, will be treated

in Ref. [47].

The approximations employed in the section capture some

of the most important radiative corrections relevant for ana-

lyzing the alignment limit of the MSSM. However, it is

important to appreciate what has been left out. First, higher-

order corrections beyond O(αsh2
t ) are known to be relevant

(see, e.g., Ref. [61]). In particular the O(h4
t ) corrections are

in magnitude roughly 20% of the O(αsh2
t ) corrections, and

enter with a different sign, thus leading to potentially non-

negligible corrections to the approximate two-loop results

obtained above. On more general grounds, the analysis of

this section ultimately corresponds to a renormalization of

cos(β − α), which governs the tree-level couplings of the

Higgs boson and its departure from the alignment limit. How-

ever, radiative corrections also contribute other effects that

modify Higgs production cross sections and branching ratios.

It is well-known that for MA ≪ MS , the effective low-energy

theory below the scale MS is a general two Higgs doublet

model with the most general Higgs-fermion Yukawa cou-

plings. These include the so-called wrong-Higgs couplings of

the MSSM [62,63], which ultimately are responsible for the

�b and �τ corrections that can significantly modify the cou-

pling of the Higgs boson to bottom quarks and tau leptons.4

The implication of these couplings will be briefly reviewed in

Sect. 2.3. In addition, integrating out heavy SUSY particles

at the scale MS can generate higher dimensional operators

that can also modify Higgs production cross sections and

branching ratios [65]. None of these effects are accounted

for in the analysis presented in this section.

4 For a review of these effects and a guide to the original literature, see
Ref. [64].
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2.3 Implications of the wrong-Higgs couplings

At tree-level, the Higgs-fermion Yukawa couplings fol-

low the Type-II pattern [53,66] of the two-Higgs doublet

model (2HDM), in which the hypercharge −1 Higgs dou-

blet field HD couples exclusively to right-handed down-type

fermions and the hypercharge +1 Higgs doublet field HU

couples exclusively to right-handed up-type fermions. When

radiative corrections are included, the so-called wrong-

Higgs Yukawa couplings are induced by supersymmetry-

breaking effects, in which H∗
D couples to right-handed up-

type fermions and H∗
U couples to right-handed down-type

fermions. We shall denote by MSUSY a generic scale that char-

acterizes the size of supersymmetric mass parameters. In the

limit where MZ , MA ≪ MSUSY, the radiatively-corrected

Higgs-quark Yukawa couplings can be summarized by an

effective Lagrangian,5

− Leff = ǫi j

[
(hb+δhb)b̄R HD

i Q
j
L +(ht +δht )t̄R Qi

L HU
j
]

+�ht t̄R Qk
L HD

k∗ + �hbb̄R Qk
L HU

k∗ + h.c., (36)

which yields a modification of the tree-level relations

between ht , hb and mt , mb as follows [64,67–74]:

mb = hbv√
2

cos β

(
1 + δhb

hb

+ �hb tan β

hb

)

≡ hbv√
2

cos β(1 + �b), (37)

mt = htv√
2

sin β

(
1 + δht

ht

+ �ht cot β

ht

)

≡ htv√
2

sin β(1 + �t ). (38)

The dominant contributions to �b are tan β-enhanced, with

�b ≃ (�hb/hb) tan β. Moreover, in light of our assump-

tion that MZ , MA ≪ MSUSY, it follows that δhb ∼
O(M2

Z/M2
SUSY) is suppressed, whereas �hb does not decou-

ple. This non-decoupling can be explained by the fact that

�hb arises from the radiatively-generated wrong-Higgs cou-

plings. Below the scale MSUSY, the effective low energy the-

ory is the 2HDM which contains the most general set of

Higgs-fermion Yukawa couplings allowed by gauge invari-

ance, and is no longer restricted to be of Type-II [62]. Sim-

ilarly, δht ∼ O(M2
Z/M2

SUSY) is suppressed, whereas �ht

does not decouple. However, �t is not tan β-enhanced and

thus yields only small corrections to the Higgs boson cou-

plings to fermions in the parameter regime of interest (i.e.,

where tan β >∼ 1).

5 For simplicity, we ignore the couplings to first and second generation
fermions. We also neglect weak isospin breaking effects that distinguish
between the coupling of neutral and charged Higgs scalars.

In the parameter regime where MZ , MA ≪ MSUSY [67–

69,73,75],

�b =
[

2αs

3π
μm g̃ I (m

b̃1
, m

b̃2
, m g̃)

+ h2
t

16π2
μAt I (m t̃1

, m t̃2
, μ)

]
tan β

+O

(
M2

Z

M2
SUSY

)
, (39)

where m g̃ is the gluino mass, m
b̃1,2

and m t̃1,2
are the bot-

tom and top squark masses, respectively, and smaller elec-

troweak corrections have been ignored. The loop integral

I (a2, b2, c2) is given by

I (a, b, c)

= a2b2 ln(a2/b2)+b2c2 ln(b2/c2)+c2a2 ln(c2/a2)

(a2−b2)(b2−c2)(a2 − c2)
,

(40)

Note that

I (a, a, c) = a2 − c2 + c2 ln(c2/a2)

(c2 − a2)2
, (41)

and I (a, a, a) = 1/(2a2). Thus, in the limit in which all

supersymmetric parameters appearing in Eq. (39) are all very

large, of O(MSUSY), we see that �b ≃ (�hb/hb) tan β does

not decouple, as previously advertised.

From Eq. (36) we can obtain the couplings of the physi-

cal Higgs bosons to third generation fermions. The resulting

interaction Lagrangian is of the form,

Lint = −
∑

q=t,b,τ

[
ghqq̄qq̄h + gHqq̄qq̄ H − igAqq̄ q̄γ5q A

]

+
[
gH−t b̄b̄t H− + h.c.

]
. (42)

Expressions for the Higgs couplings to the third generation

quarks can be found in Ref. [64]. In particular, the charged

Higgs coupling to the third generation quarks is noteworthy.

It is convenient to write the approximate one-loop corrected

H−t b̄ coupling in the following form,

gH−t b̄ ≃
[

ht cos β

(
1 + δht

ht

)
− �ht sin β

]
PR

+
√

2mb

v
tan β

[
1+ 1

(1+�b) sin2 β

(
δhb

hb

−�b

)]
PL ,

(43)

where PR,L ≡ 1
2 (1 ± γ5).

One of the important constraints on the MSSM Higgs sec-

tor is derived from the decay rate for b → sγ due to the

presence of one loop diagrams involving a charged Higgs

boson. At large tan β, it is important to incorporate SUSY
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corrections to the charged Higgs couplings to quarks6 in the

computation of BR(b → sγ ) [76]. Including the radiatively

corrected H+ t̄b and H−t s̄ couplings using Eq. (43), suit-

ably generalized to include intergenerational quark mixing,

and taking tan β ≫ 1,

BR(b → sγ )MSSM,H±

BR(b → sγ )2HDM−II
≃ 1

1 + �b

[
1 − �ht

ht

tan β

]
, (44)

after comparing the result obtained from the contribution of

the charged Higgs loop in the MSSM, including the leading

SUSY radiative corrections to the charged Higgs-fermion

couplings, to the corresponding results of the 2HDM with

Type-II Yukawa couplings. In Eq. (44), �b is given by Eq.

(39) and �ht is given by [76]

�ht

ht

≃ 2αs

3π
μm g̃

[
cos2 θt̃ I (m s̃L

, m t̃2
, m g̃)

+ sin2 θt̃ I (m s̃L
, m t̃1

, m g̃)
]
, (45)

where m s̃L
is the mass of the SUSY partner of the left-handed

strange quark, θt̃ is the t̃L –̃tR mixing angle [77], and I is

defined in Eq. (40). Once again, the non-decoupling behav-

ior of �ht is evident in the limit in which all supersymmetric

parameters appearing in Eq. (45) are of O(MSUSY). As pre-

viously emphasized, the non-decoupling properties �b and

�ht arise due to the wrong-Higgs Yukawa couplings, and are

responsible for the significance of the deviation from Type-II

behavior of the two-Higgs doublet sector of the MSSM.

3 Parameter sampling, observables and constraints

3.1 Sampling of the parameter space

We sample the pM SSM 8 parameter space with uniformly

distributed random values in the eight input parameters.

Scans are performed separately for the light Higgs and heavy

Higgs interpretation of the observed Higgs signal (see below

for details) over the parameter ranges given in Table 1.

Besides the scan parameters listed in Table 1, the remain-

ing MSSM parameters are chosen as described in Sect. 2.1.

In both cases, we start with O(107) randomly sampled

points in the ranges given in Table 1 and identify inter-

esting regions where either h or H has a mass close to

the observed signal at 125 GeV (i.e. we select points with

Mh/H ∈ [120, 130] GeV) and the global χ2 function is low,

see Sect. 3.2 for details on how the global χ2 function is eval-

uated. In a second step we perform dedicated smaller scans

over more restricted parameter ranges in order to obtain high

6 By including the radiative corrections via Eq. (43), we are effectively
incorporating the leading two-loop contributions to the decay matrix
element for b → sγ induced by SUSY vertex corrections.

sampling densities in the interesting regions of the parameter

space.

The choices of the parameter ranges for the light Higgs and

heavy Higgs case differ in particular for MA and tan β, where

the ranges in the heavy Higgs case are quite restricted. This

is because MH ∼ 125 GeV can only be obtained in a rather

small region of the parameter space, and a high sampling

density in this region is desired. Furthermore, while we scan

the third generation squark masses, Mq̃3
, up to 5 TeV in the

light Higgs case, we restrict Mq̃3
to be at most 1.5 TeV in the

heavy Higgs case. As mentioned before, the SM-like Higgs

boson mass can be lifted to the observed value of ∼125 GeV

by radiative corrections from either a large stop mass scale,

MS , or from a large stop mixing parameter, X t . We consider

a larger Mq̃3
range in the light Higgs case in order to allow

for solutions with small to moderate X t , μ and At values. In

contrast, in the heavy Higgs case, the SM-like properties can

only be obtained in the alignment limit (without decoupling)

which already requires large values of μ/MS and/or At/MS

(see Sect. 2.2), and we restrict ourselves to Mq̃3
< 1.5 TeV

in this case. Lastly, the choice of the scanning range in the

Higgsino mass parameter, μ, differs in the two cases. In

the light Higgs case we restrict |μ| ≤ 3Mq̃3
, thus allowing

μ � 15 TeV for very large third generation squark masses

Mq̃3
∼ 5 TeV. Parameter points with more extreme values

of |μ/Mq̃3
| beyond ∼3 often face severe constraints from

vacuum stability requirements [78–86] (for a recent analysis

see also Ref. [87]). Nevertheless, in the heavy Higgs case

we include such more extreme values of |μ/Mq̃3
| and do not

impose a specific upper limit on this ratio. As we discussed

in Sect. 2.2, |μ/MS| greatly influences the tan β value where

the alignment limit occurs as well as the critical MA value

that indicates the crossover of the light and heavy Higgs case

mass hierarchies. As we will see, a large ratio μ/Mq̃3
will be

crucial to obtain an acceptable fit of the heavy Higgs to the

observed Higgs signal. We will comment on the fit outcome

in the case where the requirement |μ/Mq̃3
| ≤ 3 is imposed.

Table 1 Ranges used for the free parameters in the pM SSM 8 scan

Parameter Light Higgs case Heavy Higgs case

Minimum Maximum Minimum Maximum

MA (GeV) 90 1000 90 200

tan β 1 60 1 20

Mq̃3
(GeV) 200 5000 200 1500

M
ℓ̃3

(GeV) 200 1000 200 1000

M
ℓ̃1,2

(GeV) 200 1000 200 1000

μ (GeV) −3 Mq̃3
3 Mq̃3

−5000 5000

A f (GeV) −3 Mq̃3
3 Mq̃3

−3 Mq̃3
3 Mq̃3

M2 (GeV) 200 500 200 500
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In our scans we allow both signs of the Higgsino mass

parameter μ. The sign of the SUSY contributions to the

anomalous magnetic moment of the muon, (g −2)μ, is given

by the sign of μ, thus the negative μ branch is significantly

disfavored in the light of this observable, receiving a χ2

penalty like the SM or higher, depending on the mass scale

of the relevant SUSY particles. In this work we will there-

fore present fit results where (g − 2)μ is either included or

excluded from the global χ2 function, see below for details.

In addition to the eight pM SSM 8 scan parameters we

sample the top quark pole mass from a Gaussian distribution

with mt = 173.34 ± 0.76 GeV [88], using a cutoff at ±2σ .

Effects from other parametric uncertainties of SM quanti-

ties are estimated to be small and therefore neglected in this

analysis.

We calculate the SUSY particle spectrum and the MSSM

Higgs masses using FeynHiggs (version 2.11.2)7 [61,

90–94] and estimate the remaining theoretical uncertainty

(e.g. from unknown higher-order corrections) in the Higgs

mass calculation to be 3 GeV [61]. Following Refs. [19,35],

we demand that all points fulfill a Z-matrix criterion,∣∣|Z2L
k1 | − |Z1L

k1 |
∣∣ /|Z1L

k1 | < 0.25 (with k = 1 (2) in the light

(heavy) Higgs case), in order to ensure a reliable and stable

perturbative behavior in the calculation of propagator-type

contributions in the MSSM Higgs sector.8 In the Feynman-

diagrammatic approach of FeynHiggs all model parame-

ters (except for tan β, which is a DR parameter defined at the

scale mt ) are defined in the on-shell (OS) renormalization

scheme, which we adopt for the definition of our fit parame-

ters [cf. (3)].

3.2 Observables

In our scan we take into account the following experimen-

tal measurements (we denote all experimental measurements

with a hat, while unhatted quantities correspond to the model

predictions of the respective quantity):

• Higgs boson mass:

We use the combined result from the ATLAS and CMS

Higgs mass measurements [3],

M̂H = (125.09 ⊕ 0.21 (stat.) ⊕ 0.11 (syst.)) GeV,

(46)

where we linearly combine the uncertainties. In our

pM SSM 8 scans, where the measured Higgs mass corre-

sponds to either the light Higgs or the heavy Higgs mass,

7 Recent updates in the Higgs boson mass calculations [89] lead to a
downward shift in Mh , in particular for large values of X t/MS . These
changes range within the estimated uncertainties and should not have a
drastic impact on our analysis.
8 The Z-matrix is defined in Ref. [92].

we linearly add the theoretical Higgs mass uncertainty of

3 GeV. Thus, the total mass uncertainty in the MSSM case

is σ
M̂H

= 3.32 GeV.

• Higgs signal rates:

We employ the public codeHiggsSignals-1.4.0 [17,

95,96] to evaluate a χ2 value, χ2
HS, for the compatibility

of the pM SSM 8 predictions with rate measurements in

85 different Higgs signal channels from the LHC exper-

iments ATLAS and CMS, as well as the Tevatron exper-

iments CDF and DØ. A detailed list of all Higgs rate

observables is given in Appendix B. HiggsSignals

takes into account the correlations among major system-

atic uncertainties, including the uncertainties of the inte-

grated luminosity and the theoretical uncertainties for the

cross section and branching ratio predictions for a SM

Higgs boson. It furthermore takes into account a potential

overlap of signals from nearby Higgs bosons by simply

adding the signal rates if the mass difference of the Higgs

bosons is less than the experimental mass resolution of

the search channel.9 This feature is of relevance for the

heavy Higgs interpretation where all three neutral Higgs

bosons can be within the mass range ∼(100–150) GeV.

For instance, the mass resolution of the HSM → τ+τ−

analyses is typically assumed to be ∼25 GeV, thus the

τ+τ− signal rates of Higgs bosons within the above mass

range will potentially be added by HiggsSignals.

The Higgs production cross sections are evaluated, both in

the MSSM and the SM, with the code FeynHiggs (ver-

sion 2.11.2) [61,90–92]. This includes an implementation

of the SM cross sections of the LHC Higgs cross sec-

tion working group (LHCHXSWG) [98–100] (using the

gg → H cross section prediction from Refs. [101,102]).

The MSSM Higgs production cross sections are calcu-

lated in the effective coupling approximation [103]. More

details on the calculation of the production cross section in

the various channels can be found in Refs. [103,104]. The

Higgs decay widths are also calculated withFeynHiggs,

including the full one-loop corrections for the Higgs

decay to fermions and leading higher-order contribu-

tions [105,106].

• Low energy observables (LEOs):

We include the rare B meson decays B → Xsγ (Xs rep-

resents any hadronic system containing a strange quark),

Bs → μ+μ− and B+ → τ+ντ , which have small branch-

ing ratios in the SM, being either loop or helicity sup-

pressed. In SUSY, however, they can be mediated through

SUSY particles and/or charged Higgs bosons, which can

9 Interference effects can be incorporated in this context using the
method developed in Ref. [97]. Since in our analysis non-negligible
interference contributions only occur between the CP-even states h and
H in the parameter regions where they are nearly mass-degenerate, we
neglect these effects here.
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Table 2 The experimental values and SM theory predictions for the low-energy observables (LEOs) that are used in the pM SSM 8 scan. The last
column lists additional uncertainties intrinsic to the MSSM predictions

Observable Experimental value SM value MSSM uncertainty

BR(B → Xsγ ) (3.43 ± 0.21 ± 0.07) × 10−4 [114] (3.40 ± 0.22) × 10−4 ±0.15 × 10−4

BR(Bs → μ+μ−) (2.8 ± 0.7) × 10−9 [117] (3.54 ± 0.2) × 10−9 –

BR(B+ → τ+ντ ) (9.1 ± 1.9 ± 1.1) × 10−5 [119,120] (8.09 ± 0.7) × 10−5 –

δaμ (30.2 ± 9.0) × 10−10 [124–126] – –

MW (80.385 ± 0.015) GeV [133,134] (80.358 ± 0.007) GeV ±0.003 GeV

give sizable contributions. Thus these observables feature

a high sensitivity to physics beyond the Standard Model

(BSM).10

We evaluate the SM prediction – using a top mass value

of mt = 173.34 GeV and a Higgs mass value of MSM
H =

125.09 GeV as input – and MSSM predictions for these

flavor observables with the public code SuperIso (ver-

sion 3.5) [111–113]. These predictions are listed besides

the latest (combinations of) experimental measurements

in Table 2. For BR(B → Xsγ ) we use the current world

average of Ref. [114]. Here we assign an additional uncer-

tainty on the MSSM prediction for BR(B → Xsγ ) of

±0.15 × 10−4 [115,116]. The process Bs → μ+μ− was

observed for the first time by LHCb and CMS [117] and

recently also by ATLAS [118].11 For B+ → τ+ντ we use

a Belle combination of measurements using hadronic and

semi-leptonic tagging methods with a combined signifi-

cance of 4.6σ [119,120]. For all observables in Table 2,

theoretical and experimental uncertainties are combined

linearly.

The anomalous magnetic moment of the muon, aμ =
1
2 (g − 2)μ, comprises another very sensitive low energy

probe of BSM physics [121–123]. The experimentally

observed value exhibits a very persistent deviation from

the Standard Model prediction at the level of 3–4σ

[124–126]. We obtain the MSSM contribution to the

anomalous magnetic moment of the muon from

SuperIso, which includes the one-loop result [127] as

well as leading two-loop contributions [128–131]. We

cross-checked the SuperIso result with results from

FeynHiggs and found good agreement.

Besides the flavor observables and aμ, we also include the

MSSM prediction of the W boson mass into our fit. The

SM value for MW shows a 1.8σ deviation [132] from the

latest experimental value [133,134]. Our MSSM evalua-

10 We do not include the B → D(∗)τ−ν̄τ measurements [107–109],
which show some tension with respect to the SM prediction. For an
explanation within the MSSM (requiring a mass degeneracy between
the lightest chargino and neutralino), see [110].
11 The value used in this work does not include the ATLAS measure-
ment yet.

tion of MW follows Refs. [132,135] and includes, besides

the most advanced SM calculation, the full SUSY one-

loop contributions as well as leading SUSY two-loop con-

tributions. The uncertainties from unknown higher-order

corrections have been estimated to be around 4 MeV in the

SM [136] and somewhat larger (∼ (4 − 9) MeV) in the

MSSM [137,138], depending on the SUSY mass scale.

The main parametric uncertainty on MW stems from the

top quark mass and does not need to be included in our

χ2 evaluation because we vary mt within its 2σ uncer-

tainty in the scan. The remaining parametric uncertainties

from MZ and �αhad are ∼ 3 MeV. Combining these two

sources of theoretical uncertainties linearly we estimate

10 MeV for the MSSM uncertainty and 7 MeV for the

SM uncertainty.

From these observables and their predictions we evaluate

for every parameter point in the scan the global χ2 function

χ2 = (Mh,H − M̂H )2

σ 2

M̂H

+ χ2
HS +

nLEO∑

i=1

(Oi − Ôi )
2

σ 2
i

− 2 ln Llimits. (47)

As mentioned above, we denote all experimental measure-

ments with a hat. Unhatted quantities correspond to the model

predictions of the respective quantity. The sum over the low

energy observables Oi runs over the five observables men-

tioned above. The last term, −2 ln Llimits, denotes the contri-

bution from Higgs search limits at LEP and LHC, for which

the likelihood information about the level of exclusion is

available. Details will be given below in Sect. 3.3.

The total number of degrees of freedom, ν, is given by

the number of observables, nobs, minus the number of scan

parameters, npara. We count every observable and constraint

that contributes to the global χ2 function, Eq. (47), to nobs,

thus we have in total nobs = 93 if all observables are included

in the fit. In the SM we have only one free parameter (npara =
1), namely the Higgs mass, whereas in both MSSM cases we

have eight fit parameters (npara = 8).
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3.3 Constraints

• Exclusion limits from Higgs collider searches:

For every scan point we test the neutral and charged Higgs

bosons against the exclusion limits from Higgs searches

at the LEP, Tevatron and LHC experiments by employing

the public computer code HiggsBounds-4.2.1 [23,

139–142]. HiggsBounds determines for each model

parameter point the most sensitive exclusion limit, based

on the expected exclusion limit given by the experiments.

It then judges whether the parameter point is excluded at

the 95% C.L. by comparing the signal prediction against

the observed exclusion limit from the most sensitive anal-

ysis. In this way, the quoted C.L. of the limit is preserved

even though many different Higgs analyses are consid-

ered at the same time.

Besides the hard cut imposed by testing the parameter

points at the standard 95% C.L. limit, HiggsBounds

enables us to obtain a likelihood value for the model

exclusion by LEP Higgs searches [13], as well as by

the CMS search for non-standard Higgs bosons decaying

into τ lepton pairs [143,144] (see Ref. [23] for details).

While the LEP Higgs searches are only relevant in the

heavy Higgs case, i.e. where the heavier Higgs state is

the SM-like Higgs boson at 125 GeV, the CMS search

yields important constraints in either case, and in partic-

ular at larger values of tan β. Each of these likelihoods,

which we commonly denote as −2 ln Llimits, approxi-

mately resembles a χ2 contribution corresponding to one

degree of freedom, and can therefore simply be added to

the global χ2 function, Eq. (47).

• Exclusion limits from SUSY collider searches:

Lower limits on sfermion and chargino masses from

mostly model-independent direct searches at LEP are

typically at the level of ∼100 GeV (summarized in

the PDG review [145]) and are applied in our scan. We

furthermore require the lightest supersymmetric particle

(LSP) to be the lightest neutralino, however, we do not

apply any dark matter relic density constraints.

Exclusions from SUSY searches at Run 1 of the LHC

are tested by employing the public computer code

CheckMATE-1.2.2 [146], which includes all relevant

8 TeV SUSY analyses from ATLAS and CMS. How-

ever, due to the large computational effort and the large

scan samples it is neither feasible nor relevant to test

all scan points with CheckMATE. Therefore, in a post-

processing step, we select the most interesting parame-

ter points, i.e. points with a χ2 difference to the mini-

mal χ2 of less than ∼10, and only test the LHC SUSY

search constraints on these points.12 For each of these

12 We explicitly check that the point with minimal χ2 is not excluded
by CheckMATE, or, in case it is excluded, we select more points for

points we evaluate the sparticle decay spectrum with

SUSY-HIT-1.5 [147] and feed these into Herwig++

(version 2.7.1) [148,149] for Monte-Carlo generation of

inclusive sparticle pair production and the evaluation of

the leading-order production cross section. It is not com-

putationally feasible to evaluate the NLO corrections to

the leading-order cross section for each parameter point.

Instead, we multiply the leading-order cross section by

an estimated global k-factor of 1.5 to approximately

account for these corrections.CheckMATE processes the

MC events through the implemented ATLAS and CMS

analyses and follows a similar statistical procedure as

HiggsBounds: It first determines which analysis is the

most sensitive one, based on the expected exclusion limit,

and then applies the observed exclusion limit from only

this search in order to judge whether the parameter point

is excluded at the 95% C.L. or not.

4 Results

In this section we discuss the results of our numerical analy-

sis. We first discuss the results for the best fit points in both the

light and heavy Higgs case in order to give an impression on

the overall fit quality. Then we discuss the preferred param-

eter space for the light Higgs case in Sect. 4.2. We include a

dedicated discussion of the alignment without decoupling

scenario for which we select only parameter points with

MA ≤ 350 GeV. In Sect. 4.3 we present the results for the

heavy Higgs case. New benchmark scenarios for the heavy

Higgs case for LHC Higgs searches during Run II are pre-

sented in Sect. 4.4.

Recall that approximate alignment without decoupling

relies on an approximate cancellation between tree-level and

loop level contributions to the effective Higgs basis param-

eter Z6 as discussed in Sect. 2.2. The extent of the tun-

ing associated with the regions in the pM SSM 8 scan that

exhibit approximate Higgs alignment without decoupling is

discussed in Appendix A.

4.1 Best-fit points and fit quality

The minimal χ2 over the number of degrees of freedom,

ν, indicates the best achievable level of agreement with the

observations within a specific model and defines our best-fit

(BF) points. These are summarized in Table 3 for the SM and

the two MSSM fits that are separately performed for the light

Higgs interpretation (h) and heavy Higgs interpretation (H ).

The results are given for fits to three different selections of

observables (cf. Sect. 3.2): (i) only Higgs data (i.e. Higgs

the CheckMATE test in order to retain the maximal χ2 difference of
∼10 to the minimum.
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Table 3 Global χ2 results with
ν degrees of freedom from the
fits of the SM and the MSSM
with either h or H as the LHC
signal, the reduced χ2

ν ≡ χ2/ν,
and the corresponding p values.
The number of degrees of
freedom, ν, are estimated by
subtracting the number of free
model parameters from the
number of observables

Case Full fit Fit without aμ Fit without all LEOs

χ2/ν χ2
ν p χ2/ν χ2

ν p χ2/ν χ2
ν p

SM 83.7/91 0.92 0.69 72.4/90 0.80 0.91 70.2/86 0.82 0.89

h 68.5/84 0.82 0.89 68.2/83 0.82 0.88 67.9/79 0.86 0.81

H 73.7/85 0.87 0.80 71.9/84 0.86 0.82 70.0/80 0.88 0.78

Table 4 Pull table for the
best-fit (BF) points of the two
MSSM Higgs interpretations

Observable Light Higgs case Heavy Higgs case

Prediction Pull Prediction Pull

Mh/H (GeV) 125.20 +0.034 124.15 −0.29

BR(B → Xsγ ) 3.55 × 10−4 +0.185 4.17 × 10−4 +1.138

BR(Bs → μ+μ−) 3.03 × 10−9 +0.247 3.48 × 10−9 +0.731

BR(B+ → τ+ν) 7.53 × 10−5 −0.424 7.38 × 10−5 −0.465

δaμ 28.8 × 10−10 −0.151 27.6 × 10−10 −0.289

MW (GeV) 80.383 −0.080 80.373 −0.480

mass and rate measurements as well as the Higgs exclu-

sion likelihoods, right column), (ii) all observables except

aμ (middle column), and (iii) all observables (left column).

We furthermore provide the reduced χ2 value, χ2
ν ≡ χ2/ν,

as well as the corresponding p value (assuming an idealized

χ2 probability distribution) for each scenario in Table 3.

In total, we have 92 (93) observables in the SM and light

Higgs MSSM interpretation (heavy Higgs MSSM interpre-

tation) contributing to the global χ2 value (cf. Sect. 3.2):

85 Higgs signal rate measurements, one Higgs mass mea-

surement, and one (two) Higgs exclusion observable(s) for

the SM and light Higgs MSSM interpretation (heavy Higgs

MSSM interpretation – here also the LEP exclusion bounds

apply), as well as five low energy observables.

We treat the SM as a one-parameter model, where the free

parameter is the Higgs mass, MH . Its best-fit value is mainly

set by the Higgs mass measurement. The χ2 contribution

from the Higgs mass measurement is therefore negligible

in the SM. In both MSSM cases we have eight free model

parameters.

Taking into account only the Higgs data, the minimal χ2

values found in all three cases are very similar, with the lowest

value being found in the light Higgs case of the MSSM.

However, accounting for the additional degrees of freedom

in the two MSSM cases, the overall fit quality is slightly better

in the SM. Nevertheless, all three scenarios give very high p

values, indicating excellent agreement with the observations

in Higgs searches in each case.13

13 It should be noted that the Higgs signal rates of certain search chan-
nels are based on the same physical degrees of freedom of the model

The picture does not change much when the three fla-

vor observables BR(B → Xsγ ), BR(Bs → μ+μ−) and

BR(Bu → τντ ), as well as the W boson mass are included in

the fit. In the SM the largest χ2 contributions from these addi-

tional observables come from the W boson mass (χ2 ∼ 1.5)

and BR(Bs → μ+μ−) (χ2 ∼ 0.6). Both MSSM best-fit

points yield slightly better agreement with these observables

in comparison to the SM.

Taking into account also the anomalous magnetic moment

of the muon, aμ, as observable in the fit, the SM receives a

large χ2 penalty (χ2 ∼ 11.3) and thus becomes disfavored

with respect to the two MSSM interpretations. Both the light

and heavy Higgs case of the MSSM are capable to accommo-

date the aμ measurement, receiving χ2 contributions of only

∼ 0.3 and ∼ 1.8 from this observable at the best fit point,

respectively. The various Higgs mass and LEO predictions

and the respective pull, defined as (Ôi − Oi )/σi , for the BF

points of the two MSSM interpretations are summarized in

Table 4.

The parameters for the best-fit points in the light and heavy

Higgs case are shown in Table 5. Naturally, the MA values

differ significantly, with a value in the decoupling regime

for the light Higgs case and a low value ∼ 170 GeV in the

heavy Higgs case. Large mixing in the stop sector is required

and thus their predictions cannot be varied independently. For example,
in the MSSM, the predicted rates in h → Z Z∗ and h → W W ∗ searches
are directly related. The effective number of degrees of freedom is thus
lower, see e.g. Ref. [150] for a detailed discussion and analysis. How-
ever, since the naive p value found in the study presented here is of
O(> 50 %), no significant change of the conclusion on the validity of
the model can be expected from a pseudo-data based study as performed
in Ref. [150].
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Table 5 MSSM parameters for the BF points found for the light Higgs (h) and heavy Higgs (H ) interpretation in the full fit

Case MA (GeV) tan β μ (GeV) At (GeV) Mq̃3
(GeV) M

ℓ̃3
(GeV) M

ℓ̃1,2
(GeV) M2 (GeV)

h 929 21.0 7155 4138 2957 698 436 358

H 172 6.6 4503 −71 564 953 262 293

h→WW→ℓνℓν (VBF) [8 TeV]
h→WW→ℓνℓν (ggF) [8 TeV]

V h→V WW (2ℓ) [8 TeV]
V h→V WW (3ℓ) [8 TeV]
V h→V WW (4ℓ) [8 TeV]

h→ZZ→4ℓ (VBF/VH) [8 TeV]
h→ZZ→4ℓ (ggH) [8 TeV]

h→γγ (central,high-pTt) [8 TeV]
h→γγ (central,low-pTt) [8 TeV]

h→γγ (forward,high-pTt) [8 TeV]
h→γγ (forward,low-pTt) [8 TeV]

h→γγ (VBF,loose) [8 TeV]
h→γγ (VBF,tight) [8 TeV]
h→γγ (VH,Emiss

T
) [8 TeV]

h→γγ (VH,dijet) [8 TeV]
h→γγ (VH,1ℓ) [8 TeV]

h→γγ (ttH,hadr.) [8 TeV]
h→γγ (ttH,lep.) [8 TeV]

h→ττ (VBF,hadhad) [8 TeV]
h→ττ (boosted,hadhad) [8 TeV]

h→ττ (VBF,lephad) [8 TeV]
h→ττ (boosted,lephad) [8 TeV]

h→ττ (VBF,leplep) [8 TeV]
h→ττ (boosted,leplep) [8 TeV]

V h→V bb (0ℓ) [8 TeV]
V h→V bb (1ℓ) [8 TeV]
V h→V bb (2ℓ) [8 TeV]

tth→ multilep. (1ℓ2τh) [8 TeV]
tth→ multilep. (2ℓ0τh) [8 TeV]
tth→ multilep. (2ℓ1τh) [8 TeV]

tth→ multilep. (3ℓ) [8 TeV]
tth→ multilep. (4ℓ) [8 TeV]

tth→tt(bb) [8 TeV]

4.9 →

← −9.6

light Higgs case (BF point) heavy Higgs case (BF point) Measurement

h→WW

h→γγ

h→ττ

h→bb

4.2 →

−1 0 1 2 3

h→WW

h→γγ

h→ττ

V h→V bb

tth→ttbb

7.81 →

9.49 →

−1 0 1 2 3

[8 TeV] h→WW→ℓνℓν (0/1j)
[8 TeV] h→WW→ℓνℓν (VBF)
[8 TeV] V h→V WW→2ℓ2ν + 2j
[8 TeV] V h→V WW
[8 TeV] Wh→WWW→3ℓ3ν
[8 TeV] h→ZZ→4ℓ (0/1j)
[8 TeV] h→ZZ→4ℓ (2j)
[7 TeV] h→γγ (untagged 0)
[7 TeV] h→γγ (untagged 1)
[7 TeV] h→γγ (untagged 2)
[7 TeV] h→γγ (untagged 3)
[7 TeV] h→γγ (VBF,dijet 0)
[7 TeV] h→γγ (VBF,dijet 1)
[7 TeV] h→γγ (VH,Emiss

T
)

[7 TeV] h→γγ (VH,dijet)
[7 TeV] h→γγ (VH,loose)
[7 TeV] h→γγ (ttH,tags)
[8 TeV] h→γγ (untagged 0)
[8 TeV] h→γγ (untagged 1)
[8 TeV] h→γγ (untagged 2)
[8 TeV] h→γγ (untagged 3)
[8 TeV] h→γγ (untagged 4)
[8 TeV] h→γγ (VBF,dijet 0)
[8 TeV] h→γγ (VBF,dijet 1)
[8 TeV] h→γγ (VBF,dijet 2)
[8 TeV] h→γγ (VH,Emiss

T
)

[8 TeV] h→γγ (VH,dijet)
[8 TeV] h→γγ (VH,loose)
[8 TeV] h→γγ (VH,tight)
[8 TeV] h→γγ (ttH,multijet)
[8 TeV] h→γγ (ttH,lepton)
[8 TeV] h→μμ
[8 TeV] h→ττ (0j)
[8 TeV] h→ττ (1j)
[8 TeV] h→ττ (VBF)
[8 TeV] V h→V ττ
[8 TeV] V h→V bb
[8 TeV] tth→2ℓ (SS)
[8 TeV] tth→3ℓ
[8 TeV] tth→4ℓ
[8 TeV] tth→tt(γγ)
[8 TeV] tth→tt(ττ)
[8 TeV] tth→tt(bb)

4.847 →

4.324 →

7.855 →

5.3 →

← −4.7

μ̂

Fig. 3 Comparison of Higgs signal rates in terms of signal strength
modifiers μ between the BF point predictions for the MSSM light
Higgs case (red squares) and heavy Higgs case (orange diamonds) and

the measurements from the LHC and Tevatron experiments (black dots

with error bars). Displayed are all 85 Higgs rate observables that are
provided by HiggsSignals-1.4.0 and included in our fit

in the light Higgs case to yield Mh ∼ 125 GeV. As explained

above, large higher-order corrections are also required in the

heavy Higgs case. For the best fit value in the latter case

the trilinear coupling At is small, while X t is still sizable

because of the large contribution from the term μ/ tan β. We

find large and positive values of μ for the best fit points in

both scenarios. In the light Higgs case we find parameter

points providing a very good fit in the entire positive μ range

(as we will discuss below), whereas in the heavy Higgs case

large values for μ/MS are crucial to achieve the approximate
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alignment limit. The scalar leptons of the first and second

generation are relatively light to accommodate aμ, and also

the preferred value for M2 is relatively low.

A comparison of the Higgs signal rates – given in terms of

signal strength modifiers μ, which are defined by the mea-

sured value of σ ×BR in the respective channel normalized to

the SM prediction (see e.g. Ref. [95]) – between the predic-

tions of the BF points in the light and heavy Higgs case and

the Tevatron and LHC measurements is displayed in Fig. 3.

The BF point predictions are closely centered around the SM

prediction (μ = 1), especially in the light Higgs case, where

deviations from the SM prediction are �O(2 − 3%). For the

heavy Higgs case BF point the deviations are slightly larger

�O(10%), however, these mostly appear in less accurately

measured channels.

4.2 The light Higgs interpretation

We start our presentation of the fit results in the light Higgs

interpretations of the MSSM with the predicted Higgs signal

rates and their correlations for the preferred parameter points.

We then give an overview of the preferred MSSM parame-

ter regions. Here we separate the discussion between the full

parameter space and a region with low CP-odd Higgs mass,

MA ≤ 350 GeV. The latter selects most of the preferred

parameter points that feature the limit of alignment without

decoupling. The last two subsections provide dedicated dis-

cussions of the impact of the low energy observables and

direct LHC SUSY searches on the fit.

4.2.1 Higgs signal rates

In Fig. 4 we show the �χ2
h = χ2

h − χ2
h,min distributions

(the subscript ’h’ refers to the light Higgs (h) interpretation),

based on all observables, for four different Higgs signal rates,

defined by

R
P(h)
X X =

∑
P(h) σ(P(h)) × BR(h → X X)

∑
P(h) σSM(P(h)) × BRSM(h → X X)

. (48)

Here X X = V V, γ γ, bb, ττ (with V = W ±, Z ) denotes the

final state from the Higgs decay and P(h) denotes the Higgs

production mode. For inclusive Higgs production, P(h) ≡ h,

the sum in Eq. (48) runs over the five dominant Higgs pro-

duction modes: gluon-gluon fusion (ggf), vector boson fusion

(VBF), associated Higgs production with a W or Z boson,

(V H , with V = W ±, Z ) and Higgs production in associa-

tion with a top quark pair (t t̄ H ). The subscript ’SM’ denotes

the quantities as predicted in the SM, whereas no subscript

refers to the quantity predicted in the model. Parameter points

that pass (do not pass) the constraints from Higgs exclusion

limits, tested via HiggsBounds, and direct SUSY LHC

searches, tested via CheckMATE, are given as blue (gray)

points.

The preferred Higgs signal rates are

Rh
V V = 0.99+0.09

−0.08, Rh
γ γ = 1.02+0.16

−0.10,

RV h
bb = 1.00+0.02

−0.05, Rh
ττ = 1.00+0.06

−0.20, (49)

where the upper and lower values are determined by �χ2
h ≤

1, which approximately corresponds to the one-dimensional

68% C.L. interval. All central values lie very close to the SM

prediction (R = 1).

The narrowest range is found for the Higgs signal rate

RV h
bb , i.e. for V h production with the Higgs boson decay-

ing into bb̄. This is mainly because a direct variation of

BR(h → bb̄) through a modification of the partial width

Ŵ(h → bb̄) also leads to a substantial change of the total

Higgs decay width, Ŵh,tot, and thus affects significantly the

branching ratios of all other Higgs decay modes. This global

rescaling of the branching ratios of all decay modes except

h → bb̄ could only be compensated by an inverse rescaling

in the rates of all Higgs production modes. However, this

cannot be accomplished within the MSSM, and hence the

modification of BR(h → bb̄) is severely constrained.

In Fig. 4 we can furthermore observe a spread of parame-

ter points deviating substantially from the SM value, R = 1,

within the �χ2 ≤ 4 interval (approximately corresponding

to the 95% C.L. interval), e.g. Rh
γ γ � 1.35 and Rh

ττ � 0.65.

Such modifications can easily appear in the MSSM: An

enhancement of the h → γ γ partial decay width can appear

through the loop contribution of light charged SUSY parti-

cles such as light scalar tau leptons (staus) or charginos.14

The observed reduction of Rh
ττ for some points in Fig. 4

originates from a simultaneous (but small) suppression of

the gluon fusion production cross section, σ(gg → h), and

the decay rate BR(h → τ+τ−) with respect to their SM

predictions.

The two-dimensional correlations among the Higgs signal

rates are shown in Fig. 5. Compared to Fig. 4 we introduced

two new colors in order to indicate regions close to the min-

imum χ2. Points with �χ2
h < 2.30 (5.99) are highlighted in

red (yellow), corresponding to points in a two-dimensional

68% (95%) C.L. region in the Gaussian limit. We shall denote

these regions simply by favored/preferred (yellow) and most

favored/preferred regions (red). The best fit point is indicated

by a black star in the figures.

As already noticed in our previous analysis [19] the dipho-

ton rate Rh
γ γ exhibits a strong correlation with Rh

V V and a

strong anti-correlation with RV h
bb . The latter arises through

14 In the analysis of Ref. [19], based on the data available at that time,
contributions of this kind leading to a substantial increase in Rh

γ γ were
favored, whereas with the new data this enhancement turns out to be
much smaller.
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Fig. 4 �χ2
h = χ2

h − χ2
h,min distributions in the four dominant Higgs

signal rates (defined in the text) for the light Higgs interpretation.
Points that pass (do not pass) the direct constraints from Higgs searches

from HiggsBounds and from LHC SUSY particle searches from
CheckMATE are shown in blue (gray)

Fig. 5 Correlations between Higgs signal rates for the light Higgs case. The color coding follows that of Fig. 4, with the addition of the favored
regions with �χ2

h < 2.3 (red) and �χ2
h < 5.99 (yellow). The best fit point is indicated by a black star
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Fig. 6 Preferred parameter regions in the (MA, tan β) plane (left) and the (MA, μAt/M2
S ) plane (right) for the light Higgs case. The color coding

is the same as in Fig. 5

the strong influence of the h → bb̄ partial width on the total

Higgs decay width (see the discussion above). In contrast, the

rate Rh
ττ only shows mild correlations with Rh

V V , Rh
γ γ (not

shown here) and RV h
bb . The latter is easily understood from

the fact that the same Higgs doublet couples to down-type

quarks and leptons in the MSSM, thus, at tree-level, the light

Higgs coupling to τ leptons and b quarks is affected in the

same way (and enhanced at large tan β). However, we also

find favoured points that feature a significant suppression

of Rh
ττ while Rh

bb shows no (or only a small) suppression.

Differences between Rh
ττ and Rh

bb arise from loop contri-

butions, which modify the hτ+τ− and hbb̄ couplings in a

different manner, see e.g the discussion of �b corrections in

Ref. [19].

4.2.2 Parameter space

The distribution of preferred parameter points in the plane

of the parameters MA and tan β, which determine the Higgs

sector at lowest order, is shown in Fig. 6 (left). The bulk of the

favored points is found at large CP-odd Higgs mass values,

MA � 350 GeV, i.e. in a region where the decoupling limit

is already approximately realized. Large tan β values at mod-

erate values of MA are disfavored by the non-observation of

a signal in LHC H/A → τ+τ− searches, which is incorpo-

rated in our study by adding the exclusion likelihood from

CMS (provided by HiggsBounds) to the global χ2 func-

tion instead of applying the hard cut at the 95% C.L. (see

Sect. 3.3) [23]. Thus, points excluded (e.g. at the 95% C.L.)

by the CMS search alone can still appear as blue points here,

but are unlikely to show up as yellow or red points.

While all most favored (red) points are found for MA �

350 GeV, some preferred parameter points (yellow) are

found at low CP-odd Higgs masses down to MA � 170 GeV

in a narrow range of tan β values ∼4–10. These points are

far away from the decoupling limit, however, they turn out

to feature an (approximate) realization of the limit of align-

ment without decoupling. As discussed in Sect. 2.2 these

points must have either large values of μAt/M2
S or, in the

case where |At/MS| is small, even larger values of |μ/MS|
(beyond ∼3) in order to achieve the Higgs alignment limit

at reasonably small values of tan β which are unexcluded by

LHC H/A → τ+τ− searches. This is indeed the case, as

can be seen in Fig. 6 (right), where we show the preferred

parameter points in the (MA, μAt/M2
S) plane. All preferred

parameter points with MA � 350 GeV have μAt/M2
S values

of at least 3, but typically between 5 and 9. It should be noted

that in the light Higgs scan we constrain both scan parameters

μ and At to be ≤ 3Mq̃3
(see Table 1), limiting the possible

values of μAt/M2
S to � 9. In the following, in order to study

the parameter points close to the limit of alignment without

decoupling, we apply a cut MA ≤ 350 GeV (denoted as low-

MA selection) whenever relevant to isolate these points from

the other parameter points.

The MSSM parameters from the stop sector, namely the

stop mixing parameter, X t/MS , and the light stop mass, m t̃1
,

are shown in Fig. 7 for the full scan (left) and the low-MA

selection (right). In the full scan we find preferred parameter

points in both the positive and negative X t/MS branches near

the value where the contribution to the Higgs mass from stop

mixing is maximized, |X t/MS| ∼ 2.15 Light stop masses,

m t̃1
, down to values �300 (400) GeV are possible in the

positive (negative) X t/MS branch.16 In the low-MA selec-

tion preferred parameter points are found only in the posi-

tive X t/MS branch for X t/MS � 2. Here, the lowest light

stop mass value in the preferred parameter region is found at

around m t̃1
∼ 580 GeV.

In order to understand why the favored parameter points

near the limit of alignment without decoupling are found only

at X t/MS = At/MS − (μ/MS) cot β � 2, we show the cor-

15 The highest Mh values are reached for |X t/MS | ∼ 2 due to the
inclusion of the higher-order corrections in the on-shell renormalization
scheme, see Ref. [151] for details.
16 Note that we assumed universality of the left- and right-handed soft-
breaking stop mass parameter here. Lower light stop masses even below
the top quark mass can be obtained while being consistent with the Higgs
rates in the presence of a large mass splitting in the stop sector [152].
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Fig. 7 Stop mixing parameter, X t/MS , versus the light stop mass, m t̃1
, for the light Higgs case for the full scan (left) and the low-MA selection

(right). The color coding is the same as in Fig. 5

Fig. 8 Preferred parameter regions in the (μ/MS , At/MS) plane for the full fit (left) and the low-MA selection (right). The color coding is the
same as in Fig. 5

relations of the parameters At/MS and μ/MS in Fig. 8 for the

full scan (left) and the low-MA selection (right). While we

find preferred parameter points at both positive and negative

At/MS values for μ/MS > 0 in the full scan, the low-MA

selection features favored points only for very large and pos-

itive values of At/MS and μ/MS . In particular, we find most

of the preferred parameter points in the low-MA region in a

narrow range 2.4 � At/MS � 3, while the range in μ/MS

is larger (roughly between 1.4 and 3). In the full scan (left) it

can be seen that even values with At/MS and μ/MS close to

zero can yield a very good fit. Consequently, the quite large

best fit value of μ, see also Table 5, should be regarded as

accidental.

In the following we will analyze in detail which observ-

ables and constraints lead to this particular favored region of

parameter space in the alignment limit. We recall the para-

metric dependence of the approximate one-loop alignment

condition in the limit |μAt | tan β ≫ M2
S , (21),

tan β ∼
(

μAt

M2
S

[
A2

t

M2
S

− 6

])−1

. (50)

In order to find viable solutions of this condition (while

restricting ourselves to |At |/MS ≤ 3 and |μ|/MS ≤ 3) we

need to have 17

At

{
>

√
6 MS if μAt > 0,

<
√

6 MS if μAt < 0.
(51)

We illustrate the impact of the various constraints and observ-

ables on the possible solutions for the limit of alignment

without decoupling in the (μ/MS , At/MS) plane in Fig. 9.

Here we plot only the parameter points in the low-MA selec-

tion with �χ2 ≤ 5.99 (approximately corresponding to

the 95% C.L. region) based on different sets of observ-

ables: only Higgs mass and signal rates (top left), Higgs

mass, signal rates and h/H/A → τ+τ− exclusion likeli-

hood (upper right), all observables except aμ (lower left) and

all observables (lower right). In color we indicate the tan β

value of the parameter points (see legend). The upper left

plot of Fig. 9 shows all possible regions where the alignment

condition, Z6v
2 = 0, (cf. (17)), is approximately fulfilled.

17 Note that higher-order corrections as discussed in Sect. 2.2 can
modify the numbers given here.
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Fig. 9 μ/MS vs. At/MS for the preferred points with low CP-odd
Higgs mass, MA ≤ 350 GeV, for different selection of observables.
The color indicates the tan β value of the parameter points (see leg-
end). The points are within the (approximate) 95% C.L. region, based

on the following selection of observables: only Higgs mass and signal
rates (upper left), Higgs mass, signal rates and h/H/A → τ+τ− exclu-
sion likelihood (upper right), all observables except aμ (lower left), all
observables (lower right)

These are found in each quadrant labeled by the algebraic

signs of (μ/MS , At/MS): (+,+), (+,−), (−,+), (−,−)

(cf. also the discussion of Fig. 1 in Sect. 2.2). It can clearly

be seen that |At/MS| <
√

6 is required in the (+,−) and

(−,+) quadrants, consistent with (51), and that these param-

eter points tend to have larger tan β values than those in

the (+,+) and (−,−) quadrants. Once the constraints from

LHC H/A → τ+τ− searches are taken into account, as

shown in the upper right plot of Fig. 9, the large tan β points –

and thus the (+,−) and (−,+) quadrants – become strongly

disfavored. Small |At | values in the (+,+) and (−,−) quad-

rants also require larger tan β and are thus equally disfa-

vored. Adding also the flavor observables BR(B → Xsγ ),

BR(Bs → μ+μ−) and BR(B+ → τ+ντ ) as well as the W

boson mass observable to the fit, the negative μ region (as

well as the regions with μAt < 0) become mostly disfa-

vored, as shown in the lower left plot of Fig. 9. Interestingly,

this feature emerges already without including the observ-

able aμ in the fit. The negative μ region is mostly disfavored

by BR(B → Xsγ ), while the negative μAt region is dis-

favored by BR(Bs → μ+μ−), as we will discuss in more

detail in the next section. In addition, the negative μ region

becomes strongly disfavored after adding aμ to the fit, as the

sign of the SUSY contribution to aμ depends on the sign of

μ. Thus μ needs to be positive in order to account for the

currently observed discrepancy between measurement and

theory prediction. This is shown in the lower right plot of

Fig. 9 where only points with positive μ and At at low tan β

values remain, reproducing the distribution of favored points

in the right plot of Fig. 8.

4.2.3 Impact of low energy observables

In this section we discuss the interplay of the Higgs observ-

ables and limits from Higgs searches with the low-energy

observables, in particular the rare B decays, in the global

fit. The light Higgs case features a very good fit to all low-

energy observables as we have already seen in Tables 3 and

4. For the most part we concentrate on the low-MA selec-

tion and study the low-energy observables for the param-

eter points close to the limit of alignment without decou-

pling. This is particularly interesting since the low MA value

implies that all MSSM Higgs bosons, and in particular the

charged Higgs boson, are relatively light, which can lead to

large contributions to the B decays. In contrast, the MSSM

(loop-)contributions to the anomalous magnetic moment of
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Fig. 10 BR(B → Xsγ ) vs. MH± (left) and μ/MS (right) for the
favored points in the fit without taking into account the LEOs. In the
right plot only points with MA < 350 GeV are shown. The green line

and hatched region indicate the corresponding experimental measure-

ments and the total 1σ uncertainty region, while the SM prediction is
indicated by the blue dashed line. The color coding of the displayed
points is the same as in Fig. 9

the muon and the W boson mass are dominated by light

squarks and sleptons, effects from MSSM Higgs bosons are

not very pronounced.

The leading contribution to the FCNC process b → sγ

occurs in the SM via a W ±–t loop, allowing new-physics

contributions to be of similar size. The branching ratio

BR(B → Xsγ ) can receive sizable positive contributions

from an H±–t loop if the charged Higgs boson mass is not too

large. It was recently pointed out [153] that b → sγ excludes

charged Higgs bosons with MH± < 480 GeV at the 95%

C.L. in a 2HDM with Type-II Yukawa couplings [53,66,154].

However, as discussed in Sect. 2.3, wrong-Higgs Yukawa

couplings are induced radiatively by SUSY-breaking effects

in the MSSM. These lead to important modifications of the

charged Higgs couplings to up- and down-type quarks [cf. Eq.

(43)], which in turn change the BR(B → Xsγ ) predic-

tion in the MSSM from the corresponding prediction in the

Type-II 2HDM according to Eq. (44). In particular, if �b

[given by Eq. (39)] is positive, then the MSSM prediction

for BR(B → Xsγ ) is smaller than in the Type-II 2HDM.

Furthermore, supersymmetric particles in the loop can also

contribute to the b → sγ amplitude. For example, chargino-

stop (χ̃±–t̃) loops can contribute with either sign, depend-

ing on sign and magnitude of the parameters μ, M2 and

At , and thus may partially cancel the effects of the H±–t

loop.

The impact of the LEOs on the global fit is illustrated best

by studying the LEO predictions of the parameter points that

are preferred before the LEOs are included in the fit. In the

following we therefore focus on the (approximate) 95% C.L.

preferred parameter points in the low-MA selection after the

Higgs signal rates, Higgs mass and h/H/A → τ+τ− exclu-

sion likelihood are included in the fit, i.e. the points in the

upper right plot of Fig. 9. The left plot in Fig. 10 shows the

charged Higgs mass dependence of BR(B → Xsγ ). Gen-

erally we observe that for light charged Higgs values corre-
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Fig. 11 BR(B → Xsγ ) vs. �b for the favored points in the fit with-
out taking into account the LEOs, for the low MA selection (MA <

350 GeV). The green and blue line and the hatched region are the same
as in Fig. 10. The color coding of the displayed points is the same as in
Fig. 9

sponding to the low-MA selection (slightly) too large predic-

tions for BR(B → Xsγ ) are obtained. For MH± <∼ 350 GeV

we do not find any preferred points within the 1σ region

of the experimental measurement, which is indicated by the

green band. One can see that the BR(B → Xsγ ) predic-

tion tends to increase when going to smaller charged Higgs

masses, MH± . The two branches in this parameter region

visible at low MA values correspond to μ > 0 (lower

branch) and μ < 0 (upper branch), which can also be

seen in the right plot in Fig. 10, where BR(B → Xsγ ) is

shown as a function of μ/MS (for MA < 350 GeV). The

lower branch lies mostly within the 2σ region of the exper-

imental measurement whereas most of the upper branch is

inconsistent with the measurement at the 2σ level. This con-

firms our previous statement that negative μ is disfavored by

B → Xsγ .

The μ dependence of the BR(B → Xsγ ) prediction is

easily understood from the discussion in Sect. 2.3. In the
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Fig. 12 BR(Bs → μ+μ−) in dependence of the charged Higgs mass,
MH± , (left) and μAt/M2

S (right) for the favored points in the fit with-
out taking into account the LEOs. In the right plot only points with
MA < 350 GeV are shown. The green line and hatched region indicate

the corresponding experimental measurements and the total 1σ uncer-
tainty region, while the SM prediction is indicated by the blue dashed

line. The color coding of the displayed points is the same as in Fig. 9

approximation MZ , MA ≪ MS , �b is large and positive

[negative] for large positive [negative] μ, thereby leading to

a substantial decrease [increase] of BR(B → Xsγ ) with

respect to the Type-II 2HDM prediction [cf. Eq. (44)]. This

�b dependence is also directly shown in Fig. 11 for the

parameter region with MA ≤ 350 GeV. The color coding

furthermore illustrates that �b ∝ tan β, i.e. the largest sup-

pression of BR(B → Xsγ ) is obtained for large, positive

μ/MS and large tan β. Note that the chargino-stop contribu-

tions to BR(B → Xsγ ) are found to be relatively small in

this parameter region and thus play only a minor role in this

discussion.

The decay Bs → μ+μ− can be mediated in the MSSM

by a neutral Higgs boson and receives loop corrections

involving squarks, sleptons and electroweakinos. As can be

seen in Fig. 12, in the limit of alignment without decou-

pling we find a very good fit to BR(Bs → μ+μ−), while

for larger values of MH± larger deviations are possible.

In the right plot of Fig. 12, where BR(Bs → μ+μ−) is

shown as a function of μAt/M2
S (for MA < 350 GeV),

one can see that the few points with negative μAt yield

a value of BR(Bs → μ+μ−) close to the SM result,

whereas the many points with positive μAt predict a smaller

BR(Bs → μ+μ−) than in the SM, which are in better

agreement with the current experimental central value. These

negative corrections to BR(Bs → μ+μ−) become more

sizable for larger values of tan β � 5. It is interesting to

note that predictions for BR(Bs → μ+μ−) that precisely

match the experimental central value are possible over the

whole range of MH± values displayed in the left plot of

Fig. 12.

The decay B+ → τ+ν is helicity suppressed in the SM.

The tree-level exchange of a charged Higgs boson consti-

tutes the dominant MSSM contribution. These contributions

can be sizable for large values of tan β and small MH± . In

the low-MA selection we have small tan β after including the

h/H/A → τ+τ− exclusion likelihood and thus the contri-

butions to BR(B+ → τ+ν) are small. We have checked that

the MSSM predictions are close to the SM value over the

entire range of MH± covered in our scan.

Finally, Fig. 13 shows the prediction for the SUSY con-

tribution to the anomalous magnetic moment of the muon,

δaμ, against the first and second generation slepton mass,

m ẽ,μ̃ for all scan points (left) and in the low-MA selec-

tion (right).18 The MSSM contributions to aμ consist of

smuon-neutralino (μ̃±−χ̃0) and sneutrino-chargino (ν̃−χ̃±)

loops. Clearly δaμ is strongly correlated with the slep-

ton mass, whereas the correlation with the chargino and

neutralino masses (not shown) is less pronounced. In the

full scan the favored region extends to large tan β val-

ues, implying that sizable contributions to δaμ are pos-

sible also for moderately large slepton masses. Parame-

ter points within the 1σ region around the desired δaμ

value are found all the way up to m ẽ,μ̃ ∼ 1000 GeV

for large tan β. In the low-MA selection, tan β is small

(� 10) and therefore the sleptons need to be very light,

�300 GeV, in order to give a large enough contribution

to δaμ. This has interesting consequences for the direct

SUSY searches, discussed below, where we find that a

larger fraction of the preferred points in the alignment

region is excluded compared to the decoupling region. This

is because SUSY searches with multilepton final states

targeting direct stop, gaugino or slepton production yield

stronger exclusion if the 1st/2nd generation sleptons are

light.

18 Note that in order to be able to separately analyze the corresponding
effects in the fit to the Higgs rates and the fit to aμ, we have chosen to
treat M

ℓ̃1,2
and M

ℓ̃3
as independent fit parameters in this work. Indeed,

light staus can significantly influence the Higgs rates, in particular the
γ γ rate [19,152,155].
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Fig. 13 The SUSY contribution to the anomalous magnetic moment
of the muon, δaμ, as a function of the (1st and 2nd generation) slep-
ton mass, m ẽ,μ̃, for the favored points in the fit without taking into
account the LEOs, for all scan points (left) and for the low-MA selec-
tion, MA < 350 GeV (right). The green line indicates the desired new

physics contribution needed to achieve agreement with the observed
deviation from the SM, and the hatched region corresponds to the 1σ

experimental uncertainty. The color coding of the displayed points is
the same as in Fig. 9

4.2.4 Impact of direct LHC SUSY searches

As discussed in Sect. 3.3, we have included all relevant 8 TeV

SUSY searches in our analysis.19 Overall, we find that the

LHC SUSY searches impact the validity of the scan points in

the light Higgs interpretation considerably. In total 38% of the

2.4×105 tested pM SSM 8 parameter points are excluded by

the limits from LHC SUSY searches.20 Restricting ourselves

to the points within the (approximate) 95% C.L. favored

region, LHC SUSY searches exclude 43% of these points.

The impact of the direct LHC SUSY searches is mostly

“orthogonal” to the impact of the Higgs constraints in the

sense that the direct SUSY searches have no impact on the

χ2 profile. This observation can already be inferred from the

light gray points of Fig. 4.

This point is further exemplified in the left plots of

Fig. 14 in two-dimensional mass planes of the lightest stop,

stau, selectron/smuon and neutralino, which are the most

important SUSY particles in this context. The impact of

the LHC searches for SUSY particles has been tested with

CheckMATE for all displayed points. The points excluded

by direct SUSY search limits are plotted in pale colors above

the points allowed by the direct SUSY searches, which are

shown in bright colors. The excluded points are found with

a similar distribution as the allowed points in all projections

of these mass parameters. The reduced density of excluded

points for low values of the lightest neutralino mass, mχ̃0
1
, is

explained by a reduction of the signal acceptance in most

of the searches applied (the t̃ t̃ → 1ℓ + N jets + Emiss
T

search [164] being a notable exception). This is caused by

19 CheckMATE-1.2.2 does not yet include the first 13 TeV analyses
of ATLAS and CMS. However so far the 13 TeV exclusion limits are
comparable (or still weaker) than the 8 TeV limits.
20 Recall that only points with a �χ2 ≤ 10 with respect to the BF point
are fed into the CheckMATE analysis.

the fact that often mχ̃0
1

≈ 1
2 mχ̃±

1
≈ 1

2 mχ̃0
2

due to the assump-

tion of (6). For small neutralino masses the signal acceptance

of χ̃±/χ̃0 → (W ±/Z)χ0
1 final states reduces as the phase

space of the decay decreases, mχ̃0/χ̃± − mχ̃0
1

→ MW /MZ

(see e.g. Fig. 11 of Ref. [168]), yielding reduced final state

activity. Furthermore, the missing energy is smaller for small

neutralino masses, affecting in particular the signal accep-

tance of searches for hadronic final states. Nevertheless, we

do not find any specific effect of this feature on the allowed

Higgs sector phenomenology.

Although the impact of the Higgs data seems orthogo-

nal to the impact of the LHC SUSY searches, the impact of

some of the included LEOs, in particular aμ, is not. The latter

favors light first/second generation sleptons and light gaugi-

nos, which can be probed by searches at the LHC. As a result,

we find a significant amount of favored points being excluded

by multilepton searches for direct slepton, electroweak gaug-

ino or stop pair production. As already mentioned above,

this effect is particularly prominent in the low-MA region,

where the requirement of light 1st/2nd generation sleptons

to accommodate δaμ is much stricter than in the decoupling

region (cf. Fig. 13).

For the SUSY exclusion using CheckMATE, only 8 TeV

searches and LO cross sections are used with a global k-

factor of 1.5 (see Sect. 3.3), due to their availability in the

applied computer codes (as mentioned above, the version

of CheckMATE used for our analysis does not yet include

the first limits from ATLAS and CMS searches at 13 TeV).

The results shown in the left plots of Fig. 14 imply that

possible limits from upcoming searches at 13 TeV are not

expected to significantly alter the Higgs signal interpretation

in the pM SSM 8: Due to the described “orthogonality” of

the SUSY searches to the Higgs rate constraints, a refinement

of the k-factor calculation or a further strengthening of the

limits, both in terms of rate constraints and in terms of mass

reach, are not expected to change the parameter ranges pre-
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Fig. 14 Impact of 8 TeV LHC SUSY searches on the fit, in dependence
of the lightest stop (top row), stau (middle row) and selectron/smuon
(bottom row) mass and the lightest neutralino mass. In the three left

panels, we compare the CheckMATE allowed (bright colored) and
excluded (pale colored) points for all scan points (blue), the (approx-
imate) 95% C.L. (yellow) and 68% C.L. (red) preferred points (plot-
ted in this order, with excluded points on top of the allowed points in
each step); In the three right panels, we exhibit LHC analyses that

yield the exclusion (in the order of plotting): (i) N jets + Emiss
T

searches (blue circles) [156,157], (ii) hadronic t̃ t̃ searches with b-jets
(red squares) [158–161], (iii) χ±

1 χ0
2 → 3ℓ + Emiss

T searches (green

up-triangles) [162], (iv) t̃ t̃ → 2ℓ + Emiss
T searches (yellow down-

triangle) [163], (v) t̃ t̃ → 1ℓ + N jets + Emiss
T searches (orange

stars) [164], (vi) χ±
1 χ0

2 , ℓ̃ℓ̃ → ℓ+ℓ− + Emiss
T searches (magenta dia-

monds) [165], (vii) 2ℓ + N jets + Emiss
T (gray plus) [166,167]

ferred by the Higgs rate observables significantly. Instead,

it can be expected that strengthened SUSY limits will only

decrease the point density, thus indicating that parameters

need an increasingly refined tuning in order to still find a

good fit for the Higgs mass and the Higgs rates.

The sensitivity of the various SUSY searches in the differ-

ent kinematical regions of the parameter space is shown in

the right plots of Fig. 14, where we give for every excluded

parameter point the relevant LHC SUSY search (see fig-

ure caption for a detailed list and references). In the upper

right plot in Fig. 14, hadronic and one-lepton stop searches

(red squares and orange stars) can be easily identified to be

the most sensitive searches for m t̃ � 500 GeV, while for

larger masses a more mixed distribution of all searches is

observed. Likewise, in the middle and bottom right plots in

Fig. 14 it can be seen that the sensitivity of LHC searches

for direct electroweak gaugino and slepton production with

dilepton final states (magenta diamonds) is centered at low

mass parameters for sleptons, staus and neutralinos. Dilepton

searches for stop pairs (yellow down-triangles) and multilep-

ton searches for electroweak gauginos (green up-triangles)

also provide important constraints at low stau and slepton

masses, and in particular remain sensitive at larger neutralino

masses.
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4.3 The heavy Higgs interpretation

We now consider the more exotic MSSM interpretation

where the heavy CP-even Higgs boson is identified as the

observed Higgs boson at 125 GeV. We recall that this inter-

pretation has a similarly good fit quality as the light Higgs

interpretation (see Table 3). As in the light Higgs case we

first show the predictions for the Higgs signal rates and their

correlations and then discuss the preferred parameter region.

After commenting on the impact of the low energy observ-

ables and LHC SUSY searches on the fit we conclude this

section by discussing the discovery prospects for the other

neutral and charged Higgs states in the heavy Higgs interpre-

tation.

4.3.1 Higgs signal rates

We show the �χ2 profiles in the most important Higgs sig-

nal rates (cf. (48)) in Fig. 15. From the sparseness of the

allowed points (blue) in these distributions it is evident that

the heavy Higgs interpretation is quite constrained. More-

over, the actual χ2 minimum of all scan points lies signif-

icantly deeper than the determined best-fit point, however,

all points with a lower total χ2 than the best-fit point are

excluded by either direct Higgs search limits, SUSY search

limits, or other more technical requirements such as the Z-

matrix criterion (see Sect. 3.1).

We find the preferred ranges for the Higgs signal rates

to be

RH
V V ∈ [0.95, 1.13], RH

γ γ ∈ [0.81, 0.94],
RV H

bb ∈ [0.94, 1.03], RH
ττ ∈ [0.78, 0.90]. (52)

The Higgs rates R
P(H)
X X are defined as in the light Higgs case,

see (48), but with h ↔ H . Due to the sparseness of points

in the vicinity of the χ2 minimum, these ranges should be

taken only as indicative results for the actual 68% C.L. range

(and therefore we also refrain from giving the central values

here). Nevertheless, these distributions indicate on the one

hand rather good agreement with the SM prediction (RH
X X =

1) for the H → V V and V H → V bb̄ channels, and on

the other hand a modest suppression of the H → γ γ and

H → ττ signal rates with respect to the SM prediction.

Fig. 15 �χ2 distributions for the most important Higgs signal rates
(defined in the text) from the complete scan for the heavy Higgs inter-
pretation. The colors show all points in the scan (gray), and points that

pass the direct constraints from Higgs searches from HiggsBounds

(v. 4.2.1) and from LHC sparticle searches from CheckMATE (v.1.2.2)
(blue)
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Fig. 16 Correlations between signal rates for the heavy Higgs case. The color coding follows that of Fig. 15, with the addition of the favored
regions with �χ2

H < 2.3 (red) and �χ2
H < 5.99 (yellow). The best fit point is indicated by a black star

These tendencies appear not only for the most favored points

(with �χ2 ≤ 1) but also for the bulk of allowed points with

larger �χ2 values. They may thus be tested in the current

and upcoming LHC runs.

In Ref. [19] we analyzed two mechanisms for modifying

Rγ γ . It can be enhanced (suppressed) either via a suppres-

sion (enhancement) of the total width, which is dominated

by H → bb̄, or via a directly enhancement (suppression)

of the H → γ γ decay width through light charged parti-

cles, e.g. the lightest stau. Since we observe RV H
bb ∼ 1 here,

the suppression of RH
γ γ is due to a direct suppression of the

H → γ γ width induced by SUSY loops in the H → γ γ

decay amplitude. Indeed we find for the most favored points

Ŵ(H → γ γ )/Ŵ(H → γ γ )SM ∼ 0.80 − 0.95, from loops

of a light charged Higgs boson and a moderately light stop,

m t̃1
∼ (350 − 650) GeV, where the stop mixing parameter

is close to X t ∼ −1.5MS (see Sect. 4.3.2) [152].

We show some of the correlations of the four Higgs sig-

nal rates in Fig. 16. Interestingly, all preferred parameter

points have RH
V V > RH

γ γ , with almost all of them fol-

lowing a strong linear correlation approximately given by

RH
V V ≈ 0.05+1.23·RH

γ γ . Note that in the light Higgs case we

observed a similar linear correlation, however, Rh
V V < Rh

γ γ

for most of the scan points in that case. Precision determi-

nation of the H → V V and H → γ γ rates might there-

fore help to distinguish between the two interpretations. The

other rate correlations, namely (RH
γ γ , RV H

bb ), (RH
V V , RH

ττ ) and

(RV H
bb , RH

ττ ), are very similar to those found for the light

Higgs interpretation (cf. Fig. 5). We note that the (approxi-

mate) 95% C.L. region extends over smaller values for the

H → τ+τ− rate than in the light Higgs interpretation, down

to values of RH
ττ � 0.5.

4.3.2 Parameter space

We show the fit results for the heavy Higgs interpreta-

tion in Fig. 17 in the (MA, tan β) plane (left) and the

(μ/MS, At/MS) plane (right). The preferred parameter

points expand over only a narrow range in the parame-

ters determining the Higgs sector at lowest order, MA ∼
(140, 185) GeV and tan β ∼ 6−11. Compared to our previ-

ous results [19], where we found smaller values MA ∼(110–

140) GeV being preferred, the favored parameter region has

shifted towards larger MA values, caused by several rea-

sons. Firstly, at small values MA �150 GeV the CP-odd

Higgs boson A potentially contributes to the predicted sig-

nal rate at 125 GeV in the τ+τ− channel.21 In that case,

21 HiggsSignals automatically adds the signal rates of Higgs
bosons that overlap within the combined experimental and theoretical
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Fig. 17 Preferred parameter regions in the (MA, tan β) plane (left) and the (μ/MS , At/MS) plane (right) in the heavy Higgs case. The color

coding is the same as in Fig. 16

the predicted signal rate would tend to be higher than the

total observed τ+τ− rate, resulting in a larger χ2 from

HiggsSignals. In Ref. [19] we also took a possible sig-

nal overlap of H and A in the τ+τ− channel into account;

the measurements at that time, however, were not accurate

enough to notably affect the fit outcome. Secondly, parameter

points with charged Higgs masses MH+ below 160 GeV are

strongly constrained by exclusion limits from LHC searches

for a charged Higgs boson in top quark decays, t → H+b,

with successive decay to τ leptons, H+ → τ+ντ [44,45]. At

tree-level, the CP-odd and charged Higgs masses are related

as M2
H±,tree

= M2
A + M2

W , thus, these constraints apply

in particular at low values MA � 140 GeV. In Ref. [19]

we found good discovery prospects for the heavy Higgs

case in t → H+b → (τντ )b searches. Based on the most

recent limits from such searches performed by ATLAS and

CMS [44,45] the favored parameter regions of Ref. [19] are

now excluded and the new preferred parameter space has

moved towards larger MA values in the light of the updated

limits. Thirdly, another reason for disfavoring MA values

below ∼ 150 GeV is the prediction of somewhat too large

values of BR(B → Xsγ ), as will be discussed below.

The distribution of preferred parameter points in the

(μ/MS, At/MS) plane, Fig. 17 (right), singles out values

of μ ∼ (6 − 9)MS and At from −MS to zero. This is due

to an interplay of various observables and constraints, as we

will outline in the following. Agreement of the heavy Higgs

boson H with the LHC Higgs rate measurements requires

firstly that MH ∼ 125 GeV and mh < MH (correspond-

ing to MA < MA,c, see Sect. 2.2) and secondly that the

alignment condition, Z6v
2 = 0, is approximately fulfilled.

Furthermore, the LHC H/A → τ+τ− constraints impose

Footnote 21 Continued
mass uncertainties. For most Higgs channels with τ+τ− final states, the
experimental mass resolution is assumed to be 20% · m H ≈ 25 GeV,
thus the signals of a 125 GeV heavy Higgs H and a 150 GeV CP-odd
Higgs A would be added.

Fig. 18 Preferred parameter regions in the (X t/MS , m t̃1
) plane in the

heavy Higgs case. The color coding is the same as in Fig. 16

that this alignment must occur at not too large tan β values.

As we analyzed in detail in Sect. 2.2, these requirements

single out small regions of the (μ, At ) plane, namely either

μ/MS ∼ At/MS ≈ ±(3 − 4) or |μ|/MS ≈ 4 − 9 (or even

larger) and negative At with |At |/MS � 1. Quite generically,

in the heavy Higgs interpretation we have a slightly too high

prediction of BR(B → Xsγ ) due to the light charged Higgs

boson. This discrepancy, however, decreases for very large

positive values of μ/MS (similar to the alignment limit in the

light Higgs case, cf. Fig. 10). Combining these arguments we

find that large positive μ values, together with rather small

negative At are favored.

In order to avoid problems with vacuum instability, we

applied a cut of |μ|/MS < 3 in the light Higgs case. Obvi-

ously, all our favored points in the heavy Higgs case would be

cut away by such a constraint.22 However we want to stress

22 Taking into account only the parameter points which would survive
such a cut (|μ|/MS < 3), we find a minimum χ2

H of 90.7 for the full
fit (ν = 85), corresponding to a p value of 0.32. In this case the best-fit
region features values of Mq̃3

∼ 1 TeV and μ ∼ At ≈ (2.5 − 3)MS .
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Fig. 19 BR(B → Xsγ ) vs. MH± (left) and μ/MS (right) for the
favored points in the heavy Higgs case in the fit without taking into
account the LEOs. The green line and hatched region show the experi-

mental measurement and the total 1σ uncertainty region, while the SM
prediction is indicated by the blue dashed line. The color coding of the
displayed points is the same as in Fig. 9

here that this cut only provides an approximate limit. Testing

if any of our favored points in the heavy Higgs case are still

allowed by vacuum stability would require a more thorough

analysis, which is beyond the scope of this paper.

The fact that At and μ are predicted to be confined to a

narrow range in the heavy Higgs interpretation also results

in a definite prediction for X t and a quite small range for the

light stop mass, as shown in Fig. 18. The favored region has

X t ∼ −1.5 MS , and the light stop mass is found between

350 and 650 GeV – a prediction that can be tested at the

upcoming LHC stop searches. However, note that the upper

limit on the light stop mass is a consequence of our restricted

scan range, μ ≤ 5 TeV, and the fact that large μ/MS values

are favored.

4.3.3 Impact of low energy observables

The discussion of the low energy observables in the heavy

Higgs case closely follows the corresponding discussion in

the alignment limit of the light Higgs case, see Sect. 4.2.3, as

the parameters most relevant for the low energy observables

are similar, i.e. we again have small MA, MH± and small

tan β.

Figure 19 shows BR(B → Xsγ ) as a function of MH±

(left plot) and μ/MS (right plot) for the favored points of the

fit to the Higgs signal rates and Higgs mass (including the

exclusion likelihood from LEP and LHC searches, but with-

out LEOs). As discussed above the parameter points with

μ/MS ≈ 3 − 4 feature At ∼ μ, whereas the points with

μ/MS � 6 correspond to small and negative At values. By

comparing the two plots in Fig. 19 we can also see that the

parameter points with μ/MS ∼ At/MS ≈ 3 − 4 have rel-

atively light charged Higgs masses, MH± < mt . Again we

find the expected increase of BR(B → Xsγ ) when going

to small charged Higgs masses. Overall, we observe surpris-

ingly good agreement with the experimental measurement.

b∆
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Fig. 20 BR(B → Xsγ ) vs. �b for the favored points in the heavy
Higgs case in the fit without taking into account the LEOs. The green

and blue line and the hatched region are the same as in Fig. 19. The
color coding of the displayed points is the same as in Fig. 9

Even parameter points with a charged Higgs mass below the

top quark mass lie mostly within the 2σ region of the exper-

imental measurement.

As in the light Higgs case (cf. Fig. 10) we again find

that large positive μ values give the best agreement with the

measurement (within the 1σ region or just above). However,

whereas it takes μ/MS
>∼ 3 in order that the BR(B → Xsγ )

prediction be within the 1σ region of the measurement in the

light Higgs case, here we need much larger values μ/MS � 6

to achieve this. Again, this can be understood from the sizable

�b corrections to the charged Higgs coupling to top and bot-

tom quarks, as discussed in Sect. 2.3, and shown in Fig. 20,

which impressively resembles the relation in Eq. (44).

The BR(Bs → μ+μ−) prediction is shown in the left

plot of Fig. 21 in dependence of μAt/M2
S . We find that the

few points with positive μAt are in excellent agreement with

BR(Bs → μ+μ−), whereas for negative μAt the predic-

tions are slightly too high, in particular for μAt/M2
S � −5.

Again this can be compared to Fig. 12 where we found a
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Fig. 22 The SUSY contribution to the anomalous magnetic moment
of the muon, δaμ, as a function of the (1st and 2nd generation) slepton
mass, m ẽ,μ̃, for the favored points in the heavy Higgs case in the fit with-
out taking into account the LEOs. The green line and hatched region

show the desired new physics contribution needed to achieve agree-
ment with the observed deviation from the SM and the 1σ experimental
uncertainty. The colors of the displayed points is the same as in Fig. 9

similar result (even though there the typical μAt values of

the favored points were quite different). Again we find only

very small SUSY corrections to BR(Bu → τντ ) (despite the

light charged Higgs) due to the small tan β values, as one can

see in the right plot of Fig. 21.

The prediction for the SUSY contribution to the anoma-

lous magnetic moment of the muon, δaμ, as a function of the

slepton mass are shown in Fig. 22. Again we see a very strong

correlation, i.e. the value for δaμ is almost entirely deter-

mined by the slepton mass. Light slepton masses � 300 GeV

are favored in the heavy Higgs case.

4.3.4 Impact of direct LHC SUSY searches

The comparison of the impact of the direct SUSY searches

with the impact of the other constraints qualitatively agrees

between the light Higgs interpretation (see Sect. 4.3.4) and

the heavy Higgs interpretation. Also for the heavy Higgs

interpretation, the SUSY search limits are thinning the

parameter space in an “orthogonal” way to the Higgs observ-

ables and limits from the Higgs searches. We again show the

distribution of CheckMATE allowed and excluded points

in terms of the most relevant mass parameters in Fig. 23

(left), and indicate the corresponding experimental search

that yields the exclusion in Fig. 23 (right). Similar to the light

Higgs case, the CheckMATE exclusion is correlated with

low-energy constraints, particularly the constraints from the

anomalous magnetic moment of the muon. As discussed in

the previous section, aμ strongly favors low slepton masses.

Hence we observe a large fraction of favored parameter points

excluded by multilepton searches for gaugino pair production

(green up-triangles) as long as M2 − m ẽ,μ̃ � 20 GeV is ful-

filled. As we have relatively light stops in the preferred region

of parameter space, constraints from dilepton searches (yel-

low down-triangles) as well as hadronic searches with b-jets

(red squares) targeting stop pair production are also relevant.

Overall, LHC SUSY searches exclude only ∼5% of all tested

parameter points (i.e. points with �χ2 ≤ 10), but ∼65% of

the favored (�χ2 < 5.99) parameter points. This illustrates

again the complementarity between the impact of aμ and the

constraints from SUSY searches sensitive to light sleptons.

4.3.5 Phenomenology of the other Higgs states

Here we discuss the prospects for the discovery of the

other Higgs bosons at the LHC in the heavy Higgs inter-

pretation. We start with the phenomenology of the charged

Higgs boson, which is a crucial test of this scenario. In

fact, the previous benchmark scenario for the heavy Higgs

interpretation [19] has been excluded with limits that have

meanwhile been obtained from searches for charged Higgs

bosons [44,45].
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Fig. 23 Impact of 8 TeV LHC SUSY searches on the fit, in depen-
dence of the lightest stop (top row), stau (middle row) and selec-
tron/smuon (bottom row) mass and the lightest neutralino mass. In the
three left panels, we compare the CheckMATE allowed (bright col-

ored) and excluded (pale colored) points for all scan points (blue),
the 95% C.L. (yellow) and 68% C.L. (red) preferred points (plotted in
this order, with excluded points on top of the allowed points in each
step); In the three right panels, we exhibit LHC analyses that yield the

exclusion (in the order of plotting): (i) N jets+ Emiss
T searches (blue cir-

cles) [156,157], (ii) hadronic t̃ t̃ searches with b-jets (red squares) [158–
161], (iii) χ±

1 χ0
2 → 3ℓ + Emiss

T searches (green up-triangles) [162],

(iv) t̃ t̃ → 2ℓ + Emiss
T searches (yellow down-triangle) [163], (v)

t̃ t̃ → 1ℓ + N jets + Emiss
T searches (orange stars) [164], (vi)

χ±
1 χ0

2 , ℓ̃ℓ̃ → ℓ+ℓ− + Emiss
T searches (magenta diamonds) [165], (vii)

2ℓ + N jets + Emiss
T (gray plus) [166,167]

In Fig. 24 we show the rate for the main production and

decay channel of a light charged Higgs boson with MH± <

mt , BR(t → H±b) × BR(H± → τντ ), as a function of

MH± . The impact of the current limits from charged Higgs

searches in this channel [44,45] can be seen by the gray area

in Fig. 24, cutting out the region with MH± < 160 GeV and

BR(t → H±b → τντ b) � (2 − 4) × 10−3. Only a few

favored points (and none of the most favored points) have

MH± < mt and are therefore displayed in Fig. 24. As one can

see, these points have charged Higgs masses close to the top

quark mass and thus BR(t → H±b) × BR(H± → τντ ) is

strongly suppressed due to the limited phase space of the top

quark decay. Also the decay BR(H± → τντ ) is suppressed

by the competing decay H± → hW ±, which is open for

most of these favored points (we will discuss the mh range

of the favored points below). Consequently it is very difficult

to detect charged Higgs bosons in this mass range in the

t → H+b → (τ+ντ )b channel at the LHC.

Many of our favored and most favored points have MH± >

mt (and are thus not visible in Fig. 24). Charged Higgs
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Fig. 24 Branching ratio of the top quark decay into a charged Higgs
boson and a bottom quark, with the successive decay of the charged
Higgs boson into a tau lepton and neutrino, in the heavy Higgs case.
The color coding is the same as in Fig. 16

bosons with masses above the top quark mass are searched

for in the pp → t H± production channel with H± → τντ

[44,45,169] or H± → tb [45,170]. These searches, although

concentrating on the charged Higgs mass region that is rel-

evant for the heavy Higgs interpretation, are not yet sen-

sitive to constrain the favored parameter space. However,

they will become more sensitive with increasing integrated

luminosity. Furthermore, we emphasize again that the decay

H± → hW ± is possible and unsuppressed in large parts of

the parameter space, but currently not directly searched for

at the LHC. In Sect. 4.4 we will present specific benchmark

scenarios, inspired by our best-fit point in the heavy Higgs

case, that can be employed to study the sensitivity of these

searches.

We will now turn to the discussion of the phenomenology

of the light CP-even Higgs boson, h, in the preferred param-

eter region in the heavy Higgs case. The light CP-even Higgs

boson has a mass in the range (20–90) GeV and a strongly

reduced coupling to vector bosons. This is shown in the top

left plot of Fig. 25, where the squared coupling g2
hV V is dis-

played, normalized to the corresponding coupling in the SM

with the same value of the Higgs boson mass. One can see

that the squared coupling is reduced by a factor of 103 or more

with respect to the SM, as the heavy CP even Higgs boson H

in this scenario acquires the coupling to vector bosons with

approximately SM Higgs strength. This results in a strongly

reduced cross section for the LEP Higgs-Strahlung process,

e+e− → Zh. Consequently, the light Higgs boson in this

case would have escaped detection in corresponding LEP

Higgs searches. The limits from the Higgs searches at LEP

occur for higher values of the relative squared coupling g2
hV V

and are not visible in this plot.

The reduced light Higgs coupling to vector bosons further-

more leads to a reduced rate of the h → γ γ decay, which

happens through a W -boson loop (amongst other contribut-

ing diagrams). In contrast, the light Higgs coupling to gluons

is up to ten times stronger than the SM Higgs boson coupling

at very low light Higgs masses, Mh , as shown in the center

left plot of Fig. 25, where the (SM normalized) squared light

Higgs-gluon coupling, g2
hgg , is shown in dependence of Mh .

This results in an abundant production of the light CP-even

Higgs boson via gluon fusion. The resulting LHC cross sec-

tion for gg → h (at 8 TeV) with subsequent decay h → γ γ

is shown in the bottom left plot of Fig. 25. Limits from LHC

searches in this channel [171] have been taken into account

in our analysis (using HiggsBounds). Their effect can be

seen in this plot as the gray excluded region above ∼ 0.1

pb. Clearly these searches are currently very far from being

sensitive to detect the light Higgs boson in this scenario.

The light Higgs boson predominantly decays to bottom

quarks (∼(70–80)% of the time) or tau leptons (∼(15–30)%

of the time), as shown in the top and middle right plots in

Fig. 25, respectively. Given the mass range 20 ≤ Mh ≤
90 GeV we expect direct LHC searches in both channels to

be rather challenging, given the huge SM background and the

difficulty to trigger the events. The majority of the favored

points have Mh > MH /2, however we also observe some

favored points with lower Mh (down to 20 GeV) for which

the Higgs-to-Higgs decay channel H → hh is kinematically

open. If this decay rate is sizable the rates of heavy Higgs

H decays to SM particle final states can be significantly

affected. We find that for our preferred points the branch-

ing ratio of this decay is at most ∼20%, but for most points

�10%, as shown in the bottom right plot of Fig. 25. Branch-

ing fractions of this size lead to only moderate changes of the

Higgs decay rates to SM particles. Consequently we still find

a good fit in this scenario even for the case Mh < MH /2 (the

allowed points for Mh > MH /2 with vanishing branching

ratio of H → hh are not visible in the plot).

The CP-odd Higgs boson has a mass between 140 GeV

and 185 GeV, as shown already in Fig. 17, for tan β in the

range between 6 and 11. Consequently, in this scenario it

should signify itself with higher luminosity at the LHC in

A → ττ searches. At the lower end of its mass range it

might be visible possibly as an enhanced decay rate of the

SM-like Higgs boson due to the limited mass resolution. At

the higher end of its mass range it would appear as a new

resonance decaying to τ+τ−.

4.4 Updated low−MH benchmark scenarios

In the previous section we demonstrated that the heavy Higgs

interpretation in which the heavy CP-even Higgs boson

is identified with the observed signal [7,34–37] is still a

viable scenario. While the original low-MH benchmark sce-

nario [43] has meanwhile been ruled out by ATLAS and

CMS via the search for a light charged Higgs boson in top

quark decays [44,45], we showed that viable realizations
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Fig. 25 Light Higgs boson (h) phenomenology, in dependence of the
light Higgs mass Mh , in the heavy Higgs interpretation: (SM normal-
ized) squared hV V coupling, g2

hV V , (top left) and hgg coupling, g2
hgg ,

(middle left), LHC 8 TeV signal rate for the process gg → h → γ γ

(bottom left), branching fractions for the decays h → bb̄ (top right),
h → τ+τ− (middle right) and the Higgs-to-Higgs decay H → hh

(bottom right). The color coding is the same as in Fig. 16

of the heavy Higgs interpretation exist outside the param-

eter region where these searches are sensitive. In this sec-

tion we define new versions of the low−MH benchmark

scenario that are valid after taking into account all current

experimental constraints. They are inspired by the best-fit

point found in our global analysis of the heavy Higgs case,

see Table 5, however, we slightly increased the stop mass

scale (while roughly retaining the preferred μ to MS ratio)

in order to evade potential exclusion limits on the stop mass

from the upcoming 13 TeV LHC results. These new scenar-

ios could provide a useful benchmark for the ongoing light

charged Higgs boson searches in the MSSM. In particular,

they exhibit the not-yet-sought-for MSSM decay signature

H+ → W +h and, in some parameter regions, even the decay

H+ → W + H .

We define three different scenarios, which we call

low−Malt
H in order to distinguish them from the previous

low-MH benchmark scenario [43]. The first two low−Malt
H

scenarios follow the original idea in Ref. [43] and fix a

“heavy” Higgs boson mass, in this case the charged Higgs

boson mass, MH± , to a certain value, whereas μ and tan β

are taken as free parameters. We suggest two variants given

by different choices of MH± below (low−Malt−
H ) and above

(low−Malt+
H ) the top quark mass, mt . The second scenario

fixes μ and explores the (MH± , tan β) plane. This scenario

may be utilized for charged Higgs boson searches in the rel-

evant mass range. The parameters of these benchmark sce-

narios are given in Table 6.

In the following we discuss the compatibility of these

benchmark planes with the current experimental constraints.
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Table 6 Parameters of the
updated low-MH benchmark
scenarios. All parameters are
given in the on-shell (OS)
definition. The lower row gives
the fixed parameters that are
common to all three benchmark
scenarios. M1 is fixed via (6)

Benchmark scenario MH± (GeV) μ (GeV) tan β

low−Malt−
H 155 3800–6500 4–9

low−Malt+
H 185 4800–7000 4–9

low−Malt v
H 140–220 6000 4–9

Fixed parameters: mt = 173.2 GeV, At = Aτ = Ab = −70 GeV, M2 = 300 GeV,

Mq̃L
= Mq̃R

= 1500 GeV (q = c, s, u, d), m g̃ = 1500 GeV,

Mq̃3
= 750 GeV, M

ℓ̃1,2
= 250 GeV, M

ℓ̃3
= 500 GeV
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Fig. 26 The low−Malt−
H and low−Malt+

H benchmark scenarios in
the (μ, tan β) plane with MH± = 155 GeV (upper row), and with
MH± = 185 GeV (lower row), respectively. The red, orange and
blue regions are disfavoured at the 95% C.L. by LEP light Higgs
h searches [13], LHC H/A → τ+τ− searches [143,144] and LHC
t → H+b → (τν)b searches [44,45], respectively. The green area

indicates parameter regions that are compatible with the Higgs signal

(at ∼ 95% C.L., see text for details), unphysical regions are displayed
in gray (see text). In the two left panels, contour lines indicate the Higgs
masses Mh and MH (in GeV). In the two right panels, contours lines
indicate the charged Higgs branching ratios, as well as the branching
ratio for the top quark decay t → H+b (upper row) or the 13 TeV
LHC cross section for charged Higgs production in association with a
top quark, σLHC13(gb → t H+) (in fb) [172,173] (lower row)

In Fig. 26 we present the results in the (μ, tan β) plane in the

low−Malt−
H scenario with MH± = 155 GeV (upper row)

and in the low−Malt+
H scenario with MH± = 185 GeV

(lower row). The blue, red and orange areas indicate the

95% C.L. excluded regions by LHC t → H+b → (τν)b

searches [44,45], LEP light Higgs searches [13] (mostly from

the e+e− → Zh → Z(bb̄) channel) and LHC H/A →
τ+τ− searches [143,144], respectively. For the latter two

we again employ the χ2 implementation of these results

in HiggsBounds, see Sect. 3.3, and define the 95% C.L.

excluded region by �χ2 ≥ 6.0 (given the two free parame-

ters of the model). Moreover, we indicate the regions compat-

ible with the Higgs signal based on the total χ2 constructed

from Higgs signal rates, Higgs mass and the two exclusion

likelihoods from LEP light Higgs searches and LHC H/A →
τ+τ− searches. The green area indicates where the p value

– estimated from this total χ2 value under the assumption of

independent and Gaussian observables – is above 5%.
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Fig. 27 The low−Malt v
H benchmark scenario in the (MH± , tan β)

plane (with μ = 6000 GeV). The colored regions follow the definitions
in Fig. 26. In the left panel, contour lines indicate the Higgs masses Mh

and MH (in GeV). In the right panel, contours lines indicate the charged

Higgs branching ratios and the 13 TeV LHC cross section for charged
Higgs production in association with a top quark, σLHC13(gb → t H+)

(in fb)

In most of the parameter region of the low−Malt−
H and

low−Malt+
H scenarios, the heavy Higgs mass, MH , ranges

between 120 GeV and 130 GeV, whereas the light Higgs

mass, Mh , varies between ∼ 0 GeV (at the edge of the

unphysical, gray region) and 120 GeV.23 In the low−Malt−
H

(low−Malt+
H ) scenario the CP-odd Higgs mass is MA ∼

137 (169) GeV (within a few GeV).

In the low−Malt−
H scenario the branching fraction for the

top quark decay into a charged Higgs boson, t → H+b,

ranges between ∼0.1 and 0.25%. The charged Higgs H+ suc-

cessively decays either to τ+ντ or W +h, where the branching

ratios are highly dependent on the kinematical phase space

of the H+ → W +h decay, and thus on the light Higgs mass,

Mh . Either decay can be completely dominating while the

other is suppressed, depending on the parameter space. The

charged Higgs boson decay H+ → cs̄ is negligible.

In the low−Malt+
H scenario, the charged Higgs boson is

predominantly produced in association with a top quark via

gb → t H±. The charged Higgs boson branching fractions in

the low−Malt+
H scenario are very similar to the low−Malt−

H

scenario, with the exception that the decay H+ → t b̄ is

present. However, its decay rate amounts to at most ∼20%

(at the low end of the μ range). An interesting situation in

this benchmark scenario occurs in the region around μ ∼
(5.0–5.5) TeV and tan β ∼ 6–7, where both the light and

heavy Higgs boson have masses between 120 and 130 GeV.

In our analysis, part of this region is even compatible with

the Higgs signal and at the same time not directly excluded

by limits from Higgs searches, i.e. this part of the parame-

ter space gives rise to two CP-even Higgs bosons close to

125 GeV. A dedicated experimental analysis of such a sce-

23 In the evaluation of these benchmark scenarios, the two-loop correc-
tions to the relation between MA and MH± have been omitted. Taking
them into account will lead to a slight shift in the Mh prediction.

nario, taking into account also interference effects between

the two nearly mass-degenerate Higgs bosons, see Ref. [97],

would be desirable.

The low−Malt v
H benchmark scenario is illustrated in

Fig. 27. Here it can nicely be seen that the limit of align-

ment without decoupling occurs roughly at tan β ∼ 7, as

the green area is centered around this value. The charged

Higgs phenomenology is quite rich: at lower charged Higgs

masses, MH± � 180 GeV, the decay modes H+ → τ+ντ

and H+ → W +h completely dominate. At larger MH± ,

the decay mode H+ → t b̄ and even H+ → W + H become

non-negligible, albeit they remain small for most of the unex-

cluded parameter space.

The best prospects for exploring these scenarios may still

be via LHC searches for H/A → τ+τ−. However, these

benchmark scenarios will hopefully also provide useful guid-

ance for upcoming charged Higgs searches and in particular

motivate searches for new charged Higgs signatures such as

H± → W ±h, with the light Higgs h decaying into bottom

quark or tau lepton pairs, h → bb̄, τ+τ−. Excluding these

scenarios, which appear to be cornered from all sides, with

the upcoming searches at the LHC would strongly restrict

the heavy Higgs interpretation in the MSSM, approaching an

exclusion of this interesting possibility, whose phenomenol-

ogy drastically differs from the most commonly considered

light Higgs scenario.

5 Conclusions and outlook

We have analyzed the compatibility of the phenomenological

Minimal Supersymmetric Standard Model (pMSSM) with

the SM-like Higgs boson with a mass ∼125 GeV as mea-

sured by ATLAS and CMS. We performed a parameter scan

of the pMSSM with the eight most relevant parameters var-
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ied freely (pM SSM 8): the CP-odd Higgs boson mass, MA,

the ratio of the two neutral Higgs vacuum expectation val-

ues, tan β, a common soft SUSY-breaking parameter for the

scalar top- and bottom quarks, Mq̃3
, a soft SUSY-breaking

parameter for the scalar tau and neutrino sector, M
ℓ̃3

, and sim-

ilarly for the first and second generation of sleptons, M
ℓ̃1,2

, a

common trilinear coupling for the third generation, A f , the

Higgsino mass parameter, μ, as well as the SU(2) gaugino

mass parameter, M2. The U(1) gaugino mass parameter M1

was fixed from the value of M2 using the GUT relation. The

other parameters have been set to fixed values that are gener-

ically in agreement with recent SUSY searches at the LHC.

A random parameter scan with O(107) scan points has

been performed. For each scan point a χ2 function was

evaluated, taking into account the combined Higgs boson

mass measurement of the LHC experiments and the mea-

sured rates in 85 individual Higgs search channels from

ATLAS, CMS, and the Tevatron experiments (via the code

HiggsSignals), the exclusion bounds from the search for

additional Higgs bosons (via the code HiggsBounds, both

relying on the evaluations done by FeynHiggs), exclusion

bounds from the direct search for SUSY particles (via the

code CheckMate), as well as the following low-energy

observables BR(B → Xsγ ), BR(Bs → μ+μ−), BR(Bu →
τντ ), (g − 2)μ (as obtained from SuperIso) and MW (via

the prediction of Refs. [132,135]).

Taking into account only the Higgs measurements and

direct searches, we find that the SM, the MSSM scenario

where the light CP-even Higgs boson corresponds to the

observed signal (“light Higgs case”), as as well as the MSSM

scenario where the heavy CP-even Higgs boson corresponds

to the observed signal (“heavy Higgs case”) provide similarly

good fits to the data with a χ2/d.o.f. of 70.2/86, 67.9/79

and 70.0/80, respectively. In a naive evaluation of p val-

ues that neglects the correlations between different Higgs

observables, this translates into p values of 89%, 81% and

78%, respectively. Including also the low-energy observables

we find (via the same evaluation) p values of 69%, 89% and

80%, where the SM suffers in particular from the inclusion

of (g − 2)μ. Thus, the “light Higgs case” of the MSSM and

even the rather exotic “heavy Higgs case” of the MSSM pro-

vide a slightly better descriptions of the data in a global fit

than the SM.

Within the MSSM, a SM-like Higgs boson at ∼125 GeV

can be realized in three ways and with similarly good fit

qualities. For MA ≫ MZ the light CP-even Higgs boson

is SM-like in the decoupling limit. For MA
<∼ 350 GeV

(the “low-MA case”) the light CP-even Higgs boson can be

SM-like in the limit of alignment without decoupling. This

limit also offers additionally the unique possibility that the

heavy CP-even Higgs boson can have a mass of ∼ 125 GeV

with SM-like couplings. We have analyzed analytically in

which parts of the MSSM parameter space the limit of align-

ment without decoupling can be realized. In this latter sce-

nario all MSSM Higgs bosons are relatively light, offering

good prospects for the searches for additional Higgs bosons

at the LHC and future colliders. Our analytic expressions

contain the leading two-loop contributions of O(αsh2
t ) [47],

which somewhat modify the leading one-loop contributions

of O(h2
t ) that had been considered previously [33].

For the light Higgs case in the decoupling limit and in

the limit of alignment without decoupling, as well as in the

heavy Higgs case we have analyzed the predictions for the

various Higgs boson production and decay rates. In the light

Higgs case the various rates are predicted to be close to the

SM Higgs boson rates, where the largest allowed deviation

to smaller values is found in the h → τ+τ− channel. The

light scalar top is found to have masses down to ∼ 300 GeV,

while the preferred region in the fit provides no upper limit

on the scalar top quarks. For the low-MA case we find lighter

stop masses down to ∼500 GeV and X t/MS ∼ +2. While

in the decoupling limit the parameters μ and At can vary

from very small to very large values, the low-MA case (and

thus the limit of alignment without decoupling in the light

Higgs interpretation) can be realized only for μ/MS ∼ 1.4

to 3 and At/MS ∼ 2.4 to 3, where the upper values corre-

spond to the upper scan ranges imposed in our study. For

larger MA values also relatively large values of tan β are still

allowed, leading to a sizable contribution to (g−2)μ even for

relatively large chargino/neutralino and slepton masses. Con-

cerning the impact of the low-energy observable, it is inter-

esting to note that a clear preference for positive μ (and also

positive At ) already emerges when combining the Higgs- and

B-physics observables in the fit, i.e. already before includ-

ing (g − 2)μ. We have furthermore found that the preferred

region in the fit without taking into account the low-energy

observables includes predictions for BR(Bs → μ+μ−) that

are close to the experimental central value (i.e., below the

SM prediction) both for the decoupling and the alignment

without decoupling region of the light Higgs case.

We included the limits from direct LHC searches for

SUSY particles from the 8 TeV run via CheckMATE. These

searches constrain the parameter space of the pM SSM 8 in

an orthogonal way to the Higgs mass and signal rate con-

straints and therefore do not directly alter the Higgs phe-

nomenology, neither in the light nor the heavy Higgs case.

Furthermore, due to this orthogonality we also expect that

future stronger SUSY limits from the 13 TeV run would not

substantially alter the conclusions found in this paper.

In the heavy Higgs case the preferred rates are also SM-

like, however with a possibly larger suppression of H → γ γ

and/or H → τ+τ−. We find that in the heavy Higgs case

the CP-odd Higgs boson A is restricted to have a mass of

140 GeV <∼ MA
<∼ 185 GeV, with the charged Higgs boson

being the heaviest Higgs boson with MH± <∼ 210 GeV,

and 6 <∼ tan β <∼ 11. We furthermore find μ/MS ∼ 6
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to 9 and −1 <∼ At/MS
<∼ 0. The light scalar top is pre-

dicted to have a mass of 350 GeV <∼ m t̃1
<∼ 650 GeV.

Due to the relatively small tan β values the scalar leptons

have to be relatively light with masses below ∼ 450 GeV

to bring the prediction into agreement with the observed

discrepancy of the experimental measurement of (g − 2)μ
with the SM prediction. In particular, we have checked that

the charged Higgs corrections to the B-physics observables,

B → Xsγ , Bu → τντ and Bs → μ+μ−, are consistent

with the experimental results. The preferred region in the fit

has mostly light Higgs boson masses above MH /2, in which

case H → hh decays are kinematically closed. However,

also smaller Mh values are possible, where BR(H → hh)

does not exceed 20% (for the most favored parameter region

we find BR(H → hh) < 2%.) The coupling of the light

Higgs boson to W ± and Z bosons is strongly suppressed,

much below the existing bounds from LEP Higgs searches.

Note that such a light Higgs boson re-opens the possibility

of light neutralino dark matter in the sub-GeV to 65 GeV

range by acting as s-channel (near-)resonance in dark matter

pair-annihilation [174].

As a guidance for the Higgs boson searches in the heavy

Higgs interpretation we provide a new set of benchmark sce-

narios that can be employed to maximize the sensitivity of the

experimental analysis to this interpretation. In the (μ, tan β)

plane we define the low−Malt−
H and the low−Malt+

H scenario

with MH± = 155 GeV < mt and MH± = 185 GeV >

mt , respectively. In the (MH± , tan β) plane we define the

low−Malt v
H scenario with μ = 6 TeV. We have shown that

in all three scenarios a parameter regime exists, where the

mass and rates of the heavy CP-even Higgs boson are in

agreement with all available measurements, and which is

also not excluded by searches for additional Higgs bosons.

In the low−Malt+
H scenario we find a very restricted part of

the parameter space in which Mh ∼ MH ∼ 125 GeV, with

both CP-even Higgs bosons contributing to the Higgs boson

rates. The proposed benchmark scenarios will be of interest

for upcoming charged Higgs boson searches and will provide

motivation for searches for new charged Higgs signatures

such as H± → W ±h, with the light Higgs h decaying into

bottom quark or tau lepton pairs, h → bb̄, τ+τ−.

New data from the ATLAS and CMS Higgs measure-

ments and the search for new Higgs boson states are now

rapidly emerging in the current run of the LHC. It is crit-

ical to improve the precision of the measurements of the

properties of the SM-like Higgs boson, while improving the

sensitivity of the searches for new Higgs bosons with masses

either above or below the observed Higgs boson mass. In

particular, these searches will yield new constraints on the

parameter space of the MSSM. The observation of the SM-

like Higgs boson already implies that the MSSM Higgs sector

lies close to the alignment limit. Indeed, the regions of the

MSSM parameter space in which the approximate alignment

limit is realized provide a description of the data that is as

good (or in some cases slightly better) than the SM. In addi-

tion to the possibility that the observed Higgs boson corre-

sponds to the lighter CP-even Higgs boson of the MSSM, the

more exotic possibility in which the heavier CP-even Higgs

boson is identified as the observed Higgs boson cannot yet

be ruled out. Higgs studies at Run 2 of the LHC may prove

decisive in determining whether the cracks in the Standard

Model facade finally shatter, and whether a supersymmetric

interpretation of Higgs phenomena is ultimately viable.
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Appendix A: How tuned is approximate Higgs alignment

without decoupling in the MSSM?

The precision Higgs data implies that the properties of one

of the Higgs bosons in the MSSM Higgs sector (which is

to be identified with the observed Higgs boson of mass 125

GeV) approximate the predicted properties of the SM Higgs

boson. This corresponds to the approximate alignment limit

described in Sect. 2.2. Approximate alignment can be easily

achieved in the parameter regime in which all other (non-

SM-like) Higgs boson states are significantly heavier than

125 GeV. However, it is also possible that a parameter region

of the MSSM exists in which approximate alignment with-

out decoupling is satisfied. In this parameter regime, the other

non-SM-like Higgs states are not significantly separated in

mass from the observed Higgs boson, which provides addi-

tional opportunities for the discovery of new scalar states at

the LHC. As shown in Sect. 2.2, alignment without decou-

pling is achieved when the Higgs basis parameter |Z6| ≪ 1

and MA
<∼ 350 GeV. However, a skeptical reader might won-
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Fig. 28 |Z6/Z1| in dependence of the pseudoscalar Higgs mass, MA,
for the light Higgs (left) and heavy Higgs (right) interpretation. The
parameters Z1 and Z6 are calculated using the approximate two-

loop formulas as described in Sect. 2.2. The value of Z1 is fixed by
Mh/H ∼ 125 GeV (see text). The color coding is the same as in Fig. 5

der how difficult it is to achieve regions of the MSSM param-

eter space with very small values of Z6. That is, how tuned

is approximate Higgs alignment without decoupling in the

MSSM?

Consider the case of exact alignment in the two Higgs

doublet model (2HDM), which corresponds to Z6 = 0. If

exact alignment is a consequence of a global (discrete or

continuous) symmetry, then it is natural to consider 2HDM

Higgs sectors that exhibit approximate alignment without

decoupling. The possibility of achieving exact alignment

by a symmetry of the scalar potential was considered in

Refs. [56,175]. However, it is not clear whether these sym-

metries survive once a realistic Higgs-fermion Yukawa sec-

tor is considered [176]. The one known example of a realistic

2HDM with exact alignment is the inert doublet model [177],

where Z6 = 0 is a consequence of an exact Z2 discrete sym-

metry, under which the inert doublet field is odd and all other

fields are even.

In the MSSM, there is no symmetry associated with the

parameter regime corresponding to exact alignment. Indeed,

as explained in Sect. 2.2, exact alignment in the MSSM is

a result of an accidental cancellation between tree-level and

radiatively corrected loop effects that contribute to the effec-

tive Z6 parameter. In an approximate one-loop expression,

this cancellation can be explicitly seen in Eq. (20), where

the expression inside the braces vanishes for a particular

choice of tan β. Of course, given the limited statistics of

the present day Higgs data, a region of the MSSM space

that exhibits approximate alignment without decoupling can

still be consistent with all known experimental constraints.

Thus, in any comprehensive scan of the MSSM parameter

space, one must necessarily encounter regions of approxi-

mate alignment without decoupling. In the absence of a fun-

damental underlying theory of supersymmetry breaking, the

correct measure that governs the MSSM parameter space is

unknown. Thus, in order to get a sense of the extent of the

tuning associated with the parameter regime of alignment

without decoupling, the best one can do is to examine the

frequency that such parameter points occur in a comprehen-

sive parameter scan (with uniform priors).

In this appendix, we address this last point from a prac-

tical point of view. We examine the values of Z6 as a func-

tion of MA that arise in our pM SSM 8 parameter scans.

Note that in the approximate alignment limit, m2
h ≃ Z1v

2 =
(125 GeV)2, i.e., Z1 ≃ 0.26, which sets the “natural” size

for the other Higgs basis quartic self-couplings (including

Z6). In Fig. 28 we show |Z6/Z1| as a function of MA for

the light Higgs (left) and heavy Higgs (right) interpretation.

The parameters Z1 and Z6 are calculated using the approxi-

mate two-loop formulas as described in Sect. 2.2. In the case

where h is SM-like, one can see that |Z6/Z1| ∼ 0.2 in the

region of approximate alignment without decoupling. That

is, Z6 is suppressed by less than one order of magnitude rela-

tive to Z1.24 In the case where H is SM-like, values between

0 and 0.2 are found for |Z6/Z1|, with the best-fit value of

|Z6/Z1| ≃ 0.1. In both the light and heavy Higgs case, the

values of |Z6| in the regions of approximate alignment with-

out decoupling are not unnaturally small. Indeed, even in the

decoupling regime of large MA, the typical values of |Z6| in

the preferred MSSM parameter regime are not significantly

different in magnitude. We conclude that given the present

precision of the Higgs data, approximate alignment without

decoupling can be achieved without resorting to an excessive

fine tuning of the MSSM parameters.

Appendix B: Higgs measurements from Tevatron and

LHC

Tables 7 and 8 list the 85 signal strength measurements from

ATLAS, CMS and the Tevatron (DØ and CDF), which we

24 Indeed, in the case where h is SM-like, regions of exact alignment
are ruled out, as these regions correspond to values of tan β that are
excluded by the LHC searches for H, A → τ+τ− [33,143,178].
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Table 7 Higgs signal strengths measurements from the LHC ATLAS and Tevatron CDF collaboration

Analysis Energy
√

s

(TeV)
μ̂ ± �μ̂ SM signal contamination (in %)

ggH VBF WH ZH t t̄ H

ATLAS h → W W → ℓνℓν (VBF) [179] 7/8 1.27+0.53
−0.45 24.1 75.9 0.0 0.0 0.0

ATLAS h → W W → ℓνℓν (ggH) [179] 7/8 1.01+0.27
−0.25 97.8 1.2 0.6 0.3 0.1

ATLAS h → Z Z → 4ℓ (VBF/VH) [180] 7/8 0.26+1.64
−0.94 37.8 35.7 16.8 9.7 0.0

ATLAS h → Z Z → 4ℓ (ggH) [180] 7/8 1.66+0.51
−0.44 91.6 4.6 2.2 1.3 0.4

ATLAS h → γ γ (VBF, loose) [181] 7/8 1.33+0.92
−0.77 39.0 60.0 0.6 0.3 0.1

ATLAS h → γ γ (VBF, tight) [181] 7/8 0.68+0.67
−0.51 18.2 81.5 0.1 0.1 0.1

ATLAS h → γ γ (V h, Emiss
T ) [181] 7/8 3.51+3.30

−2.42 8.7 3.7 35.8 44.8 7.1

ATLAS h → γ γ (V h, 2 j) [181] 7/8 0.23+1.67
−1.39 45.0 3.3 31.9 19.8 0.1

ATLAS h → γ γ (V h, 1ℓ) [181] 7/8 0.41+1.43
−1.06 0.7 0.2 91.4 5.9 1.8

ATLAS h → γ γ (central, high pT t ) [181] 7/8 1.62+1.00
−0.83 72.6 16.4 6.1 3.7 1.2

ATLAS h → γ γ (central, low pT t ) [181] 7/8 0.62+0.42
−0.40 93.2 4.1 1.6 1.0 0.1

ATLAS h → γ γ (forward, high pT t ) [181] 7/8 1.73+1.34
−1.18 71.4 16.7 6.9 4.1 0.9

ATLAS h → γ γ (forward, low pT t ) [181] 7/8 2.03+0.57
−0.53 92.5 4.2 2.0 1.2 0.1

ATLAS h → γ γ (t th, hadr.) [181] 7/8 −0.84+3.23
−1.25 15.0 1.3 1.3 1.4 81.0

ATLAS h → γ γ (t th, lep.) [181] 7/8 2.42+3.21
−2.07 8.4 0.1 14.9 4.0 72.6

ATLAS h → ττ (VBF, hadr.hadr.) [182] 7/8 1.40+0.90
−0.70 30.1 69.9 0.0 0.0 0.0

ATLAS h → ττ (boosted, hadr.hadr.) [182] 7/8 3.60+2.00
−1.60 69.5 13.3 11.3 5.8 0.0

ATLAS h → ττ (VBF, lep.hadr.) [182] 7/8 1.00+0.60
−0.50 17.2 82.8 0.0 0.0 0.0

ATLAS h → ττ (boosted, lep.hadr.) [182] 7/8 0.90+1.00
−0.90 73.0 13.3 9.1 4.6 0.0

ATLAS h → ττ (VBF, lep.lep.) [182] 7/8 1.80+1.10
−0.90 15.4 84.6 0.0 0.0 0.0

ATLAS h → ττ (boosted, lep.lep.) [182] 7/8 3.00+1.90
−1.70 70.9 21.4 5.7 2.1 0.0

ATLAS V h → V (bb) (0ℓ) [183] 7/8 −0.35+0.55
−0.52 0.0 0.0 20.8 79.2 0.0

ATLAS V h → V (bb) (1ℓ) [183] 7/8 1.17+0.66
−0.60 0.0 0.0 96.7 3.3 0.0

ATLAS V h → V (bb) (2ℓ) [183] 7/8 0.94+0.88
−0.79 0.0 0.0 0.0 100.0 0.0

ATLAS V h → V (W W ) (2ℓ) [184] 7/8 3.70+1.90
−1.80 0.0 0.0 83.3 16.7 0.0

ATLAS V h → V (W W ) (3ℓ) [184] 7/8 0.72+1.30
−1.10 0.0 0.0 86.5 13.5 0.0

ATLAS V h → V (W W ) (4ℓ) [184] 7/8 4.90+4.60
−3.10 0.0 0.0 0.0 100.0 0.0

ATLAS t th → multilepton (1ℓ, 2τh) [185] 7/8 −9.60+9.60
−9.70 0.0 0.0 0.0 0.0 100.01

ATLAS t th → multilepton (2ℓ, 0τh) [185] 7/8 2.80+2.10
−1.90 0.0 0.0 0.0 0.0 100.02

ATLAS t th → multilepton (2ℓ, 1τh) [185] 7/8 −0.90+3.10
−2.00 0.0 0.0 0.0 0.0 100.03

ATLAS t th → multilepton (3ℓ) [185] 7/8 2.80+2.20
−1.80 0.0 0.0 0.0 0.0 100.04

ATLAS t th → multilepton (4ℓ) [185] 7/8 1.80+6.90
−6.90 0.0 0.0 0.0 0.0 100.05

ATLAS t th → t t (bb) [186] 7/8 1.50+1.10
−1.10 0.0 0.0 0.0 0.0 100.0

CDF h → W W [187] 1.96 0.00+1.78
−1.78 77.5 5.4 10.6 6.5 0.0

CDF h → γ γ [187] 1.96 7.81+4.61
−4.42 77.5 5.4 10.6 6.5 0.0

CDF h → ττ [187] 1.96 0.00+8.44
−8.44 77.5 5.4 10.6 6.5 0.0

CDF V h → V (bb) [187] 1.96 1.72+0.92
−0.87 0.0 0.0 62.0 38.0 0.0

CDF t th → t t (bb) [187] 1.96 9.49+6.60
−6.28 0.0 0.0 0.0 0.0 100.0

1 The SM Higgs signal composition is h → ττ (93.0%), h → W W (4.0%), h → bb (3.0%)
2 The SM Higgs signal composition is h → W W (80.1%), h → ττ (14.9%), h → Z Z (3.0%), h → bb (2.0%)
3 The SM Higgs signal composition is h → ττ (61.8%), h → W W (35.2%), h → Z Z (2.0%), h → bb (1.0%)
4 The SM Higgs signal composition is h → W W (74.1%), h → ττ (14.9%), h → Z Z (7.0%), h → bb (3.9%)
5 The SM Higgs signal composition is h → W W (68.1%), h → ττ (13.9%), h → Z Z (14.0%), h → bb (4.0%)
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Table 8 Higgs signal strengths measurements from LHC CMS and Tevatron DØ collaboration

Analysis Energy
√

s

(TeV)
μ̂ ± �μ̂ SM signal contamination (in %)

ggH VBF WH ZH t t̄ H

CMS h → W W → 2ℓ2ν (0/1 j) [188] 7/8 0.74+0.22
−0.20 85.8 8.9 3.3 1.9 0.0

CMS h → W W → 2ℓ2ν (VBF) [188] 7/8 0.60+0.57
−0.46 24.1 75.9 0.0 0.0 0.0

CMS h → Z Z → 4ℓ (0/1 j) [189] 7/8 0.88+0.34
−0.27 91.9 8.1 0.0 0.0 0.0

CMS h → Z Z → 4ℓ (2 j) [189] 7/8 1.55+0.95
−0.66 76.1 23.9 0.0 0.0 0.0

CMS h → γ γ (untagged 0) [190] 7 1.97+1.51
−1.25 80.8 9.7 5.8 3.2 0.6

CMS h → γ γ (untagged 1) [190] 7 1.23+0.98
−0.88 92.3 4.1 2.3 1.2 0.1

CMS h → γ γ (untagged 2) [190] 7 1.60+1.25
−1.17 92.3 4.0 2.3 1.3 0.1

CMS h → γ γ (untagged 3) [190] 7 2.61+1.74
−1.65 92.5 3.9 2.3 1.2 0.1

CMS h → γ γ (VBF, dijet 0) [190] 7 4.85+2.17
−1.76 19.9 79.6 0.3 0.2 0.1

CMS h → γ γ (VBF, dijet 1) [190] 7 2.60+2.16
−1.76 39.0 58.9 1.2 0.7 0.3

CMS h → γ γ (V h, Emiss
T ) [190] 7 4.32+6.72

−4.15 4.9 1.2 43.2 44.4 6.3

CMS h → γ γ (V h, dijet) [190] 7 7.86+8.86
−6.40 28.6 2.9 43.8 23.3 1.5

CMS h → γ γ (V h, loose) [190] 7 3.10+8.29
−5.34 3.8 1.1 79.7 14.6 0.7

CMS h → γ γ (t th, tags) [190] 7 0.71+6.20
−3.56 4.3 1.5 2.9 1.6 89.7

CMS h → γ γ (untagged 0) [190] 8 0.13+1.09
−0.74 75.7 11.9 6.9 3.6 1.9

CMS h → γ γ (untagged 1) [190] 8 0.92+0.57
−0.49 85.1 7.9 4.0 2.4 0.6

CMS h → γ γ (untagged 2) [190] 8 1.10+0.48
−0.44 91.1 4.7 2.5 1.4 0.3

CMS h → γ γ (untagged 3) [190] 8 0.65+0.65
−0.89 91.5 4.4 2.4 1.4 0.3

CMS h → γ γ (untagged 4) [190] 8 1.46+1.29
−1.24 93.1 3.6 2.0 1.1 0.2

CMS h → γ γ (VBF, dijet 0) [190] 8 0.82+0.75
−0.58 17.8 81.8 0.2 0.1 0.1

CMS h → γ γ (VBF, dijet 1) [190] 8 −0.21+0.75
−0.69 28.4 70.6 0.6 0.2 0.2

CMS h → γ γ (VBF, dijet 2) [190] 8 2.60+1.33
−0.99 43.7 53.3 1.4 0.8 0.8

CMS h → γ γ (V h, Emiss
T ) [190] 8 0.08+1.86

−1.28 16.5 2.7 34.4 35.3 11.1

CMS h → γ γ (V h, dijet) [190] 8 0.39+2.16
−1.48 30.4 3.1 40.5 23.3 2.6

CMS h → γ γ (V h, loose) [190] 8 1.24+3.69
−2.62 2.7 1.1 77.9 16.8 1.5

CMS h → γ γ (V h, tight) [190] 8 −0.34+1.30
−0.63 0.2 0.2 76.9 19.0 3.7

CMS h → γ γ (t th, multijet) [190] 8 1.24+4.23
−2.70 4.1 0.9 0.8 0.9 93.3

CMS h → γ γ (t th, lepton) [190] 8 3.52+3.89
−2.45 0.0 0.0 1.9 1.9 96.1

CMS h → μμ [191] 7/8 2.90+2.80
−2.70 94.1 5.9 0.0 0.0 0.0

CMS h → ττ (0 j) [192] 7/8 0.40+0.73
−1.13 98.5 0.8 0.4 0.3 0.0

CMS h → ττ (1 j) [192] 7/8 1.06+0.47
−0.47 79.7 12.1 5.2 3.0 0.0

CMS h → ττ (VBF) [192] 7/8 0.93+0.41
−0.41 20.9 79.1 0.0 0.0 0.0

CMS V h → V (ττ ) [192] 7/8 0.98+1.68
−1.50 0.0 0.0 47.11 27.31 0.0

CMS V h → V (bb) [193] 7/8 1.00+0.51
−0.49 0.0 0.0 63.3 36.7 0.0

CMS V h → V (W W ) → 2ℓ2ν [188] 7/8 0.39+1.97
−1.87 60.2 3.8 22.8 13.2 0.0

CMS V h → V (W W ) (hadr.) [188] 7/8 1.00+2.00
−2.00 63.7 3.3 21.9 11.1 0.0

CMS W h → W (W W ) → 3ℓ3ν [188] 7/8 0.56+1.27
−0.95 0.0 0.0 100.0 0.0 0.0

CMS t th → 2ℓ (same-sign) [194] 7/8 5.30+2.10
−1.80 0.0 0.0 0.0 0.0 100.02

CMS t th → 3ℓ [194] 7/8 3.10+2.40
−2.00 0.0 0.0 0.0 0.0 100.03

CMS t th → 4ℓ [194] 7/8 −4.70+5.00
−1.30 0.0 0.0 0.0 0.0 100.04

CMS t th → t t (bb) [194] 7/8 0.70+1.90
−1.90 0.0 0.0 0.0 0.0 100.0

CMS t th → t t (γ γ ) [194] 7/8 2.70+2.60
−1.80 0.0 0.0 0.0 0.0 100.0

123



Eur. Phys. J. C (2017) 77 :67 Page 41 of 44 67

Table 8 continued

Analysis Energy
√

s

(TeV)
μ̂ ± �μ̂ SM signal contamination (in %)

ggH VBF WH ZH t t̄ H

CMS t th → t t (ττ ) [194] 7/8 −1.30+6.30
−5.50 0.0 0.0 0.0 0.0 100.0

DØ h → W W [195] 1.96 1.90+1.63
−1.52 77.5 5.4 10.6 6.5 0.0

DØ h → bb [195] 1.96 1.23+1.24
−1.17 0.0 0.0 62.0 38.0 0.0

DØ h → γ γ [195] 1.96 4.20+4.60
−4.20 77.5 5.4 10.6 6.5 0.0

DØ h → ττ [195] 1.96 3.96+4.11
−3.38 77.5 5.4 10.6 6.5 0.0

1 The signal is contaminated to 16.2% [9.4%] by W H → W W W [Z H → Z W W ] in the SM
2 The SM Higgs signal composition is h → W W (73.3%), h → ττ (23.1%), h → Z Z (3.6%)
3 The SM Higgs signal composition is h → W W (71.8%), h → ττ (23.8%), h → Z Z (4.4%)
4 The SM Higgs signal composition is h → W W (53.0%), h → ττ (30.1%), h → Z Z (16.9%)

include in our analysis via HiggsSignals-1.4.0. For

each analysis, we give the measured signal strength value, μ̂,

its 1σ uncertainty, �μ̂, as well as the signal composition for

the production of a SM Higgs with mass ∼125 GeV.
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