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Introduction

The discovered Higgs boson at ∼ 125 GeV looks very SM-like!

Possible Interpretations in the (CP-conserving) MSSM:

1 Light Higgs boson h at 125 GeV becomes SM-like

I in the decoupling limit (MA � MZ ),
I in the limit of alignment without decoupling independently

of the remaining Higgs mass spectrum (choice of MA).

2 Heavy Higgs boson H at 125 GeV with SM-like couplings
I can also be realized in the limit of alignment without decoupling.

Aim of the talk: How viable are these MSSM Higgs interpretations given
the experimental results from LHC Run 1?
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The MSSM Higgs sector

2 complex Higgs doublets Hu, Hd ⇒ 5 physical Higgs bosons (h, H, A, H±)

At tree-level, the Higgs sector has two parameters: MA, tanβ = vu/vd

⇒ Other Higgs boson masses are predictions:

M2
h,H =

1

2

[
M2

A + M2
Z ∓

√
(M2

A + M2
Z )2 − 4M2

AM
2
Z cos2 2β

]
⇒ M tree

h ≤ MZ !

M2
H± = M2

A + M2
W

(SM-like) Higgs mass Mh receives large radiative corrections.

Dominant one-loop corrections from top/stop sector:

δM2
h =

3g2
2m

4
t

8π2M2
W

[
log

M2
S

m2
t

+
X 2
t

M2
S

(
1− X 2

t

12M2
S

)]
.

(MA � MZ , tanβ � 1) (Xt = At − µ cotβ, MS =
√
mt̃1

mt̃2
)

⇒ Weak scale supersymmetry predicts a light Higgs boson, Mh . 135 GeV !
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The Higgs alignment limit (→ H. Haber’s talk tomorrow!)

= One of the CP-even neutral Higgs bosons lies in the same direction (in field
space) as the neutral Higgs vev. [J. Gunion, H. Haber, hep-ph/0207010]

In the Two Higgs Doublet Model (2HDM):

Choose “Higgs basis”: 〈H0
1 〉 = v/

√
2, 〈H0

2 〉 = 0, (v = 246 GeV)

Higgs potential:

V 3 . . . 1
2Z1(H†1H1)2 + · · ·+

[
1
2Z5(H†1H2)2 + Z6(H†1H1)(H†1H2) + h.c.

]
+ . . .

Squared-mass matrix:

M2 =

(
Z1v

2 Z6v
2

Z6v
2 M2

A + Z5v
2

)
,

1 Alignment through decoupling (MA � Ziv
2, (i = 1, 5, 6))

2 Alignment without decoupling (Z6 → 0):

→ either light or heavy CP-even Higgs can be the SM-like Higgs!
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Alignment without decoupling in the MSSM
[M. Carena, I. Low, N. Shah, C. Wagner, 1310.2248; same + H. Haber, 1410.4969]

In the MSSM, Z6 = 0 can be obtained through an accidental cancellation
between tree-level and loop-level effects.

Approx. 1-loop alignment condition (µ̂Ât tanβ � 1): (µ̂ ≡ µ/MS , Ât ≡ At/MS)

tanβ =

(
M2

h/H + M2
Z +

3m4
t

8π2v2
µ̂2
(
Â2
t − 2

))
/

(
m4

t

8π2v2
µ̂Ât

(
Â2
t − 6

))
.

Solutions to 1-loop condition (leading O(h2
t ) effects) (Mh/H = 125 GeV):

⇒ Need large µ/MS and/or At/MS to obtain alignment at moderately low tanβ.
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Global fit of the pMSSM: The setup

Perform a random scan over 8 MSSM parameters (∼ 107 points):

MA, tanβ, µ, Mq̃3 , M˜̀
3
, M˜̀

1,2
, At= Ab = Aτ , M2= 2M1, (+ mtop)

using FeynHiggs and SuperIso for MSSM predictions.
(fix other parameters, e.g. mq̃1,2 = mg̃ = 1.5 TeV)

Observables and limits:

χ2
total =

(Mh/H−M̂)2

σ2
M

+ χ2
HS +

∑ (Oi−Ôi )
2

σ2
i
− 2 lnLlimits

Hard cuts:

+ 95% CL limits from Higgs searches (HiggsBounds)

+ Limits from LHC SUSY searches (Herwig++/CheckMATE)

+ require neutral lightest supersymmetric particle (LSP)
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Best-fit points

Higgs data Higgs data + LEO

χ2/ν χ2
ν P χ2/ν χ2

ν P

SM (mh = 125.1 GeV) 70.2/86 0.82 0.89 83.7/91 0.92 0.69

MSSM light Higgs h 67.9/79 0.86 0.81 68.5/84 0.82 0.89

MSSM heavy Higgs H 70.0/80 0.88 0.78 73.7/85 0.87 0.80

number degrees of freedom: ν = nobs − nparam

SM and both MSSM cases provide similar fit to the Higgs data.

Including LEOs, SM fit becomes worse, mainly due to (g − 2)µ.

MA tanβ µ A0 Mq̃3 M ˜̀
3

M ˜̀
1,2

M2

(GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV)

MSSM h 929 21.0 7155 4138 2957 698 436 358

MSSM H 172 6.6 4503 −71 564 953 262 293
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Best-fit points – Higgs signal rates

h→WW→`ν`ν (VBF) [8 TeV]
h→WW→`ν`ν (ggF) [8 TeV]

V h→VWW (2`) [8 TeV]
V h→VWW (3`) [8 TeV]
V h→VWW (4`) [8 TeV]

h→ZZ→4` (VBF/VH) [8 TeV]
h→ZZ→4` (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,1`) [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 (0`) [8 TeV]
V h→V bb (1`) [8 TeV]
V h→V bb (2`) [8 TeV]

tth→ multilep. (1`2τh) [8 TeV]
tth→ multilep. (2`0τh) [8 TeV]
tth→ multilep. (2`1τh) [8 TeV]

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

tth→tt(bb) [8 TeV]

ATLAS

4.9→

← −9.6

HiggsSignals-1.4.0light Higgs case (BF point) heavy Higgs case (BF point) Measurement

h→WW

h→γγ
h→ττ
h→bb

DØ
4.2→

−1 0 1 2 3

h→WW

h→γγ
h→ττ

V h→V bb
tth→ttbb CDF

7.81→

9.49→

−1 0 1 2 3

[8 TeV] h→WW→`ν`ν (0/1j)
[8 TeV] h→WW→`ν`ν (VBF)
[8 TeV] V h→VWW→2`2ν + 2j
[8 TeV] V h→VWW
[8 TeV] Wh→WWW→3`3ν
[8 TeV] h→ZZ→4` (0/1j)
[8 TeV] h→ZZ→4` (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→2` (SS)
[8 TeV] tth→3`
[8 TeV] tth→4`
[8 TeV] tth→tt(γγ)
[8 TeV] tth→tt(ττ)
[8 TeV] tth→tt(bb)

CMS

4.847→

4.324→
7.855→

5.3→

← −4.7

µ̂
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Higgs rates in the preferred regions RφXX ≡
∑

i [σ
LHC8
i ×BR(φ→XX )]MSSM∑

i [σ
LHC8
i ×BR(φ→XX )]SM

RφVV Rφγγ RVφ
bb Rφττ

MSSM h [0.91, 1.08] [0.92, 1.18] [0.95, 1.02] [0.80, 1.06]

MSSM H [0.95, 1.13] [0.81, 0.94] [0.94, 1.03] [0.78, 0.90]

� All points
� HiggsBounds allowed
� ∆χ2 < 2.30
� ∆χ2 < 5.99
? Best fit point

MSSM h MSSM H

MSSM h: Preferred rates are all very SM Higgs-like.

MSSM H: Preferred γγ and ττ rates slightly below SM prediction.

Tim Stefaniak (SCIPP, UCSC) MSSM Higgs interpretations Higgs Couplings 2016 9 / 17



Light Higgs interpretation

(Mh ≈ 125 GeV)
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Favored parameter regions

disf
avored

by

H/
A
→ τ

+ τ
− searches

Bulk of favored points have MA & 350 GeV ⇒ decoupling limit.

points with MA & 200 GeV possible ⇒ alignment w/o decoupling.

Recall: alignment condition → tanβ ∼
[
µAt

M2
S

(
A2
t

M2
S
− 6
)]−1

⇒ Alignment occurs at small tanβ values if µAt/M
2
S is large.
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Implications for the t̃ sector

all points after MA ≤ 350 GeV cut

Light stops down to ∼ 300 GeV possible at large stop mixing,

Alignment region prefers positive Xt branch (µ > 0, At > 0)
(negative µ disfavored by b → sγ and (g − 2)µ).
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Heavy Higgs interpretation

(MH ≈ 125 GeV)
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Favored parameter regions

Allowed parameter region is very limited.

Below MA ∼ 150 GeV the process A→ τ+τ− contaminates the
observed Higgs signal, leading to a too high rate.

Prefers negative Xt ∼ −1.5MS and very large positive µ ∼ (6− 9)MS .
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BR(B → Xsγ) with a light charged Higgs

 (GeV)+HM
140 150 160 170 180 190 200 210 220

 ]
-4

) 
[ 1

0
γ s

 X
→

B
R

(B

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0
• 20 ≤ tanβ
• 15 ≤ tanβ ≤ 20
• 10 ≤ tanβ ≤ 15
• 5 ≤ tanβ ≤ 10
• tanβ ≤ 5

Higgs mass ⊕ Higgs rates ⊕ h/H/A→ ττ exclusion

b m∆
1.0− 0.5− 0.0 0.5 1.0

 ]
-4

) [
 1

0
γ s

 X
→

BR
(B

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0
• 20  tan�
• 15  tan�  20
• 10  tan�  15
• 5  tan�  10
• tan�  5

Higgs mass � Higgs rates � h/H/A ! ⌧⌧ exclusion

b

2σ favored points
before LEOs included

2σ favored points
before LEOs included

H+ contribution to BR(b → sγ) mitigated for µ > 0 due to ∆b (“wrong
Higgs”) Yukawa corrections of H+tb coupling:

BR(b → sγ)|H+ ∝ mb

v(1 + ∆b)
(ht − δht tanβ) gLO(m+

H ,mt) (tanβ � 1)

with ∆b ∝ mg̃µ tanβ · I (mb̃1
,mb̃2

,mg̃ ).

[M. Carena, D. Garcia, U. Nierste, C.E.M. Wagner, hep-ph/0010003]
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Phenomenology of the remaining Higgs spectrum

Light Higgs h with mass Mh ∼ (0− 100) GeV:
I strongly reduced coupling to vector bosons ⇒ beyond LEP reach!
I LEP searches for e+e− → hA not strong enough to yield exclusion.
I BR(H → hh) is suppressed in the alignment limit.
X Can act as a s-channel resonance for light dark matter pair annihilation!

[S. Profumo, TS, 1608.06945]

Charged Higgs H± with mass MH+ ∼ (155− 200) GeV:
I difficult (or impossible) to find in top quark decays,
I Look for pp → H±W∓bb̄ production at LHC (→ M. Zaro’s talk!)
I competing decays H± → τ±ν and H+ → hW±.

Pseudoscalar Higgs A with mass MA ∼ (150− 180) GeV:
I A→ τ+τ− rate is typically quite sizable,
I A→ hZ possible if h very light.

→ new MSSM benchmark scenarios for H± and A searches suggested!

(→ back-up slides)
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Summary

We performed a 8-dimensional pMSSM fit in light of the Run-1 results
from Higgs and SUSY searches, as well as low energy observables:

⇒ All three possible MSSM interpretations,

(i) light Higgs in decoupling limit,

(ii) light Higgs in alignment without decoupling limit,

(iii) heavy Higgs at 125 GeV,

provide a very good fit!

Alignment without decoupling region (light and heavy Higgs interpretation)
only possible in very limited parameter space with large µ/MS .

Future work:
Vacuum stability in the alignment without decoupling scenario?

Thank you for your attention!
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Alignment without decoupling region (light and heavy Higgs interpretation)
only possible in very limited parameter space with large µ/MS .

Future work:
Vacuum stability in the alignment without decoupling scenario?

Thank you for your attention!
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Implications of MSSM h/H/A→ ττ searches

LHC searches for gg , bb̄ → h/H/A→ τ+τ− are very sensitive at large tanβ.

CMS results are given for the standard MSSM benchmark scenarios and a
toy model with a single resonance. [CMS, 1408.3316]
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Reproduction of exclusion likelihood for arbitrary models

[P. Bechtle, S. Heinemeyer, O. St̊al, TS, G. Weiglein, 1507.06706]

A full likelihood for the exclusion is very useful for global BSM fits.

Simple algorithm:

1 Add signal rates of Higgs bosons
with similar masses

(difference ≤ 20% ·mi ),

2 Obtain expected exclusion
likelihood from the grid for each
Higgs boson combination,

3 For Higgs combination with
maximal expected qMSSM, evaluate
observed likelihood as final result.  100 200 300 400 500 600 700 800 900 1000

MA [GeV]
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validation with MSSM benchmarks

Available since December 2014 in public code HiggsBounds-4.2.0.
(http://higgsbounds.hepforge.org)
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Scan ranges for the pMSSM-8 fit

20% of the O(↵sh
2
t ) corrections, and enter with a di↵erent 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(��↵),
which governs the tree-level couplings of the Higgs boson and its departure from the alignment
limit. However, radiative corrections also contribute other e↵ects that modify Higgs production
cross sections and branching ratios. It is well-known that for MA ⌧ MS, the e↵ective low-energy
theory below the scale MS is a general two Higgs doublet model with the most general Higgs-
fermion Yukawa couplings. These include the so-called wrong-Higgs couplings of the MSSM [58],
which ultimately are responsible for the �b and �⌧ corrections that can significantly modify
the coupling of the Higgs boson to bottom quarks and tau leptons.4 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 [60]. None of these e↵ects are
accounted for in the analysis presented in this section.

3 Parameter sampling, Observables and Constraints

3.1 Sampling of the parameter space

We sample the pMSSM 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 Tab. 1. Besides the scan parameters listed in Tab. 1, the remaining MSSM parameters
are chosen as described in Sect. 2.1.

Light Higgs case Heavy Higgs case

Parameter Minimum Maximum Minimum Maximum

MA [GeV] 90 1000 90 200
tan � 1 60 1 20
Mq̃3 [GeV] 200 5000 200 1500
M˜̀

3
[GeV] 200 1000 200 1000

M˜̀
1,2

[GeV] 200 1000 200 1000

µ [GeV] �3 Mq̃3 3 Mq̃3 �5000 5000
Af [GeV] �3 Mq̃3 3 Mq̃3 �3 Mq̃3 3 Mq̃3

M2 [GeV] 200 500 200 500

Table 1: Ranges used for the free parameters in the pMSSM 8 scan.

In both cases, we start with O(107) randomly sampled points in the ranges given in Tab. 1
and identify interesting 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 2 [120, 130] GeV) and the global �2 function is

4For a review of these e↵ects and a guide to the original literature, see Ref. [59].
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MQ̃1,2
= MŨ1,2

= MD̃1,2
= M3 = 1.5 TeV
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Low energy observables and BF point predictions

Observable Experimental value SM value MSSM uncertainty

BR(B ! Xs�) (3.43 ± 0.21 ± 0.07) ⇥ 10�4 [96] (3.40 ± 0.22) ⇥ 10�4 ± 0.15 ⇥ 10�4

BR(Bs ! µ+µ�) (2.8 ± 0.7) ⇥ 10�9 [99, 100] (3.54 ± 0.2) ⇥ 10�9 –
BR(B+ ! ⌧+⌫⌧ ) (9.1 ± 1.9 ± 1.1) ⇥ 10�5 [102,103] (8.09 ± 0.7) ⇥ 10�5 –

�aµ (30.2 ± 9.0) ⇥ 10�10 [119–121] – –
MW (80.385 ± 0.015) GeV [113,114] (80.358 ± 0.007) GeV ± 0.003 GeV

Table 2: The experimental values and SM theory predictions for the low-energy observables (LEOs)
that are used in the pMSSM 8 scan. The last column lists additional uncertainties intrinsic to the
MSSM predictions.

as well as leading SUSY two-loop contributions. The uncertainties from unknown higher-
order corrections have been estimated to be around 4 MeV in the SM [116] and somewhat
larger (⇠ (4� 9) MeV) in the MSSM [117,118], 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 �2 evaluation because we vary mt within its 2� uncertainty in the scan.
The remaining parametric uncertainties from MZ and �↵had 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 �2 function

�2 =
(Mh,H � M̂H)2

�2
M̂H

+ �2
HS +

nLEOX

i=1

(Oi � Ôi)
2

�2
i

� 2 ln Llimits. (37)

As mentioned above, we denote all experimental measurements 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 mentioned above. The last term, �2 ln Llimits,
denotes the contribution 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, ⌫, 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 �2 function, Eq. (37), 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).

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, 122–125]. HiggsBounds determines for

18

Light Higgs case Heavy Higgs case
Observable Prediction Pull Prediction Pull

Mh/H [GeV] 125.20 +0.034 124.15 �0.29
BR(B ! Xs�) 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+ ! ⌧+⌫) 7.53 ⇥ 10�5 �0.424 7.38 ⇥ 10�5 �0.465

�aµ 28.8 ⇥ 10�10 �0.151 27.6 ⇥ 10�10 �0.289
MW [GeV] 80.383 �0.080 80.373 �0.480

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

MA tan � µ At Mq̃3 M˜̀
3

M˜̀
1,2

M2

Case (GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV)

h 929 21.0 7155 4138 2957 698 436 358
H 172 6.6 4503 �71 564 953 262 293

Table 5: MSSM parameters for the BF points found for the light Higgs (h) and heavy Higgs (H)
interpretation in the full fit.

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 parameter 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 discussions 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 ��2
h = �2

h��2
h,min distributions (the subscript ’h’ refers to the light Higgs

(h) interpretation), based on all observables, for four di↵erent Higgs signal rates, defined by

R
P (h)
XX =

P
P (h) �(P (h)) ⇥ BR(h ! XX)

P
P (h) �SM(P (h)) ⇥ BRSM(h ! XX)

. (38)

Here XX = V V, ��, bb, ⌧⌧ (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. (38) runs over the five dominant Higgs production 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 association with a top quark pair (tt̄H). The subscript ’SM’ denotes
the quantities as predicted in the SM, whereas no subscript refers to the quantity predicted
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Light Higgs interpretation (alignment without decoupling)

• 20 ≤ tanβ
• 15 ≤ tanβ ≤ 20
• 10 ≤ tanβ ≤ 15
• 5 ≤ tanβ ≤ 10
• tanβ ≤ 5

Higgs mass ⊕ Higgs rates

2σ favored points in the MA ≤ 350 GeV selection:

H/A→ τ+τ− searches exclude large tanβ,

µ < 0 disfavored by BR(B → Xsγ), µAt < 0 disfavored by BR(Bs → µ+µ−).

µ < 0 further disfavored by (g − 2)µ.

Tim Stefaniak (SCIPP, UCSC) MSSM Higgs interpretations Higgs Couplings 2016 6 / 9



Light Higgs interpretation (alignment without decoupling)

• 20 ≤ tanβ
• 15 ≤ tanβ ≤ 20
• 10 ≤ tanβ ≤ 15
• 5 ≤ tanβ ≤ 10
• tanβ ≤ 5

Higgs mass ⊕ Higgs rates ⊕ h/H/A→ ττ exclusion

2σ favored points in the MA ≤ 350 GeV selection:

H/A→ τ+τ− searches exclude large tanβ,

µ < 0 disfavored by BR(B → Xsγ), µAt < 0 disfavored by BR(Bs → µ+µ−).

µ < 0 further disfavored by (g − 2)µ.
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Light Higgs interpretation (alignment without decoupling)

• 20 ≤ tanβ
• 15 ≤ tanβ ≤ 20
• 10 ≤ tanβ ≤ 15
• 5 ≤ tanβ ≤ 10
• tanβ ≤ 5

all observables except aµ

2σ favored points in the MA ≤ 350 GeV selection:

H/A→ τ+τ− searches exclude large tanβ,

µ < 0 disfavored by BR(B → Xsγ), µAt < 0 disfavored by BR(Bs → µ+µ−).

µ < 0 further disfavored by (g − 2)µ.
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• 10 ≤ tanβ ≤ 15
• 5 ≤ tanβ ≤ 10
• tanβ ≤ 5

all observables

2σ favored points in the MA ≤ 350 GeV selection:

H/A→ τ+τ− searches exclude large tanβ,

µ < 0 disfavored by BR(B → Xsγ), µAt < 0 disfavored by BR(Bs → µ+µ−).

µ < 0 further disfavored by (g − 2)µ.
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Heavy Higgs benchmark scenarios
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M±H = 155 GeV

We define three di↵erent 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 � are taken as free parameters.
We suggest two variants given by di↵erent 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 �)
plane. This scenario may be utilized for charged Higgs boson searches in the relevant mass
range. The parameters of these benchmark scenarios are given in Tab. 6.

In the following we discuss the compatibility of these benchmark planes with the current
experimental constraints. In Fig. 24 we present the results in the (µ, tan �) 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 ! (⌧⌫)b searches [44,45], LEP light Higgs searches [13] (mostly from
the e+e� ! Zh ! Z(bb̄) channel) and LHC H/A ! ⌧+⌧� searches [126, 127], respectively.
For the latter two we again employ the �2 implementation of these results in HiggsBounds,
see Sect. 3.3, and define the 95% C.L. excluded region by ��2 � 6.0 (given the two free
parameters of the model). Moreover, we indicate the regions compatible with the Higgs signal
based on the total �2 constructed from Higgs signal rates, Higgs mass and the two exclusion
likelihoods from LEP light Higgs searches and LHC H/A ! ⌧+⌧� searches. The green area
indicates where the p-value — estimated from this total �2 value under the assumption of
independent and Gaussian observables — is above 5%.

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. 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+ successively decays
either to ⌧+⌫⌧ 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

Benchmark scenario MH± [GeV] µ [GeV] tan �

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 = A⌧ = Ab = �70 GeV, M2 = 300 GeV,
Mq̃L

= Mq̃R
= 1500 GeV (q = c, s, u, d), mg̃ = 1500 GeV,

Mq̃3 = 750 GeV, M˜̀
1,2

= 250 GeV, M˜̀
3

= 500 GeV

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 Eq. (6).
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Heavy Higgs benchmark scenarios
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We define three di↵erent 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 � are taken as free parameters.
We suggest two variants given by di↵erent 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 �)
plane. This scenario may be utilized for charged Higgs boson searches in the relevant mass
range. The parameters of these benchmark scenarios are given in Tab. 6.

In the following we discuss the compatibility of these benchmark planes with the current
experimental constraints. In Fig. 24 we present the results in the (µ, tan �) 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 ! (⌧⌫)b searches [44,45], LEP light Higgs searches [13] (mostly from
the e+e� ! Zh ! Z(bb̄) channel) and LHC H/A ! ⌧+⌧� searches [126, 127], respectively.
For the latter two we again employ the �2 implementation of these results in HiggsBounds,
see Sect. 3.3, and define the 95% C.L. excluded region by ��2 � 6.0 (given the two free
parameters of the model). Moreover, we indicate the regions compatible with the Higgs signal
based on the total �2 constructed from Higgs signal rates, Higgs mass and the two exclusion
likelihoods from LEP light Higgs searches and LHC H/A ! ⌧+⌧� searches. The green area
indicates where the p-value — estimated from this total �2 value under the assumption of
independent and Gaussian observables — is above 5%.

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. 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+ successively decays
either to ⌧+⌫⌧ 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

Benchmark scenario MH± [GeV] µ [GeV] tan �

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 = A⌧ = Ab = �70 GeV, M2 = 300 GeV,
Mq̃L

= Mq̃R
= 1500 GeV (q = c, s, u, d), mg̃ = 1500 GeV,

Mq̃3 = 750 GeV, M˜̀
1,2

= 250 GeV, M˜̀
3

= 500 GeV

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 Eq. (6).
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Heavy Higgs benchmark scenarios
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We define three di↵erent 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 � are taken as free parameters.
We suggest two variants given by di↵erent 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 �)
plane. This scenario may be utilized for charged Higgs boson searches in the relevant mass
range. The parameters of these benchmark scenarios are given in Tab. 6.

In the following we discuss the compatibility of these benchmark planes with the current
experimental constraints. In Fig. 24 we present the results in the (µ, tan �) 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 ! (⌧⌫)b searches [44,45], LEP light Higgs searches [13] (mostly from
the e+e� ! Zh ! Z(bb̄) channel) and LHC H/A ! ⌧+⌧� searches [126, 127], respectively.
For the latter two we again employ the �2 implementation of these results in HiggsBounds,
see Sect. 3.3, and define the 95% C.L. excluded region by ��2 � 6.0 (given the two free
parameters of the model). Moreover, we indicate the regions compatible with the Higgs signal
based on the total �2 constructed from Higgs signal rates, Higgs mass and the two exclusion
likelihoods from LEP light Higgs searches and LHC H/A ! ⌧+⌧� searches. The green area
indicates where the p-value — estimated from this total �2 value under the assumption of
independent and Gaussian observables — is above 5%.

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. 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+ successively decays
either to ⌧+⌫⌧ 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

Benchmark scenario MH± [GeV] µ [GeV] tan �

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 = A⌧ = Ab = �70 GeV, M2 = 300 GeV,
Mq̃L

= Mq̃R
= 1500 GeV (q = c, s, u, d), mg̃ = 1500 GeV,

Mq̃3 = 750 GeV, M˜̀
1,2

= 250 GeV, M˜̀
3

= 500 GeV

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 Eq. (6).
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Summary

SM-like Higgs at
125 GeV

Light Higgs h Heavy Higgs H

Mechanism Decoupling limit Limit of alignment w/o decoupling

Typical MA � MZ
µ/MS ∼ 3 µ/MS & 6− 9

parameters At/MS . 3 At/MS . 0

Fit quality?
(P-value)

excellent (0.89) very good (∼ 0.80)

Theoretical issues — Little Hierarchy Problem; vacuum stability?

Collider probes — H/A→ τ+τ− A→ τ+τ−, hZ ,

H± → τ±ν, hW±

Flavor probes (g − 2)µ (g − 2)µ, b → sγ (g − 2)µ, b → sγ
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Light dark matter in the heavy Higgs interpretation2

U(1)Y and neutral SU(2)L gauge bosons — the bino, B̃, and
wino, W̃ , respectively — and the two neutral Higgs superpart-
ners, the so-called Higgsinos, h̃1,2. However, in the limit of
alignment without decoupling, the Higgsino components are
very small because µ needs to be large2.

Several possibilities exist within the MSSM for the light-
est neutralino to be a viable thermal relic with an abundance
matching the inferred DM abundance from cosmological ob-
servations [38], including e.g. coannihilation with sfermions,
or a well-tempered mixture of its wino and bino components
(see e.g. Ref. [39]). These mechanisms are generally also
possible in the alignment without decoupling scenario. Here,
however, we focus on the possibility that supersymmetric dark
matter is light, i.e. with mass well below 100 GeV, and is re-
alized via mechanisms that can only arise in the limit of align-
ment without decoupling. Indeed, we show that in the case
of a SM-like heavy CP-even Higgs boson, a window for very
light (even sub-GeV) supersymmetric dark matter is possible.

There are various reasons that motivate exploring this possi-
bility. One is the current interest on light dark matter searches
with direct detection experiments (see e.g. Ref. [40]); another
is that a rather interesting collider phenomenology may arise
due to the interplay of a new light stable neutral particle and
light non-SM Higgs bosons. Finally, a light Higgs boson that
mediates DM annihilation pushes the boundaries of how light
the cold thermal neutralino relic can be. Traditionally, the
lower neutralino mass limit is associated with Lee-Weinberg
type limits [41] at around (5 � 10) GeV because of the lack
of a light mediator in the MSSM (see e.g. Ref. [42]).

In the remainder of this work we will focus on the case
where the heavier of the two CP-even Higgs bosons imper-
sonates the SM-like Higgs particle observed at the LHC. This
rather unusual setup can be achieved only in a parameter re-
gion subject to various experimental constraints [20]. We re-
visit here the constraints arising from Higgs boson searches at
LEP and LHC, and comment on other constraints from radia-
tive Upsilon decays which are relevant at very low masses of
the light CP-even Higgs boson. Furthermore, and going be-
yond the discussion in Ref. [20], we demonstrate numerically
that the decay H ! hh vanishes in the limit of alignment
without decoupling, while the decay A ! Zh is unsuppressed
and provides an interesting new collider signature.

We then select four benchmark points that are compatible
with all collider constraints in order to illustrate that the light-
est neutralino can yield the correct thermal relic density either
via resonant s-channel light Higgs or pseudo-scalar Higgs ex-
change, for neutralino masses around half the Higgs mass, or
via annihilation to a final state consisting of a pair of light
Higgs, for comparable neutralino and light Higgs masses.

The outline of this paper is as follows: Section II de-
scribes our choice for the MSSM parameters that give rise
to the limit of alignment without decoupling with the heavy
CP-even Higgs boson as the observed SM-like Higgs state
at 125 GeV. We give details on the Higgs phenomenology

2 Barring the possibility of extremely large lightest neutralino masses [37].

Parameter Value

MH± 155 GeV

MQ̃1,2
, Mũ1,2 , Md̃1,2

2 TeV

MQ̃3
, Mũ3 , Md̃3

1 TeV

ML̃1,2
, MẼ1,2

250 GeV

ML̃3
, MẼ3

500 GeV

At, Ab, A⌧ �100 GeV

M1 63 GeV

M2 300 GeV

M3 2 TeV

TABLE I. Choice of the relevant SUSY parameters for the (µ, tan�)
plane shown in Fig. 1 which represents the heavy Higgs interpreta-
tion. All parameters are defined in the on-shell (OS) renormalization
scheme. See text for the parameter definitions.

and experimental constraints in this scenario, and select four
illustrative benchmark points. Section III focuses on the phe-
nomenology of the lightest neutralino as a thermal relic dark
matter candidate, illustrates the mechanisms for efficient dark
matter annihilation, and discusses the implications for direct
and indirect dark matter searches. We present a final discus-
sion of our results and our conclusions in Section IV.

II. HIGGS PHENOMENOLOGY AND BENCHMARKS

In this section we discuss the parameter choices that lead
to the limit of alignment without decoupling with the heavy
CP-even Higgs boson playing the role of the 125 GeV scalar
particle observed at the LHC, and the associated phenomenol-
ogy of the Higgs sector. At the end of this section we select
four representative benchmark points that will be employed in
Section III to illustrate the dark matter phenomenology of this
scenario.

Fig. 1 illustrates a typical region in the (µ,tan�) parameter
plane where the heavy Higgs interpretation can be success-
fully realized (inspired by the benchmark scenarios presented
in Ref. [20]).3 Our choice for the remaining SUSY parame-
ters relevant for this scenario is given in Tab. I (notice that all
parameters are defined in the on-shell (OS) renormalization
scheme). At, Ab and A⌧ are the soft-breaking trilinear scalar
couplings for the top, bottom and tau sector, MQ̃i

, [Mũi
and

Md̃i
] (i = 1, 2, 3) are the soft-breaking mass parameters for

the left-handed [right-handed] ith generation [up- and down-
type] scalar quarks (squarks), and M1, M2 and M3 are the

3 The heavy Higgs interpretation can only appear at very large µ values in the
MSSM, which exacerbates the “little hierarchy problem” [43], i.e. the fine-
tuning of the squared soft-breaking Higgs mass parameters M2

Hu
, M2

Hd

against µ2 to achieve a number ⇠ M2
Z . Nevertheless, if such a fine-tuning

in the electroweak sector is accepted, these scenarios are theoretical fully
consistent and viable.
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5

BP1 BP2 BP3 BP4

µ [GeV] 8100 8100 7450 7050

tan� ⇠ 7.42 7.43 7.12 6.9

Mh [GeV] ⇠ 0.975 9.8 60.2 75.5

MH [GeV] 123.9 124.0 123.5 122.8

MA [GeV] 119.5 119.6 125.2 127.8

BR(H ! hh) 0.7% 0.5% 4.9% -

BR(A ! Zh) 41.2% 36.6% 3.6% 0.6%

BR(H+ ! ⌧+⌫⌧ ) 4.0% 4.1% 16.5% 75.3%

BR(H+ ! W+h) 96.0% 95.9% 83.3% 23.6%

�2
HS/Nobs 76.4/85 77.4/85 82.0/85 79.8/85

TABLE II. The four selected benchmark points (BP1-4): values for the input parameters µ and tan�, the neutral Higgs boson mass spectrum,
selected Higgs boson decay rates, and the HiggsSignals chi-squared value, �2

HS, from the Higgs signal rates over the number of signal
rate observables, Nobs. Parameter values not listed are specified in Tab. I. For all models M1 is a free parameter that we vary between 0 and
⇠ 70 GeV in what follows.

III. DARK MATTER PHENOMENOLOGY

In this section we explore the light dark matter phe-
nomenology associated with the benchmark points specified
above. We vary the single free MSSM parameter of rele-
vance to define the properties of the lightest neutralino as a
dark matter candidate, the soft-supersymmetry breaking bino
mass, M1. Because the wino and Higgsino mass parameters,
M2 and µ, respectively, are chosen to be much larger (see
Tabs. I and II), this is in practice equivalent, up to small cor-
rections, to varying the lightest neutralino mass, m�̃0

1
. All

quantities related to dark matter have been calculated using
the most recent available version (4.3) of the micrOMEGAs
code [83–85]. We fix the target neutralino thermal relic abun-
dance using the Planck results [38] on the cold dark matter
abundance, as inferred from combined cosmological observa-
tions,

⌦DMh2 = 0.1184 ± 0.0012. (1)

As far as indirect dark matter detection is concerned, we
calculate the thermally averaged pair-annihilation cross sec-
tion times relative velocity at zero temperature, h�vi0, as a
function of the dark matter particle mass, and we consider
Cosmic Microwave Background (CMB) limits on ionization
from particles injected through dark matter pair-annihilation
in the “dark ages” [76]. Using the results of Ref. [38],
Ref. [76] finds the limit

fe↵
h�vi0
m�̃0

1

< 4.1 ⇥ 10�28 cm3s�1GeV�1,

where for the final states relevant in the MSSM the effective
“efficiency factor” is here fe↵ ' 0.2. We also consider lim-
its from the non-observation of gamma radiation from local
dwarf spheroidal galaxies with the Fermi Large Area
Telescope (LAT) [77], assuming a b̄b or ⌧+⌧� pair-
annihilation final state.

Fig. 2 presents our key findings on the dark matter phe-
nomenology. We show three dark matter-related quantities as

a function of the lightest neutralino mass, m�̃0
1
, for the four

benchmark points detailed upon in Table II (the color coding
is indicated at the top of the figure). We select three relevant
intervals in the lightest neutralino mass to illustrate the salient
features. Stars along the slopes for each benchmark scenario
indicate neutralino mass values with the correct thermal relic
dark matter abundance, Eq. (1). The white (dark) stars corre-
spond to points which are allowed (excluded) by indirect and
(or) direct DM searches.

The top panel of Fig. 2 shows the thermal relic neutralino
density, ⌦h2, assuming a standard cosmological history. The
horizontal line shows the Planck determination for the cold
dark matter abundance, Eq. (1), and its 2� (barely visible)
range. All four benchmark models exhibit a similar pattern in
their thermal relic density, which is easily understood:

1. A first dramatic dip in ⌦h2, driven by resonant annihi-
lation mediated by the light CP-even Higgs boson h, at
m�̃0

1
' Mh/2;

2. A second drop in ⌦h2, corresponding to the hh annihi-
lation final state becoming kinematically accessible, at
m�̃0

1
& Mh;

3. A fourth and final drop in ⌦h2 associated with resonant
pair-annihilation through the pseudoscalar Higgs A.

For BP1, BP2 and BP3, the first dip in ⌦h2, corresponding to
resonant s-channel annihilation via the light CP-even Higgs
boson h, gives rise to two values of m�̃0

1
, slightly above and

below the resonance at Mh/2, where the observed ⌦h2 is pro-
duced. In BP3 these two values are essentially degenerate.
Notice that in the m�̃0

1
. Mh/2 case, since the center-of-mass

energy squared at a finite temperature T is approximately

s ' 4m2
�̃0

1
+ 6m�̃0

1
T, (2)

the h exchange is on-shell for a mass splitting between the
lightest neutralino and half the h mass of order the freeze-
out temperature, which, in turn, is of the order of Tf.o. '
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Light dark matter in the heavy Higgs interpretation2

U(1)Y and neutral SU(2)L gauge bosons — the bino, B̃, and
wino, W̃ , respectively — and the two neutral Higgs superpart-
ners, the so-called Higgsinos, h̃1,2. However, in the limit of
alignment without decoupling, the Higgsino components are
very small because µ needs to be large2.

Several possibilities exist within the MSSM for the light-
est neutralino to be a viable thermal relic with an abundance
matching the inferred DM abundance from cosmological ob-
servations [38], including e.g. coannihilation with sfermions,
or a well-tempered mixture of its wino and bino components
(see e.g. Ref. [39]). These mechanisms are generally also
possible in the alignment without decoupling scenario. Here,
however, we focus on the possibility that supersymmetric dark
matter is light, i.e. with mass well below 100 GeV, and is re-
alized via mechanisms that can only arise in the limit of align-
ment without decoupling. Indeed, we show that in the case
of a SM-like heavy CP-even Higgs boson, a window for very
light (even sub-GeV) supersymmetric dark matter is possible.

There are various reasons that motivate exploring this possi-
bility. One is the current interest on light dark matter searches
with direct detection experiments (see e.g. Ref. [40]); another
is that a rather interesting collider phenomenology may arise
due to the interplay of a new light stable neutral particle and
light non-SM Higgs bosons. Finally, a light Higgs boson that
mediates DM annihilation pushes the boundaries of how light
the cold thermal neutralino relic can be. Traditionally, the
lower neutralino mass limit is associated with Lee-Weinberg
type limits [41] at around (5 � 10) GeV because of the lack
of a light mediator in the MSSM (see e.g. Ref. [42]).

In the remainder of this work we will focus on the case
where the heavier of the two CP-even Higgs bosons imper-
sonates the SM-like Higgs particle observed at the LHC. This
rather unusual setup can be achieved only in a parameter re-
gion subject to various experimental constraints [20]. We re-
visit here the constraints arising from Higgs boson searches at
LEP and LHC, and comment on other constraints from radia-
tive Upsilon decays which are relevant at very low masses of
the light CP-even Higgs boson. Furthermore, and going be-
yond the discussion in Ref. [20], we demonstrate numerically
that the decay H ! hh vanishes in the limit of alignment
without decoupling, while the decay A ! Zh is unsuppressed
and provides an interesting new collider signature.

We then select four benchmark points that are compatible
with all collider constraints in order to illustrate that the light-
est neutralino can yield the correct thermal relic density either
via resonant s-channel light Higgs or pseudo-scalar Higgs ex-
change, for neutralino masses around half the Higgs mass, or
via annihilation to a final state consisting of a pair of light
Higgs, for comparable neutralino and light Higgs masses.

The outline of this paper is as follows: Section II de-
scribes our choice for the MSSM parameters that give rise
to the limit of alignment without decoupling with the heavy
CP-even Higgs boson as the observed SM-like Higgs state
at 125 GeV. We give details on the Higgs phenomenology

2 Barring the possibility of extremely large lightest neutralino masses [37].

Parameter Value

MH± 155 GeV

MQ̃1,2
, Mũ1,2 , Md̃1,2

2 TeV

MQ̃3
, Mũ3 , Md̃3

1 TeV

ML̃1,2
, MẼ1,2

250 GeV

ML̃3
, MẼ3

500 GeV

At, Ab, A⌧ �100 GeV

M1 63 GeV

M2 300 GeV

M3 2 TeV

TABLE I. Choice of the relevant SUSY parameters for the (µ, tan�)
plane shown in Fig. 1 which represents the heavy Higgs interpreta-
tion. All parameters are defined in the on-shell (OS) renormalization
scheme. See text for the parameter definitions.

and experimental constraints in this scenario, and select four
illustrative benchmark points. Section III focuses on the phe-
nomenology of the lightest neutralino as a thermal relic dark
matter candidate, illustrates the mechanisms for efficient dark
matter annihilation, and discusses the implications for direct
and indirect dark matter searches. We present a final discus-
sion of our results and our conclusions in Section IV.

II. HIGGS PHENOMENOLOGY AND BENCHMARKS

In this section we discuss the parameter choices that lead
to the limit of alignment without decoupling with the heavy
CP-even Higgs boson playing the role of the 125 GeV scalar
particle observed at the LHC, and the associated phenomenol-
ogy of the Higgs sector. At the end of this section we select
four representative benchmark points that will be employed in
Section III to illustrate the dark matter phenomenology of this
scenario.

Fig. 1 illustrates a typical region in the (µ,tan�) parameter
plane where the heavy Higgs interpretation can be success-
fully realized (inspired by the benchmark scenarios presented
in Ref. [20]).3 Our choice for the remaining SUSY parame-
ters relevant for this scenario is given in Tab. I (notice that all
parameters are defined in the on-shell (OS) renormalization
scheme). At, Ab and A⌧ are the soft-breaking trilinear scalar
couplings for the top, bottom and tau sector, MQ̃i

, [Mũi
and

Md̃i
] (i = 1, 2, 3) are the soft-breaking mass parameters for

the left-handed [right-handed] ith generation [up- and down-
type] scalar quarks (squarks), and M1, M2 and M3 are the

3 The heavy Higgs interpretation can only appear at very large µ values in the
MSSM, which exacerbates the “little hierarchy problem” [43], i.e. the fine-
tuning of the squared soft-breaking Higgs mass parameters M2

Hu
, M2

Hd

against µ2 to achieve a number ⇠ M2
Z . Nevertheless, if such a fine-tuning

in the electroweak sector is accepted, these scenarios are theoretical fully
consistent and viable.
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BP1 BP2 BP3 BP4

µ [GeV] 8100 8100 7450 7050

tan� ⇠ 7.42 7.43 7.12 6.9

Mh [GeV] ⇠ 0.975 9.8 60.2 75.5

MH [GeV] 123.9 124.0 123.5 122.8

MA [GeV] 119.5 119.6 125.2 127.8

BR(H ! hh) 0.7% 0.5% 4.9% -

BR(A ! Zh) 41.2% 36.6% 3.6% 0.6%

BR(H+ ! ⌧+⌫⌧ ) 4.0% 4.1% 16.5% 75.3%

BR(H+ ! W+h) 96.0% 95.9% 83.3% 23.6%

�2
HS/Nobs 76.4/85 77.4/85 82.0/85 79.8/85

TABLE II. The four selected benchmark points (BP1-4): values for the input parameters µ and tan�, the neutral Higgs boson mass spectrum,
selected Higgs boson decay rates, and the HiggsSignals chi-squared value, �2

HS, from the Higgs signal rates over the number of signal
rate observables, Nobs. Parameter values not listed are specified in Tab. I. For all models M1 is a free parameter that we vary between 0 and
⇠ 70 GeV in what follows.

III. DARK MATTER PHENOMENOLOGY

In this section we explore the light dark matter phe-
nomenology associated with the benchmark points specified
above. We vary the single free MSSM parameter of rele-
vance to define the properties of the lightest neutralino as a
dark matter candidate, the soft-supersymmetry breaking bino
mass, M1. Because the wino and Higgsino mass parameters,
M2 and µ, respectively, are chosen to be much larger (see
Tabs. I and II), this is in practice equivalent, up to small cor-
rections, to varying the lightest neutralino mass, m�̃0

1
. All

quantities related to dark matter have been calculated using
the most recent available version (4.3) of the micrOMEGAs
code [83–85]. We fix the target neutralino thermal relic abun-
dance using the Planck results [38] on the cold dark matter
abundance, as inferred from combined cosmological observa-
tions,

⌦DMh2 = 0.1184 ± 0.0012. (1)

As far as indirect dark matter detection is concerned, we
calculate the thermally averaged pair-annihilation cross sec-
tion times relative velocity at zero temperature, h�vi0, as a
function of the dark matter particle mass, and we consider
Cosmic Microwave Background (CMB) limits on ionization
from particles injected through dark matter pair-annihilation
in the “dark ages” [76]. Using the results of Ref. [38],
Ref. [76] finds the limit

fe↵
h�vi0
m�̃0

1

< 4.1 ⇥ 10�28 cm3s�1GeV�1,

where for the final states relevant in the MSSM the effective
“efficiency factor” is here fe↵ ' 0.2. We also consider lim-
its from the non-observation of gamma radiation from local
dwarf spheroidal galaxies with the Fermi Large Area
Telescope (LAT) [77], assuming a b̄b or ⌧+⌧� pair-
annihilation final state.

Fig. 2 presents our key findings on the dark matter phe-
nomenology. We show three dark matter-related quantities as

a function of the lightest neutralino mass, m�̃0
1
, for the four

benchmark points detailed upon in Table II (the color coding
is indicated at the top of the figure). We select three relevant
intervals in the lightest neutralino mass to illustrate the salient
features. Stars along the slopes for each benchmark scenario
indicate neutralino mass values with the correct thermal relic
dark matter abundance, Eq. (1). The white (dark) stars corre-
spond to points which are allowed (excluded) by indirect and
(or) direct DM searches.

The top panel of Fig. 2 shows the thermal relic neutralino
density, ⌦h2, assuming a standard cosmological history. The
horizontal line shows the Planck determination for the cold
dark matter abundance, Eq. (1), and its 2� (barely visible)
range. All four benchmark models exhibit a similar pattern in
their thermal relic density, which is easily understood:

1. A first dramatic dip in ⌦h2, driven by resonant annihi-
lation mediated by the light CP-even Higgs boson h, at
m�̃0

1
' Mh/2;

2. A second drop in ⌦h2, corresponding to the hh annihi-
lation final state becoming kinematically accessible, at
m�̃0

1
& Mh;

3. A fourth and final drop in ⌦h2 associated with resonant
pair-annihilation through the pseudoscalar Higgs A.

For BP1, BP2 and BP3, the first dip in ⌦h2, corresponding to
resonant s-channel annihilation via the light CP-even Higgs
boson h, gives rise to two values of m�̃0

1
, slightly above and

below the resonance at Mh/2, where the observed ⌦h2 is pro-
duced. In BP3 these two values are essentially degenerate.
Notice that in the m�̃0

1
. Mh/2 case, since the center-of-mass

energy squared at a finite temperature T is approximately

s ' 4m2
�̃0

1
+ 6m�̃0

1
T, (2)

the h exchange is on-shell for a mass splitting between the
lightest neutralino and half the h mass of order the freeze-
out temperature, which, in turn, is of the order of Tf.o. '

Tim Stefaniak (SCIPP, UCSC) MSSM Higgs interpretations Higgs Couplings 2016 9 / 9



Light dark matter in the heavy Higgs interpretation2

U(1)Y and neutral SU(2)L gauge bosons — the bino, B̃, and
wino, W̃ , respectively — and the two neutral Higgs superpart-
ners, the so-called Higgsinos, h̃1,2. However, in the limit of
alignment without decoupling, the Higgsino components are
very small because µ needs to be large2.

Several possibilities exist within the MSSM for the light-
est neutralino to be a viable thermal relic with an abundance
matching the inferred DM abundance from cosmological ob-
servations [38], including e.g. coannihilation with sfermions,
or a well-tempered mixture of its wino and bino components
(see e.g. Ref. [39]). These mechanisms are generally also
possible in the alignment without decoupling scenario. Here,
however, we focus on the possibility that supersymmetric dark
matter is light, i.e. with mass well below 100 GeV, and is re-
alized via mechanisms that can only arise in the limit of align-
ment without decoupling. Indeed, we show that in the case
of a SM-like heavy CP-even Higgs boson, a window for very
light (even sub-GeV) supersymmetric dark matter is possible.

There are various reasons that motivate exploring this possi-
bility. One is the current interest on light dark matter searches
with direct detection experiments (see e.g. Ref. [40]); another
is that a rather interesting collider phenomenology may arise
due to the interplay of a new light stable neutral particle and
light non-SM Higgs bosons. Finally, a light Higgs boson that
mediates DM annihilation pushes the boundaries of how light
the cold thermal neutralino relic can be. Traditionally, the
lower neutralino mass limit is associated with Lee-Weinberg
type limits [41] at around (5 � 10) GeV because of the lack
of a light mediator in the MSSM (see e.g. Ref. [42]).

In the remainder of this work we will focus on the case
where the heavier of the two CP-even Higgs bosons imper-
sonates the SM-like Higgs particle observed at the LHC. This
rather unusual setup can be achieved only in a parameter re-
gion subject to various experimental constraints [20]. We re-
visit here the constraints arising from Higgs boson searches at
LEP and LHC, and comment on other constraints from radia-
tive Upsilon decays which are relevant at very low masses of
the light CP-even Higgs boson. Furthermore, and going be-
yond the discussion in Ref. [20], we demonstrate numerically
that the decay H ! hh vanishes in the limit of alignment
without decoupling, while the decay A ! Zh is unsuppressed
and provides an interesting new collider signature.

We then select four benchmark points that are compatible
with all collider constraints in order to illustrate that the light-
est neutralino can yield the correct thermal relic density either
via resonant s-channel light Higgs or pseudo-scalar Higgs ex-
change, for neutralino masses around half the Higgs mass, or
via annihilation to a final state consisting of a pair of light
Higgs, for comparable neutralino and light Higgs masses.

The outline of this paper is as follows: Section II de-
scribes our choice for the MSSM parameters that give rise
to the limit of alignment without decoupling with the heavy
CP-even Higgs boson as the observed SM-like Higgs state
at 125 GeV. We give details on the Higgs phenomenology

2 Barring the possibility of extremely large lightest neutralino masses [37].

Parameter Value

MH± 155 GeV

MQ̃1,2
, Mũ1,2 , Md̃1,2

2 TeV

MQ̃3
, Mũ3 , Md̃3

1 TeV

ML̃1,2
, MẼ1,2

250 GeV

ML̃3
, MẼ3

500 GeV

At, Ab, A⌧ �100 GeV

M1 63 GeV

M2 300 GeV

M3 2 TeV

TABLE I. Choice of the relevant SUSY parameters for the (µ, tan�)
plane shown in Fig. 1 which represents the heavy Higgs interpreta-
tion. All parameters are defined in the on-shell (OS) renormalization
scheme. See text for the parameter definitions.

and experimental constraints in this scenario, and select four
illustrative benchmark points. Section III focuses on the phe-
nomenology of the lightest neutralino as a thermal relic dark
matter candidate, illustrates the mechanisms for efficient dark
matter annihilation, and discusses the implications for direct
and indirect dark matter searches. We present a final discus-
sion of our results and our conclusions in Section IV.

II. HIGGS PHENOMENOLOGY AND BENCHMARKS

In this section we discuss the parameter choices that lead
to the limit of alignment without decoupling with the heavy
CP-even Higgs boson playing the role of the 125 GeV scalar
particle observed at the LHC, and the associated phenomenol-
ogy of the Higgs sector. At the end of this section we select
four representative benchmark points that will be employed in
Section III to illustrate the dark matter phenomenology of this
scenario.

Fig. 1 illustrates a typical region in the (µ,tan�) parameter
plane where the heavy Higgs interpretation can be success-
fully realized (inspired by the benchmark scenarios presented
in Ref. [20]).3 Our choice for the remaining SUSY parame-
ters relevant for this scenario is given in Tab. I (notice that all
parameters are defined in the on-shell (OS) renormalization
scheme). At, Ab and A⌧ are the soft-breaking trilinear scalar
couplings for the top, bottom and tau sector, MQ̃i

, [Mũi
and

Md̃i
] (i = 1, 2, 3) are the soft-breaking mass parameters for

the left-handed [right-handed] ith generation [up- and down-
type] scalar quarks (squarks), and M1, M2 and M3 are the

3 The heavy Higgs interpretation can only appear at very large µ values in the
MSSM, which exacerbates the “little hierarchy problem” [43], i.e. the fine-
tuning of the squared soft-breaking Higgs mass parameters M2

Hu
, M2

Hd

against µ2 to achieve a number ⇠ M2
Z . Nevertheless, if such a fine-tuning

in the electroweak sector is accepted, these scenarios are theoretical fully
consistent and viable.
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