
Marcela Carena
Fermilab and UChicago

University of Manchester, July 4,  2019

New Physics Opportunities in Higgs Searches

XXV International Symposium
PASCOS 2019

Particle physics, String theory and Cosmology
1–5 July 2019, Manchester, UK



Dear Higgs
Boson

The Higgs turns 7! 
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What’s the mass again?

➢ Mass of the Higgs boson is a 
fundamental parameter of nature 

 Its measurement is improving
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ATLAS and CMS Higgs results 

HL-LHC (3 ab-1 @ 14TeV): expected ~ 2-4%  precision for most couplings 

4	New	Observations!	 Higgs	Discovery	2012	 New	adventures…	

Yukawas	at	LHC	 tau	 b	 top	

ATLAS	

Exp.	Sig.	 5.4σ	 5.5σ	 5.1σ	

Obs.	Sig.	 6.4σ	 5.4σ	 6.3σ	

mu	 1.09±0.35	 1.01±0.20	 1.32±0.27	

CMS	

Exp.	Sig.	 5.9σ	 5.5σ	 4.2σ	

Obs.	Sig.	 5.9σ	 5.6σ	 5.2σ	

mu	 1.09±0.27	 1.04±0.20	 1.26±0.26	

Paper	References	 PRD	99	(2019)	072001	
PLB	779	(2018)	283	

PLB	786	(2018)	59	
PRL	121	(2018)	121801	

PLB	784	(2018)	173	
PRL	120	(2018)	231801	
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The bottom coupling affects all Higgs BRs in a relevant way (large effect in total width)
Strong interplay with gluon fusion rate (top coupling)

and also vector boson fusion and Hà WW/ZZ decays

21

ATLAS &CMS: Generic Parametrization
J. High Energy Phys. 08 (2016) 045 arXiv:1809.10733, accepted by Eur.Phys J.C 

ATLAS-CONF-2019-005

• ATLAS+CMS Run 1: BRBSM < 0.34 @95%CL
• CMS 2016: Binv<0.22, Bundet <0.38
• ATLAS 2016/17: Binv<0.30, Bundet <0.38, 

BRBSM= Binv +  Bundet<0.47 (HÆZZ* offshell
included)

• Allow BSM loop  
contributions + either BSM 
contributions to GH (kv ≤ 1) 
or not (BRBSM =0)

S. Gascon-Shotkin SUSY2019 20 May 2019

Assuming no strict correlation between gluon 
& top couplings ==>  consistency with  SM
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Errors still admit deviations of a few 
tens of percent from the SM results



Under the Higgs lamp-post: 
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Trusting the SM up to the Planck scale
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NMSSM + mh ~ 125 GeV: 
At low tanβ
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scale, thereby reducing the 
degree of fine tuning to get 

EWSB
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Splitting in stop SUSY breaking
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No Higgs above a  
certain scale, at which 

the new strong 
dynamics turns on
è dynamical origin 

of EWSB

New strong resonance masses constrained by EW data and direct searches
Higgs è scalar resonance much lighter than the other ones

Also: Twin Higgs and Mirror Worlds
- Demand a UV completion à Composite Higgs-

Under the Higgs lamp-post: 
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2HDMs or additional Higgs singlets,  triplets,
or more complicated combinations of Higgs multiplets

• Can be appealing to provide a strong first order EW phase transition
• Can generate flavor hierarchies a la Frogatt-Nielsen with 2 Higgs doublets jointly 

acting as a flavon
• Can  relate enhanced light fermion Yukawas to enhanced di-Higgs  signals

All BSM alternatives can affect Higgs production & decay signal strengths

Composite 
or SUSY

extensions

Under the Higgs lamp-post: 



For a general 2HDM (H1, H2), 

If the mixing in the CP-even sector yields cos (β-α) = 0   è cosα = sinβ
The lightest Higgs coupling  to fermions and gauge bosons is SM-like.

H and A couplings scale like 1/ tanβ with the exception of the
down-quark/lepton couplings enhanced by tanβ in Type II (SUSY)

This situation is called ALIGNMENT

Data on SM-like Higgs signal strengths èAlignment
the couplings of h/H  to V = W,Z are

HVV = (hVV)

SM
cos(� � ↵)

hVV = (hVV)SM sin(� � ↵)

In a 2HDM type II ( e.g. MSSM), H1 couples to down-quarks and charged 
leptons,   while H2 couples to up-quarks.  <Hi> = vi tan β = v2/v1

Gunion, Haber ’03

h = � sin↵ H0
1 + cos↵ H0

2

H = cos↵ H0
1 + sin↵ H0

2

ghuu =

muu

v

cos↵

sin�
gHuu =

mu

v

sin↵

sin�ghdd(hll) =
md(l)

v

(� sin↵)

cos�
gHdd(Hll) =

md(l)

v

cos↵

cos�

In 2HDM type I,  all fermions couple to H2



Alignment Conditions in General 2HDMs

Eigenstate Eq.

è cos (β-α) = 0≈ 0
Alignment occurs for large values of  mAè Decoupling OR

specific conditions independent of MAèAlignment without Decoupling

Craig, Galloway,Thomas’13    M.C, Low, Shah, Wagner ‘13

If no CP violation in the Higgs sector
Valid for any 2HDM

General 2HDM
Higgs potential

Minimization conditions define mA, mH+ and mh/H in terms of quartic couplings, one 
mass parameter and tanβ



Departures from Alignment (Type II 2HDM)
§ Alignment might only be partially realized, useful to study effects of small departures 

§ It is customary to parametrize departures from alignment by a Taylor exp. in  
cos (β-α) which defines deviations from Higgs-WW/ZZ couplings 

BUT Higgs –bottom coupling is controlled by η = cos β-α tβ

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)

18

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

,

Tuesday, November 19, 2013

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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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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Ũ

Q̃

H1

H2

(d)

H1

H2

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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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
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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
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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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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
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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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For moderate or large values of tanβ

(no Alignment)

Draper,Liu,C.W.’10

Carena, Haber, Low, Shah, C.W. ’14

Interpretation of precision Higgs measurements on A/H searches 
strongly dependent on the proximity to Alignment without decoupling 
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Higgs decays into gauge bosons mostly determined by bottom decay width
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MSSM:  Higgs properties close to SM-like è large mu or decoupling

Both ways less natural spectra just fr
om Higgs precision measurements 



Searching for Heavy Higgs Bosons 
- A variety of decay Branching Ratios -

Depending on the values of μ and tanβ different search strategies must be applied

Sizeable tanβ è very close to alignment, dominant bottom and tau decays; 

while  gHhh ≃ gHWW ≃ gHZZ ≃gAhZ ≃0 

Production mainly via large bottom couplings: bbH

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
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Smaller tanβ è some departure from alignment,  
Hà hh, WW, ZZ and tt (also (A è hZ, tt)  become relevant.  

Production mainly via top loops in gluon fusion
If low μ, then chargino and neutralino channels open up ( impact on H/A à ττ )

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
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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
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Departure from
Alignment

H

A

H

Very challenging search

Depending on the values of μ and tanβ different search strategies must be applied

Precision Higgs constraints 
become important

Searching for Heavy Higgs Bosons 
- A variety of decay Branching Ratios -
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Figure 6: Upper limits at the 95% CL on the product of the production cross-section for pp! A and the branching
fractions for A ! Zh and h ! bb evaluated by combining the 0-lepton and 2-lepton channels. The possible signal
components of the data are interpreted assuming (a) pure gluon–gluon fusion production, and (b) pure b-quark
associated production.
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From b-quark  
Associated production

• Mild excess of events is observed around 440 GeV, mainly  
di-muon channel in the resolved category with 3+ b-tags. 

• Local significance of this excess with respect to the 
background-only hypothesis is 3.6  σ.

• Global significance, accounting for the look-elsewhere 
effect is estimated to be 2.4 σ.

Many ongoing A/H boson searches at LHC

CERN-EP-2017-250 

ATLAS/CMS, with A à Zh and  h à bbCMS summary on Hàhh searches
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• Resonant Production
Upper limit between    
4 fb and 1 to 2 pb 

bb + γγ/ττ/bb/VV



Complementarity between Higgs precision and A/H Searches
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Complementarity between different search channels
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 

M.C, Low, Shah, Wagner + Haber

Strength of direct & indirect searches vary importantly depending on parameter space

e. g. New benchmarks
Bahl et al. ‘18

New benchmark: M125
h [H. Bahl et al., ’18 ]

MQ̃3
= MŨ3

= MD̃3
= 1.5 TeV

ML̃3
= MẼ3

= 2 TeV

µ = 1 TeV, M1 = 1 TeV

M2 = 1 TeV, M3 = 2.5 TeV

Xt = 2.8 TeV

At = Ab = Aτ

⇒ new vanilla benchmark model

Sven Heinemeyer – SUSY19, Corpus Cristi, 22.05.2019 14

New benchmark: M125
h (align) [H. Bahl et al., ’18 ]

MQ̃3
= MŨ3

= MD̃3
= 2.5 TeV

ML̃3
= MẼ3

= 2 TeV

µ = 7.5 TeV, M1 = 500 GeV

M2 = 1 TeV, M3 = 2.5 TeV

At = Ab = Aτ = 6.25 TeV

⇒ h SM-like for very low MA

Sven Heinemeyer – SUSY19, Corpus Cristi, 22.05.2019 19

h SM-like for very low MA

“Alignment” via decoupling



Naturalness and the Alignment in the NMSSM

• Well known additional contributions to mh

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, 

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

• So, alignment leads to a determination of lambda,

• The values of lambda end up in a very narrow range, between 0.65 and 0.7 for 
allvalues of tanbeta, that are the values that lead to naturalness with perturbativity 
up to the GUT scale
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N. Shah’s talk

• Less known:
sizeable contributions to the mixing between MSSM CP-even eigenstates
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Last term from MSSM; small for 
moderate/small μAt and small tanβ

Alignment leads to λ in the restricted range 0.62 to 0.75, 
in agreement with perturbativity up to the GUT scale
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Stop Contribution at alignment

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

�t̃ = � cos 2�(m2
h �M2

Z)

tan� < 3

Interesting, after some simple algebra, one can show that
Carena, Haber, Low, Shah, C.W.’15
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FIG. 2: Left panel : The blue shaded band displays the values of � as a function of tan�, necessary

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

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

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

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

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

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

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

11

[cf. Eq. (48)].

The one-loop radiative stop corrections to M2

12

exhibited in Eq. (50) that are not absorbed

in the definition of M2

11

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

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

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

as a function of mh, mZ and tan �,

(�alt)2 =
m2

h �m2

Zc2�
v2s2�

. (55)

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

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

16

Alignment in the 
doublet Higgs sector 

of the NMSSM 
allows for 

light stops with 
moderate mixing

Superpotential λ S HuHd è μeff = λ <S> 

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
lambda is of about 0.65

Carena, Low, Shah, C.W.’13

Higgs-
Bottom 
coupling 

in the 
NMSSM



Aligning the Singlet

The mixing mass matrix element between the singlet and the SM-like Higgs is

Aligning the singlets

• The previous formulae assumed implicitly that the singlets are either decoupled, 
or not significantly mixed with the MSSM CP-even states

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

• If one assumes alignment, the expression inside the bracket must cancel

• If one assumes                and lambda of order 0.65, and in addition one asks for 
kappa in the perturbative regime, one inmediately conclude that in order to get 
small mixing in the Higgs sector,  the CP-odd Higgs is correlated in mass with the 
parameter mu, namely

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

• Moreover, this ensures also that all parameters are small and the CP-even and 
CP-odd singlets (and singlino) become self consistently light
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Carena, Haber, Low, Shah, C.W.’15

Needs to vanish in alignment 

For tanβ < 3,   λ ~ 0.65 and κ in the perturbative regime, small mixing in the Higgs 
sector implies that  mA and μ are correlated
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FIG. 3: Left panel : Values of MA leading to a cancellation of the mixing of the singlet with the

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

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

2

� close

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

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

the following condition:
M2

As
2

2�

4µ2

+
s

2�

2�
= 1 . (57)

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

  1

2

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

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

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

MA ⇠ 2|µ|
s
2�

. (58)

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

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

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

MA leading to the cancellation of the mixing with the singlet CP-even Higgs state is shown
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Unlike the MSSM, alignment without decoupling implies  small μ, hence, again 
alignment and naturalness come together beautifully in the NMSSM

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

mS̃ = 2µ


�

For a singlet at LHC reach, precision Higgs data demands high degree of alignment.

mA ⇡ 2|µ|
sin2�

of interest for Dark Matter



NMSSM properties close to Alignment
Singlet spectra and decays (to SM via mixing with doublet or invisibly to DM)
- Heavier CP-even Higgs can decay to lighter ones:  2 mhS < MH

- CP-even light scalar, hS, mainly decays to bb and WW ;
- CP odd light scalar, aS, mainly decays to bb
- Anti-correlation between singlet –like CP-even and CP-odd masses

Doublet-like A and H decays:
-- A/H  decay significantly into top pairs; BRs ~ 20% to 80%  (dep. on tanβ )
decays may be depleted by decays into charginos/neutralinos (10% to 50%)

-- Other relevant decays: H è hhS and A à ZhS (20% to 50%, dep on mass)

H è hh and A è hZ decays strongly suppressed due to alignment

Others: H àhs hs;   HàAs Z;  AàAs hs;  AàAs h of order 10% or below



CMS 1505.03831
HVV/SM ~10%

• Complementarity between  gg àAà Z hS àll bb  and ggà hS à WW  searches

Ongoing searches at the LHC are probing exotic Higgs decays

CMS PAS HIG-15-001

CMS 1505.03831
HVV/SM ~10%

• Promising Hà h hS channels with hSà bb or WW  (4b’s or bb WW)
Searches for H à ZA or Aà ZH should replace Z by h125   (Di-Scalar Search)

• Channels with missing energy:  A à h as; H à Z as with   as à Dark Matter

CMS-PAS-HIG-18-012

H/Aà Z A/H

For M > 200 GeV also 
CMS-PAS-HIG-17-033

Observed exclusion  CMS-PAS-HIG-18-012 
similar  to CMS-PAS-HIG-15 -001  result
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$̂*+,-% .+ = c$%& P 𝑠̂ 𝐴23& = 𝑐23& (slowing varying function of 𝑠̂)

𝐴 4 = 𝐴$%& + 𝐴23&
4 = 𝐴$%&

4 + 𝐴23&
4 + 2𝑅𝑒 𝐴$%&𝐴23&∗

= 𝐵.𝑊.+𝐵𝐾𝐺 + 2𝑅𝑒 𝑐$%&𝑐23&∗ 𝑹𝒆 𝑷 B𝒔 + 2𝐼𝑚 𝑐$%&𝑐23&∗ 𝑰𝒎[𝑷(B𝒔)]

𝑹𝒆 𝑷 B𝒔 =
𝑠̂(𝑠̂ − 𝑚4)

𝑠̂ − 𝑚4 4 + Γ4𝑚4

𝑰𝒎[𝑷(B𝒔)] =
− 𝑠̂ Γ𝑚

𝑠̂ − 𝑚4 4 + Γ4𝑚4

The challenging A/H è tt channel:  Interference effects
LHC is a top factory but challenges lie in the interference effect.

B.W.

Re. Int.

Rint

• Background real
• Re. Int.– from the real part of the propagator:
at parton level no contribution to the rate 
è shift the mass peak. [When convoluting with PDF, 
may generate residual contribution to signal rate]

Dicus, Stange,  Willenbrock’91

See also recent work by Craig, D’Eramo,  Draper, Thomas,  Zhang; Jung, Sung, Yoon; Gori, I.-W. Kim,  Shah,  Zurek
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− 𝑠̂ Γ𝑚
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Iint

Im. Int.–from the imaginary 
part of propagator 

Iin 𝐼𝑚 𝑐$%&𝑐23&∗ = cNOP |cRSP∗ |sin(𝛿$%& − 𝛿23&)

When phase 𝛿$%& − 𝛿23& (strong phase) is none-zero, there 
is a new interference effect that cannot be neglected, 

LHC is a top factory but challenges lie in the interference effect.
The challenging A/H è tt channel:  Interference effects



Background real

Real Interference from the real part of the propagator and real part of loop function 
(shifts the mass peak; no contribution to the signal rate besides residual effect of PDF’s)

Im. Interference from the imaginary part of propagator  with imaginary part of loop function 
(rare case, changes signal rate)

Triangle loop function

Once above the threshold, 
imaginary piece increases 
and real piece decreases.

SM Higgs
real & slowly varying

p
⌧ =

p
ŝ/2mf

Phase of the loop function

The challenging A/H è tt channel:  Interference effects



Special Line-shapes examples with one (pseudo) scalar

BSM line-shapes for various CP phase eigenstates 
for heavy scalar masses at 550 GeV and 850 GeV

Searches not designed/optimized for 
bump-dip/ dip structure.

Smearing effects flatten the dips and 
bumps, making it harder.     

M.C., Liu ‘16

Interferences dominantly from the piece proportional to the 
imaginary part of the propagator, hence the pure dip structure

Interferences proportional to the real & imaginary 
part of the propagator are comparable in size 



Impact of interference effect in A/H à tt at the  LHC 

M.C.,Zhen Liu

Projections  for A/H è tt in Type II 2HDM  

First interference studies at ATLAS and CMS
ATLAS-2016-073

CMS PAS HIG-17-027

CMS PAS HIG-17-027

The largest deviation for mA = 400 GeV  and ΓA/mA =  4%
local significance of 3.5 ± 0.3 σ, when accounting for the look-elsewhere the significance 
is 1.9 σstandard deviations. This excess is largely driven by the dilepton channel. 



Interference Effects in Di-Higgs Production: gg à S à hh

Models with additional singlets open a door for strong first order phase transitions

Singlet extension of the SM can serve as a benchmark, challenging to test at colliders
• Consider case of Spontaneous Z2 breaking 
• Find that interference effect can enhance di-Higgs production up to 40%, 

improving LHC reach 

xx

x
scalar singlet with a Z

2

symmetry. The scalar potential of the model can be written as

V (s,�) = �µ2�†�� 1

2
µ2

ss
2 + �(�†�)2 +

�s

4
s4 +

�s�

2
s2�†�, (2.1)

where � is the SM doublet 1 and s represents the new real singlet field. In the above, we

adopt the conventional normalization for the couplings of the SM doublets and match the

other couplings with the singlet with identical normalization. We allow for spontaneous

Z
2

breaking with the singlet s acquiring a vacuum expectation value (vev) vs, since this

case allows for interesting collider phenomenology of interference e↵ects. As we shall show

later, the (on-shell) interference e↵ects commonly exist for loop-induced processes in BSM

phenomenology and it is the focus of this paper. The CP even neutral component h of the

Higgs doublet field � mixes with the real singlet scalar s, defining the new mass eigenstates

H and S
✓
h

s

◆
=

 
cos ✓ sin ✓

� sin ✓ cos ✓

!✓
H

S

◆
, (2.2)

where ✓ is the mixing angle between these fields. The five free parameters in Equation 2.1

can be traded by the two boundary conditions

mH = 125 GeV, v = 246 GeV (2.3)

and the three “physical” parameters,

mS , tan�(⌘ vs
v
), and sin ✓, (2.4)

where tan� characterizes the ratio between the vevs of the doublet and the singlet scalar

fields, respectively.

As a result, the parameters in the scalar potential in Equation 2.1 can be expressed as

functions of these new parameters,

µ2 =
1

4

�
2m2

H cos2 ✓ + 2m2

S sin2 ✓ + (m2

S �m2

H) tan� sin 2✓
�

(2.5)

µ2

s =
1

4

�
2m2

H sin2 ✓ + 2m2

S cos2 ✓ + (m2

S �m2

H) cot� sin 2✓
�

(2.6)

� =
m2

H cos2 ✓ +m2

S sin2 ✓

2v2
(2.7)

�s =
m2

H sin2 ✓ +m2

S cos2 ✓

2 tan2 � v2
(2.8)

�s� =

�
m2

S �m2

H

�
sin 2✓

2 tan� v2
. (2.9)

Observe that the condition of spontaneous symmetry breaking implies that dimensionful

quantities µ2 and µ2

s can be directly expressed in terms of the original quartic couplings and

the vevs,

µ2 = v2
✓
�+

1

2
tan2 ��s�

◆
, µ2

s = v2
✓
tan2 ��s +

1

2
�s�

◆
. (2.10)

1 �T = (G+, 1p
2
(h+ iG0 + v)), where G±,0 are the Goldstone modes.

– 3 –

Parameters in the potential can be 
traded by 

mH =125 GeV, v=246 GeV 

mS, tanβ(≡ vs/v), sinθ, 

L ⊃ λHHHH3 +λSHHSH2. 

x

as

�HHH = � m2

H

2 tan� v

�
tan� cos3 ✓ � sin3 ✓

�
, (2.15)

�SHH = � m2

H

2 tan� v
sin 2✓(tan� cos ✓ + sin ✓)(1 +

m2

S

2m2

H

). (2.16)

Figure 3. The phenomenlogically interesting trilinear scalar couplings, normalized by the SM doublet
vev v, ��HHH/v and ��SHH/v as a function of the singlet-like scalar mass mS and the mixing angle
sin ✓ shown in magenta and dark green contours, respectively. The left and right panels correspond
to tan� = 1 and 10, respectively. The gray shaded region is disallowed by vacuum stability and
perturbative unitarity arguments, while the brown shaded regions are disallowed by EWPO.

In Figure 3, we show the values of trilinear couplings between mass eigenstates, ��HHH/v

and ��SHH/v in green and magenta curves, as a function of the heavy singlet-like scalar mass

mS and the singlet-doublet mixing angle sin ✓ for tan� = 1 (left panel) and tan� = 10 (right

panel). We can observe that the trilinear coupling of the SM-like Higgs remains insensitive

to the singlet mass and receives moderate modifications with respect to its SM value. On the

other hand, the trilinear �SHH that determines the rate of the heavy scalar decay into Higgs

pairs is quite sensitive to the precise value of the singlet-like scalar mass and the mixing angle

sin ✓.

The heavy singlet mixing with the SM Higgs will induce a global shift on all the SM-like

Higgs couplings. While this mixing does not change the SM branching ratios, the production

rates of the Higgs boson will be reduced by a factor cos2 ✓. The Higgs boson data from

LHC at 7 and 8 TeV sets a constraint of | sin ✓| < 0.36 at 95% C.L., independently of the

singlet mass. The HL-LHC projection increases this limit very mildly due to the dominant

e↵ect from systematic and theory uncertainties. In addition, the current limit is driven

– 7 –

spontaneous symmetry breaking defines μ2 and μ2S
in terms of the original quartic couplings & the vevs

Besides  singlet-doublet mixing governed by sin θ, di-Higgs final states are 
characterized by two trilinear coupling:



Interference Effects in Di-Higgs Production: gg à S à hh

Models with additional singlets open a door for a strong first order phase transition

Singlet extension of the SM can serve as a benchmark, challenging to test at colliders

M.C. Z. Liu and M. Riembau. ‘18
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Strong phase in the loop functions

Relative strong phase (yellow curve) allows for a non-vanishing interference 
effect between the singlet resonance diagram and the SM box diagram. 

The solid, dotted, and dashed curves correspond to 
scattering angles of 0, 0.5 and 1, respectively



Logarithmic to see other components;
Dashed represent destructive interference;
Dark blue, unique on-shell constructive interference

Interference Line shape



Logarithmic to see other components;
Dashed represent destructive interference;
Dark blue, unique on-shell constructive interference

Interference Line shape



Relevance of the on-shell interference

Relative size of the on-shell interference
effect w.r.t. the resonant BW signal,
averaged over scattering angle [-0.5,0.5]

For different parameters, it could be up to
40% below 1 TeV or increase even 
further for heavier singlet masses.

Interference effect could play an important role in the pheno and further 
determination of model parameters if the heavy scalar is discovered. 



Relevance of the on-shell interference

Based on the pp à HH à bbγγ, analysis [arXiv:1502.00539] we perform a differential
analysis of the lineshapes:

• Black/red lines, w/wo interference effect;
• Purple shaded region, 1st Order Phase Transition (FOPT) through an EFT analysis
• Correct inclusion of the interference effect extends the sensitivity in FOPT region

M.C. Z. Liu and M. Riembau. ‘18



Correlation between enhanced Higgs-fermion couplings and di-Higgs production 
in 2HDM w/ flavour symmetry (2HDFM)

Bauer, MC, Carmona (1801.00363) 
Di-Higgs Production as a signal of Enhanced Yukawa couplings

2

More model-independent methods are inclusive mea-
surements of h ! cc̄ or associated production of
pp ! hc + hc̄, which strongly depend on the c� and
b�tagging e�ciencies [13–15]. Exclusive, radiative Higgs
decays h ! J/ (⌥)� provide an alternative way to
test charm (and bottom) Yukawas and notably also to
access their sign [16–19]. Measurements of the total
width of the Higgs o↵er another handle on individual
Yukawa couplings [14], as well as measurements of
pT�distributions in pp ! h and pp ! hj [20, 21]. A
novel strategy based on measuring the charge asymmetry
in W±h has been proposed [12]. If Higgs couplings to
proton valence quarks and electrons are simultaneously
enhanced, even frequencies of atomic clocks could be
modified [22].

Formalism. In 2HDMs, the SM singlet operator
�1�2 can carry a flavour charge, such that for a given
flavour the SM Yukawa coupling is replaced by a higher
order operator

yf f̄L�fR ! y0
f

✓
�1�2
⇤2

◆nf

f̄L�ifR , (6)

in which ⇤ is the suppression scale, �i is either �1 or �2
and the integer nf depends on the flavor charge assigned
to fL�ifR and �1�2. As a consequence, the correspond-
ing fermion masses are given by

mf = y0
f "

nf
vp
2

, " =
v1v2
2⇤2

=
t�

1 + t2�

v2

2⇤2
, (7)

with the vacuum expectation values h�1,2i = v1,2 and
t� ⌘ v1/v2. For the right choice of flavor charges, the
hierarchy of SM fermion masses and mixing angles can
be explained by higher order operators [7, 8]. In contrast
to the ansatz (1), lower dimensional operators can be
forbidden by these flavor charges. In the following, we
will illustrate our result based on the Lagrangian

LI
Y 3 yu

ij

✓
�1�2
⇤2

◆nuij

Q̄i�1 uj + yd
ij

✓
�†1�

†
2
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◆ndij

Q̄i�̃1 dj

+ y`
ij

✓
�†1�

†
2

⇤2

◆n`ij

L̄i�̃1 `j + h.c. , (8)

which reduces to a 2HDM of type I in the limit
nu, nd, n` ! 0. This expression can be readily extended
to other types of 2HDMs [8] and the discussion in
the remainder of the paper holds independent of this
choice. The Higgs sector contains two neutral scalar
mass eigenstates h, H, one pseudoscalar A and one
charged scalar H± and we identify the lighter scalar
mass eigenstate h with the 125 GeV resonance observed
at the LHC. The couplings between the scalars and the
electroweak gauge bosons are fixed as in any 2HDM
to g'V V = 'V 2 m2

V /v, with hV = s��↵ , HV = c��↵

for V = W±, Z, and we use the notation sx = sin(x),

cx = cos(x) and tx = tan(x). The couplings between the
scalars ' = h, H and SM fermions fLi,Ri = PL,Rfi in
the mass eigenbasis read

L = g'fLifRj
' f̄LifRj + h.c. (9)

with a flavor index i, such that ui = u, c, t, di = d, s, b
and `i = e, µ, ⌧ . This induces flavor-diagonal couplings

g'fLifRi
='fi

mfi

v
=
⇣
g'fi(↵,�) + nfi f'(↵,�)

⌘mfi

v
, (10)

and flavor o↵-diagonal couplings

g'fLifRj
= f'(↵,�)

⇣
Aij

mfj

v
� mfi

v
Bij

⌘
. (11)

The flavor universal functions in (10) and (11) are given
by

ghfi =
c��↵

t�
+ s��↵ , gHfi = c��↵ � s��↵

t�
, (12)

and
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⌘
+ 2c��↵ . (14)

Flavor o↵-diagonal couplings between the neutral scalars
and SM fermions are induced in (11) through the ma-
trices in flavor space A and B, whose entries are propor-
tional to the flavor charges of the corresponding fermions
that define the coe�cients in (8). In general, there are
flavor charges of the fermion singlets, afi , doublets, aQi

and aLi , as well as those of the Higgs doublets a1 and a2.
We set the flavor charge of �1�2 to a1 + a2 = 1 by fixing
a2 = 1 and a1 = 0, such that

nuij= aQi � auj , ndij= aQi � adj , n`ij= aLi � a`j . (15)

While these exponents depend on the relative charge as-
signments for the two Higgs doublets, the structure of
the matrices A and B is independent of this choice. If
all flavor charges for a given type of fermions are equal,
the o↵-diagonal elements of these matrices vanish. Oth-
erwise, for couplings of the neutral scalars to up-type
quarks B = U with o↵-diagonal elements

U12 ⇡ (1��au1au2
)✏|au1�au2| + �au1au2

✏|au3�au2|+|au3�au1| ,

U13 ⇡ (1��au1au3
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U23 ⇡ (1��au2au3
)✏|au2�au3| + �au2au3

✏|au1�au2|+|au1�au3| ,

(16)

and the same expressions hold for A = Q with aui !
aQi . For couplings between the neutral scalars and down-
type quarks A = Q and B = D, where the elements of
D are given by (16) for aui ! adi . Finally, flavor o↵-
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signments for the two Higgs doublets, the structure of
the matrices A and B is independent of this choice. If
all flavor charges for a given type of fermions are equal,
the o↵-diagonal elements of these matrices vanish. Oth-
erwise, for couplings of the neutral scalars to up-type
quarks B = U with o↵-diagonal elements

U12 ⇡ (1��au1au2
)✏|au1�au2| + �au1au2

✏|au3�au2|+|au3�au1| ,

U13 ⇡ (1��au1au3
)✏|au1�au3| + �au1au3

✏|au2�au1|+|au2�au3| ,

U23 ⇡ (1��au2au3
)✏|au2�au3| + �au2au3

✏|au1�au2|+|au1�au3| ,

(16)

and the same expressions hold for A = Q with aui !
aQi . For couplings between the neutral scalars and down-
type quarks A = Q and B = D, where the elements of
D are given by (16) for aui ! adi . Finally, flavor o↵-
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FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550

GeV, MA = 450 GeV. The dashed contours correspond
to constant |h

f | for nf = 1.

diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
1�

†
1�1 + µ2

2�
†
2�2 +

�
µ2
3�1�2 + h.c.

�
(17)

+ �1

�
�†
1�1

�2
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�†
2�2

�2
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�
�†
1�1

��
�†
2�2

�
+ �4

�
�1�2

��
�†
2�

†
1

�
+ O

⇣ 1

⇤2

⌘
.

The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
A

⇤
,

ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550

GeV, MA = 450 GeV. The dashed contours correspond
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diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
1�

†
1�1 + µ2

2�
†
2�2 +

�
µ2
3�1�2 + h.c.

�
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The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
A

⇤
,

ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550

GeV, MA = 450 GeV. The dashed contours correspond
to constant |h

f | for nf = 1.

diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
1�

†
1�1 + µ2
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†
2�2 +
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�
(17)

+ �1

�
�†
1�1

�2
+ �2

�
�†
2�2

�2

+ �3

�
�†
1�1

��
�†
2�2

�
+ �4

�
�1�2

��
�†
2�

†
1

�
+ O

⇣ 1

⇤2

⌘
.

The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
A

⇤
,

ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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Br(H ! hh) on c��↵ and t� for MH = MH± = 550
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diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
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The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
A

⇤
,

ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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of parameters, the amplitude from light Higgs exchange and heavy Higgs exchange exactly

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

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

large values of the non-standard Higgs masses.

H,h

χ
0

χ

q q

0

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

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

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

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

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

h =
1p
2
(cos↵ Hu � sin↵ Hd) (1)

H =
1p
2
(sin↵ Hd + cos↵ Hu). (2)

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

ad ⇠ md

cos �

✓� sin↵ g��h
m2

h

+
cos↵ g��H

m2
H

◆
. (3)

Given the interactions

L � �
p
2g0YHuB̃H̃uH

⇤
u �

p
2gW̃ aH̃ut

aH⇤
u + (u $ d) (4)

and the decomposition of a neutralino mass eigenstate

�̃ = Ni1 B̃ +Ni2 W̃ +Ni3 H̃d +Ni4 H̃u, (5)
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Direct Dark Matter Detection Cross Section

Putting all together, one gets

with

One can do a similar calculation for neutrons, and the expression is very similar. Indeed, 
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FIG. 2: SI scattering cross section as a function of mA for tan� = 50 (up left), tan� = 30 (up

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

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

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

Xenon 1T limit

.

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

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

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

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

couplings and loop e↵ects.

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

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

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

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

Dependence of the cross section on the heavy Higgs mass 

Future
Sensitivity
(Xenon1T,
  LZ) 

Blind 
Spot 
Region

Application of the naive blind spot formula gives MA = 478 GeV

7

which we call generalized blind spots. Taking into account the values of F (p,n)
u and F

(p,n)
d

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

2 (m� + µ sin 2�)
1

m2
h

' � µ tan �
1

m2
H

(20)

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

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

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

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

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

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

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

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

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

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

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

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

III. NUMERICAL STUDY

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

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

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

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

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

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

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

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

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

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

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

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

values of tan � and mA, which agrees with MicrOMEGA 2.4.5 [38] almost perfectly. We
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In the above, we have used the proton scattering amplitudes to define the spin indepen-

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

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

f
(n)
Td = 0.0273, f (n)

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

u ⇡ 0.15 and F
(n)
d ⇡ 0.14,

same as F (p)
u and F

(p)
d .

Therefore, the tree-level scattering cross section due to the light and heavy CP-even Higgs

exchange cancel against each other when

(F (p)
d + F (p)

u )(m� + µ sin 2�)
1

m2
h

' F
(p)
d µ tan � cos 2�

1

m2
H

, (19)
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which we call generalized blind spots. Taking into account the values of F (p,n)
u and F

(p,n)
d

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

2 (m� + µ sin 2�)
1

m2
h

' � µ tan �
1

m2
H

(20)

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

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

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

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

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

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

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

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

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

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

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

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

III. NUMERICAL STUDY

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

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

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

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

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

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

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

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

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

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

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

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

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

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

which at moderate or large values of tanβ reduce to

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

P. Huang, C.W.’15

Huang, Wagner, ‘15



Blind Spots in Direct DM detection in the NMSSM
Possible to have a three way cancellation between the hs, h and H contributions

assumed 90% 
composition

Cheung, Papucci, Sanford,
Shah, Zurek ’14

A SM-like Higgs would have couplings that vanish when  
mχ = ±μ sin(2β ). The plus and minus signs correspond to 
the cases in which the neutralino is Singlino-Higgsino or 
Bino-Higgsino admixtures. 

μ < 0 μ > 0

Contributions to the SI cross section

A SM-like Higgs would have couplings that vanish when
m� ' ±µ sin(2�).
The plus and minus signs correspond to the cases in which
the neutralino is Bino-Higgsino or Singlino-Higgsino admixtures.

Huang and C.W. ‘ 14, Cheung, Papucci, Shah, Zurek ‘ 15
Badziak, Olechowski, Pokorski ‘15

Baum, Carena, Shah, C.W.. to appear

Higgs Mixing Effects:
Couplings to the 125 GeV 

Higgs tend to be 
suppressed close to the

blind spots. However, they 
remain relevant in the 

singlino region, denoting 
the presence of relevant 

interferences 

Baum, M.C. Shah, Wagner ‘18



Contributions to SI XS of the different (scalar) Higgs bosons 

Mostly Binos: SM-like Higgs provides the 
dominant contribution. 
NEW Bino well-tempered region, with small 
couplings to Higgs and proximity to blind spot
Thermal Relic density via resonant Z, Higgs annih, 
or co-annihilation of bino with singlino

Mostly singlinos:  coupling to Higgs larger than for 
Bino è SM-like Higgs coupling close to blind spot 
plus destructive interference with singlet needed
Thermal Relic can be obtained via Z (G) annih.

and sign of the different scalar contributions to the SI cross section. 

NMSSM opens up new possibilities

S
~ B

~



The 125 GeV Higgs 
• Higgs precision measurements call for significant degree of alignment, with 

important implications for additional Higgs bosons searches & Dark Matter

Minimal SUSY  (MSSM)
• Alignment in the Higgs sector calls for a heavy spectrum
• Complementarity between new Higgs searches and Higgs precision measurements

Singlet SUSY extensions (NMSSM)
• Necessary degree of alignment tied to a light Higgsino, Singlino and singlet Higgs 

sector - allows for lighter stops with moderate mixing.
• Good for achieving the 125 GeV Higgs and compatible with perturbavity up to MGUT
• Unexplored search channels for A/H decaying to di-scalars and gauge bosons

Dark Matter 
• Well tempered, Bino-Higgsino regions with blind spots for SI Direct detection

Outlook

Phase shift between SM and new physics can have important implications
• Novel on-shell info on Higgs total width & light quark Higgs couplings
• Enhance LHC sensitivity to simple models with a strong FOPT
• Needed in scalar resonant searches above the top threshold



Extras



Special Line-shapes examples with additional BSM particles

Vector-like quarks in loop function:
Real,  hence no destructive interference

Stops in the loop function:
Zero L-R stop mixingè small  interference (dip-bump structure), top quark dip structure prevails 
Large L-R mixing è dominant contribution, dip-bump structure prevails

M.C., Liu ‘16



The challenging A/H è tt channel: Systematic Uncertainties
Searches not designed/optimized for bump-dip/ dip structures
Smearing effects flatten the dips and bumps, making it harder     

After detector smearing
and reconstruction:

Statistically promising 
Systematically challenging.       

Craig et al ‘15

Using Atlas 
8 TeV Analysis

è
total and 

statistical only



Prospects for searches in  A/Hà tt : Benchmark Studies

Performance 
parameters

These studies are important for any new heavy scalar that couples to top pairs
M.C., Liu’16

Blue line: the signal line-shape before smearing

Red bins: signal after smearing and binning
Blue and gray histograms: background statistical and uncertainties after smearing & binning



Two Higgs Doublet models and a Theory of Flavor

• The Froggatt Nielsen mechanism:  Effective Yukawa coupling

• New scalar singlet S obtains a vev: <S> =f
• Quarks & scalars are charged under a   

global  U(1)F flavor symmetry   

• Lighter quarks, more S insertions

mb = yb
vp
2

✓
f

⇤

◆nb

mt = yt
vp
2

ye↵ = ✏ny ✏ = f/⇤ Issue: Scales undetermined

• How to  define the scales? Can the Higgs play the role of the Flavon?

Babu ‘03, Giudice-Lebedev ‘08

Two Main Problems
• The flavon is a flavor singlet
• The Higgs coupling to Bottom quarks is too large

ghbb ∝ 3 mb/v

✏ = v2/2⇤2 ⌘ mb/mt ! ⇤ ⇡ (5� 6)v

v ⇡ f

f

v

⇤

⇤

Flavor Scale fixed by EW scale 



A Flavoured Higgs Sector

2HDFM with different flavor charges au and ad for Hu and Hd , respectively.
Bauer, MC, Gemmler ‘15

With effective Yukawa coupling:

✏ = vuvd/2⇤
2 ⌘ mb/mt ! ⇤ ⇡ (5� 6)v

✓
tan�

1+ tan2 �

◆1/2

The value of  Λ ~ 4 v ~ 1TeV   (max. for tan β = 1) 
can be slightly larger depending on UV completion

ye↵
i =

⇣vuvd

2⇤2

⌘ni

yi
v2 = v2

u + v2
d

And suppression factor

tan� = vu/vd

Type II : 

Type I : yb

✓
S

⇤

◆nb

Q̄LHbR ! ỹb

 
H†

uH
†
d

⇤2

!nb

Q̄LH̃ubR

yb

✓
S

⇤

◆nb

Q̄LHbR ! yb

✓
HuHd

⇤2

◆nb

Q̄LHdbR
( Type II for nb à 0)

(Type I for nb à 0 )
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• Flavor Structure by fixing flavor charges
Lightest (SM-like) Higgs bosons couplings

• Higgs couplings to gauge bosons (top quark) as in 2HDM (type II) : 

Higgs Production (at leading order) equivalent to a 2HDM type II

• Higgs coupling to  the bottom (& charm) quarks

• Couplings re-scaled 
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CosHb-aL
Ta
n
b

Type II  2HDFM

VERY DIFFERENT BEHAVIOUR

• Values of order one or below for sizeable values of cβ-α

• Two acceptable branches with positive and  negative    
values of the bottom Yukawa coupling



Many interesting, measurable effects can probe this idea

Modified quark-Higgs couplings  Precision measurements/Global Higgs Fit

FCNCs at tree-level Numerous Flavor constraints

Direct collider probes of heavy scalars ATLAS and CMS searches

Benchmark scenarios to probe the model

Two Higgs Doublet models and a Theory of Flavor (2HDFM)
Bauer, MC, Gemmler ’15, ‘16

A Flavored Higgs Sector with different flavor charges au and ad for Hu and Hd ,
that jointly act as the flavon of the Froggatt-Nielsen  Mechanism 
ègenerating effective Yukawa couplings



Red bands: allowed region at the 95% CL from the Higgs 
signal strengths at ATLAS/CMS - ICHEP 2016 results

A predictive model with new Physics at LHC reach
allowed regions beyond those in a 2HDM type I or II

Flavor phyiscs:
εΚ, Mixing in  Bd and BS

system, b à s γ
Compatible with cancellations 

in the 5 % level at most

The green area highlights the allowed region from EW
precision observables, perturbativity and unitarity constraints

Great possibilities for direct collider searches !

Additional Higgs Bosons should be below 700 GeV + TeV vector-like fermions


