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ATLAS and CMS Combination
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Figure 11: Best-fit results for the production signal strengths for the combination of ATLAS and CMS. Also shown
for completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The measurements of the global signal strength µ are also shown.

28

Direct Measurement of Bottom and Top Couplings subject to 
large uncertainties :  2σ deviations from SM predictions possible

Low bottom coupling has a major impact on the fit to the rest of the couplings.

Assuming 
no strict

correlation
 between
gluon and 

top 
couplings

Very good agreement of production rates with SM predictions
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Bottom Coupling Suppression ?

VH(!bb) 
•  Analysis strategy: utilize leptonic decays of Z/W events  

–  Multivariate techniques necessary to achieve good S/B 
–  Dominant backgrounds, depend on channel: Z+b, tt 
–  Most discrimination from mbb and ΔR(b1,b2) 

•  Systematic and statistical uncertainties of the same size 

ATLAS-CONF-2016-091 

Florencia Canelli - University of Zurich 26 

µ = 0.21−0.50
+0.51

  W(Z)Z(!bb) 

Observed µ 0.91±0.17(stat)
+0.32

-0.27(syst) 

Significance 3.0σ (expected 3.2σ) 

  Significance  
(expected)  

ATLAS (13 TeV) 0.4σ (1.94σ) 

ATLAS+CMS (8 TeV) 2.6σ (3.7σ) 

Tevatron 2.8σ  

ATLAS-CONF-2016-091

The tendency still persists in recent data,

It is important to stress that a suppression of the bottom
coupling would affect all Higgs BRs in a relevant way.  Persistence of

signal strengths would demand suppression of gluon fusion rate



Away from Alignment :   Modifying the top and bottom couplings 
in two Higgs Doublet Models

• The combination of Run I data has shown deviations of the third generation 
couplings to fermions.   

• The enhancement on the top coupling is somewhat weaker in the 13 TeV data, 
although question is still open.  Suppression of the bottom coupling still strong. 

• Suppressing the bottom coupling is simple in type II 2HDM, and the top-quark 
coupling is modified as well in an opposite direction 

• This tendency is in agreement with the one present in the current data  

M. Badziak and C.W. ‘1602.06198
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What is the problem in 2HDM ?

Suppression of the gluon fusion rate ?

Would expect top rate to be suppressed as well !

Additional contributions necessary to suppress the
ggh coupling, as reflected in the best fit.

Same Coupling



The Gluon Fusion Rate

• Suppression of the bottom coupling would demand some suppression of 
the gluon-Higgs coupling.  

• Problem is even more severe when the top coupling is enhanced, since 
we have to compensate for this potential source of ggh enhancement 

• However, the gluon fusion cross section could also be modified in the 
presence of extra color particles.  For instance, for scalar tops,  

• Can be done, but demands large mixing/light stops. Can be done in 
minimal composite models, but only for suppressed top couplings

M. Badziak and C.W. ‘1602.06198, 1611.03253 
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Generic predictions of such strong modification of 
couplings within an extension of the SM 

• Light charged and neutral scalars, decaying in standard as well as 
non-standard channels (flavor physics constraints may be avoided)

• Relatively light color states, contributing to gluon fusion

• Modification of all SM Higgs branching ratios in a correlated way

• In many cases, light electroweak particles to allow the new color 
particles to decay

• All these are being looked for by the LHC, but will be tested at 
higher luminosities !



t = sin(� � ↵) + cot� cos(� � ↵)

b = sin(� � ↵)� tan� cos(� � ↵)

V = sin(� � ↵) ' 1

h = � sin↵H0
d + cos↵H0

u

H = cos↵H0
d + sin↵H0

u

tan� =
vu
vd

Coupling of the Higgs to vector bosons and quarks within 
type II Higgs doublet models.

cos(� � ↵) = 0

If the condition                                is fulfilled, then the properties of the
Higgs are the same as the SM ones. We denote this situation alignment.
Namely, the mixing should vanish if we perform a β rotation  



From here, one can minimize the effective potential and
     derive the expression for the CP-even Higgs mass matrix
   in terms of a reference mass, that we will take to be mA

Carena, Low, Shah, C.W. ’13,  Carena, Haber, Low, Shah, C.W.’14

IV. ALIGNMENT IN GENERAL 2HDM

In what follows we solve for the alignment conditions (C1) and (C2), assuming all the

scalar couplings are independent of t�. This is not true in general, as radiative corrections

to the scalar potential often introduce a t� dependence in the quartic couplings that are

not present at the tree-level. However, this assumption allows us to analyze the solutions

analytically and obtain the necessary intuition to understand more complicated situations.

When all the quartics are independent of t�, the conditions (C1) and (C2) may be re-

written as cubic equations in t�, with coe�cients that depend on mh and the quartic cou-

plings in the scalar potential,

(C1) : (m2
h � �1v

2) + (m2
h � �̃3v

2)t2� = v2(3�6t� + �7t
3
�) , (51)

(C2) : (m2
h � �2v

2) + (m2
h � �̃3v

2)t�2
� = v2(3�7t

�1
� + �6t

�3
� ) . (52)

Alignment without decoupling occurs only if there is (at least) a common physical solution

for t� between the two cubic equations.4 From this perspective it may appear that alignment

without decoupling is a rare and fine-tuned phenomenon. However, as we will show below,

there are situations where a common physical solution would exist between (C1) and (C2)

without fine-tuning.

Regarding the coupling of the heaviest CP-even Higgs to the lightest one, it is now easy

to see from Eqs. (51) and (52) that each term inside the square brackets in Eq. (37) tends

to m2
h(1 + t2�)/v

2 in the alignment limit, and hence, as stated in Ref. [7], gHhh vanishes.

A. Alignment for Vanishing Values of �6,7

It is useful to consider solutions to the alignment conditions (C1) and (C2) when �6 =

�7 = 0 and �1 = �2, which can be enforced by the symmetries �1 ! ��2 and �1 ! �2.

Then (C1) and (C2) collapse into quadratic equations:

(C1) ! (m2
h � �1v

2) + (m2
h � �̃3v

2)t2� = 0 , (53)

(C2) ! (m2
h � �̃3v

2) + (m2
h � �1v

2)t2� = 0 . (54)

4 Since t
�

> 0 in our convention, a physical solution means a real positive root of the cubic equation.
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MSSM :
Large  Supersymmetry
breaking trilinear mass parameters 
and large tanβ necessary ! 
(not possible at “maximal mixing”)

�1 = ��̃3 =
M2

Z

v2

�2 = �1 + �t

�7 ' � 3h4
tAtµ

16⇡2M2
S

✓
1� A2

t

6M2
S

◆

possible implications for well motivated models containing two Higgs doublets. In particular,

we consider the MSSM as well as its generalization to the next-to-minimal supersymmetric

standard model (NMSSM), where an extra singlet is added. Along the way, we analyze

the extent to which precision measurements of Higgs-fermion couplings could be useful in

probing regions of parameters that are di�cult to access through direct non-standard Higgs

boson searches.

This article is organized as follows. In the next section we define the notation and briefly

review the scalar potential and the Higgs couplings in general, renormalizable 2HDMs. In

Section III we derive the alignment condition in the decoupling regime in terms of the eigen-

vectors of the CP-even Higgs mass matrix, which provides a simple analytical understanding

of alignment. We then write down the general conditions for alignment without decoupling.

In Section IV we study the alignment limit in general 2HDMs and provide new perspectives

on previous works. Detailed studies on the parameter space of the MSSM and beyond are

presented in Section V, which is followed by the conclusion in Section VI.

II. OVERVIEW OF 2HDM

A. Scalar Potential

We follow the notation in Ref. [10] for the scalar potential of the most general two-Higgs-

doublet extension of the SM:

V = m2
11�

†
1�1 +m2

22�
†
2�2 �m2

12(�
†
1�2 + h.c.) +

1

2
�1(�

†
1�1)

2 +
1

2
�2(�

†
2�2)

2

+�3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1)

+

⇢

1

2
�5(�

†
1�2)

2 + [�6(�
†
1�1) + �7(�

†
2�2)]�

†
1�2 + h.c.

�

, (2)

where

�i =

0

@

�+
i

1p
2
(�0

i + ia0i )

1

A . (3)

We will assume CP conservation and that the minimum of the potential is at

h�ii = 1p
2

0

@

0

vi

1

A , (4)
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Alignment in general two Higgs Doublet Models
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Higgs Decay into Gauge Bosons
Mostly determined by the change of width

CP-odd Higgs masses of order 200 GeV and tanβ = 10 OK in the alignment case

Small μ µ/MSUSY = 2, At/MSUSY ' 3

M. Carena, I. Low, N. Shah, C.W.’13
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Tuesday, November 19, 2013
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A full picture for EW symmetry breaking?
                                     

CMS-HIG-12-033

ATLAS-HIGG-2013-31

Neutral
Higgs 
bosons

Charged
Higgs 
bosons

14/30                                                                                                                                                              S.Gori
ATLAS-HIGG-2013-30

Non-Standard Higgs Searches
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Limits coming from measurements of h couplings

become weaker for larger values of µ

Limits coming from direct searches of H,A ! ⌧⌧
become stronger for larger values of µ

Bounds on mA are therefore dependent on the scenario

and at present become weaker for larger µ

With a modest improvement of direct search limit one would
be able to close the wedge, below top pair decay threshold 



Alignment in the Higgs Basis

� = cos�Hd + sin�Hu

H = sin�Hd � cos�Hu

In the Higgs basis,

The existence of a neutral scalar mass-eigenstate with the properties of the SM Higgs boson

is equivalent to demanding that cβ−α = 0.

The scalar potential in the Higgs basis is given by,

V ⊃ . . .+ 1

2
Z1(H

†
1H1)

2 + . . .+
[
Z5(H

†
1H2)

2 + Z6(H
†
1H1)H

†
1H2 + h.c.

]
+ . . . , (23)

where [10, 19]

Z1 ≡ λ1c
4
β + λ2s

4
β +

1

2
(λ3 + λ4 + λ5)s

2
2β + 2s2β

[
c2βλ6 + s2βλ7

]
, (24)

Z5 ≡ 1

4
s22β
[
λ1 + λ2 − 2(λ3 + λ4 + λ5)

]
+ λ5 − s2βc2β(λ6 − λ7) , (25)

Z6 ≡ −1

2
s2β
[
λ1c

2
β − λ2s

2
β − (λ3 + λ4 + λ5)c2β

]
+ cβc3βλ6 + sβs3βλ7 , (26)

and the shorthand notation, s2β ≡ sin 2β, c2β ≡ cos 2β, etc., has been employed.

It is straightforward to compute the CP-even Higgs squared-mass matrix in the Higgs

basis,

M2
H =

⎛

⎝Z1v2 Z6v2

Z6v2 m2
A + Z5v2

⎞

⎠ . (27)

The significance of Z1 and Z6 can now be immediately discerned. The upper diagonal element

of the squared-mass matrix in the Higgs basis, M2
H11 = Z1v2, implies that m2

h ≤ Z1v2,

whereas the off-diagonal element, M2
H12 = Z6v2, governs the mixing between the Higgs

basis fields H0
1 and H0

2 . The presence of this mixing yields a non-alignment of the mass

eigenstates, h and H , from the neutral Higgs basis states, H0
1 and H0

2 . Moreover, if |Z6| ≪ 1,

then the mass eigenstate approximately aligned with Re (H0
1 ) behaves like the SM Higgs

boson. Alternatively, if m2
A ≫ Ziv2 (i = 1, 5, 6), then Z1 and Z6 can be treated as small

perturbations in the diagonalization of the CP-even Higgs squared-mass matrix, h is again

SM-like, since it is approximately aligned with Re (H0
1 ).

The mixing angle in the Higgs basis can be obtained simply by using the relations written

down for the original basis of the scalar fields. Translating our previous results into the Higgs

basis by taking α → α− β, M2
11 → Z1v2 and M2

12 → Z6v2, Eq. (14) implies that

|Z6|v2 =
√
(Z1v2 −m2

h)(m
2
H − Z1v2) , (28)

and Eq. (18) yields,

cβ−α =

√
Z1v2 −m2

h

m2
H −m2

h

, sβ−α = −sgn(Z6)

√
m2

H − Z1v2

m2
H −m2

h

, (29)

8

in a convention where |β − α| ≤ 1

2
π. Actually, it is somewhat more convenient to adopt a

different sign convention in which sβ−α is non-negative and the sign of cβ−α is fixed by Z6,

since in this convention the sign of the hV V coupling is the same as in the SM [cf. Eq. (20)].

In particular, if we assume that 0 ≤ β − α ≤ π, then we can use Eqs. (28) and (29) rewrite

cβ−α in the more useful form,

cβ−α =
−Z6v2√

(m2
H −m2

h)(m
2
H − Z1v2)

. (30)

Tree-level unitarity (or perturbativity) constraints yield upper limits on the quartic scalar

coupling parameters that are roughly of the form λi/(4π) <∼ 1, with similar limits applying

to Z1 and Z6. In light of these constraints, there are two ways to achieve |cβ−α| ≪ 1,

corresponding to alignment and hence to a SM-like h.

First, if m2
H ≫ m2

h, Z1v2, Z6v2, then it follows that

cβ−α ∼ O
(
Z6v2

m2
H

)
, Z1v

2 −m2
h ∼ O

(
Z2

6v
4

m2
H

)
. (31)

This is the well-known decoupling limit [10], in which alignment is achieved when mH , mA,

mH± ≫ mh. Integrating out the heavy scalars yields an effective theory with one CP-even

scalar, h, with SM couplings.

In contrast, suppose that |Z6| ≪ 1. This is the only case that can result in exact alignment

(corresponding to Z6 = 0), and we will henceforth refer to this case as the alignment limit,

which exists independently of the decoupling limit. Indeed, Eqs. (28) and (30) imply that

if |Z6| ≪ 1 and m2
h ≃ Z1v2 then,

cβ−α ∼ O(Z6) , Z1v
2 −m2

h ∼ O(Z2
6v

2) , (32)

in which case h is SM-like.3 Note that the alignment limit can be achieved even in a case

where mH ∼ O(v).

To make contact with the results of Ref. [14], one can compute cβ−α = (cβcα + sβsα)

using Eqs. (14) and (18). Additional simplification can be implemented by noting that

M2
11 +M2

22 = ∆ + 2m2
h, which allows us to remove ∆ in favor of m2

h. The end result is

cβ−α =
(M2

11 −m2
h)cβ +M2

12sβ√
(m2

H −m2
h)(M2

11 −m2
h)

. (33)

3 If |Z6| ≪ 1 and mH ≃ Z1v2, then sβ−α ≪ 1, and we would identify the SM-like Higgs boson with H .

This possibility cannot be completely ruled out for a general 2HDM but is very unlikely in the MSSM

Higgs sector.

9

The Mass Matrix reads

And the condition of alignment simply relates to the cancellation of the off-diagonal term of this matrix

The existence of a neutral scalar mass-eigenstate with the properties of the SM Higgs boson

is equivalent to demanding that cβ−α = 0.

The scalar potential in the Higgs basis is given by,

V ⊃ . . .+ 1

2
Z1(H

†
1H1)

2 + . . .+
[
Z5(H

†
1H2)

2 + Z6(H
†
1H1)H

†
1H2 + h.c.

]
+ . . . , (23)

where [10, 19]

Z1 ≡ λ1c
4
β + λ2s

4
β +

1

2
(λ3 + λ4 + λ5)s

2
2β + 2s2β

[
c2βλ6 + s2βλ7

]
, (24)

Z5 ≡ 1

4
s22β
[
λ1 + λ2 − 2(λ3 + λ4 + λ5)

]
+ λ5 − s2βc2β(λ6 − λ7) , (25)

Z6 ≡ −1

2
s2β
[
λ1c

2
β − λ2s

2
β − (λ3 + λ4 + λ5)c2β

]
+ cβc3βλ6 + sβs3βλ7 , (26)

and the shorthand notation, s2β ≡ sin 2β, c2β ≡ cos 2β, etc., has been employed.

It is straightforward to compute the CP-even Higgs squared-mass matrix in the Higgs

basis,

M2
H =

⎛

⎝Z1v2 Z6v2

Z6v2 m2
A + Z5v2

⎞

⎠ . (27)

The significance of Z1 and Z6 can now be immediately discerned. The upper diagonal element

of the squared-mass matrix in the Higgs basis, M2
H11 = Z1v2, implies that m2

h ≤ Z1v2,

whereas the off-diagonal element, M2
H12 = Z6v2, governs the mixing between the Higgs

basis fields H0
1 and H0

2 . The presence of this mixing yields a non-alignment of the mass

eigenstates, h and H , from the neutral Higgs basis states, H0
1 and H0

2 . Moreover, if |Z6| ≪ 1,

then the mass eigenstate approximately aligned with Re (H0
1 ) behaves like the SM Higgs

boson. Alternatively, if m2
A ≫ Ziv2 (i = 1, 5, 6), then Z1 and Z6 can be treated as small

perturbations in the diagonalization of the CP-even Higgs squared-mass matrix, h is again

SM-like, since it is approximately aligned with Re (H0
1 ).

The mixing angle in the Higgs basis can be obtained simply by using the relations written

down for the original basis of the scalar fields. Translating our previous results into the Higgs

basis by taking α → α− β, M2
11 → Z1v2 and M2

12 → Z6v2, Eq. (14) implies that

|Z6|v2 =
√
(Z1v2 −m2

h)(m
2
H − Z1v2) , (28)

and Eq. (18) yields,

cβ−α =

√
Z1v2 −m2

h

m2
H −m2

h

, sβ−α = −sgn(Z6)

√
m2

H − Z1v2

m2
H −m2

h

, (29)

8
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Naturalness and Alignment in the (N)MSSM

• It is well known that in the NMSSM there are new contributions to the lightest 
CP-even Higgs mass,

• It is perhaps less known that it leads to sizable corrections to the mixing between 
the MSSM like CP-even states. In the Higgs basis,  (correction to                   )

• The values of lambda end up in a very narrow range, between 0.65 and 0.7 for all 
values of tan(beta), that are the values that lead to naturalness with perturbativity 
up to the GUT scale

W = �SHuHd +


3
S3

m2
h ' �2 v

2

2

sin

2
2� +M2

Z cos

2
2� +�t̃

�2
=

m2
h �M2

Z cos 2�

v2 sin2 �

Carena, Haber, Low, Shah, C.W.’15 

M2
S(1, 2) '

1

tan�

�
m2

h �M2
Z cos 2� � �2v2 sin2 � + �t̃

�

see also Kang, Li, Li,Liu, Shu’13,   Agashe,Cui,Franceschini’13

��4 = �2



Stop Contribution at alignment

For moderate mixing, It is clear that low values of  
lead to lower corrections to the Higgs mass parameter at the alignment values

�t̃ = � cos 2�(m2
h �M2

Z)

tan� < 3

Interesting, after some simple algebra, one can show that

Carena, Haber, Low, Shah, C.W.’15
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FIG. 2: Left panel : The blue shaded band displays the values of � as a function of tan�, necessary

for alignment for mh = 125± 3 GeV. Also shown in the figure as a green band are values of � that

lead to a tree-level Higgs mass of 125 ± 3 GeV. Right panel : Values of MS necessary to obtain a

125 GeV mass for values of � fixed by the alignment condition and stop mixing parameter Xt = 0

and Xt = MS. The dominant two-loop corrections are included.

Since |µ|2 is the diagonal Higgs squared-mass parameter at tree-level in the absence of

supersymmetry breaking, it is necessary to demand that |µ| ⌧ MS. Furthermore, the SM-

like Higgs mass in the limit of small mixing is approximately given by M2

11

[cf. Eq. (48)].

The one-loop radiative stop corrections to M2

12

exhibited in Eq. (50) that are not absorbed

in the definition of M2

11

are suppressed by µ/MS (in addition to the usual loop suppression

factor), as shown in Eq. (53), and thus can be neglected (assuming tan� is not too large)

in obtaining the condition of alignment. Hence, satisfying Eq. (53) fixes �, denoted by �alt,

as a function of mh, mZ and tan �,

(�alt)2 =
m2

h �m2

Zc2�
v2s2�

. (55)

The above condition may only be fulfilled in a very narrow band of values of � = 0.6 – 0.7

over the tan � range of interest. This is clearly shown in Fig. 2, where the blue band exhibits

16



Alignment in the NMSSM (heavy or Aligned singlets)(i) (ii)
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FIG. 8: Blue shaded region denotes current LHC limits. The ratio of the Higgs coupling to down-

type quarks to the SM limit is shown by the red dashed contours for various values of �.
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It is clear from these plots that
the NMSSM does an amazing 
job in aligning the  MSSM-like 

CP-even sector, provided          
is  about 0.65
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Aligning the CP-even Singlets

• The mixing mass matrix element between the singlets and the SM-like Higgs is 
approximately given by

• If one assumes                and lambda of order 0.65, and in addition one asks for 
kappa in the perturbative regime,,  the CP-odd Higgs is correlated in mass with 
the parameter    

• Since both of them small is a measure of naturalness, we see again that 
alignment and naturalness come together in a beautiful way in the NMSSM

• Moreover, this ensures also that all parameters are small and the CP-even and 
CP-odd singlets (and singlino) become self consistently light

M2
S(1, 3) ' 2�vµ

✓
1� m2

A sin2 2�

4µ2
�  sin 2�

2�

◆

tan� < 3
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Perturbative values of kappa
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Values of the Singlet, Higgsino and Singlino Masses

In this limit, the singlino mass is equal to the Higgsino mass. 

 So,  the  whole Higgs and Higgsino spectrum remains light, as anticipated

mS̃ = 2µ


�

Carena, Haber, Low, Shah, C.W.’15
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FIG. 4: Values of the singlet CP-even Higgs mass mhS for tan� = 2 (left panel) and tan� = 3 (right

panel) in the plane of mA vs. mAS , imposing a SM-like Higgs boson with a mass of 125 GeV (with

� and µ satisfying the alignment conditions and  = 1

2

�).

parameters, the value of A is restricted by the requirement of non-negative m2

hS
and m2

AS
.

In particular, due to the anti-correlation in the behavior of m2

hS
and m2

AS
with A, the

maximal possible value, (m2

hS
)
max

, is achieved when m2

AS
= 0. Likewise, the maximal value,

(m2

AS
)
max

, is achieved when m2

hS
= 0. Using Eqs. (72) and (73) to eliminate A, and making

use of Eq. (57) in the alignment limit to eliminate µ2,

m2

AS
+ 3m2

hS
' 3M2

As
2

2�

1� 1

2

s
2�/�



2

�2

+
�2v2

2M2

A

✓

1� 2

�2

◆�

. (74)

In the parameter region of interest,   1

2

� and s
2� is near 1. Close to the alignment

limit (where � ' 0.65), we have noted above that m2

A ' M2

A � 1

2

�2v2, in which case

(m2

hS
)
max

<⇠
1

3

m2

A and (m2

AS
)
max

<⇠ m2

A. In the left and right panels of Fig. 4, we display the

contours of the singlet-like CP-even Higgs mass in the mA–mAS plane for  ' 1

2

�alt and for

tan � = 2 and tan � = 3, respectively. Whereas mAS may become of order mA for low values

of tan � (i.e. for s
2� ' 1), the singlet CP-even Higgs mass remains below 1

2

mA over most of

the parameter space, in agreement with Eq. (74).
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FIG. 3: Left panel : Values of MA leading to a cancellation of the mixing of the singlet with the

SM-like Higgs boson in the Higgs basis, shown in the |µ|–tan� plane. The values of � were fixed

so that the alignment condition among the doublet components is fulfilled. Values of  = 1

2

� close

to the edge of the perturbativity consistency region were selected. Right Panel: Maximum values of

 consistent with perturbativity as a function of tan� for � = 0.65.

the following condition:
M2

As
2

2�

4µ2

+
s

2�

2�
= 1 . (57)

We shall take � ' 0.65, as required by the alignment condition given in Eq. (55), and

  1

2

�, where the latter is a consequence of the perturbative consistency of the theory up

to the Planck scale, as shown in the right panel of Fig. 3. It follows that in order to satisfy

Eq. (57) the mass parameter MA must be approximately correlated with the parameter µ,

MA ⇠ 2|µ|
s
2�

. (58)

In the parameter regime where 100 <⇠ |µ| <⇠ 300 GeV (so that no tree-level fine tuning is

necessary to achieve electroweak symmetry breaking) and 1 <⇠ tan � <⇠ 3, we see that MA is

somewhat larger than |µ|. This is shown in the left panel of Fig. 3, in which the values of

MA leading to the cancellation of the mixing with the singlet CP-even Higgs state is shown
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Decays into pairs of SM-like Higgs bosons           
suppressed by alignment

Carena, Haber, Low, Shah, C.W.’15

Crosses : H1 singlet like
Asterix : H2 singlet like
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FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

lighter CP-even Higgs bosons, H ! hhS (left panel) and into the lightest CP-odd Higgs boson and

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

lighter CP-even Higgs bosons, H ! hhS (left panel) and into the lightest CP-odd Higgs boson and

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 13: Branching ratio of the decay of the heaviest CP-odd Higgs boson into a Z and the lightest

CP-even Higgs bosons, h (left panel) and hS (right panel). Blue, red and yellow represent values

of tan� = 2, 2.5 and 3, respectively.

tency up to the Planck scale (see Fig. 2), implying that the decays

H,A ! �0,±
i �0,⌥

j (83)

are likely to have sizable rates in the region of parameters under consideration.

Fig. 14 illustrates that the heavy Higgs bosons H and A have sizable decay branching

ratios into charginos and neutralinos. These branching ratios become more prominent for

larger values of tan� and for masses below 350 GeV where the decays into top quarks are

suppressed.

For completeness, we present the branching ratio of the heaviest CP-even and CP-odd

Higgs bosons into top quarks in Fig. 15. As expected, this branching ratio tends to be

significant for masses larger than 350 GeV and becomes particularly important at low values

of tan �, for which the couplings of the heaviest non-SM-like Higgs bosons to the top quark

are enhanced. In spite of being close to the alignment limit, this branching ratio is always

significantly lower than 1, due to the decays of the Higgs bosons to final states consisting of

the lighter Higgs bosons and chargino and/or neutralino pairs, as noted above.
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Decays into top significant but may be somewhat suppressed 
by decays into non-standard particles

Carena, Haber, Low, Shah, C.W.’15
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FIG. 15: Branching ratio of the decay of the heaviest CP-even Higgs boson (left panel) and the

heaviest CP-odd Higgs boson (right panel) into pairs of top quarks. Blue, red and yellow represent

values of tan� = 2, 2.5 and 3, respectively.

for masses below 130 GeV, while the WW and eventually ZZ decay branching ratios may

become dominant for masses above 130 GeV, depending on the proximity to alignment. For

mass values above about 150 GeV, decays into two CP-odd singlet-like Higgs bosons open up

for certain regions of parameter space.11 The singlet-like CP-odd Higgs boson has dominant

decay into bottom quark pairs for masses up to about 200 GeV, whereas decays into ZhS

and into neutralinos may open up for slightly heavier masses.

Based on the study of the non-SM-like Higgs boson branching ratios presented above we

will now discuss the main search channels which may lead to discovery of the additional

scalar states at the LHC. In Fig. 17 we present the 8 TeV production cross sections of the

heaviest CP-odd scalar A, decaying into a Z and a hS in the mA – mhS plane. The cross

sections presented in the left panel of Fig. 17 take into account the decay branching ratios

of Z ! `` and hS ! bb̄, since these final states provide excellent search modes at the LHC.

11 For su�ciently heavy hS and light neutralinos, the decays into neutralinos could also open, although such

a channel does not show up in the benchmarks to be discussed later.
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Search for (psudo-)scalars decaying into lighter ones 

It is relevant to perform similar analyses replacing
the Z by a SM Higgs  !



Singlet Decays

+
+
+++++ +
+
++++ +
+
+++++ +
+
++ ++
+
+

+

++
+
+

+

+

+
+ +

+

+ +

+

+ +

+

+ ++++++ ++++++++ +++++
+++ +++
++++ ++++
+++ +++++

+
+++++ +++ ++

+

+ ++++++++ +++++++
+

++
+++++ +++++ ++++++ +++++ ++

+
++

*
*
*

*

**** *

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*

**

*

*

*

**

*

*

*

*

*

*

*

*

*

*

*** **

*

*

*

**

*

*

*

**

*

*

*

*

*

*

*

*

*

*

*

*** ***

*

*

*

** *

*

*

*

**

*

*

*

**

*

*

*

**

*

*

*

*

*

*

*

*** ***

*

*

*

** **

*

*

*

***

*

*

*

**

*

*

*

**

*

*

*

**

*

*

*

*

*

*
*** ***

*

*

*

** ***

*

*

*

** **

*

*

*

***

*

*

*

***

*

*

*

**

*

*

*

**

*

*

*

*

*

*
*** ***

*

*

*

** ***

*

*

*

** **

*

*

*

** **

*

*

*

***

*

*

*

***

*

*
*

**

*

*

*

**

*

*

*

*

* *** ****** ** ***

*

*

*

** **

*

*

*

** **

*

*

*

** **

*

*
*

***

*

*
*

***

*

*
*

**

*

*

*

**

*

*

*

*

*

*
*
*
*
**
*

*

*
*

*

*
*
**

****

*

*

*

*

*

*

*

*

*

*

*

*

*
*
*

****

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

****

*

*

*

*
*

**

*

*

*

*
*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*
*

****

*

*

*

*
*

**

*

*

*

*
*

**

*

*

*

*
*

**

*

*

*

**
*

*

*

*

*

*

*

*

*

*

*

*

*

******

*

*
*

**

*

*

*

*
*

**

*

*

*

**
**

*

*

*

** **

*

*

*

**

*

*

*

*
*

*

*

*

*

*

*

*

******* ** **

*

*

*

*
*

**

*

*

*

** **

*

*

*

** **

*

*

*

** **

*

*

*

**

*

*

*

*
*

*

*

*

*

*

*

*

**

**

**

****

*

*
*
**

****

*

*

*

*

*
*

*

*

*

**

****

*

*

*

*

**

*

*

*

*
*

*

*

*

*

*

**

****

*

*

*

*

*
*

*

*

*

*
*

*

*

*

*
*

*

*

*

*

*

*

**

**** *

*

*

*

*

*

*

*
*

*

*

*

*
*

*

*

*

*
*

*

*

*

*

*

*

**

50 100 150 200 250
0.0

0.2

0.4

0.6

0.8

mhS HGeVL

BR
Hh SÆ

bb
L

(a)

+++++++ ++++ ++++ +++ +++ +++ +++ +++ ++ + ++++ ++++ ++++++ ++++ +++++ ++++ +++ ++ +++ +++++++ +++++ +++++ ++++ ++++ +++ ++++
** *

*

****
*
**
**

*

*

*

*

*

**
*

*

*

*

*

*

*

*

*

**

*

*

*

*

*

*

*

*

*

*

*
*
*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*
*
*

*

*

*
*

*

*

*

*

*
*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

***
**

*

*

*

*

*

*

*

*

*
*
*
*

**

*
*
* *

*

*
*
* *

*

*

*

*

*

*

*

*

*

*

*

*

***
**

*

*

*

*

*

*

*

**

*
*

*

**

*

*

*
*
*
*

**
*
** *

*
*
* ** *

*

*

*

*
*

*

*

*

*

*

*

*

***
**

*

*

*

*

*

*

*
*
*

*
*
*

**

*

*

*
*
*
** **

*
*
*
*

**
*
** *

*
** *
*

*

*

*
*

* *

*

*

*

*

*

*

***
**

*

*
**
*

*

*
*
*

*
*
*
**

*

*

*
*
*
**

*

*

*
*
*
**

*

*
*
*

*
***

*
** *

*
** *

*

*

*

* **
*

*

*

*

*

*

*

*
*
*
*
**
*
**
*

*

*
*
** ****

*

*

*

*

*

*
*

*

*

*

*

*

*
*
* ***
*

*

*

* *

*

*

*

*

*

*
* *

*

*

*

*

*

*

*

*

*
* ****

*

*

* *

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
* ****

*

*

* *

*

*
*

*
*

*

*

*

*

*

*
*

*

*

*

*

*

*
*

*

*

*

**

*

*

**

*

*

*

*

*

*

* *****
*
*
*

*

**

*

*

*

*

*

*

*

*
*

*

*
*

*
*

*
*

*

*

*

*

*

* *

*

*

*

*
*

*

*
*

*

*

*

*

*

*

*
*****
*
*
**
**

*
*

* *

*

*

*

*
*

*

** **

*
*

*

*
*

*
*

*
*

*

*

*

*
*
* *

*

*

*

* *

*

*

*

*

*

*

*

*

*

*

** **** ****

*

*
*
** ****

*

*

*

*
**

*

*

*

** ****

*

*

*
*

**

*

*

*

**

*

*

*

*

*

** ***
*

*
*

*
*

*
*
*

*

**
*

*

*

*
*
*

*

*

*

*

*

*

** ****
*

*

*

*
*

*

*
*
**

*

*
*
*

*

*

**
*

*

*

*

*

*

*

**
50 100 150 200 250

0.0

0.2

0.4

0.6

0.8

mhS HGeVL
BR
Hh SÆ

W
+
W
-
L

(b)

FIG. 16: Branching ratio of the lightest non-SM-like CP-even Higgs boson into bottom quarks

(left panel) and pair of W gauge bosons (right panel). Blue, red and yellow represent values of

tan� = 2, 2.5 and 3, respectively.

The CMS experiment has already performed searches for scalar resonances decaying into

a Z and lighter scalar resonance using 8 TeV data [53]. In the right panel of Fig. 17 we

have used the CMS ROOT files12 to compare the limits extracted from these searches with

the predictions of the scenario considered here.

We observe that although this mode fails at present to probe a large fraction of the

NMSSM Higgs parameter space, the current limit is close to the expected cross section for

values of mhS
<⇠ 130 GeV. Hence, A ! ZhS ! (``)(bb̄) provides a very promising channel for

non-SM-like Higgs boson searches in the next run of the LHC. It is also clear from Fig. 17

that for values of the hS mass above 130 GeV, where its decay branching ratio into bottom

quarks becomes small, the A ! ZhS search channel becomes less e�cient. However, in

this case the decay modes into weak gauge bosons may become relevant, and searches for

hS ! WW (⇤)/ZZ(⇤) may provide an excellent complementary probe.

12 These have been obtained from https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig15001TWiki.
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Figure 3: The maximum value of the spin-independent χ scattering cross section off protons,
as a function of the Higgs mass mH and for two values of mχ. We have assumed eq. (121)
at the chargino mass scale, and taken tanβ = 10. No constraints on Ωχ are used, assuming
that gravitino decay accounts for the correct value of Ωχ.

does not exceed the observed value. The requirement (Ωχh2)th < 0.129 gives

mχ <
(
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10−2

)1/2
(

28

xf

)1/2 [

g∗(Tf)

86.25

]1/4

2TeV, (107)

where c and xf are defined in eqs. (80)–(81). The value of the non-thermal Ωχ computed

in this section has to be added to the thermal result in eq. (106) and therefore it can only

lead to an upper bound on mχ which is stronger than eq. (107). Even in the case in which

the gravitino dominates the universe and dilutes the initial χ abundance, the upper bound

on mχ is tightened. Indeed, for a gravitino-dominated universe, eq. (97) applies. Then we

can interpret eq. (98) as an upper bound on mχ, as a function of m3/2. This bound becomes

less stringent as m3/2 grows, but a maximum allowed value of m3/2 is determined by the

condition T3/2 < Tf in eq. (82). For the value of m3/2 corresponding to T3/2 = Tf we find an

upper bound on mχ which coincides with eq. (107), while for other values of m3/2 the bound

is stronger. The only exception in which the neutralino mass could be much larger than the

value determined by eq. (107) occurs in the extreme case when TR is of the order of Tf [23].

5.2 Case mχ < m3/2 <∼ 105 GeV

In this m3/2 range, the anomaly-mediated contributions to soft masses are acceptable and

they can actually account for the entire values of gaugino masses, since they give [24] M1 ≃

27
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of parameters, the amplitude from light Higgs exchange and heavy Higgs exchange exactly

cancel against each other, which we call generalized blind spots, since they provide a more

general version of the ones previously discussed in the literature, that are present for very

large values of the non-standard Higgs masses.
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FIG. 1: Feynman diagram for a neutralino scattering o↵ a heavy nucleus through a CP-even Higgs

First consider a neutralino scattering o↵ a down-type quark. As stated above, the am-

plitude associated with the heavy, non-standard Higgs exchange is enhanced by tan �. At

the tree level, the down-quarks only couples to the neutral Hd component of the Higgs. The

CP-even Higgs mass eigenstates can be expressed in terms of the gauge eigenstates as

h =
1p
2
(cos↵ Hu � sin↵ Hd) (1)

H =
1p
2
(sin↵ Hd + cos↵ Hu). (2)

Therefore, the down-quark contribution to the SI amplitude is proportional to
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Given the interactions
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⇤
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p
2gW̃ aH̃ut

aH⇤
u + (u $ d) (4)

and the decomposition of a neutralino mass eigenstate

�̃ = Ni1 B̃ +Ni2 W̃ +Ni3 H̃d +Ni4 H̃u, (5)

4

of parameters, the amplitude from light Higgs exchange and heavy Higgs exchange exactly

cancel against each other, which we call generalized blind spots, since they provide a more

general version of the ones previously discussed in the literature, that are present for very

large values of the non-standard Higgs masses.

H,h

χ
0

χ

q q

0

FIG. 1: Feynman diagram for a neutralino scattering o↵ a heavy nucleus through a CP-even Higgs

First consider a neutralino scattering o↵ a down-type quark. As stated above, the am-

plitude associated with the heavy, non-standard Higgs exchange is enhanced by tan �. At

the tree level, the down-quarks only couples to the neutral Hd component of the Higgs. The

CP-even Higgs mass eigenstates can be expressed in terms of the gauge eigenstates as

h =
1p
2
(cos↵ Hu � sin↵ Hd) (1)

H =
1p
2
(sin↵ Hd + cos↵ Hu). (2)

Therefore, the down-quark contribution to the SI amplitude is proportional to

ad ⇠ md

cos �

✓� sin↵ g��h
m2

h

+
cos↵ g��H

m2
H

◆
. (3)

Given the interactions

L � �
p
2g0YHuB̃H̃uH

⇤
u �

p
2gW̃ aH̃ut

aH⇤
u + (u $ d) (4)

and the decomposition of a neutralino mass eigenstate

�̃ = Ni1 B̃ +Ni2 W̃ +Ni3 H̃d +Ni4 H̃u, (5)

4

of parameters, the amplitude from light Higgs exchange and heavy Higgs exchange exactly

cancel against each other, which we call generalized blind spots, since they provide a more

general version of the ones previously discussed in the literature, that are present for very

large values of the non-standard Higgs masses.

H,h

χ
0

χ

q q

0

FIG. 1: Feynman diagram for a neutralino scattering o↵ a heavy nucleus through a CP-even Higgs

First consider a neutralino scattering o↵ a down-type quark. As stated above, the am-

plitude associated with the heavy, non-standard Higgs exchange is enhanced by tan �. At

the tree level, the down-quarks only couples to the neutral Hd component of the Higgs. The

CP-even Higgs mass eigenstates can be expressed in terms of the gauge eigenstates as

h =
1p
2
(cos↵ Hu � sin↵ Hd) (1)

H =
1p
2
(sin↵ Hd + cos↵ Hu). (2)

Therefore, the down-quark contribution to the SI amplitude is proportional to

ad ⇠ md

cos �

✓� sin↵ g��h
m2

h

+
cos↵ g��H

m2
H

◆
. (3)

Given the interactions

L � �
p
2g0YHuB̃H̃uH

⇤
u �

p
2gW̃ aH̃ut

aH⇤
u + (u $ d) (4)

and the decomposition of a neutralino mass eigenstate

�̃ = Ni1 B̃ +Ni2 W̃ +Ni3 H̃d +Ni4 H̃u, (5)

Relevant Direct Dark Matter Detection Amplitudes

For down quarks, for example

W = huQUHu + hdQDHd + µHuHd tan� =
vu
vd

md = hd
vp
2

cos�



6

case, the amplitude becomes proportional to
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cross section can be expressed as
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where f
(p)
Tu = 0.017 ± 0.008, f (p)

Td = 0.028 ± 0.014, f (p)
Ts = 0.040 ± 0.020 and f
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TG ⇡ 0.91 are

the quark form factors [36, 37] defined as
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. Using equations (14) and (15), then the SI scattering cross section is proportional to
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TG ⇡ 0.15 and F

(p)
d = f

(p)
Td + f
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Ts + 2

27f
(p)
TG ⇡ 0.14. The first term

denotes the contribution of the lightest Higgs and its cancellation leads to the traditional

blind spot scenarios [29]. The second term is the contribution of the heavy Higgs and as

mentioned before for values of |µ|>⇠ m� and large tan � may become of the same order as

the SM-like Higgs one.

In the above, we have used the proton scattering amplitudes to define the spin indepen-

dent scattering cross section. The result remains valid after including the neutron contri-

butions, since for a neutralino scattering o↵ a neutron the form factors are f
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Tu = 0.011,
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Td = 0.0273, f (n)

Ts = 0.0447 and f
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TG =0.917 [38] and therefore F (n)

u ⇡ 0.15 and F
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same as F (p)
u and F
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Therefore, the tree-level scattering cross section due to the light and heavy CP-even Higgs

exchange cancel against each other when
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mentioned before for values of |µ|>⇠ m� and large tan � may become of the same order as
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Direct Dark Matter Detection Cross Section

Putting all together, one gets

with

One can do a similar calculation for neutrons, and the expression is very similar. Indeed, 
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for positive values of μ   (cos(2β) negative).
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which we call generalized blind spots. Taking into account the values of F (p,n)
u and F

(p,n)
d

given above, and for moderate or large values of tan �, the blind spot can be simplified as

2 (m� + µ sin 2�)
1

m2
h

' � µ tan �
1

m2
H

(20)

Similar to the case in which the heavy Higgs decouples, for intermediate values of mA the

suppression due to the blind spots only happens when µ < 0. This e↵ect was studied

before [30, 31, 33], and the suppression in DDMD was identified numerically from a scan of

the parameter space of the CMSSM. Our expressions provide an analytical understanding

of this phenomenon. We find out that indeed, as can be seen from Eqs. (18)–(20), negative

values of µ have two e↵ects on the scattering amplitudes : On one hand, they suppress

the coupling of the lightest neutralino to the lightest CP-even Higgs boson. On the other

hand, they lead to a negative interference between the light and heavy Higgs exchange

amplitudes. For su�ciently low values ofmA (large values of tan �) the heavy Higgs exchange

contribution may become dominant. On the other hand, for large values of mA the SM

contribution becomes dominant and the main contribution from exchange of a heavy Higgs

comes from the interference with the SM-like one and is only suppressed by 1/m2
A.

III. NUMERICAL STUDY

To perform a numerical study of the SI scattering cross section when all sfermions are

heavy, the relevant parameters are the Bino mass M1, the Wino mass M2, the Higgsino mass

µ, the CP odd Higgs mass mA and tan �. In the following, we will concentrate on the case

in which LSP is mostly bino-like for simplicity, but the analysis can be easily generalized

to the case in which LSP is wino-like. In the traditional blind spot scenario, at moderate

or large values of tan � the blind spot condition, m� + µ sin 2� = 0, can only be satisfied if

|µ| is very large, which makes the obtention of the right thermal relic density very di�cult.

The generalized blind spots, instead, may be obtained for smaller values of |µ|, which may

be consistent with the ones necessary to obtain a thermal DM density.

In order to analyze the parameters consistent with the generalized blind spots, we first

look at the parameter space away from the traditional blind spot, µ ⇠ �2M1. We use

ISAJET [39] to calculate the spectrum and the SI scattering cross section for di↵erent

values of tan � and mA, which agrees with MicrOMEGA 2.4.5 [38] almost perfectly. We

The cross section is greatly reduced when the parameters fulfill the 
approximate relation

which at moderate or large values of tanβ reduce to

We shall call this region of parameters the “blind spot region”

P. Huang, C.W.’15
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FIG. 2: SI scattering cross section as a function of mA for tan� = 50 (up left), tan� = 30 (up

right) and tan� = 10 (down left), µ ⇠ �2M1 and tan� = 30, µ ⇠ �4M1 (down right). The red

dots are for the µ > 0 case, and blue dots are for µ < 0 case. The green shaded area are excluded by

the CMS H,A ! ⌧⌧ searches. The orange line is the LUX limit, and the blue line is the projected

Xenon 1T limit

.

is enhanced by tan �, but since µ grows together with tan �, the down-Higgsino component

is suppressed roughly by tan �. At large mA, the cross section approaches 10�13 pb�1, which

is below the atmospheric and di↵use supernova neutrino backgrounds. There are various

contributions to this asymptotic value, including squarks, incomplete cancellation of the

couplings and loop e↵ects.

We also analyze the relic density. Considering a thermally produced neutralino DM, the

annihilation cross section is too small for Bino-like DM, which leads to DM density over

abundance, while the annihilation is too e�cient for pure wino or Higgsino-like DM, which

results in under abundance unless the LSP is heavier than 1 TeV [41, 42] or 2.7 TeV [42, 43],

Dependence of the cross section on the heavy Higgs mass 

Future
Sensitivity
(Xenon1T,
  LZ) 

Blind 
Spot 
Region

Application of the naive blind spot formula gives MA = 478 GeV
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which we call generalized blind spots. Taking into account the values of F (p,n)
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suppression due to the blind spots only happens when µ < 0. This e↵ect was studied

before [30, 31, 33], and the suppression in DDMD was identified numerically from a scan of

the parameter space of the CMSSM. Our expressions provide an analytical understanding

of this phenomenon. We find out that indeed, as can be seen from Eqs. (18)–(20), negative

values of µ have two e↵ects on the scattering amplitudes : On one hand, they suppress

the coupling of the lightest neutralino to the lightest CP-even Higgs boson. On the other

hand, they lead to a negative interference between the light and heavy Higgs exchange

amplitudes. For su�ciently low values ofmA (large values of tan �) the heavy Higgs exchange

contribution may become dominant. On the other hand, for large values of mA the SM

contribution becomes dominant and the main contribution from exchange of a heavy Higgs

comes from the interference with the SM-like one and is only suppressed by 1/m2
A.

III. NUMERICAL STUDY

To perform a numerical study of the SI scattering cross section when all sfermions are

heavy, the relevant parameters are the Bino mass M1, the Wino mass M2, the Higgsino mass

µ, the CP odd Higgs mass mA and tan �. In the following, we will concentrate on the case

in which LSP is mostly bino-like for simplicity, but the analysis can be easily generalized

to the case in which LSP is wino-like. In the traditional blind spot scenario, at moderate

or large values of tan � the blind spot condition, m� + µ sin 2� = 0, can only be satisfied if

|µ| is very large, which makes the obtention of the right thermal relic density very di�cult.

The generalized blind spots, instead, may be obtained for smaller values of |µ|, which may

be consistent with the ones necessary to obtain a thermal DM density.

In order to analyze the parameters consistent with the generalized blind spots, we first

look at the parameter space away from the traditional blind spot, µ ⇠ �2M1. We use

ISAJET [39] to calculate the spectrum and the SI scattering cross section for di↵erent

values of tan � and mA, which agrees with MicrOMEGA 2.4.5 [38] almost perfectly. We
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Figure. 2: Lower bounds on MA due to 2016 LUX bounds for µ > 0, assuming the observed relic density in the whole pa-

rameter space. The value of MA is chosen to be at the minimum value allowed by the LUX bound, and is indicated by the

color scale. In cases where the SI cross section is not allowed for all values of MA, the lower bound is marked as infinity, cor-

responding to the red color. The region between the white dashed lines represents the well-tempered region, with the relic

densities that di↵er from the observed value by less than 20%. It can be seen that the well-tempered region is completely

excluded. However, near the blue region away from the well-tempered region, the correct thermal relic density may still be

achieved by resonant annihilation.

for tan � = 7 and large values of the neutralino mass. However, it raises to values of order

400 GeV for neutralino masses of the order of 300 GeV.

The proper thermal relic density may be also obtained to the right of the well-tempered

region, in the so-called A-funnel region, by setting MA ' 2m�̃0
1
such that the heavy Higgses

mediate the resonant annihilation of the LSP, reducing the relic density to the correct value.

Thus, points in the parameter space are allowed by LUX and relic density consideration

when the upper bound on MA is larger than or on the order of 2m�̃0
1
, corresponding to the

blue and green regions in Fig. 3 with M1 < |µ|. For su�ciently small values of M1 the value

of the amplitude due to the exchange of the heavy CP-even Higgs may be su�ciently large

to induce an increase of the cross section toward values restricted by LUX, as seen on the

left of Fig. 1. As we will show below, this situation only occurs for very small values of M1.

Larger values of M1, of the order of the weak scale, would only be restricted if future SI

DDMD experiments fail to see a signal.

    Αssuming Neutralino provides the whole Observed Relic Density :
Lower Bound on MA for positive values of μ (constructive interference)

Large Regions of Parameter Space Excluded by Current Measurements

4

of parameters, the amplitude from light Higgs exchange and heavy Higgs exchange exactly

cancel against each other, which we call generalized blind spots, since they provide a more

general version of the ones previously discussed in the literature, that are present for very

large values of the non-standard Higgs masses.

H,h

χ
0

χ

q q

0

FIG. 1: Feynman diagram for a neutralino scattering o↵ a heavy nucleus through a CP-even Higgs

First consider a neutralino scattering o↵ a down-type quark. As stated above, the am-

plitude associated with the heavy, non-standard Higgs exchange is enhanced by tan �. At

the tree level, the down-quarks only couples to the neutral Hd component of the Higgs. The

CP-even Higgs mass eigenstates can be expressed in terms of the gauge eigenstates as

h =
1p
2
(cos↵ Hu � sin↵ Hd) (1)

H =
1p
2
(sin↵ Hd + cos↵ Hu). (2)

Therefore, the down-quark contribution to the SI amplitude is proportional to

ad ⇠ md

cos �

✓� sin↵ g��h
m2

h

+
cos↵ g��H

m2
H

◆
. (3)

Given the interactions

L � �
p
2g0YHuB̃H̃uH

⇤
u �

p
2gW̃ aH̃ut

aH⇤
u + (u $ d) (4)

and the decomposition of a neutralino mass eigenstate

�̃ = Ni1 B̃ +Ni2 W̃ +Ni3 H̃d +Ni4 H̃u, (5)

Heavy Superpartners 
Roglans, Spiegel, Sun, Huang, C.W.’16
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Figure. 3: Upper bounds on MA due to 2016 LUX bounds and projected DDMD bounds 100 times stronger than LUX,

respectively (µ < 0), assuming the observed relic density in the whole parameter space. The value of MA is chosen to be at

the maximum value allowed by these bounds, and is indicated by the color scale. (Note that the color scheme di↵ers from

the previous plot such that the regions where the SI cross section is allowed as MA ! 1 is always shown in blue.) The

region between the white dashed lines represents the well-tempered region. Under the strengthened bound a much larger

portion of the |µ|�M1 plane is constrained. The dashed line below corresponds to where the left hand side of Eq. 6 is zero,

corresponding to the vanishing of the neutralino coupling to the SM Higgs. Below this line the blind spot cannot be obtained

since the left hand side of Eq. 6 becomes negative.

It is interesting to investigate the region to be probed by future DDMD experiments.

In case of no detection, future experiments will push the experimental limits below the

decoupled scattering cross section in greater regions of the µ�M1 plane. In particular, the

projected bounds of the LZ experiment are approximately 100 times stronger than those from

the LUX experiment [17]. Fig. 3 reveals that, assuming a dark matter density consistent

with the observed one, these stronger bounds would constrain MA in the entire region left

of the well-tempered region, and in part of the region to the right as well. As before, if a

thermal origin of the dark matter relic density is assumed, the well-tempered region may be

achieved, but the upper bound on MA would become smaller than about 300 GeV.

A more complete description of the exclusion state of the A-funnel region takes into

account the upper bound on MA presented above as well as the lower bound due to the

overcompensation of the heavy CP-even Higgs contribution. As mentioned before, the region

allowed by LUX and relic density considerations roughly correspond to the blue and dark

green region in Fig. 3, where the required value for resonant annihilation MA ' 2M1 is below

the upper bound set by LUX. (For µ > 0, the correct relic density can be achieved near the

  Αssuming that the Neutralinos provides the whole Observed Relic Density :
Upper Bound on MA for negative values of μ (destructive interference)

Strong Restrictions on the Well Tempered Region (region between dashed white lines)

At the edge of the region restricted by precision electroweak measurements. 
More easily realized if alignment condition is fulfilled. 
Additional contributions to the Higgs sector, like in the NMSSM makes this scenario    
more realistic,  due to constraints on stop sector. 

Roglans, Spiegel, Sun, Huang, C.W.’17
See also Badziak, Olechowski, Szczerbiak’17
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Figure. 4: Upper bounds on MA due to 2016 LUX bounds, adjusted by the thermal WIMP relic density at each point in the

plane. The strength of the LUX bound quickly decreases as one departs from the well-tempered region, since the WIMP relic

density decrease quickly below the correct value. The gray region has relic density greater than 1.2 times the correct relic

density, unless the neutralino mass is close to the resonant annihilation condition, mA = 2m�̃0
1
, for which the proper relic

density may be obtained and the upper bound becomes the one shown in Fig. 3.

blue region of Fig. 2, where the required value is above the lower bound set by LUX.) The

constraints from both sides are summarized in Fig. 5, which shows the exclusion states of the

|µ|�M1 plane under present and projected DDMD constraints together with the relic density

consideration. Below the viable well-tempered region, the exclusion states are determined

by fixing MA close to the resonant value 2m�̃0
1
and comparing the SI cross section with

the current and future bounds. The resulting bounds in this region combine the previous

constraint on MA away from the decoupling limit (upper bound) with the constraints from

below. It can be seen that the present LUX bound leave the parameter space relatively

open, while the projected (100 times strengthened) bound would considerably constrain the

region in which resonant annihilation can be employed to obtain the correct relic density.

In regions where the WIMP relic density is under-abundant, the upper bounds on MA lifts

up quickly if one adjust the LUX bound to match the WIMP relic density specific to each

point in the µ�M1 plane, as shown in Fig. 4, opening up space for studies on mixed dark

matter origin. We shall not concentrate on this scenario.

Upper Bound on MA adjusted by assuming the Thermal Relic Density

Under Abundance

  Over Abundance
  (Excluded)

or

Resonant-
Annihilation

(previous bounds)
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Figure. 5: Constraints on the |µ|�M1 plane under relic density constraints and the present and projected DDMD con-

straints. The well-tempered region (µ ' M1) naturally attains the correct relic density, while the region below may attain

the correct value if MA is tuned to mediate resonant annihilation. The required value of MA is constrained by the LUX

and 100 times strengthened LUX bound on SI cross section. The blue region is allowed by the 100 times strengthened LUX

bound; the blue and the green regions are allowed under current LUX bound. Note that the boundaries of the LUX con-

straint (red) and of the LUX/100 constraint (green) above the blue region correspond to the boundaries in Fig. 3 where the

upper bound on MA is quickly lifted to infinity. The constraints below the blue region are due to the overcompensation in

the scattering cross section from the heavy Higgs contribution.

B. LZ Reach and Blind Spots

The lack of observation of a signal at the LZ experiment would constrain us to a narrow

region of allowed parameter space for thermal dark matter, namely the A-funnel region

displayed in Fig. 5, plus the well-tempered region for values of MA consistent with the

upper bound obtained in Fig. 3. The reach of LZ goes far beyond the natural values of the

spin independent cross section for values of the gaugino and Higgsino masses of order of the

weak scale, and therefore pushes the parameters towards the blind spot values. Alternatively,

one could consider the event of an LZ detection of Dark Matter in the currently allowed

range. In order to fix ideas and show the complementarity of di↵erent search methods in

Putting Constraints Together :

Assuming Thermal Relic Density

Blue : Allowed

Red : Excluded

Green : To be Probed by LZ

Grey : Underabundance
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MA is allowed to vary in a small range within the blind spot, so the collider constraints we

later calculated based on a center-valued MA is slightly more strict than actual. We focus

our study on the region 5 < tan � < 15, where our parameter space is left relatively open

by the LHC H ! ⌧⌧ , EWino, and other collider constraints.

Figure. 1: Relic density on M1 � |µ| plane for various tan�. MA is taken to be at the center of blind spot (maximum can-

cellation). Note that µ is always negative for blind spot to occur. Yellow region is consistent with WMAP result. The gray

area in the lower right corner is not shown since the value of blind spot MA is too large (> 3 TeV) or the blind spot is non-

existent. The gray area in the upper side is where the LSP becomes stop rather than neutralino.

MicroOMEGAs (with SuSpect 2.41) is used to calculate the spectrum, SI DDMD cross

sections and corresponding relic densities [19]. The relic density is displayed on the µ�M1

plane in Fig.1 for various tan �, with MA fixed at blind spot. The yellow color indicates

Relic Density and Blind Spot Scenarios II

Yellow : Proper
Relic Density
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by the LHC H ! ⌧⌧ , EWino, and other collider constraints.
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to the parameters leading to the blind spot scenario. We shall focus our study on the region

5  tan �  15, that may accommodate the proper Higgs boson mass within the MSSM, and

where our parameter space is left relatively open by the LHC H ! ⌧⌧ and electroweakino

(EWino) searches, and other collider constraints.

Figure. 6: Thermal relic density shown in color on |µ|�M1 plane for various tan�. MA is taken to be at the center of blind

spot (maximum cancellation). Note that µ is always negative for the blind spot to occur. The yellow region is consistent

with the observed relic density. In the regions between the white dashed lines, MA can be adjusted to mediate resonant

annihilation while keeping �SI
p < 10�11 pb. Blind spots are not achieved in the gray area since the left hand side of Eq. 6

becomes negative and destructive interference cannot happen. In this region, the �SI
p < 10�11 pb requirement does not set

an upper bound for MA but only a lower bound, though it is still possible to tune MA to achieve resonant annihilation for

m� high enough.

We have used MicroOMEGAs (with SuSpect 2.41) to calculate the spectrum, SI and

Relic Density Assuming MA is at the Blind Spot Value

Region Between White Line : Could Evade eventual constraints from LZ
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Figure 5 shows the expected and observed exclusion limits at the 95% CL in the mmax
h scenario

and the modified scenarios mmod+
h and mmod�

h . The allowed regions where the mass of the
MSSM scalar Higgs boson h or H is compatible with the mass of the recently discovered boson
of 125 GeV within a range of ±3 GeV are delimited by the hatched areas. Most of the MSSM
parameter space is excluded by the Higgs boson mass requirement in the mmax

h scenario, while
in the modified scenarios the exclusion is mainly concentrated at low tan b values.
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Figure 5: Expected and observed exclusion limits at 95% CL in the mA-tan b parameter space
for the MSSM mmax

h , mmod+
h and mmod�

h benchmark scenarios, are shown as shaded areas. The
allowed regions where the mass of the MSSM scalar Higgs boson h or H is compatible with the
mass of the recently discovered boson of 125 GeV within a range of ±3 GeV are delimited by
the hatched areas. A test of the compatibility of the data to a signal of the three neutral Higgs
bosons h, H and A compared to a SM Higgs boson hypothesis is performed.

Search for new neutral Higgs bosons

Low values of the new Higgs bosons masses
and large values of tanβ ruled out
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A. H ! ⌧⌧ Search

We consider production of the heavy Higgses H and A (either of which is denoted �) by

means of gluon-gluon fusion (gg�) and b-associated production (bb�), followed by a decay

into two ⌧ leptons. Recent reports from CMS and ATLAS [10, 20] provide 2-dimensional

95% CL upper limits on �(gg�)⇥BR(� ! ⌧⌧) (CMS) and �tot (ATLAS) with respect to m�

and �(bb�)⇥ BR(� ! ⌧⌧) (CMS) or fb = �(bb�)/�tot. Their bounds are given for discrete

mA (and discrete fb for ATLAS), so we linearly interpolate to find bounds at arbitrary

values. While the CMS and ATLAS bounds consider the production and decay of either

H or A, these processes are experimentally indistinguishable since mA ' mH in our model,

so we sum the cross sections (or cross section times branching ratio) and compare these

summed values to the experimental limits. We use FeynHiggs 2.12.0 [22–27] to compute the

relevant cross sections and branching ratios for points in the blind spot scenario.

Linear approximations are made for M1 as a function of |µ| in the well-tempered and

A-funnel branches, based o↵ of Fig. 1. Cross sections and branching ratios are computed at

points along these approximations (with mA chosen to be at the center of the blind spot)

and are then checked against the bounds in the ATLAS and CMS reports described above.

A plot of the excluded regions in the tan� �mA plane are shown in Fig. 2.

Figure. 2: Exclusion status of the well-tempered region and the A-funnel region in tan � �MA plane, with the well-tempered

region represented in the left plot and the A-funnel region in the right plot. The colored regions are 95% excluded by AT-

LAS or CMS results. The dark gray regions are not attained in the blind spot scenario.

We see that at tan � = 6 the well-tempered region begins to be excluded, and for tan � � 7

Limits from Direct Searches in the two different Blind Spot Regions

Well 
Tempered
Neutralino

Resonant Annihilation

Roglans, Spiegel, Sun, Huang, C.W.’16



Searches for Charginos and Neutralinos

Trilepton Channel

For heavy sleptons, the bounds are weak, due to
Branching Ratio suppression
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Figure. 9: Plot analogous to Fig. 8 with MA chosen at the lower boundary consistent with �SI
p = 10�11 pb . Only exclusions

from the CMS � ! ⌧⌧ search are shown.

as the only viable decay channels, with the final state containing a Z being the most sensitive

one. In addition to the decay of e�0
2e�±

1 , the decay of e�0
3e�±

1 is also a significant contributor

to the WZe�0
1e�0

1 final state. Production cross sections, computed with Prospino2 [57], for

these and other electroweakino pairs are shown in Fig. 11. In the region of small M1

and |µ|, the masses of e�0
2 and e�0

3 are close, and thus the decays e�0
2e�±

1 ! WZe�0
1e�0

1 and

e�0
3e�±

1 ! WZe�0
1e�0

1 are di�cult to distinguish experimentally. Assuming this final state,

CMS excludes a bounded region in the me�0
1
�me�2

0
plane [53]. We exclude data points from

the model according to the CMS bounds. To be more conservative in excluding points from

the model, we use the mass me�0
3
instead of me�0

2
when testing points against the bounds in

Ref. [53] A caveat to this method is that the CMS bounds assume wino-like e�0
2 and e�±

1 ,

whereas for our data these electroweakinos are higgsino-like. The production cross sections

for wino-like e�0
2e�±

1 are typically four times larger than those for higgsino-like electroweakinos

LHC puts very Strong Constraints on Moderate and Large tanβ Scenarios
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Figure. 13: Calculated spin dependent cross sections for tan � = 15 (yellow dots), tan� = 10 (red dots), tan� = 7 (green

dots) and tan� = 5 (blue dots). The upper branch correspond to the well-tempered region, while the lower one corresponds

to the A-funnel region. The red solid line represents the current 90% C.L. bound on the Spin dependent cross section com-

ing from IceCube for annihilation into WW , and the orange line for annihilation into tt̄. The bound for annihilation in to

ZZ is very similar to the bound for annihilation into WW . The magenta and dashed purple lines combine these bounds,

weighting them by the branching ratios for our data, with the dashed purple line further taking into account the decays into

ZH,W±H⌥, and hA. The bounds for decay in bb̄ are several orders of magnitude weaker and are not shown.

tempered neutralino region as well as in the A-funnel region. In the well-tempered region,

the values of the heavy Higgs boson masses are lower than twice the top quark mass and this

region of parameters may be e�ciently probed by searches for production of heavy Higgs

bosons decaying into ⌧ -lepton pairs. Current searches already restrict the value of tan � < 7

in this region of parameters and future searches can probe the whole region consistent with

the blind spot scenario. Moreover, the IceCube are in tension with the well-tempered sce-

nario for neutralino masses lower than 200 GeV. Furthermore, for neutralino masses larger

than about 400 GeV, allowed values of the CP-odd Higgs mass may be in tension with those

required to get consistency with precision Higgs measurements and the realization of this

scenario may require a Higgs sector that goes beyond the MSSM one, like the one that is

obtained in the NMSSM for heavy scalar and fermion singlets. Current bounds, however,

allow the realization of the well-tempered scenario for neutralino masses of the order of 300

GeV, tan � ' 5 and heavy Higgs bosons of about 400 GeV.

24

Figure. 12: Branching ratios for dark matter annihilation products, including W+W� (blue), ZZ (green), tt̄ (red), bb̄ (pink),

ZH (yellow), hA (orange), W±H⌥ (purple), and their sum (black). We see that for m�̃0
1

< 200 GeV, the W+W�, ZZ,

and bb̄ decay channels dominates. At m�̃0
1
' 200 GeV, the tt̄ decay channel becomes prevalent, but begins to diminish for

large m�̃0
1
. For m�̃0

1
> 200 GeV, the branching ratios for annihilation into W+W� and ZZ are similar, and the decays into

ZH, hA, and W±H⌥ become significant.

there has been recent analyses of the AMS antiproton flux data [75] that claim strong con-

straints on thermal dark matter annihilating into bottom-quark pairs, with masses between

150 GeV and 450 GeV [76],[77]. Although there are large uncertainties having to do with

propagation, solar modulation and antiproton production cross sections, if these bounds

hold, the A-funnel region will be constrained to values of µ and MA larger than about

1 TeV.

V Conclusions

In this article we have studied the constraints and future probes of Dark Matter in the

MSSM, in the case in which all scalar leptons and quarks are heavy. In particular, we

have considered scenarios within the MSSM, in which the SI DDMD cross section is sup-

pressed due to destructive interference between the light and heavy CP-even Higgs exchange

amplitudes. We have shown that the proper relic density may be obtained in both the well-

Spin Independent and Indirect Detection Constraints 

    Strongest Bounds from IceCube

These Scenarios are Not Strongly Constrained



Conclusions

• Higgs Measurements in good agreement with a Standard Higgs boson (third 
generation couplings still uncertain)

• A light spectrum in extended Higgs sector demands some alignment between the 
Higgs and mass eigenstate bases

• Difficult to achieve in the MSSM (large SUSY breaking parameters), but natural in 
the NMSSM

• Dark Matter at the Well tempered, Bino-Higgsino region, may avoid constraints 
provided extra Higgs bosons, proceeding from the second doublet, are light.  This 
calls for alignment

• Present data, and the realization of Dark Matter and electroweak baryogengesis in 
these theories,  call for the search of regions of parameter space, where alignment, 
blind spots and first order phase transitions may be simultaneously realized. 





Weak Scale Origin of the 
Matter-Antimatter Asymmetry

Electroweak Baryogengesis



Baryon Number Generation

Morrissey

v(Tc)
Tc

> 1

Condition for successful baryogengesis :
Suppression of baryon number violating processes inside the bubbles
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Generic potential with non-renormallizable operators

Ve↵ = (�m2 +AT 2)�2 + ��4 + ��6 + �8 + ⌘�10 + ...

Here, � / 1/⇤2,  / 1/⇤4 and ⌘ / 1/⇤6.

One of the relevant characteristics of this model is that the self 
interactions of the Higgs are drastically modified.  

10

15

15

20

3 4 5 6 7 8
200

210

220

230

240

�c

Joglekar, Huang, Li, C.W.’15

Perelstein, Grojean et al
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FIG. 1: Triple Higgs coupling correction � as a function of the cuto↵ ⇤. The upper dashed

black line shows the maximum value of � for the infinite sum with all |c
2n|= 1. The dashed dark

blue shows the values consistent with a FOEPT for the
�
�†�

�
3

potential extension, for c
6

= 1,

while for the same conditions solid light blue line is forbidden due to the absence of electroweak

symmetry breakdown. Fig. 1(a) and 1(b) show the results for the
�
�†�

�
4

potential. The di↵erent

colors correspond to the di↵erent hierarchies of the e↵ective potential coe�cients as explained

in the text. Fig.1(a) shows the general case while the Fig. 1(b) shows the result if a first order

electroweak phase transition (FOEPT) is demanded. Fig. 1(c) and 1(d) show similar results but for

the
�
�†�

�
5

potential, with di↵erent colors again corresponding to di↵erent coe�cient hierarchies

defined in the text. The lower solid black line shows the maximal negative values of � possible for

the order
�
�†�

�
4

potential.

5

where � = v + h and hence the VEV is given as h�i = 246 GeV. This leads to a correction

to the SM value of the triple Higgs coupling as shown in the Appendix A.

�
3

=
3m2

h

v

 
1 +

8v2

3m2

h

1X

n=1

n(n+ 1)(n+ 2)c
2n+4

v2n

2n+2⇤2n

!
. (2)

The non-zero temperature e↵ects are approximately accounted for by adding a thermal

mass correction term to the Higgs potential. This term is generated in the high-T expansion

of the one loop thermal potential. At temperature T, we get m2(T ) = m2 + a
0

T 2. We

have ignored the small cubic term contributions as well as the logarithmic contributions

as they are suppressed compared to the contributions from higher order terms. Here we

have assumed that the heavy new physics is not present in the EFT at the weak scale and

therefore its contribution is Boltzmann suppressed at the EPT scale. In such a case a
0

is a

constant proportional to the square of SM gauge and Yukawa coupling constants. Assuming

all c
2n ' 1, the minimum value that ⇤ can achieve is 174 GeV in this formulation, at which

point the convergence of the series is lost for values of � close to its VEV. However, in any

consistent EFT, the cut-o↵ scale ⇤ will be considerably higher than 174 GeV.

Using Eq. (2), we define another quantity � which quantifies the deviations of the trilinear

Higgs coupling with respect to the SM value as

� =
�
3

�SM
3

� 1 =
8v2

3m2

h

1X

n=1

n(n+ 1)(n+ 2)c
2n+4

v2n

2n+2⇤2n
, (3)

where we restrict |c
2n+4

|< 1.

The values of the enhancement of �
3

for a given ⇤ for all potentials satisfying these

conditions are shown in Fig. 1. This maximal possible value, shown in the the upper-most

black (dashed) line in all the panels in Fig. 1, is obtained assuming all c
2n = 1 and leads to

a large enhancement even at a relatively large value of ⇤. However, the only condition that

we have imposed on the potential so far is the existence of a local minimum with a second

derivative consistent with the measured Higgs mass mh ' 125 GeV. For this minimum

to represent the physical vacuum of the theory, however, it should be a global one. As

we shall show, the global minimum requirement imposes strong constraints on the possible

enhancement of the triple Higgs coupling.

In our further analysis, we choose not to consider the terms of the order higher than
�
�†�
�
5

as they introduce negligible corrections for the cut-o↵s higher than v as shown in Fig. 1. We

v(Tc)

Tc
> 1
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Unfortunately, checking this possibility is hard at the LHC.

10-1

100

101

102

-4 -3 -2 -1  0  1  2  3  4

σ
(N

)L
O

[fb
]

λ/λSM

pp→HH (EFT loop-improved)
pp→HHjj (VBF)

pp→ttHH

pp→WHH

pp→ZHH pp→tjHH

HH production at 14 TeV LHC at (N)LO in QCD
MH=125 GeV, MSTW2008 (N)LO pdf (68%cl)

Ma
dG
ra
ph
5_
aM
C@
NL
O

Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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Very few events in the SM case after cuts are implemented. 

Light Stops or small modifications of the top quark coupling (or both)
can strongly enhance the di-Higgs production rate. 
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Phase Transition in the NMSSM

• The tree-level potential reads

• The parameter are related to physical parameters by                          and 

• Large values of Aλ known to be helpful in inducing a first order phase transition (trilinear coupling) 

• It is useful to go to the Higgs basis and decouple the heavy degrees of freedom

like CP-even Higgs bosons, are helpful in strengthening the first order phase transition
and in avoiding possible instabilities.

2 Neutral Scalar Potential

We concentrate on the standard NMSSM framework, with a Higgs super-potential

W = �SHuHd +
1

3
S3. (2.1)

The neutral Higgs low-energy e↵ective potential contains the following dominant compo-
nents

VH = m2
u|Hu|2+m2

d|Hd|2+�2|HuHd|2+ (g21 + g22)

8

�
H2

u �H2
d

�2
. (2.2)

The singlet dependent scalar potential terms are given by

VS = m2
s|S|2+�2|S|2�|Hu|2+|Hd|2

�
+ 2|S|4

+

✓
�S2H⇤

uH
⇤
d � �A�HuHdS +

1

3
AS

3 + h.c

◆
. (2.3)

Here Hd, Hu and S denote the neutral Higgs bosons corresponding to Hd, Hu and S
respectively. In the case of CP conservation, we obtain the following potential for the
neutral components of the Higgs fields

V (Hu, Hd, S) = �2�SA�HdHu +
2

3
S3A +

1

8

�
g21 + g22

� �
H2

u �H2
d

�
2 +

�
kS2 � �HdHu

�
2

+ H2
dm

2
d + �2S2

�
H2

d +H2
u

�
+H2

um
2
u +m2

2S
2 (2.4)

We will rewrite this expression in the Higgs basis, namely

� = Hu sin(�) +Hd cos(�)

H = Hd sin(�)�Hu cos(�) (2.5)

where in the physical vacuum < � >= v, < H >= 0 and < S >= u, with v ' 174 GeV.
Using the tree-level relations

m2
u = M2

A cos2(�) +M2
Z cos(2�)/2� �2v2 cos2(�)� �2u2

m2
d = M2

A sin2(�)�M2
Z cos(2�)/2� �2v2 sin2(�)� �2u2 (2.6)

and

sin(2�) =
2�u(A� + u)

M2
A

(2.7)

where �u = µ, we get

2

1 Neutral Scalar Potential

The terms in the scale invariant NMSSM superpotential involving the Higgs fields only
are given by

W = �bS bHu · bHd +
1

3
bS3. (1.1)

The scalar potential for the neutral components of the Higgs fields is

V = m2
u |Hu|2 +m2

d |Hd|2 +m2
S |S|

2 + �2 |S|2
�
|Hu|2 + |Hd|2

�
+
��S2 � �HuHd

��2 +

+
g21 + g22

8

�
|Hu|2 � |Hd|2

�2
+
⇣
3
AS

3 � �A�SHuHd + h.c.
⌘
.

(1.2)

We are interested in minima of the potentials. We can choose the vevs of Hu, Hd, S to be
real and to lie along the neutral components. For those components, we can rewrite the
potential as

V (Hu, Hd, S) = muH
2
u +m2

dH
2
d +m2

SS
2 + �2S2

�
H2

u +H2
d

�
+
�
S2 � �HuHd

�2
+

+
g21 + g22

8

�
H2

u �H2
d

�2
+

2

3
AS

3 � 2�A�SHuHd,
(1.3)

where the Hu, Hd, S now mean the real components, only. These are related the the usual
convention via Hu ⌘

p
2HR

u and analogously for the other fields. We can rotate to the
Higgs basis defined by

� = Hu sin � +Hd cos �, (1.4)

H = Hd sin � �Hu cos �, (1.5)

to obtain the potential in terms of V (�, H, S). We can replace the parameters m2
u,m

2
d,m

2
S

with the vevs h�i = v, hHi = 0, hSi = µ/� using the minimization conditions

@V

@�

���� �=v
H=0

S=µ/�

=
@V

@H

���� �=v
H=0

S=µ/�

=
@V

@S

���� �=v
H=0

S=µ/�

= 0. (1.6)

With

M2
Z =

g21 + g22
2

v2 (1.7)

M2
A =

2µ (A� + µ/�)

sin(2�)
, (1.8)

1

� < S >= µ
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e.g.1:  {N}MSSM

• {N}MSSM = MSSM + singlet (S):

• Singlet VEV:

• The singlet can induce a strongly first-order EWPT
 driven partly by tree-level effects with:

•                     .

• Higgs rate corrections consistent with data.

• Viable Bino-Singlino dark matter.

• Higgs rate corrections are still expected.

µeff = �hSi

mh ' 125GeV

[Pietroni ’92;  Davies et al. ’96;  Huber+Schmidt ’00;  Menon et al. ’04; ...]

[Huang et al. ’14;  Kozaczuk et al. ’14]

W � �SHu ·Hd + . . .

Carena, Shah,C.W’12, Huang et al ’14, Shu et al’15, Kozaczuk et al ’15… 



Effective Potential for Φ and S

• One arrives to the following potential for the light degrees of freedom

• Now, a strongly first order phase transition will occur whenever at finite 
temperature the would be physical minimum becomes degenerate with the trivial 
one 

• Although this is not necessary, one expect this to happen close to the points in 
which at zero temperature these minima are not far apart in depth.  One can then 
evaluate the above potential close to the minimum.

• For this, it is useful to include the dominant radiative corrections induce by the 
stops.  
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Throwing away the terms going to zero in the physical minimum, the potential is
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where we absorbed the extra piece propotional to �2 in m2
�.

2 Phase transition

We begin by identifying the regions for which the physical minimum V (v, 0, µ/�) is lower
than the trivial minimum V (0, 0, 0) = 0. This is a proxy for the physical minimum being
the global minimum. The potential at the minimum can be written as
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For acceptable Higgs pheno, the NMSSM should live close to the alignment limit, where
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Using the expression for M2
A (1.8), we can rewrite the alignment condition as
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, (2.25)
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Potential at the Minimum

• The stop corrections may be absorbed into the mass parameter of the Higgs that 
couple to up quarks, as well as in the quartic coupling.

• These parameters are related by the minimization condition.  The end result of  this 
procedure is that the potential at the minimum is given by

• Here the parameter          absorbs the dominant radiative corrections to the potential.

• The normalization chosen is such that                       ,                  and therefore 

• The last term is proportional to the misalignment condition, and vanishes for exact 
alignment.   The other three terms are proportional to the quartic coupling contribution 
of the singlet and the doublet, and an interesting term in Aκ.   
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For acceptable Higgs pheno, the NMSSM should live close to the alignment limit, where
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For acceptable Higgs pheno, the NMSSM should live close to the alignment limit, where
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Parameter Constraints

• From here, a constraint on Aκ is obtained, in order to preserve the physical 
minimum as the global one, namely

• For values of Aκ saturating this bound the physical minimum is degenerate with the 
trivial one. 

• For values of |Aκ| somewhat smaller than the one given by the bound above, the 
physical minimum is the global one and temperature effects will induce a first order 
phase transition.

• The parameter Aκ controls also the CP-even singlet mass, and larger values of        
(-κμΑκ) imply lighter CP-even singlet masses and heavier CP-odd singlet ones. 

hence, the last term in (2.23) is vanishes in the alignment limit. We can now rephrase
the condition V (c, 0, µ/�) = 0 as a condition on A close to the alignment limit:
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Returning to the full condition, V (v, 0, µ(�) < 0 is equivalent to demanding
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We observe that all terms on the rhs are manifestly positive except the (µs2�/2) ⇥
(A� + 2µ/�� 2µ/s2�) term, which vanishes in the alignment limit. Since this term
is alignment suppressed, we can always take the rhs to be positive, and the condition is
trivially satisfied for µA > 0. For µA < 0, we can rewrite the condition as
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Radiative corrections will lift the contribution from the quartic singlet coupling approxi-
amtely:
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and the contribution from the trilinear singlet term
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where mh ⇡ 125GeV is the mass of the physical SM-like Higgs. Similarily, the terms
quartic in � receives radiative corrections, which we absorb in ��. For acceptable pheno,
we have �� ⇡ 0.13. Taking into account this correction, V (v, 0, µ/�) < 0 is satisfied when
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Note, that depending on the sign of  and µ, the radiative corrections can both strengthen
or weaken the bound in A. For µA < 0, we can again write the bound as

|A| <
3�3

|µ|
v2

µ2


��v

2 +
2

�2

µ2

v2
µ2

�2
� µs2�

2

✓
A� +

2µ

�
� 2µ

s2�

◆�
+

+
�3µ2

8⇡2 |µ|


s2�

✓
A�

µ
+



�

◆
ln

✓
M2

A

m2
h

◆
+ 3 ln

✓
M2

A

µ2

◆�
. (2.32)

5

Baum, Carena, Shah, C.W.’17



Potential close to the Phase Transition

Indeed, a first order phase transition develops for these values of Aκ

Intriguingly enough, for similar values of the parameters, a blind spot in the Higgsino-Singlino region
may be obtained

Unfortunately, standard tools, like NMSSMTools have to be corrected in order to make them 
consistent with this analysis ( Bounds on Minima computed at one loop, but with running top masses 
at the stop scale, but Higgs mass at two loops)

Stay tuned for more news on this subject. 

Baum, Carena, Shah, C.W.’17



Blind Spots in the Singlino-Higgsino region

• Conditions somewhat different from the Bino-Higgsino case. 

• It depends on (Mis)Alignment and on a Light CP-even singlet and it connects to the 
region where a first order phase transition occurs in an intriguing way.

• Positive values of μ are now preferred to approach the blind spot scenario.

• Actually, while looking for blind spots in this region, the constraints on the physical 
vacuum being the global one become relevant

• Looking for compatibility between the obtention of the proper relic density, consistency 
with direct detection and a first order phase transition is a worthy effort and we are 
working in that direction. 
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The singlet-SM-like Higgs mixing is also relevant for the singlet-like Higgs mass, which can
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and the dominant contribution to �
loop

is [49, 50]
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Using Eqs. III.15 and III.26-III.28 in Eq. III.25, the direct detection cross-section is then

proportional to (again in the large t� limit)
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We can see from the above that positive values of µ lead to suppression of the spin-

independent direct detection cross-section. First, we note that µ > 0 has the e↵ect of

reducing the Higgsino component and therefore the dominant contribution due to the SM-

like Higgs. Second, since mH ⇠ mA ⇠ |µ| t�, the direct detection cross-section is further

reduced when µ is positive. Therefore, generally, direct detection bounds do not constrain

very strongly the region of interest in the �-µ plane,

To verify our analytics, we performed a numerical scan in the NMSSM parameter space

using NMSSMTools 4.2.1, which in turn runs micrOMEGAs 3.0. The results are summarized

in Fig. 3. A priori, each point in our parameter space is defined by the six parameters:

(�,, A�, A, µ, t�). In Fig. 3, � and µ are plotted as axes. At each point we have fixed

t� = 40, A = �250 GeV, and adjusted A� to set ✏ to zero at tree-level (Eq. III.30) 4. As a

4 We verified that this condition renders the 125 GeV Higgs very SM-like.
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More on Couplings



NMSSM Implementation : Heavy Singlets

P1 P2 P3 P4 P5

� 0.76 0.85 1.1 1.4 1.4

tan � 4 2 2 1.5 1.5

mQ3 700 700 700 700 700

mU3 500 480 500 480 450

At -1170 -1100 -1030 -780 -1030

µ 300 770 1040 1060 390

M2 500 500 500 500 -90

µ0 60 45 40 14 -24

MP1 193 197 277 332 357

MP2 2000 2500 3000 2400 800

mh 125.1 125.9 125.0 124.9 125.0

mH 192 184 262 280 299

mH± 167 161 236 257 272

mA 195 204 293 342 344

m�̃0
1

70 65 66 63 89

m�̃±
1

282 504 516 514 109

mt̃1 236 232 241 231 222

mt̃2 726 752 766 757 730

Rtth
V V 1.79 1.84 1.96 1.92 1.87

Rtth
�� 1.97 2.12 2.22 2.19 1.96

Rgg
V V 1.16 1.00 1.12 1.18 1.23

Rgg
�� 1.29 1.15 1.27 1.34 1.29

R
VBF/VH
V V 1.70 1.57 1.65 1.48 1.43

R
VBF/VH
�� 1.89 1.80 1.87 1.69 1.50

R
VBF/VH
⌧⌧ 0.70 0.71 0.67 0.71 0.65

BR(H ! �̃0
1�̃

0
1) 0.71 0.49 0.24 0.14 0.19

BR(H ! �̃0
1�̃

0
2) 0 0 0 0 0.17

BR(H ! hh) 0 0 0.47 0.71 0.54

BR(A ! �̃0
1�̃

0
1) 0.85 0.89 0.78 0.75 0.88

BR(A ! H±W⌥) 0 0 0 0.05 0

Table 2: List of benchmark points obtained with NMSSMTools 4.8.1. All masses are in GeV.

All points satisfy all experimental constraints from the Higgs signal strength measurements,

as well as from direct searches for Higgses, checked with HiggsBounds 4.2.1 [21], and stops.

The remaining soft sfermion masses are set to 2 TeV, M3 = 1.5 TeV, M1 = 250 GeV. All

the remaining A-terms are set to 1.5 TeV, while  = A = 0. The remaining parameters are

calculated with NMSSMTools using EWSB conditions and the values of µ and MPi (with MPi

defined as the diagonal entries of the pseudoscalar mass matrix).
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• One can implement the previous idea 
within the NMSSM

• However, the NMSSM is more than just 
adding a stop to the 2HDM, because as 
shown before the matrix elements  
depend on the parameters of the theory, 
and for certain parameters alignment is 
obtained

• Departure of alignment here demands 
larger values of  lambda and values of                                  

       
• Constraints on the production of heavy 

Higgs bosons can  be easily arranged by 
a small amount of decay into neutralinos, 
that is natural in this theory.

• Most constraining observable :   
Diphoton production in vector  boson 
fusion. 

M. Badziak and C.W. ‘1602.06198

tan� ' 1 are difficult to achieve



Alternative : Light Singlets

• The previous reasoning was adequate when one considered an 
effective 2x2 CP-even Higgs matrix, resulting from the decoupling of 
singlets.

• However, in the case of light singlets, a component of the SM-like  
CP-even Higgs on the doublet states may be induced by mixing with 
light singlets.

• This may be achieved, with values of the coupling  λ that are smaller 
than 0.7 and therefore in the region of consistency with 
perturbative behavior up to the GUT scale. 

Badziak, C.W. , to appear



NMSSM Scenarios with light singlets

Consistent with the LEP2 Excess (not a necessary ingredient)

Badziak, C.W. , to appear

Large decay Branching ratio of MSSM Higgs into singlet states

P1 P2 P3 P4

BR(H ! tt̄) 0 0.024 0.036 0.071

BR(H ! ss) 0.37 0.04 0.002 0.15

BR(H ! aa) 0.23 0.63 0.42 0.24

BR(H ! aZ) 0.23 0.11 0.26 0.39

BR(H ! hs) 0.15 0.03 0.019 0.017

BR(H ! H±W⌥) 0 0.15 0.25 0.13

BR(A ! tt̄) 0 0.13 0.12 0.12

BR(A ! as) 0.64 0.26 0.26 0.31

BR(A ! Zs) 0.22 0.24 0.32 0.34

BR(A ! ah) 0.10 0.036 0.021 0.002

BR(A ! H±W⌥) 0.02 0.33 0.27 0.22

BR(H+ ! tb̄) 0.52 0.63 0.36 0.24

BR(H+ ! W+a) 0.26 0 0.08 0.40

BR(H+ ! W+s) 0.22 0.37 0.56 0.35

�(ggH) [pb] 2.4 1.2 0.9 0.8

�(ggA) [pb] 6.1 1.4 1.8 0.9

�(gga) [pb] 25.4 24.7 14.5 22.1

�(ggs) [pb] 4.1 15.1 18.7 11.4

Table 2: Branching ratios and gluon-fusion production cross-sections (calculated with SuShi

1.6.0 [?]) for non-SM-like Higgses for benchmark points presented in Table 1.
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P1 P2 P3 P4

� 0.5 0.53 0.5 0.55

tan � 1.6 1.6 2 2

mQ3 800 800 800 800

mU3 320 310 280 270

At -1500 -1400 -1500 -1400

µ 600 800 600 800

µ0 330 500 330 310

MA 300 300 300 400

MP 246 382 347 382

A� 905 1125 1055 1610

ms 98 98 79 85

mh 124.5 125.8 124.7 125.1

mH 317 390 393 465

mH± 236 200 225 325

ma 101 136 130 89

mA 329 412 395 496

m�̃0
1
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calculated with NMSSMTools using EWSB conditions and the values of µ, MA (diagonal mass

of MSSM-like pseudoscalar) and MP (diagonal mass of singlet-like pseudoscalar).
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ḡs 0.31 0.20 0.18 0.20

Table 1: List of benchmark points obtained with NMSSMTools 4.9.3. All masses are in GeV.

All points satisfy all experimental constraints from the Higgs signal strength measurements, as

well as from direct searches for Higgses, checked with HiggsBounds 4.3.1 [23], and stops. The

gluino and the remaining soft sfermion masses are set to 2 TeV, M2 = 1 TeV, M1 = 250 GeV.

All the remaining A-terms are set to 1.5 TeV, while  = A = 0. The remaining parameters are

calculated with NMSSMTools using EWSB conditions and the values of µ, MA (diagonal mass

of MSSM-like pseudoscalar) and MP (diagonal mass of singlet-like pseudoscalar).

.

7



LEP2 Excess
Search for the SM Higgs at LEP
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which implies in particular that µ⇤ must be positive. We should stress, however, that the

above condition should not be satisfied exactly because otherwise cot (� � ↵) would vanish.

Using the above condition together with eq. (13) one obtains approximate formula for e↵ective

cot (� � ↵) as a function of µ:

cot (� � ↵) ⇡ ±ḡs
�vµ cot 2�

M̂2
HH �m2

h

. (15)

In order to enhance tth signal one has to also guarantee that cot (� � ↵) > 0 which happens if

the following condition is fulfilled:

|⇤| > (<)
2|µ|
sin 2�

, (16)

for ms < (>)mh.

Eq. (15) confirms intuitive expectation that large tth enhancement prefers relatively light

MSSM-like Higgses. However, it also shows that large |µ| is preferred and that H does not have

to be very light if |µ| is large enough. The importance of |µ| can be seen from Table 1 where

several benchmark points with large tth enhancement are presented. Comparing points P3 and

P4 we see that similar tth enhancement is possible for MA = 300 GeV and µ = 600 GeV as for

MA = 400 GeV and µ = 800 GeV with comparable Higgs-singlet mixing. Eq. (15) also implies

that e↵ective | cot (� � ↵) | increases with tan �. This is the reason why points P1 and P3 have

similar value of Rtth
V V in spite of the fact that P3 features smaller Higgs-singlet mixing while µ

and MA are the same.

Another interesting feature of this scenario is that light singlet-like scalar can explain the

LEP2 excess. Indeed, LEP2 experiments observed excess of bb̄ events in the vicinity of 98

GeV with a signal strength of about one tenth of the SM Higgs with the same mass. In the

benchmark table we give a value for the prediction of this signal strength:

⇠LEPbb̄ ⌘ ḡ2s ⇥
BR(s ! bb̄)

BR(hSM ! bb̄)
, (17)

where ḡs is the s coupling to the Z boson normalized to the SM Higgs coupling with the same

mass. Note that SM normalized sbb̄ coupling in the present scenario is enhanced with respect

to the corresponding sZZ coupling so ⇠LEP
bb̄

> ḡ2s . Wee see that point P1 fits very well the LEP2

excess since it features ms ⇡ 98 GeV and ⇠LEP
bb̄

⇡ 0.1. Point P2 also has ms ⇡ 98 GeV but

smaller Higgs-singlet mixing, hence also ⇠LEP
bb̄

, than P1 so in order to have tth enhancement of

similar size |µ| is larger in P2 than in P1.

Even though it is interesting possibility that this scenario can simultaneously explain tth

enhancement and the LEP2 excess we should emphasize that our scenario does not require to

have the singlet-like scalar mass to be close to the LEP excess. It is the size of the Higgs-singlet

mixing rather than ms which controls the magnitude of the tth enhancement as can be seen

from benchmarks P3 and P4 that feature ms far away from the LEP excess. It is noteworthy

that ms can be as small as 80 GeV (or even smaller if |µ| is larger than in benchmark P3)

without conflict with stringent LEP constraints.
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Some additional relevant channels 
Charged Higgs searches in top bottom final states

Already putting relevant constraints on these scenarios.
Extrapolation to lower masses ?



Take a closer look at the main signature
What are we seeing 
exactly? 
tth, h->W+W-  
It is really a search for     
2t + 2W, or equivalently   
2b+4W  

 Final states 
2b + 4W gives rise to the 
multi-lepton + multi-
(b)jets + MET signatures 
tth, h->W+W- is really not 
about tth, but about new 
physics!

Alternative Interpretation of tth excess ?



Excesses in multi-lepton + b-jets + MET
2t + 2W final states, 
exactly what you 
would do when you 
search for sbottoms

Caveat in the simplified 
model:  can not have 
100% Branching ratio, 
some BR goes to 

CMS-SUS-13-008



Just an example, a right-handed stop

t

W

Stops are pair produced, 2t + 2W
A pure right-handed 
stop does not couple 
to winos, 100% BR

The neutralino 
mass difference is 
smaller than the 
Higgs mass, 100% 
BR

P. Huang, A. Ismail, I. Low, C. Wagner, 1507.01601


