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light, weakly coupled boson: mh = 125-126 GeV,   Γ < 1 GeV
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 − 𝜆଴
6   (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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real scalar field remains, the Higgs boson H , with mass M2
H =−2µ2 = 2λv2

and self-couplings:
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Furthermore, some of the terms that we omitted in Eq. (25), the terms
linear in the gauge bosons W±

µ and Z0
µ, define the coupling of the SM Higgs

boson to the weak gauge fields:
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We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0

µ weak boson:

H

",Z

"

H

",Z

"

as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:

12

Why is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 
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linear in the gauge bosons W±
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µ, define the coupling of the SM Higgs

boson to the weak gauge fields:
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We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0

µ weak boson:
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as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:
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Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
theory.
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quark: u, d,... 1/2
lepton: e... 1/2

photon 1
W,Z 1
gluon 1
Higgs 0

h:  a new kind of 
elementary particle
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At the verge of uncovering a deep theory
๏ λ determined by guage couplings? 
   e.g., SUSY, λ= (g12+g22)/8 ...
๏ or dynamically generated by a new 
strong force? 
   e.g., technicolor, composite Higgs, 
Higgsless, extra dimensions,...

Theoretically ... 
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Mass generation

Higgs Mechanism DOES NOT require a Higgs boson!

Higgs Mechanism: If a LOCAL gauge symmetry is spontaneously broken, 
then the gauge boson acquires a mass by absorbing the Goldstone mode.

The predicted Higgs boson is the left-over particle!

3 
longitudinal modes of W+,W-,Z
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Unitarity

๏ Picture is not valid at E ~ 4π mW/gW ~ 1 TeV 
๏ Something new must happen before TeV scale.

But...
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particle spin

quark: u, d,... 1/2
lepton: e... 1/2

photon 1
W,Z 1
gluon 1
Higgs 0

Higgs: a new kind of 
elementary particle!

Nothing protects 
its mass. 

⇒ New Physics beyond the SM
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stop,
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Implication of SM Higgs search on BSM scenarios 
๏ MSSM, NMSSM, 2HDM
๏ Dark matter connection

Higgs-assisted BSM searches
๏ SUSY electrowak-ino searches

Searches for Higgs beyond the SM
๏ exotic Higgs decays

Conclusion

Outline

Review articles:
MSSM Higgs: xxx
NMSSM: 0304049
2HDM: 1106.0034

Talk based on work:
1203.3207, 1303.2113, 1305.0002, 
1306.3229, 1308.6201, 1309.5966



S. Su 10

-

I. Implication for BSM scenarios
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Implication of 126 GeV Higgs

Study the consequence of 
(I) current Higgs search limit of 95% CL limit on σxBr
(II) H in the mass range of 124 - 128 GeV
(III) σxBr (gg→ H →γγ, WW, ZZ) of SM strength

The current Higgs search results already impose non-
trivial constraints on various new physics extensions.

MSSM, NMSSM, 2HDM, ...

๏ Focus on the Higgs sector and stop sector
๏ Mostly only consider Higgs search results
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  MSSM Higgs Sector 
-

๏ Type II Two Higgs Doublet Model

after EWSB
5 physical Higgses
CP-even Higgses: h0, H0

CP-odd Higgs: A0

Charged Higgses: H±

I. INTRODUCTION
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๏ tree level masses determined by mA, tanβ

the mixing angle of the CP-even Higgs bosons �, can be expressed in terms of two parameters

[6, 7], conventionally chosen as the mass of A0 (mA) and the ratio of the two vacuum expectation

values (tan ⇥ = vu/vd):

m2
h0,H0 =

1

2

�
(m2

A +m2
Z)⇥

⌥
(m2

A �m2
Z)

2 + 4m2
Am

2
Z sin2 2⇥

⇥
, (6)

m2
H± = m2

A +m2
W , cos2(⇥ � �) =

m2
h0(m2

Z �m2
h0)

m2
A(m

2
H0 �m2

h0)
. (7)

We will call the CP-even Higgs boson that couples to W+W�/ZZ more strongly the “Standard

Model-like” Higgs as we discuss it’s properties further in the next section. For a low-mass mA ⇥
mZ/2, or a high mass mA � 2mZ , the Higgs boson masses can be approximated by

mh0 ⌅ min {mA,mZ}| cos 2⇥|, mH0 ⌅ max {mA,mZ}, mH± ⌅ max {mA,mW}. (8)

Because of the large Yukawa coupling of the top quark and the possible large mixing of the

left-right top squark, the CP-even Higgs boson masses receive significant radiative corrections.

For nearly degenerate soft SUSY breaking parameters in the stop sector: M2
3SQ ⇤ M2

3SU ⇤ M2
S ,

the correction to the mass of the SM-like Higgs can be approximately expressed as 2 [18, 19]

�m2
h0 ⌅

3

4⌅2

m4
t

v2

⇧
ln

�
M2

S

m2
t

⇥
+

Ã2
t

M2
S

⇤
1� Ã2

t

12M2
S

⌅⌃
+ . . . , (9)

where the mixing in the stop sector is given by

Ãt = At � µ cot ⇥. (10)

For Ãt = 0, the corrections to the Higgs mass from the stop sector is minimized, this is the so-

called “mmin
h ” scenario [20], where the radiative contributions could give rise to a Higgs mass as

high as 117 GeV including a dominant two-loop corrections for a stop mass up to about 2 TeV. For

Ãt =
 
6MS , the second term in Eq. (9) is maximized, leading to the so-called “mmax

h ” scenario

[20], where a maximum Higgs mass of about 127 GeV can be reached in such a scenario. To

obtain a relatively large correction to the light CP-even Higgs mass, relatively heavy stop masses

(at least for one of the stops) as well as large LR mixing in the stop sector is needed. When two-

loop corrections of the oder of O(��s) are included, there is an asymmetric contribution to the

Higgs mass from the At term, where postitive At gives a few GeV larger correction compared to

2 For the non-decoupling case when H0 is SM-like, this expression also applies to the correction of mH0 .

5
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๏ tree level masses determined by mA, tanβ

the mixing angle of the CP-even Higgs bosons �, can be expressed in terms of two parameters

[6, 7], conventionally chosen as the mass of A0 (mA) and the ratio of the two vacuum expectation

values (tan ⇥ = vu/vd):

m2
h0,H0 =

1

2

�
(m2

A +m2
Z)⇥

⌥
(m2

A �m2
Z)

2 + 4m2
Am

2
Z sin2 2⇥

⇥
, (6)

m2
H± = m2

A +m2
W , cos2(⇥ � �) =

m2
h0(m2

Z �m2
h0)

m2
A(m

2
H0 �m2

h0)
. (7)

We will call the CP-even Higgs boson that couples to W+W�/ZZ more strongly the “Standard

Model-like” Higgs as we discuss it’s properties further in the next section. For a low-mass mA ⇥
mZ/2, or a high mass mA � 2mZ , the Higgs boson masses can be approximated by

mh0 ⌅ min {mA,mZ}| cos 2⇥|, mH0 ⌅ max {mA,mZ}, mH± ⌅ max {mA,mW}. (8)

Because of the large Yukawa coupling of the top quark and the possible large mixing of the

left-right top squark, the CP-even Higgs boson masses receive significant radiative corrections.

For nearly degenerate soft SUSY breaking parameters in the stop sector: M2
3SQ ⇤ M2

3SU ⇤ M2
S ,

the correction to the mass of the SM-like Higgs can be approximately expressed as 2 [18, 19]

�m2
h0 ⌅

3

4⌅2

m4
t

v2

⇧
ln

�
M2

S

m2
t

⇥
+

Ã2
t

M2
S

⇤
1� Ã2

t

12M2
S

⌅⌃
+ . . . , (9)

where the mixing in the stop sector is given by

Ãt = At � µ cot ⇥. (10)

For Ãt = 0, the corrections to the Higgs mass from the stop sector is minimized, this is the so-

called “mmin
h ” scenario [20], where the radiative contributions could give rise to a Higgs mass as

high as 117 GeV including a dominant two-loop corrections for a stop mass up to about 2 TeV. For

Ãt =
 
6MS , the second term in Eq. (9) is maximized, leading to the so-called “mmax

h ” scenario

[20], where a maximum Higgs mass of about 127 GeV can be reached in such a scenario. To

obtain a relatively large correction to the light CP-even Higgs mass, relatively heavy stop masses

(at least for one of the stops) as well as large LR mixing in the stop sector is needed. When two-

loop corrections of the oder of O(��s) are included, there is an asymmetric contribution to the

Higgs mass from the At term, where postitive At gives a few GeV larger correction compared to

2 For the non-decoupling case when H0 is SM-like, this expression also applies to the correction of mH0 .

5

⇒ mh0 < mZ
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  Higgs Masses 
-

๏ large radiative corrections from stop sector: large Yukawa coupling

๏ To obtain relative large correction to mh0

- relatively large stop masses (at least one)
- large stop LR mixing
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๏ (mhmin) scenario:  At =0
   mh0 < 117 GeV for Ms < 2 TeV

~ ๏ (mhmax) scenario:   At =√6 Ms

   mh0 < 127 GeV for Ms < 2 TeV

~
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non-decoupling vs. decoupling region
-

black dots: 123 < mh0 or mH0 < 127 GeV
blue dots:  σXBr (gg→ h0, H0 →γγ)MSSM > 80% (σXBr)SM

 N. Christensen, T. Han, SS (2012)
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non-decoupling vs. decoupling region
-

black dots: 123 < mh0 or mH0 < 127 GeV
blue dots:  σXBr (gg→ h0, H0 →γγ)MSSM > 80% (σXBr)SM

decoupling region๏ decoupling limit 

- h0 light, SM like, 
- H0, A0, H± heavy, nearly degenerate 
- H0WW, H0ZZ coupling suppressed

       ~  cos(β-α) 

the negative At case. Note that there are uncertainties of a few GeV coming from higher loop

orders, as well as from the uncertainties in mt, �s, etc.. For detailed calculations and results on

the Higgs mass corrections in the MSSM, see Refs. [19, 21, 22].

B. Couplings to SM particles

Another important aspect is the couplings of the Higgs bosons to the SM particles [6, 7]. The

couplings to gauge bosons behave like

W+W�h0, ZZh0, ZH0A0, WH±H0 ⇧ g sin(⇥ � �),

W+W�H0, ZZH0, Zh0A0, WH±h0 ⇧ g cos(⇥ � �),

⇤H+H�, ZH+H�, WH±A0 ⇧ g. (11)

where g is the weak coupling. Either h0 or H0 can be SM-like when it has a stronger coupling

to W+W� and ZZ. In the “decoupling limit” mA ⌅ mZ , sin(⇥ � �) ⇥ 1, cos(⇥ � �) ⇥ 0.

Then h0 is light and SM-like, while all the other Higgs bosons are heavy, nearly degenerate, and

the H0 coupling to W+W�, ZZ is highly suppressed. In the non-decoupling region mA ⇥ mZ ,

sin(⇥ � �) ⇥ 0, cos(⇥ � �) ⇥ 1. Then H0 is SM-like, while all the other neutral Higgs bosons

are lighter, nearly degenerate, and the h0 coupling to W+W� and ZZ are highly suppressed. Note

that the couplings of the pair of Higgs bosons H+H�, H±A0 to a gauge boson are of pure gauge

coupling strength and are independent of the model parameters.

The tree-level couplings of the Higgs bosons to the SM fermions scale as

h0dd̄ : md[sin(⇥ � �)� tan ⇥ cos(⇥ � �)], h0uū : mu[sin(⇥ � �) + cot ⇥ cos(⇥ � �)],

H0dd̄ : md[cos(⇥ � �) + tan ⇥ sin(⇥ � �)], H0uū : mu[cos(⇥ � �)� cot ⇥ sin(⇥ � �)],

A0dd̄ : md tan ⇥ ⇤5, A0uū : mu cot ⇥ ⇤5, H±dū : md tan ⇥ PR + mu cot ⇥ PL, (12)

where PL,R are the left- and right-projection operators. In the decoupling limit, these result in the

branching fractions for the leading channels,

Br(bb̄) : Br(⇧ ⇧̄) : Br(tt̄) ⇤ 3m2
b tan

2 ⇥ : m2
� tan

2 ⇥ : 3m2
t/ tan

2 ⇥ for H0, A0,

Br(tb̄) : Br(⇧ ⌅̄) ⇤ 3(m2
b tan

2 ⇥ +m2
t/ tan

2 ⇥) : m2
� tan

2 ⇥ for H±. (13)

In the non-decoupling limit, the couplings of H0 to the SM fermions become SM-like, while the

above branching fraction relations still approximately hold for h0, A0 and H±, except that the top

quark channel would not be kinematically open.
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where PL,R are the left- and right-projection operators. In the decoupling limit, these result in the

branching fractions for the leading channels,

Br(bb̄) : Br(⇧ ⇧̄) : Br(tt̄) ⇤ 3m2
b tan

2 ⇥ : m2
� tan

2 ⇥ : 3m2
t/ tan

2 ⇥ for H0, A0,

Br(tb̄) : Br(⇧ ⌅̄) ⇤ 3(m2
b tan

2 ⇥ +m2
t/ tan

2 ⇥) : m2
� tan

2 ⇥ for H±. (13)

In the non-decoupling limit, the couplings of H0 to the SM fermions become SM-like, while the
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๏ correlation between γγ and WW

  Allowed Region: gg→h0,H0→γγ, WW 

h0WW coupling: 
source for both 
h0 → γγ and WW

FIG. 3: Signal cross section ratios ⇥/⇥SM versus mA for (a) the W+W� final state with h0 (green circles)

and H0 (red crosses), (b) the �� final state, and the branching fraction correlation (Br/BrSM ) for (c)

h0 ⇥ �� versus h0 ⇥ W+W� and for (d) h0 ⇥ ⇤+⇤� versus h0 ⇥ W+W�. All the LEP2 and hadron

collider direct search bounds are imposed. The black dots in all the panels represent those satisfying the

narrower Higgs mass window in Eq. (2). The light blue triangles are those satisfying the cross section

requirement Eq. (19). Other parameters are scanned over the range in Eq. (15) with At > 0.

ter scan, there is a strong correlation. This is shown in Fig. 3(c) for Br(��) versus Br(W+W�).

We see an empirical linear relation

Br(��)

Br(��)SM
� 0.9

Br(W+W�)

Br(W+W�)SM
. (17)

The smaller-than-unity prefactor is due to some level of cancellation in the loops of h0 ⇥ ��. In

Fig. 3(d), we show another correlation for the channels of ⇥+⇥� and W+W�. The SM prediction

is at a value Br(W+W�)SM :Br(⇥+⇥�)SM � 15% : 7% at 125 GeV. It is interesting to note that

they are “anticorrelated”. Thus a consistency check of the predicted correlations as shown in Fig. 3
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FIG. 8: Allowed region for (a) tan� versus mA and (b) µ versus mA in the non-decoupling region for

At > 0. The legends are the same as in Fig. 5.

4. SUSY breaking scale M3SQ

In Fig. 7(b), we present the allowed region in the plane of the soft SUSY breaking scale M3SQ

and At, with the legends the same as in Fig. 5. The behavior for M3SU is very similar. An

approximate mmax
h relation of Ãt ⇥

⇤
6M3SQ,

⇤
6M3SU and/or large M3SQ, M3SU are needed to

have a relatively heavy Higgs mass in the range of 123 to 127 GeV [15, 30, 32–35]. Imposing

the cross section requirement of Eq. (19) further narrows down the range of At. In particular, for

the negative At case, At is typically in the narrow range from �2500 to �1000 GeV, while for the

positive At case, the allowed region is much broader, from 1000 GeV and higher. The difference

between positive and negative At is mainly due to the difference in the radiative correction to �mb

from the stop sector [25].

5. Non-decoupling region

As discussed earlier, the non-decoupling region mainly appears when At > 0. In Fig. 8, we

zoom into the non-decoupling region and impose the mass and cross section requirements as in

Eqs. (18) and (19). Panel (a) shows that only a narrow region of

95 GeV < mA < 110 GeV, 6 < tan � < 16 (22)

can accommodate a SM-like heavy CP-even Higgs in the mass range of 123 � 127 GeV [30].

Panel (b) shows that a higher value of µ is preferred for larger mA after imposing the cross section
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where ⌅i = ⌅†
i represent four Hermitian fields. In this new basis the Higgs

potential becomes

V (⌅) =
1
2
µ2

⇧
4⌥

i=1

⌅2
i

⌃
+

1
4
�

⇧
4⌥

i=1

⌅2
i

⌃2

, (17)

which is clearly O(4) invariant. Without loss of generality we can choose
the axis in this four-dimensional space so that ⇧0|⌅i|0⌃ = 0, i = 1, 2, 4 and
⇧0|⌅3|0⌃ = ⇤. Thus,

V (⌅) ⌅ V (v) =
1
2
µ2⇤2 +

1
4
�⇤4, (18)

which must be minimized with respect to ⇤. Two important cases are illus-
trated in Figure 3. For µ2 > 0 the minimum occurs at ⇤ = 0. That is, the
vacuum is empty space and SU(2)⇥U(1) is unbroken at the minimum. On
the other hand, for µ2 < 0 the ⇤ = 0 symmetric point is unstable, and the
minimum occurs at some nonzero value of ⇤ which breaks the SU(2)⇥U(1)
symmetry. The point is found by requiring

V �(⇤) = ⇤(µ2 + �⇤2) = 0, (19)

which has the solution ⇤ =
�
�µ2/�

⇥1/2 at the minimum. (The solution for
�⇤ can also be transformed into this standard form by an appropriate O(4)
transformation.) The dividing point µ2 = 0 cannot be treated classically. It
is necessary to consider the one loop corrections to the potential, in which
case it is found that the symmetry is again spontaneously broken.25

⇥

���

V (⇥)

Fig. 3. The Higgs potential V (⇥) for µ2 > 0 (dashed line) and µ2 < 0 (solid line).

We are interested in the case µ2 < 0, for which the Higgs doublet is re-

placed, in first approximation, by its classical value ⌅ ⌅ 1⇥
2

⇤
0
⇤

⌅
⇤ v. The
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where g(g⇥) is the SU(2) (U(1)) gauge coupling and ⇥ijk is the totally
antisymmetric symbol. The SU(2) fields have three and four-point self-
interactions. B is a U(1) field associated with the weak hypercharge Y =
Q� T 3, where Q and T 3 are respectively the electric charge operator and
the third component of weak SU(2). (Their eigenvalues will be denoted by
y, q, and t3, respectively.) It has no self-interactions. The B and W3 fields
will eventually mix to form the photon and Z boson.

The scalar part of the Lagrangian is

L⇥ = (Dµ⌥)†Dµ⌥� V (⌥), (8)

where ⌥ =
⇤

⌥+

⌥0

⌅
is a complex Higgs scalar, which is a doublet under

SU(2) with U(1) charge y⇥ = +1
2 . The gauge covariant derivative is

Dµ⌥ =
⇤

�µ + ig
⌃ i

2
W i

µ +
ig⇥

2
Bµ

⌅
⌥, (9)

where the ⌃ i are the Pauli matrices. The square of the covariant derivative
leads to three and four-point interactions between the gauge and scalar
fields.

V (⌥) is the Higgs potential. The combination of SU(2)⇥U(1) invariance
and renormalizability restricts V to the form

V (⌥) = +µ2⌥†⌥ + ⇤(⌥†⌥)2. (10)

For µ2 < 0 there will be spontaneous symmetry breaking. The ⇤ term de-
scribes a quartic self-interaction between the scalar fields. Vacuum stability
requires ⇤ > 0.

The fermion term is

Lf =
F⇧

m=1

�
q̄0
mLi ⌃Dq0

mL + l̄0mLi ⌃Dl0mL + ū0
mRi ⌃Du0

mR

+ d̄0
mRi ⌃Dd0

mR + ē0
mRi ⌃De0

mR + ⇧̄0
mRi ⌃D⇧0

mR

⇥
.

(11)

In (11) m is the family index, F ⇧ 3 is the number of families, and L(R)
refer to the left (right) chiral projections �L(R) ⌅ (1 ⇤ �5)�/2. The left-
handed quarks and leptons

q0
mL =

⇤
u0

m

d0
m

⌅

L

l0mL =
⇤

⇧0
m

e�0
m

⌅

L

(12)

transform as SU(2) doublets, while the right-handed fields u0
mR, d0

mR, e�0
mR,

and ⇧0
mR are singlets. Their U(1) charges are yqL = 1

6 , ylL = � 1
2 , y⇤R = q⇤.

real scalar field remains, the Higgs boson H , with mass M2
H =−2µ2 = 2λv2

and self-couplings:

H

H

H= −3iM
2
H

v

H

H

H

H

= −3iM
2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms
linear in the gauge bosons W±

µ and Z0
µ, define the coupling of the SM Higgs

boson to the weak gauge fields:

V
µ

V
!

H= 2iM
2
V

v
gµν

V
µ

V
!

H

H

= 2iM
2
V

v2
gµν

We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0

µ weak boson:

H

",Z

"

H

",Z

"

as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:
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where ⌅i = ⌅†
i represent four Hermitian fields. In this new basis the Higgs

potential becomes

V (⌅) =
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⇧
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⌃
+
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�

⇧
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, (17)

which is clearly O(4) invariant. Without loss of generality we can choose
the axis in this four-dimensional space so that ⇧0|⌅i|0⌃ = 0, i = 1, 2, 4 and
⇧0|⌅3|0⌃ = ⇤. Thus,

V (⌅) ⌅ V (v) =
1
2
µ2⇤2 +

1
4
�⇤4, (18)

which must be minimized with respect to ⇤. Two important cases are illus-
trated in Figure 3. For µ2 > 0 the minimum occurs at ⇤ = 0. That is, the
vacuum is empty space and SU(2)⇥U(1) is unbroken at the minimum. On
the other hand, for µ2 < 0 the ⇤ = 0 symmetric point is unstable, and the
minimum occurs at some nonzero value of ⇤ which breaks the SU(2)⇥U(1)
symmetry. The point is found by requiring

V �(⇤) = ⇤(µ2 + �⇤2) = 0, (19)

which has the solution ⇤ =
�
�µ2/�

⇥1/2 at the minimum. (The solution for
�⇤ can also be transformed into this standard form by an appropriate O(4)
transformation.) The dividing point µ2 = 0 cannot be treated classically. It
is necessary to consider the one loop corrections to the potential, in which
case it is found that the symmetry is again spontaneously broken.25
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Fig. 3. The Higgs potential V (⇥) for µ2 > 0 (dashed line) and µ2 < 0 (solid line).
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where g(g⇥) is the SU(2) (U(1)) gauge coupling and ⇥ijk is the totally
antisymmetric symbol. The SU(2) fields have three and four-point self-
interactions. B is a U(1) field associated with the weak hypercharge Y =
Q� T 3, where Q and T 3 are respectively the electric charge operator and
the third component of weak SU(2). (Their eigenvalues will be denoted by
y, q, and t3, respectively.) It has no self-interactions. The B and W3 fields
will eventually mix to form the photon and Z boson.
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⇤

⌥+

⌥0

⌅
is a complex Higgs scalar, which is a doublet under
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where the ⌃ i are the Pauli matrices. The square of the covariant derivative
leads to three and four-point interactions between the gauge and scalar
fields.

V (⌥) is the Higgs potential. The combination of SU(2)⇥U(1) invariance
and renormalizability restricts V to the form

V (⌥) = +µ2⌥†⌥ + ⇤(⌥†⌥)2. (10)

For µ2 < 0 there will be spontaneous symmetry breaking. The ⇤ term de-
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(11)

In (11) m is the family index, F ⇧ 3 is the number of families, and L(R)
refer to the left (right) chiral projections �L(R) ⌅ (1 ⇤ �5)�/2. The left-
handed quarks and leptons
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transform as SU(2) doublets, while the right-handed fields u0
mR, d0

mR, e�0
mR,

and ⇧0
mR are singlets. Their U(1) charges are yqL = 1

6 , ylL = � 1
2 , y⇤R = q⇤.

real scalar field remains, the Higgs boson H , with mass M2
H =−2µ2 = 2λv2

and self-couplings:
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v
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= −3iM
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Furthermore, some of the terms that we omitted in Eq. (25), the terms
linear in the gauge bosons W±

µ and Z0
µ, define the coupling of the SM Higgs

boson to the weak gauge fields:

V
µ

V
!

H= 2iM
2
V

v
gµν

V
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= 2iM
2
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We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0

µ weak boson:

H

",Z

"

H

",Z

"

as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:
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interactions. B is a U(1) field associated with the weak hypercharge Y =
Q� T 3, where Q and T 3 are respectively the electric charge operator and
the third component of weak SU(2). (Their eigenvalues will be denoted by
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and renormalizability restricts V to the form
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We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
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๏ Type II Two Higgs Doublet Model plus singlet S

after EWSB, 7 physical Higgses
CP-even Higgses: H1, H2, H3  

CP-odd Higgs: A1, A2

Charged Higgses: H±

๏ SSB
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of which is the non-decoupling scenario of the MSSM. We perform a broad scan over the
NMSSM parameter space and identify the low-mA regions that are consistent with current
Higgs search results at the colliders, including the discovery of a SM-like Higgs boson. We
find that the Higgs bosons of the NMSSM, three CP-even states, two CP-odd states, and
two charged Higgs states, could all be rather light near or below the electroweak scale in
our low-mA scenario, although the singlet-like states can also be heavier. The SM-like
Higgs boson could be either the lightest scalar or the second lightest scalar, as illustrated in
panels 1� 4 of the bottom row of Fig. 1. However, it is extremely di�cult to uncover any
regions corresponding with the scenarios of the last two panels of Fig. 1 where the SM-like
Higgs boson is the heaviest CP-even state after imposing all the existing collider search
constraints.

These low-mA parameter regions of the NMSSM have unique properties and o⌧er rich
phenomenology, providing complementary scenarios to the existing literature for the decou-
pling case as mentioned above. The production cross section and decay branching fractions
for the SM-like Higgs boson may be modified appreciably and new Higgs bosons may be
readily produced at the LHC. We evaluate the production and decay of the Higgs bosons
in this model and propose further searches at the LHC to probe the Higgs sector of the
NMSSM.

The rest of this paper is organized as follows. In Sec. 2, we present a short, self-
contained introduction to the Higgs sector of the NMSSM. In Sec. 3, we discuss our param-
eter scanning scheme and the current constraints applied. We then discuss the resulting
constraints and correlations for the NMSSM parameter space in Sec. 4 for the case that the
SM-like Higgs is the lightest CP-even scalar (panels 1-2, bottom row of Fig. 1) and in Sec. 5
when the SM-like Higgs is the second lightest CP-even scalar (panels 3-4, bottom row of
Fig. 1). In Sec. 6, we consider the basic LHC phenomenology for our results. Finally, we
summarize and conclude in Sec. 7.

2 NMSSM Higgs Sector and the Low-mA Region

In the NMSSM [26, 27], a new gauge singlet chiral super field Ŝ is added to the MSSM
Higgs sector resulting in a superpotential of the form

WNMSSM = Yuû
cĤuQ̂+ Ydd̂

cĤdQ̂+ Yeê
cĤdL̂+ ⇤ŜĤuĤd +

1

3
⇥Ŝ3 (2.1)

with an explicit Z3 symmetry. Additionally, the soft-SUSY breaking Higgs sector of the
NMSSM is:

VH,Soft = m2
Hu

H†
uHu +m2

Hd
H†

dHd +M2
S |S|2 +

�
⇤A⇥(H

T
t �Hd)S +
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3
⇥A�S3 + c.c.

⇥
. (2.2)

After the singlet obtains a vacuum expectation value (VEV) ⇤S⌅ = vs/
⌃
2, an e⌧ective µ

term is generated: µ = ⇤vs/
⌃
2, which solves the so-called µ-problem of the MSSM. An

e⌧ective b-term be� = µ(A⇥ + �
⇥µ) is also generated at tree level.

In this work, we assume a CP-conserving Higgs potential with all the coe�cients being
real. We further take ⇤ and ⇥ to be positive, unless otherwise stated. For the VEV’s, we

– 4 –

of which is the non-decoupling scenario of the MSSM. We perform a broad scan over the
NMSSM parameter space and identify the low-mA regions that are consistent with current
Higgs search results at the colliders, including the discovery of a SM-like Higgs boson. We
find that the Higgs bosons of the NMSSM, three CP-even states, two CP-odd states, and
two charged Higgs states, could all be rather light near or below the electroweak scale in
our low-mA scenario, although the singlet-like states can also be heavier. The SM-like
Higgs boson could be either the lightest scalar or the second lightest scalar, as illustrated in
panels 1� 4 of the bottom row of Fig. 1. However, it is extremely di�cult to uncover any
regions corresponding with the scenarios of the last two panels of Fig. 1 where the SM-like
Higgs boson is the heaviest CP-even state after imposing all the existing collider search
constraints.

These low-mA parameter regions of the NMSSM have unique properties and o⌧er rich
phenomenology, providing complementary scenarios to the existing literature for the decou-
pling case as mentioned above. The production cross section and decay branching fractions
for the SM-like Higgs boson may be modified appreciably and new Higgs bosons may be
readily produced at the LHC. We evaluate the production and decay of the Higgs bosons
in this model and propose further searches at the LHC to probe the Higgs sector of the
NMSSM.

The rest of this paper is organized as follows. In Sec. 2, we present a short, self-
contained introduction to the Higgs sector of the NMSSM. In Sec. 3, we discuss our param-
eter scanning scheme and the current constraints applied. We then discuss the resulting
constraints and correlations for the NMSSM parameter space in Sec. 4 for the case that the
SM-like Higgs is the lightest CP-even scalar (panels 1-2, bottom row of Fig. 1) and in Sec. 5
when the SM-like Higgs is the second lightest CP-even scalar (panels 3-4, bottom row of
Fig. 1). In Sec. 6, we consider the basic LHC phenomenology for our results. Finally, we
summarize and conclude in Sec. 7.

2 NMSSM Higgs Sector and the Low-mA Region

In the NMSSM [26, 27], a new gauge singlet chiral super field Ŝ is added to the MSSM
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cĤdL̂+ ⇤ŜĤuĤd +

1

3
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  NMSSM: Masses for Higgses 
-

๏ Effects of singlet
- lift (mhv)tree, small tanβ, large λ

- mixing with singlet: change HiWW/ZZ, Hibb, Higg, Hiγγ

๏ Lots of work on (125 GeV) Higgs in NMSSM framework ...

Gunion et. al, 1201.0982
Ellwanger 1112.3548
King et. al., 1201.2671
Cao et. al., 1202.5821
EllWanger et. al., 1203.5048
Benbrik et. al., 1207.1096
Gunion et. al., 1207.1545
Gunion et. al., 1208.1817
Cheng et. al., 1207.6392
Belanger et. al., 1208.4952
Agashe et. al., 1209.2115
Belanger et. al., 1210.1976

๏ H3 heavy, mA large
๏ H1 126 or H2 126
๏ hv/S mixing

Heng, 1210.3751
Choi et. al., 1211.0875
King et. al., 1211.5074
Dreiner et. al., 1211.6987
Das  et. al., 1301.7548
... many other Jack’s, Ellwanger’s paper ...
(incomplete list)
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  NMSSM: mA decouple case 
-

๏ push down: mhv < mS

hv
hv

S

S

๏ H1 (SM-like) still heavy enough 
≥ 124 GeV
⇒ not too large mass mixing 

(to push down mH1 too low)

hv
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S
S

๏ H1 (singlet-like) not ruled out 
by LEP
⇒ not too large state mixing 

(to have too much H1ZZ coupling)

๏ push up: mhv > mS

Agashe et. al., 1209.2115
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Figure 1. Illustration of the e↵ect of adding the singlet to the CP-even Higgs boson spectrum
before mixing.

the lighter eigenstate or the heavier eigenstate, as illustrated in the top row of Fig. 1. After
adding the singlet scalar, the two panels of the MSSM give rise to six possible scenarios in
the NMSSM, as illustrated in the lower row of Fig. 1. In reality, the mass eigenstates are
admixtures of the gauge interaction eigenstates, and thus cannot be labelled as simply as
in Fig. 1. Nevertheless, these graphs give us an intuitive picture of the result of adding the
singlet field of the NMSSM.

Recently, many analyses of the NMSSM have been performed in light of the recent
Higgs searches at the LHC, focusing on the large mA region. References [10–12] showed
the compatibility of the NMSSM with the enhanced �� rate, while Reference [13] studied
the stringent flavor and muon g � 2 constraints on the model. Moreover, the NMSSM
may include many interesting features, that include grand unification of gauge couplings
[14], naturalness for the Higgs mass [15–19], neutralino Dark Matter [20–22], and possible
accommodation of multiple nearly degenerate Higgs bosons [23–25].

In this paper, by contrast, we consider the NMSSM in the low-mA region, the prototype
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Figure 12. The normalized ⇥ ⇥ Br/SM for (a) gg ⇤ H2 ⇤ ��. (b) gg ⇤ H2 ⇤ WW/ZZ as
a function of mH2 in the H2-126 case. The current experimental constraints from the SM Higgs
searches of the ��, WW and ZZ channels are also imposed. Color coding is the same as for Fig. 11.
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Figure 13. Correlations for (a) �� versus WW/ZZ channel, and (b) bb versus WW/ZZ in the
H2-126 case. Color coding is the same as for Fig. 11.

5.2 Production cross sections and decay branching fractions for the SM-like
H2

The ranges of ⇥ ⇥Br/SM for gg ⇤ H2 ⇤ �� is slightly large than that of the H1-126 GeV
case. An enhancement as large as a factor of 2 can be achieved in the present case. For gg ⇤
H2 ⇤ WW/ZZ, the ⇥⇥Br/SM is typically in the range of 0.4 � 1.6, and bounded above by
the current experimental searches in the WW/ZZ channels. Note that a relatively strong
suppression of about 0.4 could be accommodated more comfortably (ZL: comfortably?
so non-scientific. Maybe say easily, more points survive/populate?) than in the
H1-126 GeV case.

H2 ⇤ �� and H2 ⇤ WW/ZZ are also highly correlated, as shown in Fig. 13, panel (a)
for �� versus WW . There are several branches, corresponding to H2 Region IA and IB as
categorized in Sec. 5.1. For Region IA (green points) with H2 being mostly hv-dominant,
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H2 → H1 H1

• grey: pass exp
• pink: 124 < mH2  < 128 GeV

• green, red, purple, black: satisfy σXBr(γγ, WW)

- H2 region IA, mH1>mH2/2, |ξH2hv|2>0.5 
- H2 region IB, mH1>mH2/2, |ξH2hv|2<0.5 
- H2 region II, mH1<mH2/2, H2 →H1H1

• black: perturbativity till mGUT

NMSSM Higgs
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S. Su 
25

-

๏ σγγ vs σWW ๏ BrWW vs Brbb

(a) (b)

Figure 12. The normalized ⇥ ⇥ Br/SM for (a) gg ⇤ H2 ⇤ ��. (b) gg ⇤ H2 ⇤ WW/ZZ as
a function of mH2 in the H2-126 case. The current experimental constraints from the SM Higgs
searches of the ��, WW and ZZ channels are also imposed. Color coding is the same as for Fig. 11.

(a) (b)

Figure 13. Correlations for (a) �� versus WW/ZZ channel, and (b) bb versus WW/ZZ in the
H2-126 case. Color coding is the same as for Fig. 11.

5.2 Production cross sections and decay branching fractions for the SM-like
H2

The ranges of ⇥ ⇥Br/SM for gg ⇤ H2 ⇤ �� is slightly large than that of the H1-126 GeV
case. An enhancement as large as a factor of 2 can be achieved in the present case. For gg ⇤
H2 ⇤ WW/ZZ, the ⇥⇥Br/SM is typically in the range of 0.4 � 1.6, and bounded above by
the current experimental searches in the WW/ZZ channels. Note that a relatively strong
suppression of about 0.4 could be accommodated more comfortably (ZL: comfortably?
so non-scientific. Maybe say easily, more points survive/populate?) than in the
H1-126 GeV case.

H2 ⇤ �� and H2 ⇤ WW/ZZ are also highly correlated, as shown in Fig. 13, panel (a)
for �� versus WW . There are several branches, corresponding to H2 Region IA and IB as
categorized in Sec. 5.1. For Region IA (green points) with H2 being mostly hv-dominant,

– 25 –

(a) (b)

Figure 12. The normalized ⇥ ⇥ Br/SM for (a) gg ⇤ H2 ⇤ ��. (b) gg ⇤ H2 ⇤ WW/ZZ as
a function of mH2 in the H2-126 case. The current experimental constraints from the SM Higgs
searches of the ��, WW and ZZ channels are also imposed. Color coding is the same as for Fig. 11.

(a) (b)

Figure 13. Correlations for (a) �� versus WW/ZZ channel, and (b) bb versus WW/ZZ in the
H2-126 case. Color coding is the same as for Fig. 11.

5.2 Production cross sections and decay branching fractions for the SM-like
H2

The ranges of ⇥ ⇥Br/SM for gg ⇤ H2 ⇤ �� is slightly large than that of the H1-126 GeV
case. An enhancement as large as a factor of 2 can be achieved in the present case. For gg ⇤
H2 ⇤ WW/ZZ, the ⇥⇥Br/SM is typically in the range of 0.4 � 1.6, and bounded above by
the current experimental searches in the WW/ZZ channels. Note that a relatively strong
suppression of about 0.4 could be accommodated more comfortably (ZL: comfortably?
so non-scientific. Maybe say easily, more points survive/populate?) than in the
H1-126 GeV case.

H2 ⇤ �� and H2 ⇤ WW/ZZ are also highly correlated, as shown in Fig. 13, panel (a)
for �� versus WW . There are several branches, corresponding to H2 Region IA and IB as
categorized in Sec. 5.1. For Region IA (green points) with H2 being mostly hv-dominant,

– 25 –

H2 → H1 H1

• grey: pass exp
• pink: 124 < mH2  < 128 GeV

• green, red, purple, black: satisfy σXBr(γγ, WW)

- H2 region IA, mH1>mH2/2, |ξH2hv|2>0.5 
- H2 region IB, mH1>mH2/2, |ξH2hv|2<0.5 
- H2 region II, mH1<mH2/2, H2 →H1H1

• black: perturbativity till mGUT

NMSSM Higgs
 N. Christensen, T. Han, Z. Liu, SS (2013)

large exotic HSM decay



S. Su 26

-

Generic 2HDM 

 

2

I. INTRODUCTION

The discovery of a resonance at 125 GeV with properties consistent with the Standared Model (SM) Higgs boson in
both the ATLAS [1] and CMS experiments [2] is undoubtedly the most significant experimental triumph of the LHC
to date. The nature of this particle, as regards its CP properties and couplings, are still to be established. Though
further data would undoubtedly point us in the right direction, at this point it is useful to ask what this result means
for models that go beyond the SM. The reason for this is two-fold. There are quite a few models that admit a scalar
particle in their spectrum and many of them can have couplings and decays consistent with the SM Higgs boson.
Thus it behooves us to constrain these models as much as possible with the information at hand. Secondly, both
experiments have reported a slight excess in the ⇤⇤ channel [3, 4] compared to the SM Higgs. Though it remains to
be seen if this excess stays as more data is accrued, it is still interesting to investigate if this departure from the SM
can be captured in other models that go beyond it.

One of the simplest extensions of the SM model involves enlarging the scalar sector. The Two Higgs-Doublet Models
(2HDM), as the name implies, involve two scalar doublets both charged under the SM SU(2)⇥U(1) gauge symmetries
[5–8]. The scalar spectrum is enlarged relative to the SM and includes a light and a heavy neutral CP-even Higgses
(h0 and H0), charged Higgses (H±), and a pseudoscalar A0. The neutral component of both the Higgs fields develop
vacuum expectation values (vev), breaking SU(2)⇥U(1) down to U(1)em. Thus, in addition to the Yukawas and the
masses, there are two additional parameters in the theory: the ratio of the vevs of the two Higgs fields (tan⇥), and
the mixing of the two neutral Higgses (sin�).

There are many types of 2HDMs, each di⇥ering in the way the light and heavy neutral Higgses couple to the fermions
and gauge bosons (Type I, Type II, Lepton-specific, Flipped). In this work, we will be concentrating on the Type II
case. There is no deep reason for the choice, other than the fact that this case shares many of the features of MSSM,
and so enables us to translate existing LHC SUSY results to this case. Before proceeding, we point out that over the
last few months, there have been various studies on 2HDM concentrating on the regions of parameter space (usually
in the tan⇥ � sin� plane) that admit the values of ⇧⇥ BR values reported by the LHC experiments in the various
channels [2, 9–11] (while also looking at correlations between the various decay channels), assuming the resonance
discovered corresponds to the heavy or light scalar in 2HDM. In addition, Ref. [12] investigated the possibility that this
could correspond to the pseudoscalar A0 - in this context, it is worth remarking that [13] considered the pseudoscalar
implication in general and found that while it is strongly disfavored, this possibility is not yet completely ruled out. 1

In the present paper, we extend the above analyses by combining all known experimental constraints (LEP, LHC,
and Tevatron bounds) with the theoretical ones (from perturbativity, unitarity, and vacuum stability) and present
regions of parameter space in various combinations of the parameters of the model instead of just concentrating on
two parameters. This enables us to draw conclusions about correlations between the di⇥erent masses and the mixing
angles. We start by briefly laying out the essential details of the model and the set-up of our analysis in Section II.
We then give an overview of the various bounds and present our results in Section III. We conclude in Section IV.

II. TYPE II 2HDM

In this section, we will briefly describe the model we consider, list the relevant couplings and explain the constraints
imposed. For more details about the model, the reader is invited to consult Ref. [5].

A. Potential, Masses and Mixing Angles

Labelling the two scalar fields �1 and �2, the most general potential can be written down in the following form:
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1 The latest results indicate that the pseudoscalar interpretation of the 125 GeV excess is ruled out at 2.5 �.
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(a) (b)

Figure 6: (a) The annihilation cross section h�avi in the limit v ! 0 along with the 95% exclusion
obtained by the Fermi satellite from the absence of gamma rays from the nearby dwarf galaxies [13].
(b) The spin-dependent scattering cross section with a proton, along with the 90% exclusion curves
from the Super-K [87] and IceCube [88] experiments. Legends are the same as in Fig. 5.

We categorize model points as scenario I if the di↵erence between the mediator mass
and twice the LSP mass is within 8% of the mediator mass, namely

|mZ,h,A � 2m�0
1
|  0.08 mZ,h,A. (4.4)

We categorize model points as scenario II-A if the di↵erence between the LSP mass and
neutralino NLSP3 mass is less than 15% of the LSP mass, namely m�0

2
�m�0

1
< 0.15m�0

1
.

Other cases are categorized as scenario II-B. Our classification and categorization have
been verified by investigating a fraction of our generated model points and looking into
their individual contributing annihilation channels.

(5). Indirect search bounds:
There exist cosmological bounds from the indirect search for DM signals. We present

the annihilation cross section h�avi in the limit v ! 0 (i.e. the v-independent component)
versus the LSP DM mass in Fig. 6(a), along with the 95% exclusion obtained by the
Fermi-LAT satellite from the absence of gamma rays from the nearby dwarf galaxies [13].
We see that further improvement from the measurement at the Fermi-LAT will reach
the current sensitivity range. The spin-dependent scattering cross section with a proton
is shown in Fig. 6(b), along with the 90% exclusion curves from the Super-Kamiokande
experiment [87] and the IceCube constraint from DM annihilation in the Sun [88]. We see
that IceCube results are cutting into the relevant parameter region closing the gap from
the direct searches, although the bounds from the indirect searches are not quite as strong
as that from XENON-100. It is worth mentioning that the local DM density in the Sun
may be higher than the referral value [99] and thus would yield a slightly stronger exclusion
from IceCube.

3This is almost always true because we have a very Bino-like LSP. For cases with ⌧̃1, t̃1 NLSP with the

sfermion coannihilation mechanism, they fall into scenario II-B automatically.

– 13 –
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๏ Gauginos and Higgsinos
- Neutral ones: Bino, Wino, Hu0, Hd0

- charged ones: Winos, Hu+, Hd-

๏ Parameters: M1, M2, µ, tanβ
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๏ Neutralinos and charginos
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A rich mixture of (W/Z/h)(W/Z/h)+MET final states!
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  T. Han, S. Padhi and SS, to appear...
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Six cases
-

Case AI: Bino LSP-Wino NLSP M1 < M2 < µ
Case AII: Bino LSP-Higgsino NLSP M1 < µ < M2

Case BI: Wino LSP-Bino NLSP M2 < M1 < µ
Case BII: Wino LSP-Higgsino NLSP M2 < µ < M1

Case CI: Higgsino LSP-Bino NLSP µ < M1 < M2 
Case CII: Higgsino LSP-Wino NLSP µ < M2 < M1

LSP(s): usual LSP+degenerate states
NLSP(s): 2nd set low-lying (degenerate) states
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Case BI: Wino LSP-Bino NLSP M2 < M1 < µ
Case BII: Wino LSP-Higgsino NLSP M2 < µ < M1

Case CI: Higgsino LSP-Bino NLSP µ < M1 < M2 
Case CII: Higgsino LSP-Wino NLSP µ < M2 < M1

Small NLSP production at LHC: unobservable
nearly degenerate LSP pair productions at ILC: Unique opportunity!

LSP(s): usual LSP+degenerate states
NLSP(s): 2nd set low-lying (degenerate) states
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-

Case AI: Bino LSP - Wino NLSP

χ1± decay 100% via on/off-shell W
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χ2
0 decay: M1< M2 < µ

T. Han, S. Padhi, SS (2013)
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Case AI: Bino LSP - Wino NLSP
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decay to h dominates over decay to Z !
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Productions 
-
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FIG. 2: Feynman diagram for neutralino/chargino pair production.

standard electroweak processes. The leading contributions under our consideration are the Drell-

Yan processes via the s-channel exchange ofW/Z/γ, as shown in Fig. 2,

pp → χ±
i χ0

j X, χ+
i χ−

j X, χ0
i χ

0
j X, (12)

where i, j = 1 . . . 4 for neutralinos and i, j = 1 . . . 2 for charginos, and X generically denotes the

hadronic remnants. Dominant processes are typically those that involves two Wino-like or two

Higgsino-like states, since their relevant couplings toW , Z and γ are unsuppressed. Furthermore,

neutralino-chargino pair productions via W -exchange in Fig. 2 (a) has the largest cross sections

due to the large SU(2)L coupling. There could also be t-channel contributions with the exchange

of u- and d-squarks, which often result in destructive interference with the s-channel diagrams. In

our current treatment, we will neglect those effects under the assumption of heavy squarks.

The charginos and neutralinos could also be produced via weak boson fusion (WBF) processes

qq′ → qq′χ+
i χ0

j , qq′χ+
i χ−

j , qq′χ0
i χ

0
j ... (13)

Due to the substantially smaller production rates than the Drell-Yan type mechanism, these chan-

nels do not contribute much to the inclusive signal of our consideration. On the other hand, if a

signal is observed via the DY processes, the unique kinematics of the forward-backward jets make

the signal quite characteristic and it will be worthwhile to take the challenge in searching for and

studying these channels [12].

We now present the signal production rates via the DY processes as a function of a relevant

mass parameter, in all the scenarios discussed in the last section. We show these in Fig. 3 at the

13 TeV LHC, including the next-to-leading oder (NLO) QCD corrections, which is about 10%

increase to the overall cross sections (TH: I thought it should be about 30%. I’ll check and

10

Dominant production: 
๏ Wino pair production: cha-cha, cha-neu
๏ Higgsino pair production: cha-cha, cha-neu, neu-neu

D. Summary for the signals

So far, we have laid out the most general chargino and neutralino scenarios based on the rela-

tions among the gaugino soft mass parametersM1, M2 and the Higgsino mass parameter µ. In the

absence of substantial mixing when all the mass parameters are of the similar size, the three sets

of multiplets (namely a Bino, 3 gauginos and 4 Higgsinos) are each nearly degenerate in mass,

respectively. The six scenarios are summarized in Table I. Note that the LSP multiplet production

will be difficult to observe, we will not discuss Cases BI and CI any further. We list the dominant

pair production and decay modes for various NLSPs as discussed above. For each case, we show

the dominant pair production channels for neutralinos and charginos. The branching fractions are

given for the parameters of benchmark values as in Eq. (14), and the mass parameter correspond-

ing to the NLSP mass taken to be 500 GeV. For the decay branching fractions, most of them are

insensitive to the particular value of tan β. For those that do have tan β dependence, we show

the variation in the parenthesis with tanβ in the range of 3 − 50. (could we do 3-50 instead?

60 probably violates unitarity already.) Combining with the decay branching fractions of the

corresponding NLSPs, for each production mode, we show the total branching fraction into each

particular final state

XY = W+W−, W±W±, WZ, Wh, Zh, ZZ, and hh. (47)

Note that all of the final states include missing transverse energy introduced by χ0
1 LSP, as well

as soft jets and leptons that might appear from decays between nearly degenerate particles in LSP

multiplet. Since the same final states might comes from different production processes, the total

cross section of a particular final state is given by

σtot
XY =

∑

i,j

σ(χiχj) × Br(χiχj → XY ), (48)

where the sum is over the dominant production modes listed in the table. (SS: Shall we show

a plot of the total cross section of different final states in various cases? It would be very

informative, more informative than the total cross section in Fig 2 and not too difficult to

plot.) TH: that’d be great. So please go ahead.
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Higgsino-like states, since their relevant couplings toW , Z and γ are unsuppressed. Furthermore,

neutralino-chargino pair productions via W -exchange in Fig. 2 (a) has the largest cross sections

due to the large SU(2)L coupling. There could also be t-channel contributions with the exchange

of u- and d-squarks, which often result in destructive interference with the s-channel diagrams. In

our current treatment, we will neglect those effects under the assumption of heavy squarks.
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Due to the substantially smaller production rates than the Drell-Yan type mechanism, these chan-

nels do not contribute much to the inclusive signal of our consideration. On the other hand, if a

signal is observed via the DY processes, the unique kinematics of the forward-backward jets make

the signal quite characteristic and it will be worthwhile to take the challenge in searching for and

studying these channels [12].
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Productions: Bino LSP
-

T. Han, S. Padhi, SS (2013)
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Productions: Bino LSP
-

๏ Br(WZ) < 100%, sometime highly suppressed
๏ Wh complementary to WZ channel: new discovery potential
๏ Zh could also be important
๏ hh usually is small

T. Han, S. Padhi, SS (2013)
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LHC/ILC searches
-

Channel Signal (LHC) Signal (ILC)
W+W- OS2L + MET hadronic (4j), 

semileptonic, 
leptonic final 
states +MT

W±W± SS2L + MET
hadronic (4j), 
semileptonic, 
leptonic final 
states +MTWZ 3L + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

Wh 1L + bb + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

Zh OS2l +bb + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

LSP pair ISR photon + soft



S. Su 40

LHC/ILC searches
-

Channel Signal (LHC) Signal (ILC)
W+W- OS2L + MET hadronic (4j), 

semileptonic, 
leptonic final 
states +MT

W±W± SS2L + MET
hadronic (4j), 
semileptonic, 
leptonic final 
states +MTWZ 3L + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

Wh 1L + bb + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

Zh OS2l +bb + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

LSP pair ISR photon + soft



S. Su 40

LHC/ILC searches
-

Channel Signal (LHC) Signal (ILC)
W+W- OS2L + MET hadronic (4j), 

semileptonic, 
leptonic final 
states +MT

W±W± SS2L + MET
hadronic (4j), 
semileptonic, 
leptonic final 
states +MTWZ 3L + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

Wh 1L + bb + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

Zh OS2l +bb + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

LSP pair ISR photon + soft

Wh and Zh channels comparable/complementary to WW, WZ channels!



S. Su 40

LHC/ILC searches
-

Channel Signal (LHC) Signal (ILC)
W+W- OS2L + MET hadronic (4j), 

semileptonic, 
leptonic final 
states +MT

W±W± SS2L + MET
hadronic (4j), 
semileptonic, 
leptonic final 
states +MTWZ 3L + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

Wh 1L + bb + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

Zh OS2l +bb + MET

hadronic (4j), 
semileptonic, 
leptonic final 
states +MT

LSP pair ISR photon + soft

Wh and Zh channels comparable/complementary to WW, WZ channels!
LHC-ILC complementarity
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-

Neutralino/Chargino search

T. Han, S. Padhi, SS (2013)
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Neutralino/Chargino search

T. Han, S. Padhi, SS (2013)

Unique signal ! 
Wh complementary to WZ channels !
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-III. Exotic decay of  non-SM Higgs

๏ Conventional search channel (even for non-SM Higgs):
   γγ, ZZ, WW, ττ, bb 

๏ New Higgs decay modes open for (non-)SM Higgs decay 



S. Su 43

-

Searching for Other Higgses

New channels open up for non-SM Higgs decay

HH type (bb/ττ/WW/ZZ)(bb/ττ/WW/ZZ) hSM ➞ AA, 
H ➞ hSM hSM, 
H ➞ AA, 
Ai ➞ HjAk,...

H+H- type (τν/tb)(τν/tb) H/A ➞ H+H- 

ZH type (ll/qq/νν)(bb/ττ/WW/ZZ) hSM ➞ ZA, 
A➞ ZhSM, ...

WH± type (lν/qq’) (τν/tb) H/A➞ WH±

WH type (lν/qq’)(bb/ττ/WW/ZZ) tH± production, 
H±➞ WH
H±➞ WA
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Searching for Other Higgses

B. Coleppa, F. Kling, SS (2013)
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Searching for Other Higgses

B. Coleppa, F. Kling, SS (2013)

improved reach for mA < 350 GeV
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Conclusion

๏ the discovery of Higgs is a remarkable triumph in particle physics

๏ a light weakly coupled Higgs argues for new physics beyond SM

๏ current Higgs search results already impose strong constraints on new 
physics beyond the SM

๏ Higgs should not be a lonely particle: interactive friends and partners

๏ Higgs help with searches for other new physics 

๏ search for Higgs in the unconventional channel 

๏ LHC lights the way for the searches

๏ Higgs factory: precision measurements of Higgs properties
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Conclusion

๏ the discovery of Higgs is a remarkable triumph in particle physics

๏ a light weakly coupled Higgs argues for new physics beyond SM

๏ current Higgs search results already impose strong constraints on new 
physics beyond the SM

๏ Higgs should not be a lonely particle: interactive friends and partners

๏ Higgs help with searches for other new physics 

๏ search for Higgs in the unconventional channel 

๏ LHC lights the way for the searches

๏ Higgs factory: precision measurements of Higgs properties

An exciting journey ahead of us!
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Road ahead us         Brighter!!!              


