
Modified Higgs Couplings and New Physics

Carlos E.M. Wagner
EFI and KICP, University of Chicago

Argonne National Laboratory

PASCOS2018, Case Western Reserve University
Cleveland, OH, June 7, 2018

erve



Based on the following works :

• M. Carena, I. Low, N. Shah, C.W., arXiv:1310.2248,  JHEP 1404 (2014) 

• M. Carena, H. Haber, I. Low, N. Shah, C.W., arXiv:1410.4969, PRD91 (2015); 
arXiv:1510.09137, PRD93 (2016)

• M. Badziak, C.W. , arXiv:1602.06198,  JHEP 1605 (2016); arXiv: 1611.02353, 
JHEP 1702 (2017)

• D. Liu, I. Low, C. Wagner, arXiv:1703.07791, PRD96 (2017) 

• A. Joglekar, M. Li, P. Huang, C.W.,  arXiv:1711.05743, to appear in PRD. 

• N. Coyle, B. Li, C.W., arXiv:1802.09122



Modified Couplings ?

• Today, we know that the observed Higgs Boson couples to 
top and bottom quarks.

• The values of the couplings are within a few tens of 
percents of the SM values (at least in modulus).

• In the presence of new Higgs states at the weak scale, 
something I consider likely, the couplings will not coincide 
with the SM ones.

• I will discuss the impact of such modifications and how 
they appear in some New Physics Models. 



New tth results 
Values overall consistent with  the SM, but a few interesting 

small discrepancies are present at both experiments. 



There is today evidence of a Higgs decaying to bottom quarks

                                        Consistency with SM results

Errors are still large an admit deviations of a few tens of percent from the SM results



Impact of Modified Couplings
• In general, assuming modified couplings, and no new light particle the 

Higgs can decay into, the new decay branching ratios are given by

• For small variations of (only) the bottom coupling, and 

• So, due to the its large contribution to the Higgs decay width, a 
modification of a bottom coupling leads to a large modification of all 
other decay branching ratios (larger than the one into bottoms !)

• Observe that the coefficients are just given by the SM bottom decay 
branching ratio and its departure from one. 

are modified by a factor 2t . Moreover, the modified branching ratios are given by

BR(h ! XX) =

2X BR(h ! XX)

SM

P

i 
2

i BR(h ! ii)SM
(3.1)

where BR(h ! XX) is the branching ratio of the Higgs decay into a pair of X particles.

In Fig 8, we fix t at 1, or 1.1, g at 0.81, 0.94, and 1, which are representative values
for the gluon Higgs couplings necessary to obtain sizable modifications of the di-Higgs
production cross section. Having fixed these values, we fit for the preferred values of b and
w. We include all the Higgs data from Run I [4, 5], except h ! ZZ⇤ and h ! ⌧⌧ , as they
also depend on Z and ⌧ , which are beyond the scope of discussion in this study. The
production for VBF also depends on z, which we fix at the run I best fit value z = 1. Due
to the small value of the BR(h ! ZZ), fixing z = w makes no difference in our results.
The value of � is considered to be consistent with the values induced by the present of
light stops and modifications of t and w. Using effective field theory to evaluate the top
and stop contributions, one obtains, approximately

� = 1.28w � 0.28g, (3.2)

where we used Eq. (2.6) and the fact that the relation between the top and stop contributions
to g and � are the same.

The region within 1 � of the best fit value for b and w is shown in blue, and the region
within 2 � of the best fit value is shown in light blue. Then, for given values of w and b,
we calculate the Higgs decay branching ratios to bb and ��, and we show the contours of
BR(h ! bb)⇥BR(h ! ��), normalized to the SM value. We also show the Run 2 results
for gluon fusion, h ! �� in orange(ATLAS) [55], and green(CMS) [56]. The solid lines are
the central values, and the dashed line show the 1 � range. The region above the dotted
line is consistent with the Run 2 measurement of associated production of Higgs with vector
bosons, V h, with h ! b¯b within 1 � [57]. It can be seen from the top two panels that t
does not change the fit, as the tth channel has large uncertainties. t does not change the
branching ratios either, because by allowing new particles in the loop, or considering g
as an independent parameter, t does not change the Higgs decay. Then for g = 0.9 and
g = 1 we only consider t = 1.

Our results are roughly consistent with the ones obtained by the combined ATLAS and
CMS Higgs data [4, 5]. As can be seen from these contours, some small modifications
to BR(h ! bb) ⇥ BR(h ! ��) are expected, which would modify the hh ! bb�� rate.
However, the largest modification is about ±20%. Let us stress that the inclusion of run II
data is likely to move b towards larger values. However, as is apparent from Fig. 8, this
modification is unlikely to modify the above conclusion. Therefore, only mild variations are
expected in the product of the bb and �� decay branching ratios and the hh ! bb�� rate is
mainly controlled by the modifications of the di-Higgs production rate with respect to the
SM value.
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BR(h ! bb̄) ' BR(h ! bb̄)SM(1 + 0.4(2
b � 1))

BR(h ! XX) ' BR(h ! XX)SM(1� 0.6(2
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BR(h ! XX)
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Modified couplings in 2HDMs



Modifying the top and bottom couplings in two Higgs Doublet 
Models

• Measurement of the top and bottom couplings still subject to large errors.   

• The enhancement on the top coupling is somewhat weaker in the 13 TeV data. 
Modifications of a few tens of percent possible. 

• Modifying the top-quark coupling is simple for small values of tanβ, but the bottom 
coupling is modified as well in an opposite direction 

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

cos(� � ↵) = 0Alignment Condition :

SM-like Higgs tree level couplings equal to SM couplings



H and A Decay to Boson Pairs

H
h, Z

h, Z

cos(� � ↵)

A

Z

h,

cos(� � ↵)

Suppressed at Alignment

H h h
X



Then at leading order in �, the Higgs couplings become

ghV V ⇥
⇤
1� 1

2
t�2
⇥ �2

⌅
gV , gHV V ⇥ t�1

⇥ � gV , (44)

ghdd ⇥ (1� �) gf , gHdd ⇥ t⇥(1 + t�2
⇥ �)gf , (45)

ghuu ⇥ (1 + t�2
⇥ �) gf , gHuu ⇥ �t�1

⇥ (1� �)gf . (46)

We see � characterizes the departure from the alignment limit of not only ghdd but also gHuu.

On the other hand, the deviation in the ghuu and gHdd are given by t�2
⇥ �, which is doubly

suppressed in the large t⇥ regime. Moreover, terms neglected above are of order �2 and are

never multiplied by positive powers of t⇥, which could invalidate the expansion in � when

t⇥ is large.

There are some interesting features regarding the pattern of deviations. First, whether

the coupling to fermions is suppressed or enhanced relative to the SM values, is determined

by the sign of �: ghdd and gHuu are suppressed (enhanced) for positive (negative) �, while

the trend in ghuu and gHdd is the opposite. In addition, as � ⌅ 0, the approach to the SM

values is the fastest in ghV V and the slowest in ghdd. This is especially true in the large t⇥

regime, which motivates focusing on precise measurements of ghdd in type II 2HDMs.

Our parametrization of c⇥�� = t�1
⇥ � can also be obtained by modifying Eq. (39), which

defines the alignment limit, as follows:
⇧

⌥ s2⇥ �s⇥c⇥

�s⇥c⇥ c2⇥

⌃

�

⇧

⌥ �s�

c�

⌃

� = t�1
⇥ �

⇧

⌥ �s⇥

c⇥

⌃

� . (47)

The eignevalue equation for mh in Eq. (40) is modified accordingly,

v2

⇧

⌥ L11 L12

L12 L22

⌃

�

⇧

⌥ �s�

c�

⌃

� = m2
h

⇧

⌥ �s�

c�

⌃

��m2
A t�1

⇥ �

⇧

⌥ �s⇥

c⇥

⌃

� . (48)

From the above, taking � ⇤ 1 and expanding to first order in �, we obtain the “near-

alignment conditions”,

(C1⇥) : m2
h = v2L11 + t⇥v

2L12 + �
�
t⇥(1 + t�2

⇥ )v2L12 �m2
A

⇥
, (49)

(C2⇥) : m2
h = v2L22 + t⇥

�1v2L12 � �
�
t�1
⇥ (1 + t�2

⇥ )v2L12 �m2
A

⇥
. (50)

We will return to study these two conditions in the next section, after first analyzing solutions

for alignment without decoupling in general 2HDMs.
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More explicitly, since s� = �c⇥ in the alignment limit, we can re-write the above matrix

equation as two algebraic equations: 3

(C1) : m2
h = v2L11 + t⇥v

2L12 = v2
�
⇥1c

2
⇥ + 3⇥6s⇥c⇥ + ⇥̃3s

2
⇥ + ⇥7t⇥s

2
⇥

⇥
, (41)

(C2) : m2
h = v2L22 +

1

t⇥
v2L12 = v2

�
⇥2s

2
⇥ + 3⇥7s⇥c⇥ + ⇥̃3c

2
⇥ + ⇥6t

�1
⇥ c2⇥

⇥
. (42)

Recall that ⇥̃3 = (⇥3 + ⇥4 + ⇥5). In the above mh is the SM-like Higgs mass, measured to

be about 125 GeV, and Lij is known once a model is specified. Notice that (C1) depends

on all the quartic couplings in the scalar potential except ⇥2, while (C2) depends on all the

quartics but ⇥1. If there exists a t⇥ satisfying the above equations, then the alignment limit

would occur for arbitrary values of mA and does not require non-SM-like scalars to be heavy!

Henceforth we will consider the coupled equations given in Eqs. (41) and (42) as required

conditions for alignment. When the model parameters satisfy them, the lightest CP-even

Higgs boson behaves exactly like a SM Higgs boson even if the non-SM-like scalars are light.

A detailed analysis of the physical solutions will be presented in the next Section.

B. Departure from Alignment

Phenomenologically it seems likely that alignment will only be realized approximately,

rather than exactly. Therefore it is important to consider small departures from the align-

ment limit, which we do in this subsection.

Since the alignment limit is characterized by c⇥�� = 0, it is customary to parametrize the

departure from alignment by considering a Taylor-expansions in c⇥�� [7, 8], which defines the

deviation of the ghV V couplings from the SM values. However, this parametrization has the

drawback that deviations in the Higgs coupling to down-type fermions are really controlled

by t⇥ c⇥��, which could be O(1) when t⇥ is large. Therefore, we choose to parametrize the

departure from the alignment limit by a parameter � which is related to c⇥�� by

c⇥�� = t�1
⇥ � , s⇥�� =

⇤
1� t�2

⇥ �2 . (43)

3 The same conditions can also be derived using results presented in Ref. [8].
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Deviations from Alignment

The couplings of down fermions are not only the
ones that dominate the Higgs width but also tend

to be the ones which differ at most from the SM ones

�Sign(M2
12)(M2

22 � m2
h)/c� and B = |M2

12|/s�. Further, mh is the mass of the lightest

CP-even Higgs boson and M2
ii �m2

h > 0, i = {1, 2} by Eq. (20). Therefore Eq. (72) implies

A ⇥ 0 and B ⇥ 0 (74)

at the alignment limit.

Now in the near-alignment limit, where the alignment is only approximate, one can derive

ghdd =
A

B
�
1� (1�A2/B2)c2�

gf (75)

=

⌥
1� s2�

⇧
1� A

B

⌃
+O

�
(1�A/B)2

⇥�
gf , (76)

which, when comparing with Eq. (45), implies

⇥ = s2�

⇧
1� A

B

⌃
= s2�

B �A
B . (77)

Therefore, the ghdd coupling is enhanced (suppressed) if B�A < 0 (> 0). It is easy to verify

that the above equation is identical to the near-alignment condition (C1⇥) in Eq. (49). The

condition (C2⇥) could again be obtained using Eq. (22).

It is useful to analyze Eq. (76) in di�erent instances. For example, when ⇤6 = ⇤7 = 0,

one obtains

ghdd ⇤

 

↵1 + s�

⇤
⇤SM � ⇤̃3s2� � ⇤1c2�

⌅
v2

B

⌦

� gf . (78)

Hence, for ⇤̃3 > ⇤SM > ⇤1, a suppression of ghdd will take place for values of t� larger than

the ones necessary to achieve the alignment limit. On the contrary, for ⇤1 > ⇤SM > ⇤̃3,

larger values of t� will lead to an enhancement of ghdd.

On the other hand, for ⇤7 ⌅= 0 and large values of t�, one obtains

ghdd ⇤

 

↵1 + s�

⇤
⇤SM � ⇤̃3 � ⇤7t�

⌅
v2

B

⌦

� gf , (79)

which shows that for ⇤SM > ⇤̃3 and ⇤7 positive, ghdd is suppressed at values of t� larger than

those necessary to obtain the alignment limit, and vice versa.

One can in fact push the preceding analysis further by deriving the condition giving rise

to a particular deviation from alignment. More specifically, the algebraic equation dictating

the contour ghdd/gf = r, where r ⌅= 1, can be obtained by using Eq. (75):

m2
A =

1

R(�)� 1

A� B
s�

+
m2

h

s2�
� v2⇤5 � ⇤1v

2t�2
� � 2⇤6v

2t�1
� , (80)
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C. Departure from Alignment

So far we have analyzed solutions for the alignment conditions (C1) and (C2) in general

2HDMs. However, it is likely that the alignment limit, if realized in Nature at all, is

only approximate and the value of t⇥ does not need to coincide with the value at the

exact alignment limit. It is therefore important to study the approach to alignment and

understand patterns of deviations in the Higgs couplings in the “near-alignment limit,”

which was introduced in Section III B.

Although we derived the near-alignment conditions (C1�) and (C2�) in Eqs. (49) and

(50) using the eigenvalue equations, it is convenient to consider the (near-)alignment limit

from a slightly di�erent perspective. Adopting the sign choice (I) in Eq. (16) and using the

expression for the mixing angle, �, in Eq. (21), we can re-write the ghdd and ghuu couplings

as follows

ghdd = �s�
c⇥

gf =
A⇧

A2c2⇥ + B2s2⇥

gf , (68)

ghuu =
c�
s⇥

gf =
B⇧

A2c2⇥ + B2s2⇥

gf . (69)

where

A = �M2
12

c⇥
=

�
m2

A � (⇥3 + ⇥4)v
2
⇥
s⇥ � ⇥7v

2s⇥t⇥ � ⇥6v
2c⇥ , (70)

B =
M2

11 �m2
h

s⇥
=

�
m2

A + ⇥5v
2
⇥
s⇥ + ⇥1v

2 c⇥
t⇥

+ 2⇥6v
2c⇥ �

m2
h

s⇥
. (71)

Again it is instructive to consider first taking the pseudo-scalar mass to be heavy: mA ⇥ ⇤.

In this limit we have A ⇥ m2
As� and B ⇥ m2

As�, leading to �s�/c⇥ ⇥ 1 and c�/s⇥ ⇥ 1. We

recover the familiar alignment-via-decoupling limit. On the other hand, alignment without

decoupling could occur by setting directly

A = B , (72)

where, explicitly,

B �A =
1

s⇥

⇤
�m2

h + ⇥̃3v
2s2⇥ + ⇥7v

2s2⇥t⇥ + 3⇥6v
2s⇥c⇥ + ⇥1v

2c2⇥

⌅
= 0 , (73)

is nothing but the alignment condition (C1) in Eq. (41). The alignment condition (C2)

would be obtained if the representation in Eq. (22) is used instead, leading to A =

17
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For small departures from alignment, the parameter η can be determined     
as a function of the quartic couplings and the Higgs masses

,
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FIG. 2: Ratio of the value of the down-type fermion couplings to Higgs bosons to their SM values

in the case of low µ (L1j ⇥ 0), as obtained from Eq. (96), and �d ⌅ 0.

We can reach the same conclusion by using Eq. (21) for s� in this regime,

s� =
�(m2

A +m2
Z)s⇥c⇥⇤

(m2
A +m2

Z)
2s2⇥c

2
⇥ +

�
m2

As
2
⇥ +m2

Zc
2
⇥ �m2

h

⇥2 , (96)

which, for mA
>� 2mh and moderate t⇥ implies

� s�
c⇥

⌅ m2
A +m2

Z

m2
A �m2

h

. (97)

This clearly demonstrates that in this case the deviation of (�s�/c⇥) from 1 depends only on

mA and is independent of t⇥. In other words, alignment is only achieved in the decoupling

limit, m2
A ⇤ m2

Z ,m
2
h.

This also agrees with our expressions regarding the approach to the alignment limit via

decoupling, Eq. (77). In this regime �5,6,7 are very small implying

B ⌅ m2
A �m2

h, and B �A ⌅ �(m2
Z +m2

h) . (98)

In Fig. 2 we display the value of �s�/c⇥ in the mA � tan⇥ plane, for low values of µ, for

which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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Suppression factor in the LHC channels at 
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Down Fermion Couplings for small values of µ

Enhancement of bottom quark and tau couplings independent of tan�
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FIG. 2: Ratio of the value of the down-type fermion couplings to Higgs bosons to their SM values

in the case of low µ (L1j ⇥ 0), as obtained from Eq. (96), and �d ⌅ 0.

We can reach the same conclusion by using Eq. (21) for s� in this regime,

s� =
�(m2

A +m2
Z)s⇥c⇥⇤

(m2
A +m2

Z)
2s2⇥c

2
⇥ +

�
m2

As
2
⇥ +m2

Zc
2
⇥ �m2

h

⇥2 , (96)

which, for mA
>� 2mh and moderate t⇥ implies

� s�
c⇥

⌅ m2
A +m2

Z

m2
A �m2

h

. (97)

This clearly demonstrates that in this case the deviation of (�s�/c⇥) from 1 depends only on

mA and is independent of t⇥. In other words, alignment is only achieved in the decoupling

limit, m2
A ⇤ m2

Z ,m
2
h.

This also agrees with our expressions regarding the approach to the alignment limit via

decoupling, Eq. (77). In this regime �5,6,7 are very small implying

B ⌅ m2
A �m2

h, and B �A ⌅ �(m2
Z +m2

h) . (98)

In Fig. 2 we display the value of �s�/c⇥ in the mA � tan⇥ plane, for low values of µ, for

which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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Down Couplings in the MSSM for low values of µ

All vector boson branching
ratios suppressed by enhancement

of the bottom decay width

�6,7 ' 0

H1

H1

Q̃

Q̃

Ũ Ũ

H1

H2

(a)

H1

H1

Ũ

Ũ

Q̃ Q̃

H1

H2

(b)

H1

H1

Q̃

Q̃

Ũ
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FIG. 1: One-loop diagrams contributing to the the coefficient, Z6, of the Higgs basis operator,

(H†
1H1)(H

†
1H2). Using the interaction Lagrangian given in Eq. (51), one sees that the parametric

dependence for the six diagrams are: h4t s
3
βcβX

3
t Yt for (a) and (b); h4t s

3
βcβX

2
t for (c) and (d); and

h4t s
3
βcβXtYt for (e) and (f).

where we have used Eq. (46) to write v2s4βh
4
t = 4m4

t/v
2. Using Eqs. (55) and (56) in the

evaluation of Eq. (30) yields

tβ cβ−α ≃
−1

m2
H −m2

h

[
m2

h +m2
Z +

3m4
tXt(Yt −Xt)

4π2v2M2
S

(
1−

X2
t

6M2
S

)]
. (57)

At large tβ we have Xt(Yt−Xt) ≃ µ(Attβ −µ) and X3
t (Yt−Xt) ≃ µA2

t (Attβ − 3µ), in which

case, Eq. (57) can be rewritten in the following approximate form,

tβ cβ−α ≃
−1

m2
H −m2

h

[
m2

h +m2
Z +

3m4
t

4π2v2M2
S

{
Atµtβ

(
1−

A2
t

6M2
S

)
− µ2

(
1−

A2
t

2M2
S

)}]
.

(58)
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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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Depending on the  values of  μ and tanβ different search strategies must be applied.

Heavy Higgs Bosons :  A variety of decay Branching Ratios
Carena, Haber, Low, Shah, C.W.’14

Heavy Supersymmetric Particles

At large tanβ, bottom and tau decay modes dominant.
As tanβ decreases decays into SM-like Higgs and wek bosons become relevant
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FIG. 5: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 10 and for different values

of the Higgsino mass parameter µ.

the width beyond the bottom-quark and tau-lepton ones, the hZ channel being the most

relevant one. As we discussed before, this is in sharp contrast with what happens in the

heavy CP-even Higgs boson, for which at mA ≃ 300 GeV the BR(H → ττ) is only of a few
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FIG. 7: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 4 different values of the

Higgsino mass parameter µ.

are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The

22
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Naturalness and Alignment in the NMSSM

• 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 last term is the one appearing in the MSSM, that are small for moderate 
mixing and small values of 

• The values of      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

tan�

��̃3 = �2

�4

�
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S(1, 2)/(m

2
H �m2
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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

Carena, Low, Shah, C.W.’13
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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

+

++

+

++

+
+

++

+

++

+

++

+

++

+
+

+
+

+

+

+

+
+
++

+

+
+

+

++

+

+

+
+

+

+
+

+

+
++

++
+
++

+

++

+

+
+

+

+

+

+

+

+

+

+

++
+

+

+

+

+

++

+

+

+

+
+

+

+

+

+

+

+
++

+

+

+

++

+

++
+

+

+

++
+

+

+

+
+

+
+ +
+

+

+

+
+
+
+ +
+

+

+

+
+
+
+
+

+

+

+

++

+

+

+

+

++

+

+

+ +

+

+

+

+

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

**

*

*

*

**

*

*

*

*

*

*

**

*
*
*

*

*

**

*

*

*

**

*

*

*

**

*

*

*

*

*

*

**

*

*
*
*
*

*

*

*
*
*

*

*

*
*
*
*

*

*

**

*

*

*

**

*

*

*

**

*

*

**

*

*
*
*
*

*
*
*
*
*
*

*
*
**
*
*
*

*
*
*
*
*

*

*

**
*

*

*

**

*

*

*
**

*

*

*
*

*

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

***

*
*
***
*
*

*
*
*
*
*
*

*
*
*
*
*

*

*
**

*

*

*
**

*

*

*

*
*

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

*
*
*
*
*
*

*
*
*
*
*

*

*
**
*

*

*
**

*

*

**

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

*
*
*
*
*

*

*
**
*

*

***

*

*

**

*

*

*

*

**

*

*

*

*

*

*

*

**
*

*

*
*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

**
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

**

*
*
*

**
*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

**

* *
*

**
*
*

*

*

*

*

**
*

*

*

*

*

**
*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*
*

*

*

**
*

* *
*
***
*
*

*

*

*

**
*

*

*

*

*

**
*

*

*

*

*

**

*

*

*

*

*

*
*

*

*

*

*
*

*

*

*

*
*

*

*

*
**

* *
*
***
*
*

*

*

*
**
*
*

*

*

*
**
*

*

*

*

*

**
*

*

*

*

*

**
*

*

*

*

*

*
*
*

*

*

*
*

*

*

*

*
*

*

*

*

*
*

*
*

* *

**
*
*

*

*
*

*

*

*

**
*

*

**

*

*

*

*

*

*

*

*

*

**
*

*

**
*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

**
*
*

*
**

*

*

*

*
*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

**
*
*
*

*

*

*
**
*

*

*

*
*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

**
��� ��� ��� ��� ���

����

����

����

����

����

����

P+ H*H9L

%5
H+Æ

K
KL

(a)

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+
+

+

+

+

+
+

+

+

+

+
+

+

+

+

+

+

+

+

+

+
+

+

+ +

+

++
+
+

+

+
+

+
+
+

+

+

+

+

+

+
+
+

+

+

+

+

+

+
+

+

+

+

+

+

+++

+

+
+

+

+++

+

++

+
+
+

+

+
++

+

++

+

+
++
+
+
+

+

+
+

+
+
+
+
+

+

+
+

+
+
+
+
+

+

+ +
+
+
+
+
++
+

+

+
+
++
+

+

+ ++

+

+
+*

*

*
*

*

*

*

*
*
*

*

*
*

*

*
*

*

*

*

*
*

*
*

*
*

*

*

*
*

*

*
*
*

*

**

*

**
*
*

**

*

*

*

*
*

*

*

*

*
*

*

***

*

***

*

**
*
**

**
*
*

*
**
*
*

*

**

*

*

*

**

*

*

*

**

*

***

*

**
**
*
**
*
*
**

**
*
*

*
*

**
*
*

*

**
*
*

*

**

*

*

*

**

*

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

**
*
*

*
*

**
*
*

*

**
*

*

*

**

*

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

**
*
*

**

**
*
*

*

**
*
*

*

**

*

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

**
*
*

**

**
*
*

*

**
*
*

*

**

*

**
*
*
*
*
*
*

**
*
**
*
*
*
*

***
*

**
**

*

***
****
*
*

*

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

*

***
****
***
*

***
*
****
*
*

*

****
*
*****

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

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

****
*
*

*

****

*
***
**

*

**
****
*

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

*

****
*

**
**

*

**
****
*

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

*

*** *
*

**
* *

*

**
****

*

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

��� ��� ��� ��� ���
����

����

����

����

����

����

����

P+ H*H9L

%5
H+Æ

K 6
K 6
L

(b)

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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Blue : tan� = 2

Red : tan� = 2.5
Yellow: tan� = 3

Relevant for searches for Higgs bosons



More on Top Quark and Bottom Quark 
Couplings Modifications



What is the problem in 2HDM ?

Suppression of the gluon fusion rate ?

Would expect top rate to be suppressed as well ! No evidence of that
in data, although errors are too large to tell. 

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,  

M. Badziak and C.W. ‘1602.06198, 1611.03253 
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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

243 245 243 245

mt̃1 282 282 276 275

mt̃2 954 960 952 954

Rtth
V V 1.60 1.61 1.62 1.61

Rtth
�� 1.82 1.82 1.81 1.79

Rgg
V V 1.02 1.01 1.04 1.04

Rgg
�� 1.16 1.15 1.16 1.16

R
VBF/VH
V V 1.32 1.34 1.43 1.42

R
VBF/VH
�� 1.51 1.53 1.60 1.57

R
VBF/VH
⌧⌧ 0.73 0.78 0.78 0.77

⇠LEP
bb̄

0.10 0.04 0.04 0.04

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).
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Limits on Stops may  be
diluted by light EW states

   PASCOS 2018 Highlights from SUSY searches at CMS 

Stop	pair	produc/on:	2	lepton	final	states	

chargino	 		slepton	
complexity	

stop	

chargino		
slepton	
neutralino	

CMS-SUS-17-001	
Phys.	Rev.	D	97	
(2018)	032009	

“Low	mass”	slepton	
“high	mass”		
				slepton	

Sensi/vity	significantly	depends	on	the	mass	of	the	slepton	

16 

Eric Chabert, Talk at PASCOS 2018



LEP2 Excess
Search for the SM Higgs at LEP
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Non-Standard Higgs Decays – p.10/14

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.

6



Related to CMS Excess ?
See X. Wang’s Talk at PASCOS2018



Minimal Composite Models
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FIG. 3: Scattering plots in the case of 5 for �
f

versus c
t

� c
g

for ⇠ = 0.1 (left panel) and ⇠ = 0.2

(right panel). We show �
f

in unit of Nc
16⇡

2 (1TeV)4 and fix the top quark mass m
t

= 150GeV. We

also require that all the scales (M
4

,M
1

, , c
4

y
L

f, a
1

y
R

f) are smaller than the cuto↵ ⇤ = 4⇡f and

the lightest top partner is heavier than 1 TeV, i.e. Min(|M
4

|,
q
M2

1

+ a2
1

y2
R

f2) > 1TeV.

Because of the similarity of these projection operators to their counter parts in the top

sectors, all the formulas for the form factors remain the same except that the mass scales

are now for the bottom partners. The leading term for the bottom mass reads:

m
b

=
1p
2
M (b)

4

⇣
1� r(b)

1

⌘
sin ✓ cos ✓ sin ✓(b)

L

sin ✓(b)
R

. (62)

Note that in order to reproduce the bottom mass for M (b)

4

⇠ 1 TeV and ⇠ ⇠ 0.1, we need

sin ✓(b)
L

sin ✓(b)
R

⇠ 0.02. This implies, unless we have a large hierarchy between the left-handed

and the right-handed mixing parameters, the contributions to the Higgs potential from the

bottom sector can be safely neglected.

Now, by using Eqs. (9) and (16), we obtain

�
b

= �3

2
��(b)

g

, (63)

�(b)

g

= �1

2

 
1� 1

(r(b)
1

)2

!
sin2 ✓(b)

L

�
⇣
1� (r(b)

1

)2
⌘
sin2 ✓(b)

R

, (64)

where we have used notations similar to those in the top sector c
b

= 1+�
b

⇠ and c(b)
g

= �(b)

g

⇠.

Since we are neglecting the small SM bottom contribution to the ggh coupling, the bottom

18

Difficult to enhance the top coupling without 
enhancing at the same time the gluon coupling 

D. Liu, I. Low, C.W.’17
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        Connection with Di-Higgs Production
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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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Frederix et al’14

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. 

Joglekar, Huang, Li, C.W.’17



Variation of the Di-Higgs Cross Section with
the Top Quark and Self Higgs Couplings

Strong dependence on the value of kt and λ3
Εven small variations of kt can lead to 50 percent variations of the di-Higgs cross section

Huang, Joglekar, Li, C.W.’17
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Figure 3: Di-Higgs production cross section in the absence of stops, as a function of the
top-quark Yukawa coupling, t, for different values of the Higgs trilinear coupling �

3

. Here,
we have t = g.

interference between the box and triangle diagram amplitudes, and hence leads to a general
reduction of the di-Higgs production cross section. On the contrary, for small values of
�
3

' 0, only the box diagram contributes, and hence the cross section is not only enhanced
with respect to the SM case, but depends quartically on the top quark coupling t. Di-Hggs
production cross section values of the order of 4 times the SM value may be obtained for
the maximal variations of t and �

3

considered in Fig. 3.

In the Figs. 4, 5, 6 and 7, we show the results for the double Higgs cross section in the
presence of light stops. For each values of mQ and mU , we calculated the largest value of
|Xt| that can be allowed by a lower bound on stop mass and a stable Higgs vacuum, with
a Higgs vacuum expectation value of v = 246 GeV. The lower bound on the stop masses
used in Figs. 4, 5, 6 and 7 are 400 GeV, 300 GeV,500 GeV, and 400 GeV respectively. Then
we use the previously mentioned modified version of MCFM to calculate the double Higgs
production cross section, which is normalized to the SM value, as shown by the green dashed
contours. For the stability condition, we decided to be conservative and ignore the mA and
MZ dependence in Eq. (2.7). The dependence on mA of the vacuum stability bound on Xt,
and of the resulting double Higgs production cross section, will be discussed later.

We also calculate the single Higgs production cross section in the gluon fusion channel,
as shown in the orange regions. The left panels in all three figures correspond to a value
of the top-quark Yukawa coupling normalized to the SM value, t = 1.0, while the right
panel corresponds to t = 1.1. The modification of the triple Higgs coupling is defined as
�
3

= (�
3

� �SM

3

)/�SM

3

. The first and last row in each of the Figs. 4, 5 and 6 corresponds
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Stop Effects on Di-Higgs
Production Cross Section

Orange :  Stop corrections to kappa_g decoupled
Red : X_t fixed at color breaking vacuum boundary value, for light mA
Green : X_t fixed at color breaking boundary value, for mA = 1.5 TeV
Blue : Same as Red, but considering \kappa_t = 1.1 

Huang, Joglekar, Li, C.W.’17
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Figure 8: Di-Higgs production cross section normalized to the SM value using the full
one loop calculation (solid lines) and the EFT calculation (dashed lines) as a function of
the lightest stop mass for mQ = mU and �

3

= 0. t is chosen to be 1 for the orange,
red and green lines, and 1.1 for the blue lines. For red and blue lines, X2

t is chosen to
saturate the vacuum stability condition as in Eq. (2.7), neglecting the mA and mZ terms.
For green lines, X2

t is chosen to saturate the vacuum stability condition with mA = 1.5 TeV,
µ = 400 GeV, and tan� = 1. For the orange line, X2

t is chosen to be m2

˜t1
+ m2

˜t2
to keep

g = 1. For blue, red, and green lines, g value range for each stop mass is labeled on the
plot corresponding to that stop mass. The value of g are identical for solid and dashed
line of the same color at a given lightest stop mass. g values increase monotonously with
increase in the lightest stop mass for each line except for the Orange lines where it is fixed
at 1. For red and blue lines, mA = µ = 0.

more conservative vacuum stability bound is considered.

3.1 Di-Higgs Search Channel

The general strategy in the search for double Higgs is to require one Higgs to decay to a pair
of bottoms for enough statistics, as the total rate for double Higgs production is about three
orders of magnitude smaller compared to single Higgs production. Then, we can consider
the other Higgs decay to a pair of photons, bottoms, W±’s, or ⌧ ’s. In this work, we are
going to discuss the modifications to distributions in the presence of light stops, and we
will focus on the bb�� channel, as this channel provides best resolution.
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Inverting the sign of 
the bottom coupling

wrong sign could arise without changing the Higgs decay width and branching ratio when

ghbb̄/g
SM
hbb̄

' �1. This could be achieved with minor changes of the Higgs couplings to

top-quarks and weak gauge bosons for sizable values of t� and [19], [20]

t� c��↵ ⇡ 2. (4)

This is in contrast with the condition t�c��↵ ' 0 that ensures a SM-like coupling of the

bottom-quark to the Higgs boson.

The scalar potential of the most general two-Higgs-doublet extension of the SM may be

written as :
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After converting to the Higgs basis [21],[22], the Higgs potential above could be rewritten
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where we have only retained those terms relevant for the following discussion and the new

couplings Z 0
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The CP-even Higgs mixing angle in this basis is identified with � � ↵. Consequently, we

have [23],[28]
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As stressed before, since the observed Higgs boson has SM-like properties, s��↵ ' 1, in

order to fulfill the requirement to obtain a negative sign of the bottom Yukawa coupling,

Eq. (4), sizable values of t� are required. For large values of t�, s� ' 1, c� ' 1/t� and

s2� ' 2/t�. Since Z1v
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h, the denominator becomes approximately m2
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the relation of Z6 to the quartic couplings �i we obtain that, ignoring subdominant terms
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and the mass-squared matrix for the CP -even scalars can be expressed as

M =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ ≡ m2
A

⎛

⎝

s2β −sβcβ

−sβcβ c2β

⎞

⎠ + v2

⎛

⎝

L11 L12

L12 L22

⎞

⎠ , (12)

where

L11 = λ1c
2
β + 2λ6sβcβ + λ5s

2
β , (13)

L12 = (λ3 + λ4)sβcβ + λ6c
2
β + λ7s

2
β , (14)

L22 = λ2s
2
β + 2λ7sβcβ + λ5c

2
β . (15)

There are two simple facts to keep in mind:

Mii > 0 , and m2
h ≤ Mii ≤ m2

H , for i = 1, 2 , (16)

where the first condition follows from the requirements that DetM > 0 and TrM > 0, while

the second follows from ”level repulsion” of eigenvalues of symmetric matrices.

Next we are going to solve for the mixing angle in the CP -even sector in terms ofmh = 125

GeV and two of the three entries of M2
h,H. Let’s define the mixing angle α
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where we choose −π/2 ≤ α ≤ π/2, in general, so that both sα and cα are single-valued.

However in MSSM one can show that −π/2 ≤ α ≤ 0 at tree-level, which nonetheless does

not hold once radiative corrections are included. Then we have
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Then from Eq. (18) we can solve for
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. (20)

From Eq. (19) we see that the sign of sα is determined by the sign of M12, which is why

in MSSM at tree-level one can choose −π/2 ≤ α ≤ 0. Also the conditions in Eq. (16)

guarantees the positivity of m2
H in Eq. (20).
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We follow the notation in Ref. [1] for the scalar potential of the most general two-Higgs-

doublet extension of the SM:
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where

v2 = v21 + v22 ≈ 246 GeV , tβ ≡ tan β =
v2
v1

. (8)

We choose 0 ≤ β ≤ π/2 so that tβ ≥ 0 and write v1 = v cos β ≡ vcβ and v2 = v sin β ≡ vsβ.

The five mass eigenstates are two CP -even scalars H and h, with mh ≤ mH , one CP -odd

scalar A, and a charged pair H±. The mass parameters m11 and m22 can be eliminated by
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not hold once radiative corrections are included. Then we have
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From Eq. (19) we see that the sign of sα is determined by the sign of M12, which is why

in MSSM at tree-level one can choose −π/2 ≤ α ≤ 0. Also the conditions in Eq. (16)

guarantees the positivity of m2
H in Eq. (20).

3

Alignment in General two Higgs Doublet Models

In the MSSM, at tree-level, only the first four 
couplings are non-zero and are governed by D-
terms in the scalar potential.  At loop-level, all of 

them become non-zero via  the trilinear and quartic 
interactions with third generation sfermions.       
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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

2
2 2

2 2

General two Higgs Doublet Model
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What about inverting the sign of the 
third generation couplings ?

• Easy to invert the bottom coupling in type II Higgs doublet models

• In the NMSSM, in particular, this implies to go to larger values of lambda, since 
this is the parameter that allows to control this coupling. 

• This causes problems with the spectrum, since some scalars tend to become 
tachyonic in the relevant region of parameters. We cured this problem by 
adding a tadpole term

• Since the Higgs-gauge boson coupling with respect to the SM is                    , 
one needs sizable values of               ,  and moderate values of           ,  but still 
allowed by searches for non-standard Higgs bosons.   Values of                      
are the most appropriate ones.                 

large values of t�, including only the stop loop corrections, namely [35]:

Z6v
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tan �
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m2
h +m2
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3v2h4

tµXt
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(15)

which leads to
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+
3m4

tAtµt�
4⇡2v2M2

S

✓

1� A2
t

6M2
S

◆�

(16)

Compared with Equation (12), we got an extra ��2v2 term in the parenthesis, which tends to

push t� c��↵ towards positive values and makes it promising to get t� c��↵ = 2 with smaller

values of tan �. However, for that purpose we need � to be of order 1. We found that when

� or  are large, say � ⇡  ⇡ 1, the chargino, neutralino and Higgs loop contributions

are also sizable and can not be neglected when evaluating Higgs mass and couplings, more

specifically t� c��↵ in this case. After taking these into consideration, the phenomenological

analysis becomes more complicated and a numerical analysis with full quantum corrections

up to two-loop level are necessary to select the proper region of parameter space leading to

the inversion of the bottom coupling. On the other hand, large � could lead to a Landau pole

problem at energies lower than the Grand Unification scale. In the following two sections

we will discuss these two issues and assess the possibility of negative Yukawa couplings in

the NMSSM.

As we will show in later sections, beyond the problems associated with perturbativity,

this simple framework leads to problems in the CP-even Higgs sector, since the square of

the lightest CP-even Higgs boson mass is generically pushed to negative values due to large

mixing e↵ects. A possible solution to this problem is to add a non-zero singlet tadpole term

�S to the potential

�V = ⇠S S + h.c. (17)

This term breaks the accidental Z3 symmetry and could be a result of the supersymmetry

breaking mechanism at high scales [30]. A large |⇠S| could keep the singlet decoupled from

the two neutral Higgs bosons [9], reducing the problem to an approximate 2x2 Higgs mixing

one, with low energy quartic couplings that are modified by terms proportional to powers

of the couplings � and .
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An additional consequence of large values of ⇠S is that the singlet mass may become much

larger than the mass of the singlino. In this case, the quartic coupling of Hu has sizable

corrections produced by �4 loop contributions from singlets and singlinos. The correction

to �2 from these contributions is given by
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where we have used the expression for m2
S given in Eq. (31). It is therefore clear that

for values of |µ| of the order of the weak scale, large values of ⇠S result in large positive

corrections to �2. These corrections can compensate the negative contributions to the Higgs

mass induced by mixing e↵ects and constrain the allowable values of ⇠S via the experimental

constraints on the lightest CP-even Higgs mass, which will be examined in more specificity

in the next section.

A further possible modification to the NMSSM is the inclusion of a similar tadpole term

in the superpotential, namely beyond the trilinear terms associated with the Yukawa, � and

 couplings, one may add a tadpole term of the form [15]

�W = ⇠FS (33)

where ⇠F is a dimension 2 parameter. One action of such a term, as we shall discuss, is

to modify the spectral relationships between the neutral and charged Higgs bosons. In our

initial analysis, we first set ⇠F = 0; however, we shall discuss the impact of this term in later

examinations of pseudoscalar decays in Section VI.

The decoupling of the singlet induces corrections to �4 and �5, and a sizable correction

to the quartic coupling �7. This can be seen by ignoring subdominant terms and reducing

the singlet-dependent terms in the scalar potential to

(m2
S + �2|Hu|2)|S|2 + [S(�A�HuHd + ⇠S) + h.c.] +

�

�⇠F + �HuHd + S2
�

�

2
(34)

where we shall assume that, due to the e↵ect of the tadpole terms, m2
S is much larger

than �2H2
u ' �2v2. From Eq. (34), and ignoring small corrections induced by the vacuum

expectation values of the singlet and doublet fields, we can see that the masses of the CP-even

and CP-odd singlet eigenstates are approximately given by

m2
hS

= m2
S + 2⇠F, m2

AS
= m2

S � 2⇠F, (35)
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Effects on gluon Fusion

• Changing the sign of the bottom coupling changes the gluon fusion rate by 
about 12 percent !

• Assuming that no other effect is present, the LHC collaborations announce a 
precision of about 5 percent for the gluon coupling by the end of the LHC 
run. So, under this assumption this effect may be tested.

B. Li, N. Coyle, C.W. ’18
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Dibosons from Gluon Fusion

FIG. 5: Plot showing the product of 2g and the branching ratio of h to WW or ZZ against b.

The h ! WW/ZZ rates are normalized to the SM rate for the particular SM-like Higgs mass. The

colorbar shows the branching ratio of the SM Higgs to neutralinos; we see that the points which

do not follow the linear trend have a larger branching ratio to invisible particles.

approximate accidental cancelation, which e↵ectively excludes this decay process at all but

very high luminosities. The decay widths of H ! ⌥(nS)+� in terms of b are given by [59]

�[H ! ⌥(1S) + �] = |(3.33± 0.03)� (3.49± 0.15)b|2 ⇥ 10�10 GeV

�[H ! ⌥(2S) + �] = |(2.18± 0.03)� (2.48± 0.11)b|2 ⇥ 10�10 GeV (42)

�[H ! ⌥(3S) + �] = |(1.83± 0.02)� (2.15± 0.10)b|2 ⇥ 10�10 GeV

where the first term derives from the indirect diagram and the second term, which is modified

by b, derives from the direct diagram. Note that the change in sign from b = 1 to

b = �1 gives a factor increase of between 102 and 104 in the decay widths. Using �(H) =

4.195+0.164
�0.159 ⇥ 10�3 GeV [60], the Higgs branching ratio to ⌥(1S, 2S, 3S) + � final states for

the SM are (0.610, 2.15, 2.44)⇥10�9. For b = �1, the branching ratios are (1.11, 0.518,

0.378)⇥10�6, which are still small but significantly larger than the SM values.

The predicted number of H ! ⌥(nS) + � events at the LHC is calculated as

N =
�(H ! ⌥(nS) + �)

�(H)
⇥ �(p+ p ! H)⇥ Lint. (43)

20

Signal Mostly Enhanced, due to Gluon Fusion Coupling Enhancement.
Values of order the SM values are possible, depending on the exact value of the bottom coupling.

B. Li, N. Coyle, C.W. ’18



Additional tests of this idea ?

FIG. 6: Energy at which some coupling becomes non-perturbative for each � and  combination

for a fixed values of g1 at u = 3 TeV. The left panel corresponds to g1 = 1.5 while the right panel

corresponds to g1 = 3.0. The lines labeled with 1016GeV in the two panels are consistent with the

two contour lines in Figure 5 with the corresponding g1 values.

VI. IMPLICATIONS FOR LHC PHYSICS

A. Radiative Higgs Decay to Quarkonia

The change of sign of the bottom Yukawa coupling may have relevant phenomenological

consequences. One Higgs process a↵ected by the bottom Yukawa coupling is the radiative

decay of the Higgs to Quarkonium, in particular to the ⌥ meson, which is composed of bb̄.

Within the Standard Model, the direct and indirect Feynman diagrams have an approximate

accidental cancelation, which e↵ectively excludes this decay process at all but very high

luminosities. Figures 7 and 8 show the direct and indirect Feynman diagrams, taken from

Ref. [39].

The resulting decay widths ofH ! ⌥(nS)+� in terms of b, the bottom Yukawa coupling

relative to the SM value, are given by [39]

�[H ! ⌥(1S) + �] = |(3.33± 0.03)� (3.49± 0.15)b|2 ⇥ 10�10 GeV

�[H ! ⌥(2S) + �] = |(2.18± 0.03)� (2.48± 0.11)b|2 ⇥ 10�10 GeV (31)
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FIG. 7: Feynman diagrams for the direct amplitude of H ! V + �, where V represents the

quarkonium bound state [39].

FIG. 8: Feynman diagram for the indirect amplitude of H ! V + � [39].

�[H ! ⌥(3S) + �] = |(1.83± 0.02)� (2.15± 0.10)b|2 ⇥ 10�10 GeV,

where the first term derives from the indirect diagram and the second term, which is modified

by b, derives from the direct diagram. Note that the change in sign from b = 1 to

b = �1 gives a factor increase of between 102 and 104 in the decay widths. Using �(H) =

4.195+0.164
�0.159 ⇥ 10�3 GeV [40], the Higgs branching ratio to ⌥(1S, 2S, 3S) + � final states for

the SM are (0.610, 2.15, 2.44)⇥10�9. For b = �1, the branching ratios are (1.11, 0.518,

0.378)⇥10�6, which are still small but significantly larger than the SM values.

The predicted number of H ! ⌥(nS) + � events at the LHC is calculated as

N =
�(H ! ⌥(nS) + �)

�(H)
⇥ �(p+ p ! H)⇥ Lint. (32)

We calculate the expected number of H ! ⌥(nS) + � events for both b = 1 and b = �1

using an integrated luminosity of Lint = 30 fb�1, the to-date LHC integrated luminosity for
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FIG. 7: Feynman diagrams for the direct amplitude of H ! V + �, where V represents the

quarkonium bound state [39].

FIG. 8: Feynman diagram for the indirect amplitude of H ! V + � [39].

�[H ! ⌥(3S) + �] = |(1.83± 0.02)� (2.15± 0.10)b|2 ⇥ 10�10 GeV,

where the first term derives from the indirect diagram and the second term, which is modified

by b, derives from the direct diagram. Note that the change in sign from b = 1 to

b = �1 gives a factor increase of between 102 and 104 in the decay widths. Using �(H) =

4.195+0.164
�0.159 ⇥ 10�3 GeV [40], the Higgs branching ratio to ⌥(1S, 2S, 3S) + � final states for

the SM are (0.610, 2.15, 2.44)⇥10�9. For b = �1, the branching ratios are (1.11, 0.518,

0.378)⇥10�6, which are still small but significantly larger than the SM values.

The predicted number of H ! ⌥(nS) + � events at the LHC is calculated as

N =
�(H ! ⌥(nS) + �)

�(H)
⇥ �(p+ p ! H)⇥ Lint. (32)

We calculate the expected number of H ! ⌥(nS) + � events for both b = 1 and b = �1

using an integrated luminosity of Lint = 30 fb�1, the to-date LHC integrated luminosity for

16

Radiative Higgs Decays

Accidental cancellation present in the SM would lead to a large enhancement in the
case of a change in sign of the bottom coupling to Higgs bosons. 

Bodwin et al’14, Neubert et al’15



LHC Sensitivity

2016 [41]. The Higgs total cross section is taken to be �(p + p ! H) = 5.57 ⇥ 104 fb [40].

The results are shown in Table II.

b ⌥(1S) ⌥(2S) ⌥(3S)

1 0.001± 0.01209 0.0036± 0.0094 0.0041± 0.008

-1 1.85± 0.01 0.865± 0.009 0.631± 0.008

TABLE II: Number of expected events for H ! ⌥(nS) + � decays for b = 1 and b = �1 with

an integrated luminosity of 30 fb�1.

We also examine the number of expected events by the end of LHC Run 2 and Run 3.

The approximate target integrated luminosity gathered by the end of Run 2 is 130 fb�1,

while the expected total integrated luminosity by the end of Run 3 is 300 fb�1 [42]. The

predicted number of events for each case are shown in Table III.

b ⌥(1S) ⌥(2S) ⌥(3S)

Run 2 (130 fb�1)

1 0.00442± 0.06214 0.0155± 0.0483 0.0178± 0.0414

-1 8.02± 0.32 3.75± 0.15 2.73± 0.11

Run 3 (300 fb�1)

1 0.0102± 0.1434 0.358± 0.1115 0.0408± 0.0956

-1 18.5± 0.7 8.65± 0.36 6.31± 0.26

TABLE III: Number of expected events for H ! ⌥(nS) + � decays at the end of Run 2 and Run

3.

Of particular interest within the phenomenology of the wrong-sign bottom Yukawa are

the a↵ected processes which can be examined at the LHC. We focus specifically on the Higgs

decays h ! ⌥(nS)+ �, h ! gg, and h ! ��. While the gluon coupling may be constrained

mostly by the rate of gluon fusion production processes, the photon coupling is constrained

by Higgs decays, namely

2
� =

�NMSSM(h ! ��)

�(hSM ! ��)
. (33)

Searches for h ! ⌥(nS) + � have been performed previously for the 8 TeV runs with

approximately 20.3 fb�1 of luminosity [45]. The current limits on the branching ratios at

17

Branching ratios are small and therefore the number of events become
only sizable at high luminosities.  The approximate number of events are

Therefore, at most a few hundred of events available in these channels.

Run I bound on the Branching ratios of order of a few 10�3.
Improvement in search sensitivity will be required to reach
the required sensitivity at the HL-LHC.

BR(H ! ⌥(1S) + �) ' 1.1⇥ 10�6

BR(H ! ⌥(2S) + �) ' 0.5⇥ 10�6

BR(H ! ⌥(3S) + �) ' 0.4⇥ 10�6

For b = �1

B. Li, N. Coyle, C.W. ’18



More general Parameters : Superpotential Tadpole

One may reduce the mass gap with the charged Higgs, and due to the
large misalignment, decays into Higgs and gauge bosons open up. 

B. Li, N. Coyle, C.W. ’18 

An additional consequence of large values of ⇠S is that the singlet mass may become much

larger than the mass of the singlino. In this case, the quartic coupling of Hu has sizable

corrections produced by �4 loop contributions from singlets and singlinos. The correction

to �2 from these contributions is given by
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where we have used the expression for m2
S given in Eq. (31). It is therefore clear that

for values of |µ| of the order of the weak scale, large values of ⇠S result in large positive

corrections to �2. These corrections can compensate the negative contributions to the Higgs

mass induced by mixing e↵ects and constrain the allowable values of ⇠S via the experimental

constraints on the lightest CP-even Higgs mass, which will be examined in more specificity

in the next section.

A further possible modification to the NMSSM is the inclusion of a similar tadpole term

in the superpotential, namely beyond the trilinear terms associated with the Yukawa, � and

 couplings, one may add a tadpole term of the form [15]

�W = ⇠FS (33)

where ⇠F is a dimension 2 parameter. One action of such a term, as we shall discuss, is

to modify the spectral relationships between the neutral and charged Higgs bosons. In our

initial analysis, we first set ⇠F = 0; however, we shall discuss the impact of this term in later

examinations of pseudoscalar decays in Section VI.

The decoupling of the singlet induces corrections to �4 and �5, and a sizable correction

to the quartic coupling �7. This can be seen by ignoring subdominant terms and reducing

the singlet-dependent terms in the scalar potential to

(m2
S + �2|Hu|2)|S|2 + [S(�A�HuHd + ⇠S) + h.c.] +

�

�⇠F + �HuHd + S2
�

�

2
(34)

where we shall assume that, due to the e↵ect of the tadpole terms, m2
S is much larger

than �2H2
u ' �2v2. From Eq. (34), and ignoring small corrections induced by the vacuum

expectation values of the singlet and doublet fields, we can see that the masses of the CP-even

and CP-odd singlet eigenstates are approximately given by

m2
hS

= m2
S + 2⇠F, m2

AS
= m2

S � 2⇠F, (35)

11
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Consistent with  ATLAS Excess
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Conclusions

Current Higgs measurements are in agreement with the values predicted in the SM.

Determination of bottom and top couplings still lacks precision, with a few tens of 
percent errors.  Therefore, relevant modifications of these couplings may be present.

Bottom coupling governs the width and therefore its departure from SM values leads 
to a relevant modification of all decay widths.

An interesting, even if unlikely, possibility is that the sign of this coupling is inverted.

In this talk, after discussing the alignment condition, we have also explored scenarios 
in which relevant modifications of the bottom coupling may be present, in well 
motivated low energy supersymmetry extensions of the SM

Relevant implications for Higgs phenomenology, that go beyond the modifications of 
the decay widths, and may allow to test these scenarios.
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Light Charginos and Neutralinos can significantly modify M the                                                                 
CP-odd Higgs Decay Branching Ratios
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FIG. 6: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of the

respective Higgs mass in the malt
h and mmod

h scenarios for tan β = 4 different values of the Higgsino

mass parameter µ.

percent, only a factor of two larger than in the low µ scenario. This difference between the

CP-even and CP-odd Higgs bosons has important phenomenological consequences that will

be discussed below.

Another thing that may be observed from Figs. 6 and 7 is that at low values of tan β,

the top contribution to the decay width of the non-standard Higgs bosons is sufficiently

large to strongly suppress all other relevant branching ratios for mA > 2Mt, where Mt is

the top quark mass. Hence, in the following, we shall mostly connectrate in the region of

mA < 350 GeV.

For stop masses of one TeV, the mhmod and mhalt scenarios fail to reproduce the proper

lightest Higgs mass, mh = 125 GeV at values of tanβ ≤ 6. Hence, the stop masses must

be raised in order to obtain the proper Higgs mass. In our work, we keep the ratio of

the trilinear mass parameter At to the overall stop mass scale, as defined in Ref. [], but

vary the value of the stop soft supersymmetry breaking parameters until mh ≃ 125 GeV is

obtained. The corresponding values of the stop soft breaking mass parameters MSUSY = mQ

21

At small values of µ (M2 ' 200 GeV here), chargino and neutralino

decays prominent. Possibility constrained by direct searches.
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and search for new Higgs going to τ pairs

Carena, Haber, Low, Shah, C.W.’14

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 

H,A ! ⌧⌧
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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  !



Stop Effects on Di-Higgs
Production Cross Section

Orange :  Stop corrections to kappa_g decoupled
Red : X_t fixed at color breaking vacuum boundary value, for light mA
Green : X_t fixed at color breaking boundary value, for mA = 1.5 TeV
Blue : Same as Red, but considering \kappa_t = 1.1 

Huang, Joglekar, Li, C.W.’17

0.77

1.08

0.90

0.85

1.0

1.0
0.98

400 600 800 1000 1200

1.

1.5

2.

2.5

3.

3.5

4.

4.5

m
t
~

1

(GeV)

h
h
/
h
h
S
M

Figure 8: Di-Higgs production cross section normalized to the SM value using the full
one loop calculation (solid lines) and the EFT calculation (dashed lines) as a function of
the lightest stop mass for mQ = mU and �

3

= 0. t is chosen to be 1 for the orange,
red and green lines, and 1.1 for the blue lines. For red and blue lines, X2

t is chosen to
saturate the vacuum stability condition as in Eq. (2.7), neglecting the mA and mZ terms.
For green lines, X2

t is chosen to saturate the vacuum stability condition with mA = 1.5 TeV,
µ = 400 GeV, and tan� = 1. For the orange line, X2

t is chosen to be m2

˜t1
+ m2

˜t2
to keep

g = 1. For blue, red, and green lines, g value range for each stop mass is labeled on the
plot corresponding to that stop mass. The value of g are identical for solid and dashed
line of the same color at a given lightest stop mass. g values increase monotonously with
increase in the lightest stop mass for each line except for the Orange lines where it is fixed
at 1. For red and blue lines, mA = µ = 0.

more conservative vacuum stability bound is considered.

3.1 Di-Higgs Search Channel

The general strategy in the search for double Higgs is to require one Higgs to decay to a pair
of bottoms for enough statistics, as the total rate for double Higgs production is about three
orders of magnitude smaller compared to single Higgs production. Then, we can consider
the other Higgs decay to a pair of photons, bottoms, W±’s, or ⌧ ’s. In this work, we are
going to discuss the modifications to distributions in the presence of light stops, and we
will focus on the bb�� channel, as this channel provides best resolution.

– 15 –



Values of the dimensionless couplings
B. Li, N. Coyle, C.W. ’18

Necessary values to invert the bottom coupling

An additional consequence of large values of ⇠S is that the singlet mass may become much

larger than the mass of the singlino. In this case, the quartic coupling of Hu has sizable

corrections produced by �4 loop contributions from singlets and singlinos. The correction

to �2 from these contributions is given by
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where we have used the expression for m2
S given in Eq. (31). It is therefore clear that

for values of |µ| of the order of the weak scale, large values of ⇠S result in large positive

corrections to �2. These corrections can compensate the negative contributions to the Higgs

mass induced by mixing e↵ects and constrain the allowable values of ⇠S via the experimental

constraints on the lightest CP-even Higgs mass, which will be examined in more specificity

in the next section.

A further possible modification to the NMSSM is the inclusion of a similar tadpole term

in the superpotential, namely beyond the trilinear terms associated with the Yukawa, � and

 couplings, one may add a tadpole term of the form [15]

�W = ⇠FS (33)

where ⇠F is a dimension 2 parameter. One action of such a term, as we shall discuss, is

to modify the spectral relationships between the neutral and charged Higgs bosons. In our

initial analysis, we first set ⇠F = 0; however, we shall discuss the impact of this term in later

examinations of pseudoscalar decays in Section VI.

The decoupling of the singlet induces corrections to �4 and �5, and a sizable correction

to the quartic coupling �7. This can be seen by ignoring subdominant terms and reducing

the singlet-dependent terms in the scalar potential to

(m2
S + �2|Hu|2)|S|2 + [S(�A�HuHd + ⇠S) + h.c.] +

�

�⇠F + �HuHd + S2
�

�

2
(34)

where we shall assume that, due to the e↵ect of the tadpole terms, m2
S is much larger

than �2H2
u ' �2v2. From Eq. (34), and ignoring small corrections induced by the vacuum

expectation values of the singlet and doublet fields, we can see that the masses of the CP-even

and CP-odd singlet eigenstates are approximately given by

m2
hS

= m2
S + 2⇠F, m2

AS
= m2

S � 2⇠F, (35)
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FIG. 2: Scatter plot of points that survive the 125 GeV mass constraint and predict a wrong-sign

bottom Yukawa coupling. The colorbar on the upper plot shows the value of b, which is the ratio

between Higgs to bb̄ coupling and its SM value, i.e. gNMSSM
hbb̄

/gSM
hbb̄

. All points have b close to -1

as demanded. The lower plot shows the relationship between the values of �, , and the tadpole

contribution.
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Low charged Higgs masses

Constraints on Charged Higgs Mass coming
from t ! bH+ considered

Part of the reason for large value of λ is the relation between the CP-odd and charged
Higgs masses in these theories, namely

m2
H+ ' m2

A � �2v2

B. Li, N. Coyle, C.W. ’18

v = 174 GeV

FIG. 3: Scatter plot of the charged Higgs mass MH± against MH , with the value of tan� as the

colorbar. A tan�-dependent mass cut on MH± , with a lowest limit of 155 GeV, has been applied

to satisfy experimental constraints.

Let us stress here that for sizable values of tan �, the bottom quark coupling to the

lightest Higgs boson is modified at the loop level in a relevant way with respect to its tree-

level value. This modifications are particularly important for large values of the Higgsino

mass parameter µ and are approximately given by [35]

b =
ghbb
gSMhbb

= �s↵
c�



1� �b

1 +�b

✓

1 +
1

t↵t�

◆�

(18)

where �b is given by [36],[37],[38]

�b '
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2↵3

3⇡
I(mb̃1

,mb̃2
,M3) +

h2
t

(4⇡)2
I(mt̃1 ,mt̃2 , µ)

◆

tan � (19)

and the function I(a, b, c) is given by []

I(a, b, c) =
a2b2 ln(a2/b2) + b2c2 ln(b2/c2) + c2a2 ln(c2/a2)

(a2 � c2)(a2 � b2)(b2 � c2)
(20)

There are similar corrections to the tau coupling, but they are governed by weak coupling

e↵ects and are therefore less significant. The above corrections imply a di↵erence between b

and ⌧ and has threfore relevant phenomenological consequences for sizable values of tan �.

In particular, in the region of parameter under investigation, ⌧ tends to be smaller than b

by a few tens of percent.

11



Novelty : Decay into charged Higgs Bosons

Large values of λ imply that the charged Higgs mass becomes
significantly lower than the neutral MSSM-like Higgs masses.

B. Li, N. Coyle, C.W. ’18 

We calculate the expected number of H ! ⌥(nS) + � events for both b = 1 and b = �1.

The Higgs total cross section is taken to be �(p+ p ! H) = 5.57⇥ 104 fb [60]. We examine

the number of expected events by the end of LHC Run 3, for which the approximate target

integrated luminosity is 300 fb�1 [62]. The predicted number of events are less than 1 for

b = 1 and N(⌥(1S),⌥(2S),⌥(3S)) = (18.5 ± 0.7, 8.65 ± 0.36, 6.31 ± 0.26) for b = �1.

The number of events at the 3 ab�1 high-luminosity LHC is simply an order of magnitude

larger than the one predicted at the end of Run 3, namely a few hundred events.

Searches for h ! ⌥(nS) + � have been performed previously for the 8 TeV runs with

approximately 20.3 fb�1 of luminosity [64]. The current upper limits on the branching ratios

at 95% CL are given for ⌥(1S, 2S, 3S) + � final states as (1.3, 1.9, 1.3)⇥10�3 ([65], [64]).

An increase in sensitivity for these decays on the order of 103 with respect to the one at

Run 1 is therefore required in order to probe the e↵ects of a wrong-sign bottom Yukawa.

Therefore, despite the significant enhancement of the number of events with respect to the

SM, this process is not currently an e↵ective method of searching for a wrong-sign bottom

Yukawa, and its detection will demand a significant improvement of the current analysis.

C. Decay channels of the heavy neutral Higgs

FIG. 6: Branching ratios for the decay of the heavier neutral Higgs H to H±W⌥ and ⌧⌧ , with the

branching ratio of H ! �0
1�

0
1 as the colorbar.
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