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Calendar

Have a safe day!

Friday, March 6

3:30 p.m.
Director's Coffee Break -
WH2XO

2 p.m.
Future Colliders Seminar -
WH10NW
Speaker: David Curtin,
University of Maryland
Title: Excluding
Electroweak Baryogenesis
at Future Colliders

THERE WILL BE NO
JOINT EXPERIMENTAL-
THEORETICAL PHYSICS
SEMINAR THIS WEEK

Monday, March 9

2 p.m.
Particle Astrophysics
Seminar - Curia II
Speaker: Dan Holz,
University of Chicago
Title: GRBs, LIGO and
Multimessenger
Astronomy

3:30 p.m.
Director's Coffee Break -
WH2XO

4 p.m.
All Experimenters'
Meeting - Curia II

Visit the new labwide
calendar to view additional
events at Fermilab

From symmetry

A second chance at a Ph.D. in
physics

At each step on the path to a physics Ph.D., the
percentage of students from underrepresented
groups drops. The APS Bridge Program aims to fix
that. Photo courtesy of APS Bridge Program

Carlos Perez, a physics graduate
student at the University of South
Florida, can tell you all about his
research studying exotic materials that
could be key to developing next-
generation solar panels. He can also tell
you how it almost didn't happen.

Perez (above, second from right) says
he was first inspired to go into physics
by a teacher at his high school in New
York. The teacher ran an after-school
program that trained students to
comprehend and discuss research
papers.

"He really went above and beyond,"
Perez says. "He really tried to show us
the fundamentals of what you need to
know in physics and how it's a really
beautiful science."

After high school, Perez was accepted to
Brandeis University near Boston and
pursued an undergraduate degree in
biophysics. He was the first member of
his family to attend college.

Near the end of his senior year, he knew
it was time to apply to graduate school.

"I was so busy with my coursework that I
didn't start or apply early enough," he

Frontier Science Result: Theory

Higgs boson a la carte?

Finding additional Higgs bosons predicted by
theories beyond the Standard Model at the Large
Hadron Collider would be a very sweet treat for
particle physicists around the world. Photo courtesy
of Marcela Carena, PPD

The discovery of the Higgs boson on
July 4, 2012, at the Large Hadron
Collider made a huge splash in the
public media. I was fortunate to be at the
solemn, glamorous Nobel Prize
ceremony and to listen to Peter Higgs
and Francois Englert's behind-the-
scenes look at the origins of the Higgs
idea half a century ago.

In physics there is a long history of
powerful ideas enabling profound
discoveries; the Higgs story is a perfect
example of such a synergy. It took
thousands of people from dozens of
nations and the largest, most complex,
most expensive machine ever built to
manufacture the Higgs boson — an
amazing, successful story of theory
guiding experiments. What lies beyond
the Higgs boson? Particle physicists
around the world are eagerly awaiting
the second run of the LHC, which will
begin in a few months and produce lots
of new data.

The Fermilab Theory Group is working
hard on generating novel ways of
unlocking the mysteries of nature
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Special Announcement

Daylight saving time begins
Sunday - set your clocks,
change your batteries

On Sunday, March 8,
at 2 a.m., we will set
our clocks ahead one
hour to adjust for
daylight saving time.
They will remain that
way until Sunday,

Nov. 1, at 2 a.m., when we return to
standard time.

The Fermilab Fire Department takes this
opportunity to remind you to change the
batteries in your smoke detectors.

According to the Federal Emergency
Management Agency, as of November
2013 approximately 93 percent of all
U.S. homes have at least one installed
smoke detector. The agency estimates
that 30 percent of these detectors do not
work because of their age, battery
removal or failure of the homeowner to
replace dead or weak batteries.

According to the National Fire Protection
Agency, nearly two-thirds of deaths from
home fires are in homes that do not
have a working smoke detector or alarm
installed.

As we "spring ahead," you are urged to
spring into action with the simple task of
changing your smoke detector batteries.

In the News

African synchrotron bid
gathers pace
From BBC News, March 5, 2015

The effort to build a synchrotron in Africa
is gaining momentum, its leading
proponent has told a US conference.

Prof Herman Winick said a key meeting
of scientists and officials has been
scheduled for November.

Read more

These scientists are responsible for this analysis.
Top row, from left: Marcela Carena (Fermilab,
University of Chicago), Howard Haber (University of
California, Santa Cruz), Ian Low (Northwestern
University, Argonne National Laboratory). Bottom
row, from left: Nausheen Shah (University of
Michigan), Carlos Wagner (University of Chicago,
Argonne National Laboratory).

Announcements

Today's New Announcements
Barn Dance - March 8

Zumba Fitness registration due
March 12

Deadline for University of Chicago
tuition remission program - today

Power outage affects Fermilab Village
- March 7

Budker Seminar - March 9

Deadline approaches for summer on-
site housing requests - March 9

NALWO Puerto Rican cooking demo -
March 9

Lab-Corps program accepting
applications until March 13

10-minute employee appreciation
chair massages - March 17

URA Thesis Award competition
deadline - March 20

URA Visiting Scholars Program
deadline delayed to March 30

2015 Alvin Tollestrup Award
application deadline - April 1

Need cash for college? Abri is
awarding two $1,000 scholarships

Fermilab Today; March 15th, 2015 

Discovering additional Higgs bosons may be 
our next window to a new world.  

Nobody can anticipate how many sweet treats 
may be available in the new run of the LHC, 

but we will soon find out. 



What kind of Higgs? 
!  Is it THE STANDARD MODEL HIGGS ? 

!  Or does it have non-SM properties? 

"  Could be a mixture from more than one Higgs Field 
"  Could be a mixture of CP even and CP odd                                  

"  Could be a composite particle                                                         
"  Could be partly a singlet or a triplet instead of an SU(2) doublet 

"  Could have enhanced/suppressed coupling to photons or gluons if there 
are exotic heavy charged or colored particles 

"  Could decay to exotic particles, e.g. dark matter 
"  May not couple to matter particles proportional to their masses 

How to quantify its SM-likeness  
and use it in the search for other Higgs bosons 



 
  Looking under the Higgs lamp-post:  

What type of Higgs have we seen?  
  

SUSY extensions 

At the edge 
of Stability 

SM valid up to MPlanck 

MSSM 

Composite Higgs              
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Trusting the SM up to the Planck scale
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Also, back in fashion:  
Twin Higgs and Mirror Worlds   

Interesting option: Flavor from the EW scale  
Higgs as part of a 2HDM to explain flavor from 
the electroweak scale  (a la Frogatt Nielsen) 

This talk: explore 2HDMs, MSSM, NMSSM  Higgs phenomenology  



Going Beyond the SM:  Two Higgs Doublet Models 
  

Going Beyond the SM :
Two Higgs Doublet Models

The simplest extension of the SM is to add one Higgs doublet, with the same 
quantum numbers as the SM one. 

Now, we will have contributions to the gauge boson masses coming from the 
vacuum expectation value of both fields

Therefore, the gauge boson masses are obtained from the SM expressions by 
simply replacing 

There is then a free parameter, that is the ratio of the two vacuum expectation 
values, and this is usually denoted by 

The number of would-be Goldstone modes are the same as in the SM, namely 3.    
Therefore, there are still 5 physical degrees of freedom in the scalar sector which 
are a charged Higgs, a CP-odd Higgs and two CP-even Higgs bosons. 

(D�i)
†D�i ! g2�†

iT
aT b�iA

a
µA

µ,b

v2 ! v21 + v22

tan� =
v2
v1
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quantum numbers as the SM one. 

Now, we will have contributions to the gauge boson masses coming from the 
vacuum expectation value of both fields

Therefore, the gauge boson masses are obtained from the SM expressions by 
simply replacing 
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Goldstone Modes and Physical States  Goldstone Modes and Physical States
Since both Higgs fields carry the same quantum numbers, one can always define the 
combinations

The first combination acquires vacuum expectation value v.  The second does not 
acquire a vacuum expectation value.

Then, it is clear that the Goldstone modes will be the charged and the imaginary 
part of the neutral components of   

The charged and imaginary part of the neutral components of          will be the 
physical charged and CP-odd Higgs bosons respectively. 

What about the CP-even states ?   There is no symmetry argument and in principle 
both states could mix.  

H2v2 +H1v1p
v21 + v22

⌘ H2 sin� +H1 cos� = Hv

H2v1 �H1v2p
v21 + v22
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CP-even Higgs Bosons  

CP-even Higgs Bosons

There is no symmetry argument and in general these two Higgs boson states will 
mix.   The mass eigenvalues, in increasing order of mass, will be

From here one can easily obtain the coupling to the gauge bosons.  This is simply 
given by replacing in the mass contributions 

This leads to  a coupling proportional to 

Hence, the effective coupling of h is given by 

These proportionality factors are nothing but the projection of the Higgs mass 
eigenstates into the one acquiring a vacuum expectation value. 

vi ! vi +ReH0
i

vi ReH
0
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2

H = cos↵ ReH0
1 + sin↵ ReH0

2
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Then the couplings of h/H  to the gauge bosons are given by 



Fermion Masses and Flavor  
Similarly to the gauge boson masses, the fermion masses are obtained from the sum 
of the contributions of both Higgs fields. 

For instance, for the down quark mass matrix:  



Fermion-Higgs Couplings and Different Types of 2HDM’s  
Add Symmetry transformations that determine the 
allowed Higgs boson couplings to up, down and  

charged lepton-type SU(2)L singlet fermions 
 in  four discrete types of 2HDM models  

e.g. 2HDM Type II  

If the mixing is such that  cos (β-α) = 0     (hence  sinα = - cosβ       cosα = sinβ)  
 

The coupling of the lightest Higgs to fermions and gauge bosons is SM-like. 
      

 This situation is called ALIGNMENT 



The Higgs Potential     

Minimization conditions # CP-odd and charged Higgs masses as a function  
                                                    of one mass parameter and the quartic couplings 

    # masses in the CP-even sector,  in terms  of mA and the quartic couplings  

 For large mA and perturbative quartics: 
one obtains that mH ~ mA,  while mh is of order an effective quartic coupling times v2 



Alignment in 2HDMs 

Is it possible to obtain alignment independent of the value of mA ?  
We shall call this situation ALIGNMENT without decoupling 

Decoupling  
 limit  

Consider the eigenstate equation:  

For large values of the CP-odd Higgs mass, it follows:  



Alignment without Decoupling # other light Higgs Bosons 

Alignment conditions 

!  Case of λ 6,7 = 0   (SUSY at tree level) 
  

alignment limit with new light scalars not far above mh = 125 GeV. The key observation is

that, while decoupling reaches alignment by neglecting the right-hand side of Eq. (30), the

alignment can be obtained if the right-hand side of Eq. (30) vanishes identically:

v2

⇤

⇧ L11 L12

L12 L22

⌅

⌃

⇤

⇧ �s�

c�

⌅

⌃ = m2
h

⇤

⇧ �s�

c�

⌅

⌃ . (32)

If a solution for the t⇥ can be found, then the alignment limit would occur for arbitrary

values of mA and does not require non-SM-like scalars to be heavy! More explicitly, subject

to Eq. (31), we can re-write the above matrix equation as two algebraic equations:

(C1) : m2
h = v2L11 + t⇥v

2L12 = v2
�
�1c

2
⇥ + 3�6s⇥c⇥ + �̃3s

2
⇥ + �7t⇥s

2
⇥

⇥
, (33)

(C2) : m2
h = v2L22 +

1

t⇥
v2L12 = v2

�
�2s

2
⇥ + 3�7s⇥c⇥ + �̃3c

2
⇥ + �6t

�1
⇥ c2⇥

⇥
. (34)

Recall that that �̃3 = �3 + �4 + �5. In the above Lij is known once a model is specified

and mh is measured to be 125 GeV. Notice that (C1) depends on all quartic couplings in

the scalar potential except �2, while (C2) depends on all quartics but �1. When the model

parameters satisfy Eqs. (33) and (34), the lightest CP-even Higgs behaves exactly like a SM

Higgs boson even if the non-SM-like scalars are light. A detailed analysis on the physical

solutions is presented in the next Section.

IV. ALIGNMENT IN GENERAL 2HDM

The condition (C1) and (C2) may be re-written as cubic equations in t⇥, with coe�cients

that depend on mh and the quartic couplings in the scalar potential,

(C1) : (m2
h � �1v

2) + (m2
h � �̃3v

2)t2⇥ = v2(3�6t⇥ + �7t
3
⇥) , (35)

(C2) : (m2
h � �2v

2) + (m2
h � �̃3v

2)t�2
⇥ = v2(3�7t

�1
⇥ + �6t

�3
⇥ ) , (36)

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

for t⇥ between the two cubic equations.3 From this perspective it may appear that alignment

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

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

without fine-tuning.

3 Since t� > 0 in our convention, a physical solution means a real positive root of the cubic equation.
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Alignment Conditions

• If fulfilled not only alignment is obtained, but also the right Higgs 
mass,                     , with                  and 

• For                         the conditions simplify, but can only be fulfilled if  

• Conditions not fulfilled in the MSSM, where both 

�SM = �1 cos
4 � + 4�6 cos

3 � sin� + 2

˜�3 sin
2 � cos

2 � + 4�7 sin
3 � cos� ++�2 sin

4 �

m2
h = �SMv2

�6 = �7 = 0

A. Alignment for vanishing values of �6,7

As a warm up exercise it is useful to consider solutions to the alignment conditions

(C1) and (C2) when �6 = �7 = 0 and �1 = �2, which can be enforced by the symmetries

�1 ⇤ ��2 and �1 ⇤ �2, then (C1) and (C2) collapse into quadratic equations

(C1) ⇤ (m2
h � �1v

2) + (m2
h � �̃3v

2)t2� = 0 , (37)

(C2) ⇤ (m2
h � �1v

2) + (m2
h � �̃3v

2)t�2
� = 0 , (38)

from which we see a physical solution exists for t� = 1, whenever

�SM =
�1 + �̃3

2
(39)

where we have expressed the SM-like Higgs mass as

m2
h = �SMv

2 . (40)

From Eq. (39) we see the above solution leading to t� = 1 is obviously a special one, since

it demands �SM to be the average value of �1 and �̃3.

For the purpose of comparing with previous studies, let’s relax the �1 = �2 condition

while still keeping �6 = �7 = 0. Recall that the Glashow-Weinberg condition [7] on the

absence of tree-level FCNC requires a discrete symmetry, �1 ⇤ ��1, which enforces at the

tree-level �6 = �7 = 0. Then the two quadratic equations have a common root if and only

if the determinant of the Coe⇥cient Matrix of the two quadratic equations vanishes,

Det

�

⇤ m2
h � �̃3v2 m2

h � �1v2

m2
h � �2v2 m2

h � �̃3v2

⇥

⌅ = (m2
h � �̃3v

2)2 � (m2
h � �1v

2)(m2
h � �2v

2) = 0 . (41)

Then the positive root can be expressed in terms of (�1, �̃3),

t(0)� =

⇧
�1 � �SM

�SM � �̃3

. (42)

We see from Eqs. (41) and (42), that t(0)� can exist only if {�SM,�1,�2, �̃3} have one of

the two orderings

�1 ⇥ �SM ⇥ �̃3 and �2 ⇥ �SM ⇥ �̃3 , (43)

10

or

�1 ⇥ �SM ⇥ �̃3 and �2 ⇥ �SM ⇥ �̃3 , (44)

It should be emphasized that the existence of the solution t(0)� is generic, in the sense that

once one of the conditions in Eqs. (43) and (44) is statisfied, then Eq. (42) leads to the

alignment solution t(0)� for a given (�1, �̃3). However, Eq. (41) must be also satisfied to solve

for the desired �2 that would make t(0)� a root of (C2). More specifically, the relations

�2 � �SM =
�SM � �̃3�

t(0)�

⇥2 =
�1 � �SM�

t(0)�

⇥4 (45)

must be fulfilled. Therefore, the alignment solution demands a specific fine-tuned relation

between the quartic couplings of the 2HDM. For instance, it is clear from Eqs. (42) and (45

that, if all quartic couplings are O(1), t(0)� ⇤ O(1) as well unless �̃3 and �2 are tuned to be

very close to �SM or �1 is taken to be much larger than �SM. For examples, t(0)� ⇤ 5 could

be achieved for (�1, �̃3,�2) ⇤ (1., 0.23, 0.261), or for (�1, �̃3) ⇤ (5., 0.07, 0.263).

Our discussions so far apply to scenarios of alignment limit studied, for instance, in

Refs. [4, 5], both of which set �6 = �7 = 0. The generic existence of fine-tuned solutions

may also shed light on why alignment without decoupling, on the one hand, has remained

elusive for so long and, on the other hand, appeared in di⇥erent contexts considered in

previous studies.

B. Large tan� alignment in 2HDMs

The symmetry �1 ⇧ ��1 leading to �6 = �7 = 0 is broken softly by m12. Thus a

phenomenologically more interesting scenario is to consider small but non-zero �6 and �7,

which we turn to next.

We study solutions to the alignment conditions (C1) and (C2) under the assumptions,

�6,�7 ⌅ 1 . (46)

Although general solutions of cubic algebraic equations exist, much insight could be gained

by first solving for the cubic roots of (C1) in perturbation,

t(±)
� = t(0)� ± 3

2

�6

�SM � �̃3

± �7(�1 � �SM)

(�SM � �̃3)2
+O(�2

6,�
2
7) , (47)

t(1)� =
�SM � �̃3

�7
� 3�6

�SM � �̃3

� �7(�1 � �SM)

(�SM � �̃3)2
+O(�2

6,�
2
7) . (48)
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or

�1, �̃3 < �SM

�3 + �4 + �5 = �̃3�SM ' 0.26

M. Carena, I. Low, N. Shah, C.W.’13

Tuesday, November 19, 2013

alignment limit with new light scalars not far above mh = 125 GeV. The key observation is

that, while decoupling reaches alignment by neglecting the right-hand side of Eq. (30), the

alignment can be obtained if the right-hand side of Eq. (30) vanishes identically:

v2

⇤

⇧ L11 L12

L12 L22

⌅

⌃

⇤

⇧ �s�

c�

⌅

⌃ = m2
h

⇤

⇧ �s�

c�

⌅

⌃ . (32)

If a solution for the t⇥ can be found, then the alignment limit would occur for arbitrary

values of mA and does not require non-SM-like scalars to be heavy! More explicitly, subject

to Eq. (31), we can re-write the above matrix equation as two algebraic equations:

(C1) : m2
h = v2L11 + t⇥v

2L12 = v2
�
�1c

2
⇥ + 3�6s⇥c⇥ + �̃3s

2
⇥ + �7t⇥s

2
⇥

⇥
, (33)

(C2) : m2
h = v2L22 +

1

t⇥
v2L12 = v2

�
�2s

2
⇥ + 3�7s⇥c⇥ + �̃3c

2
⇥ + �6t

�1
⇥ c2⇥

⇥
. (34)

Recall that that �̃3 = �3 + �4 + �5. In the above Lij is known once a model is specified

and mh is measured to be 125 GeV. Notice that (C1) depends on all quartic couplings in

the scalar potential except �2, while (C2) depends on all quartics but �1. When the model

parameters satisfy Eqs. (33) and (34), the lightest CP-even Higgs behaves exactly like a SM

Higgs boson even if the non-SM-like scalars are light. A detailed analysis on the physical

solutions is presented in the next Section.

IV. ALIGNMENT IN GENERAL 2HDM

The condition (C1) and (C2) may be re-written as cubic equations in t⇥, with coe�cients

that depend on mh and the quartic couplings in the scalar potential,

(C1) : (m2
h � �1v

2) + (m2
h � �̃3v

2)t2⇥ = v2(3�6t⇥ + �7t
3
⇥) , (35)

(C2) : (m2
h � �2v

2) + (m2
h � �̃3v

2)t�2
⇥ = v2(3�7t

�1
⇥ + �6t

�3
⇥ ) , (36)

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

for t⇥ between the two cubic equations.3 From this perspective it may appear that alignment

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

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

without fine-tuning.

3 Since t� > 0 in our convention, a physical solution means a real positive root of the cubic equation.
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Alignment Conditions

• If fulfilled not only alignment is obtained, but also the right Higgs 
mass,                     , with                  and 

• For                         the conditions simplify, but can only be fulfilled if  

• Conditions not fulfilled in the MSSM, where both 

�SM = �1 cos
4 � + 4�6 cos

3 � sin� + 2

˜�3 sin
2 � cos

2 � + 4�7 sin
3 � cos� ++�2 sin

4 �

m2
h = �SMv2

�6 = �7 = 0

A. Alignment for vanishing values of �6,7

As a warm up exercise it is useful to consider solutions to the alignment conditions

(C1) and (C2) when �6 = �7 = 0 and �1 = �2, which can be enforced by the symmetries

�1 ⇤ ��2 and �1 ⇤ �2, then (C1) and (C2) collapse into quadratic equations

(C1) ⇤ (m2
h � �1v

2) + (m2
h � �̃3v

2)t2� = 0 , (37)

(C2) ⇤ (m2
h � �1v

2) + (m2
h � �̃3v

2)t�2
� = 0 , (38)

from which we see a physical solution exists for t� = 1, whenever

�SM =
�1 + �̃3

2
(39)

where we have expressed the SM-like Higgs mass as

m2
h = �SMv

2 . (40)

From Eq. (39) we see the above solution leading to t� = 1 is obviously a special one, since

it demands �SM to be the average value of �1 and �̃3.

For the purpose of comparing with previous studies, let’s relax the �1 = �2 condition

while still keeping �6 = �7 = 0. Recall that the Glashow-Weinberg condition [7] on the

absence of tree-level FCNC requires a discrete symmetry, �1 ⇤ ��1, which enforces at the

tree-level �6 = �7 = 0. Then the two quadratic equations have a common root if and only

if the determinant of the Coe⇥cient Matrix of the two quadratic equations vanishes,

Det

�

⇤ m2
h � �̃3v2 m2

h � �1v2

m2
h � �2v2 m2

h � �̃3v2

⇥

⌅ = (m2
h � �̃3v

2)2 � (m2
h � �1v

2)(m2
h � �2v

2) = 0 . (41)

Then the positive root can be expressed in terms of (�1, �̃3),

t(0)� =

⇧
�1 � �SM

�SM � �̃3

. (42)

We see from Eqs. (41) and (42), that t(0)� can exist only if {�SM,�1,�2, �̃3} have one of

the two orderings

�1 ⇥ �SM ⇥ �̃3 and �2 ⇥ �SM ⇥ �̃3 , (43)
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or

�1 ⇥ �SM ⇥ �̃3 and �2 ⇥ �SM ⇥ �̃3 , (44)

It should be emphasized that the existence of the solution t(0)� is generic, in the sense that

once one of the conditions in Eqs. (43) and (44) is statisfied, then Eq. (42) leads to the

alignment solution t(0)� for a given (�1, �̃3). However, Eq. (41) must be also satisfied to solve

for the desired �2 that would make t(0)� a root of (C2). More specifically, the relations

�2 � �SM =
�SM � �̃3�

t(0)�

⇥2 =
�1 � �SM�

t(0)�

⇥4 (45)

must be fulfilled. Therefore, the alignment solution demands a specific fine-tuned relation

between the quartic couplings of the 2HDM. For instance, it is clear from Eqs. (42) and (45

that, if all quartic couplings are O(1), t(0)� ⇤ O(1) as well unless �̃3 and �2 are tuned to be

very close to �SM or �1 is taken to be much larger than �SM. For examples, t(0)� ⇤ 5 could

be achieved for (�1, �̃3,�2) ⇤ (1., 0.23, 0.261), or for (�1, �̃3) ⇤ (5., 0.07, 0.263).

Our discussions so far apply to scenarios of alignment limit studied, for instance, in

Refs. [4, 5], both of which set �6 = �7 = 0. The generic existence of fine-tuned solutions

may also shed light on why alignment without decoupling, on the one hand, has remained

elusive for so long and, on the other hand, appeared in di⇥erent contexts considered in

previous studies.

B. Large tan� alignment in 2HDMs

The symmetry �1 ⇧ ��1 leading to �6 = �7 = 0 is broken softly by m12. Thus a

phenomenologically more interesting scenario is to consider small but non-zero �6 and �7,

which we turn to next.

We study solutions to the alignment conditions (C1) and (C2) under the assumptions,

�6,�7 ⌅ 1 . (46)

Although general solutions of cubic algebraic equations exist, much insight could be gained

by first solving for the cubic roots of (C1) in perturbation,

t(±)
� = t(0)� ± 3

2

�6

�SM � �̃3

± �7(�1 � �SM)

(�SM � �̃3)2
+O(�2

6,�
2
7) , (47)

t(1)� =
�SM � �̃3

�7
� 3�6

�SM � �̃3

� �7(�1 � �SM)

(�SM � �̃3)2
+O(�2

6,�
2
7) . (48)
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or

�1, �̃3 < �SM

�3 + �4 + �5 = �̃3�SM ' 0.26
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tanβ should be positive, hence 

  In the MSSM both  

The conditions simplify to 

However, in the MSSM, radiative corrections needed for mh  ~ 125 GeV # λ 6,7 ≠0 
  

tan2 � =
�1 � �SM

�SM � �̃3

=
�SM � �̃3

�2 � �SM

�1,2  �SM  �̃3 or �1,2 � �SM � ˜�3

�1, �̃3 < �SM

!  Case of λ 6,7 ≠0, additional solution  

           # Alignment may occur at sizable tanβ,  e.g in the MSSM  

 

tan� ' �SM � �̃3

�7



Departures from Alignment 
!  Alignment might only be partially realized, useful to study the 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 Higg –bottom coupling  
       is controlled by η 
 
  

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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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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Conditions of Alignment in the Higgs Basis 

  The CP-even mass matrix in the Higgs basis: 
#  Z6 governs the mixing and yields non-alignement of 

the mass eigenstates h,H with the real part of the 
neutral eigenstates in the Higgs Basis 

HSM = sin��1 + cos��2

HNSM = � cos��1 + sin��2

< HSM >= v

< HNSM >= 0

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

is equivalent to demanding that c��↵ = 0.

The scalar potential in the Higgs basis is given by,

V � . . .+ 1

2

Z
1

(H†
1

H
1

)2 + . . .+
⇥

Z
5

(H†
1

H
2

)2 + Z
6

(H†
1

H
1

)H†
1

H
2

+ h.c.
⇤

+ . . . , (23)

where

Z
1

⌘ �
1

c4� + �
2

s4� +
1

2

(�
3

+ �
4

+ �
5

)s2
2� + 2s

2�

⇥

c2��6

+ s2��7

⇤

, (24)

Z
5

⌘ 1

4

s2
2�

⇥

�
1

+ �
2

� 2(�
3

+ �
4

+ �
5

)
⇤

+ �
5

� s
2�c2�(�6

� �
7

) , (25)

Z
6

⌘ �1

2

s
2�

⇥

�
1

c2� � �
2

s2� � (�
3

+ �
4

+ �
5

)c
2�

⇤

+ c�c3��6

+ s�s3��7

, (26)

and the shorthand notation, s
2� ⌘ sin 2�, c

2� ⌘ cos 2�, etc., has been employed.

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

basis,

M2

H =

0

@

Z
1

v2 Z
6

v2

Z
6

v2 m2

A + Z
5

v2

1

A . (27)

The significance of Z
1

and Z
6

can now be immediately discerned. The upper diagonal element

of the squared-mass matrix in the Higgs basis, M2

H11

= Z
1

v2, implies that m2

h  Z
1

v2,

whereas the o↵-diagonal element, M2

H12

= Z
6

v2, governs the mixing between the Higgs

basis fields H0

1

and H0

2

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

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

1

and H0

2

. Moreover, if |Z
6

| ⌧ 1,

then the mass eigenstate approximately aligned with Re (H0

1

) behaves like the SM Higgs

boson. Alternatively, if m2

A � Ziv
2 (i = 1, 5, 6), then Z

1

and Z
6

can be treated as small

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

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

1

).

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

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

basis by taking ↵ ! ↵� �, M2

11

! Z
1

v2 and M2

12

! Z
6

v2, Eq. (14) implies that

|Z
6

|v2 =
q

(Z
1

v2 �m2

h)(m
2

H � Z
1

v2) , (28)

and Eq. (18) yields,

c��↵ =

s

Z
1

v2 �m2

h

m2

H �m2

h

, s��↵ = �sgn(Z
6

)

s

m2

H � Z
1

v2

m2

H �m2

h

, (29)
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Z6 = 0 #   

m2
h  Z1v

2

Condition of Alignment : Higgs Basis

decoupling can occur due to an accidental cancellation between tree-level and loop-induced

contributions. Although this possibility appears to violate the perturbative expansion, one

can easily argue why this is not the case. Indeed, the one-loop contributions arise from

fundamentally new sources of physics—namely the effect of supersymmetry breaking. Al-

though it is possible that one-loop corrections are as large as their tree-level counterparts (a

possibility already exhibited in the one-loop corrected MSSM Higgs mass), the two-loop cor-

rections are parametrically smaller than the corresponding one-loop corrections by a factor

of g2/(16π2) where g is a typical gauge or Yukawa coupling.

To exhibit explicitly the accidental cancellation that yields alignment, we make use of the

fact that exact alignment is attained when Z6 = 0. Assuming that s2β ̸= 0, it then follows

from eq. (47) that exact alignment is achieved when

m2
Zc2β =

3v2s2βh
4
t

16π2

[
ln

(
M2

S

m2
t

)
+

Xt(Xt + Yt)

2M2
S

−
X3

t Yt

12M4
S

]
, (53)

and Xt and Yt are defined in eq. (45). Eq. (53) yields a non-linear polynomial equation for

tan β. If a solution exists for positive tan β (since 0 ≤ β ≤ 1

2
π by convention) for fixed values

of the other MSSM parameters, then the alignment limit can be realized. To exhibit that a

solution is possible, we shall assume that tβ ≫ 1 (in practice, moderate to large values of

tβ >∼ 5 are sufficient). We then perform a Taylor expansion of eq. (47) keeping only constant

terms and terms linear in t−1
β . We can then easily solve for tβ ,

tβ =

m2
Z +

3v2h4
t

16π2

[
ln

(
M2

S

m2
t

)
+

2A2
t − µ2

2M2
S

−
A2

t (A
2
t − 3µ2)

12M4
S

]

3v2h4
tµAt

32π2M2
S

(
A2

t

6M2
S

− 1

) . (54)

Since the numerator of eq. (54) is typically positive, it follows that a viable solution exists

if µAt(At −
√
6MS) > 0. Note that in the approximations employed in obtaining eq. (54),

the so-called maximal mixing condition that saturates the upper bound for the radiatively-

corrected mh corresponds to At =
√
6MS. Thus, we expect to satisfy tβ ≫ 1 for values of

At slightly above [below] the maximal mixing condition if µAt > 0 [µAt < 0].

To make contact again with the results of Ref. [12], we observe that the exact alignment

condition, Z6 = 0, is achieved when [cf. eq. (23)]:

(λ1 − λ345)c
2
β − (λ2 − λ345)s

2
β = (c2β − 3s2β)t

−1
β λ6 + (3c2β − s2β)tβλ7 , (55)
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Ũ

Q̃ Q̃

H1

H2

(b)

H1

H1

Q̃

Q̃

Ũ
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Ũ

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. (44), 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).

in the Higgs basis. Using the interaction Lagrangian given by eq. (44), one immediately can

ascertain the parametric dependence of the diagrams shown in Fig. 1. Each diagram has a

s3βcβh
4
t dependence, and there is a factor of Xt [Yt] for each H1Q̃Ũ [ H2Q̃Ũ ] vertex. In this

way, we explain the parametric dependence of the threshold corrections to Z6 exhibited in

eq. (47). Likewise, by replacing the external H2 line with an H1 line in Fig. 1 [and delete

graphs (e) and (f) which are now identical to graphs (c) and (d)], we can understand the

parametric dependence of the threshold corrections to Z1.

The Higgs-fermion Yukawa couplings are also modified below the scale MS. Having

12

H1 = Hu sin� +Hd cos�

H2 = Hu cos� �Hd sin�

In this basis, H1 acquires a v.e.v., while H2 does not.

Alignment is obtained when quartic coupling Z6H
3
1H2

vanishes. H1 and H2 couple to stops with couplings

Xt = ht sin� (At � µ/ tan�)
Yt = ht cos� (At + µ tan�)

decoupling can occur due to an accidental cancellation between tree-level and loop-induced

contributions. Although this possibility appears to violate the perturbative expansion, one

can easily argue why this is not the case. Indeed, the one-loop contributions arise from

fundamentally new sources of physics—namely the effect of supersymmetry breaking. Al-

though it is possible that one-loop corrections are as large as their tree-level counterparts (a

possibility already exhibited in the one-loop corrected MSSM Higgs mass), the two-loop cor-

rections are parametrically smaller than the corresponding one-loop corrections by a factor

of g2/(16π2) where g is a typical gauge or Yukawa coupling.

To exhibit explicitly the accidental cancellation that yields alignment, we make use of the

fact that exact alignment is attained when Z6 = 0. Assuming that s2β ̸= 0, it then follows

from eq. (47) that exact alignment is achieved when
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4
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m2
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Xt(Xt + Yt)

2M2
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−
X3
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S
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and Xt and Yt are defined in eq. (45). Eq. (53) yields a non-linear polynomial equation for

tan β. If a solution exists for positive tan β (since 0 ≤ β ≤ 1

2
π by convention) for fixed values

of the other MSSM parameters, then the alignment limit can be realized. To exhibit that a

solution is possible, we shall assume that tβ ≫ 1 (in practice, moderate to large values of

tβ >∼ 5 are sufficient). We then perform a Taylor expansion of eq. (47) keeping only constant

terms and terms linear in t−1
β . We can then easily solve for tβ ,

tβ =

m2
Z +

3v2h4
t

16π2

[
ln

(
M2

S

m2
t

)
+

2A2
t − µ2

2M2
S

−
A2
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t − 3µ2)

12M4
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]

3v2h4
tµAt

32π2M2
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(
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t

6M2
S

− 1

) . (54)

Since the numerator of eq. (54) is typically positive, it follows that a viable solution exists

if µAt(At −
√
6MS) > 0. Note that in the approximations employed in obtaining eq. (54),

the so-called maximal mixing condition that saturates the upper bound for the radiatively-

corrected mh corresponds to At =
√
6MS. Thus, we expect to satisfy tβ ≫ 1 for values of

At slightly above [below] the maximal mixing condition if µAt > 0 [µAt < 0].

To make contact again with the results of Ref. [12], we observe that the exact alignment

condition, Z6 = 0, is achieved when [cf. eq. (23)]:

(λ1 − λ345)c
2
β − (λ2 − λ345)s

2
β = (c2β − 3s2β)t

−1
β λ6 + (3c2β − s2β)tβλ7 , (55)
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Alignment difficult close to maximal mixing. 

Condition of Alignment : Higgs Basis
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way, we explain the parametric dependence of the threshold corrections to Z6 exhibited in

eq. (47). Likewise, by replacing the external H2 line with an H1 line in Fig. 1 [and delete

graphs (e) and (f) which are now identical to graphs (c) and (d)], we can understand the

parametric dependence of the threshold corrections to Z1.

The Higgs-fermion Yukawa couplings are also modified below the scale MS. Having

12

H1 = Hu sin� +Hd cos�

H2 = Hu cos� �Hd sin�

In this basis, H1 acquires a v.e.v., while H2 does not.

Alignment is obtained when quartic coupling Z6H
3
1H2

vanishes. H1 and H2 couple to stops with couplings

Xt = ht sin� (At � µ/ tan�)
Yt = ht cos� (At + µ tan�)

decoupling can occur due to an accidental cancellation between tree-level and loop-induced

contributions. Although this possibility appears to violate the perturbative expansion, one

can easily argue why this is not the case. Indeed, the one-loop contributions arise from

fundamentally new sources of physics—namely the effect of supersymmetry breaking. Al-

though it is possible that one-loop corrections are as large as their tree-level counterparts (a

possibility already exhibited in the one-loop corrected MSSM Higgs mass), the two-loop cor-

rections are parametrically smaller than the corresponding one-loop corrections by a factor

of g2/(16π2) where g is a typical gauge or Yukawa coupling.

To exhibit explicitly the accidental cancellation that yields alignment, we make use of the

fact that exact alignment is attained when Z6 = 0. Assuming that s2β ̸= 0, it then follows

from eq. (47) that exact alignment is achieved when
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and Xt and Yt are defined in eq. (45). Eq. (53) yields a non-linear polynomial equation for

tan β. If a solution exists for positive tan β (since 0 ≤ β ≤ 1

2
π by convention) for fixed values

of the other MSSM parameters, then the alignment limit can be realized. To exhibit that a

solution is possible, we shall assume that tβ ≫ 1 (in practice, moderate to large values of

tβ >∼ 5 are sufficient). We then perform a Taylor expansion of eq. (47) keeping only constant
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Since the numerator of eq. (54) is typically positive, it follows that a viable solution exists

if µAt(At −
√
6MS) > 0. Note that in the approximations employed in obtaining eq. (54),

the so-called maximal mixing condition that saturates the upper bound for the radiatively-

corrected mh corresponds to At =
√
6MS. Thus, we expect to satisfy tβ ≫ 1 for values of

At slightly above [below] the maximal mixing condition if µAt > 0 [µAt < 0].

To make contact again with the results of Ref. [12], we observe that the exact alignment

condition, Z6 = 0, is achieved when [cf. eq. (23)]:

(λ1 − λ345)c
2
β − (λ2 − λ345)s

2
β = (c2β − 3s2β)t

−1
β λ6 + (3c2β − s2β)tβλ7 , (55)
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decoupling can occur due to an accidental cancellation between tree-level and loop-induced

contributions. Although this possibility appears to violate the perturbative expansion, one

can easily argue why this is not the case. Indeed, the one-loop contributions arise from

fundamentally new sources of physics—namely the effect of supersymmetry breaking. Al-

though it is possible that one-loop corrections are as large as their tree-level counterparts (a

possibility already exhibited in the one-loop corrected MSSM Higgs mass), the two-loop cor-

rections are parametrically smaller than the corresponding one-loop corrections by a factor

of g2/(16π2) where g is a typical gauge or Yukawa coupling.

To exhibit explicitly the accidental cancellation that yields alignment, we make use of the

fact that exact alignment is attained when Z6 = 0. Assuming that s2β ̸= 0, it then follows
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solution is possible, we shall assume that tβ ≫ 1 (in practice, moderate to large values of

tβ >∼ 5 are sufficient). We then perform a Taylor expansion of eq. (47) keeping only constant

terms and terms linear in t−1
β . We can then easily solve for tβ ,

tβ =

m2
Z +

3v2h4
t

16π2

[
ln

(
M2

S

m2
t

)
+

2A2
t − µ2

2M2
S

−
A2

t (A
2
t − 3µ2)

12M4
S

]

3v2h4
tµAt

32π2M2
S

(
A2

t

6M2
S

− 1

) . (54)

Since the numerator of eq. (54) is typically positive, it follows that a viable solution exists

if µAt(At −
√
6MS) > 0. Note that in the approximations employed in obtaining eq. (54),

the so-called maximal mixing condition that saturates the upper bound for the radiatively-

corrected mh corresponds to At =
√
6MS. Thus, we expect to satisfy tβ ≫ 1 for values of

At slightly above [below] the maximal mixing condition if µAt > 0 [µAt < 0].

To make contact again with the results of Ref. [12], we observe that the exact alignment

condition, Z6 = 0, is achieved when [cf. eq. (23)]:
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Ũ

Q̃

H1

H1

(f)

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. (44), 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).

in the Higgs basis. Using the interaction Lagrangian given by eq. (44), one immediately can

ascertain the parametric dependence of the diagrams shown in Fig. 1. Each diagram has a

s3βcβh
4
t dependence, and there is a factor of Xt [Yt] for each H1Q̃Ũ [ H2Q̃Ũ ] vertex. In this

way, we explain the parametric dependence of the threshold corrections to Z6 exhibited in

eq. (47). Likewise, by replacing the external H2 line with an H1 line in Fig. 1 [and delete

graphs (e) and (f) which are now identical to graphs (c) and (d)], we can understand the

parametric dependence of the threshold corrections to Z1.

The Higgs-fermion Yukawa couplings are also modified below the scale MS. Having

12

H1 = Hu sin� +Hd cos�

H2 = Hu cos� �Hd sin�

In this basis, H1 acquires a v.e.v., while H2 does not.

Alignment is obtained when quartic coupling Z6H
3
1H2

vanishes. H1 and H2 couple to stops with couplings

Xt = ht sin� (At � µ/ tan�)
Yt = ht cos� (At + µ tan�)

decoupling can occur due to an accidental cancellation between tree-level and loop-induced

contributions. Although this possibility appears to violate the perturbative expansion, one

can easily argue why this is not the case. Indeed, the one-loop contributions arise from

fundamentally new sources of physics—namely the effect of supersymmetry breaking. Al-

though it is possible that one-loop corrections are as large as their tree-level counterparts (a

possibility already exhibited in the one-loop corrected MSSM Higgs mass), the two-loop cor-

rections are parametrically smaller than the corresponding one-loop corrections by a factor

of g2/(16π2) where g is a typical gauge or Yukawa coupling.

To exhibit explicitly the accidental cancellation that yields alignment, we make use of the

fact that exact alignment is attained when Z6 = 0. Assuming that s2β ̸= 0, it then follows

from eq. (47) that exact alignment is achieved when
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and Xt and Yt are defined in eq. (45). Eq. (53) yields a non-linear polynomial equation for

tan β. If a solution exists for positive tan β (since 0 ≤ β ≤ 1

2
π by convention) for fixed values

of the other MSSM parameters, then the alignment limit can be realized. To exhibit that a

solution is possible, we shall assume that tβ ≫ 1 (in practice, moderate to large values of

tβ >∼ 5 are sufficient). We then perform a Taylor expansion of eq. (47) keeping only constant

terms and terms linear in t−1
β . We can then easily solve for tβ ,
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Since the numerator of eq. (54) is typically positive, it follows that a viable solution exists

if µAt(At −
√
6MS) > 0. Note that in the approximations employed in obtaining eq. (54),

the so-called maximal mixing condition that saturates the upper bound for the radiatively-

corrected mh corresponds to At =
√
6MS. Thus, we expect to satisfy tβ ≫ 1 for values of

At slightly above [below] the maximal mixing condition if µAt > 0 [µAt < 0].

To make contact again with the results of Ref. [12], we observe that the exact alignment

condition, Z6 = 0, is achieved when [cf. eq. (23)]:

(λ1 − λ345)c
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β − (λ2 − λ345)s

2
β = (c2β − 3s2β)t

−1
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decoupling can occur due to an accidental cancellation between tree-level and loop-induced

contributions. Although this possibility appears to violate the perturbative expansion, one

can easily argue why this is not the case. Indeed, the one-loop contributions arise from

fundamentally new sources of physics—namely the effect of supersymmetry breaking. Al-

though it is possible that one-loop corrections are as large as their tree-level counterparts (a

possibility already exhibited in the one-loop corrected MSSM Higgs mass), the two-loop cor-

rections are parametrically smaller than the corresponding one-loop corrections by a factor

of g2/(16π2) where g is a typical gauge or Yukawa coupling.

To exhibit explicitly the accidental cancellation that yields alignment, we make use of the

fact that exact alignment is attained when Z6 = 0. Assuming that s2β ̸= 0, it then follows

from eq. (47) that exact alignment is achieved when
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and Xt and Yt are defined in eq. (45). Eq. (53) yields a non-linear polynomial equation for

tan β. If a solution exists for positive tan β (since 0 ≤ β ≤ 1

2
π by convention) for fixed values

of the other MSSM parameters, then the alignment limit can be realized. To exhibit that a

solution is possible, we shall assume that tβ ≫ 1 (in practice, moderate to large values of
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Since the numerator of eq. (54) is typically positive, it follows that a viable solution exists

if µAt(At −
√
6MS) > 0. Note that in the approximations employed in obtaining eq. (54),

the so-called maximal mixing condition that saturates the upper bound for the radiatively-

corrected mh corresponds to At =
√
6MS. Thus, we expect to satisfy tβ ≫ 1 for values of

At slightly above [below] the maximal mixing condition if µAt > 0 [µAt < 0].

To make contact again with the results of Ref. [12], we observe that the exact alignment

condition, Z6 = 0, is achieved when [cf. eq. (23)]:
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Ũ

H1

H1

(e)

H1

H2

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. (44), one sees that the parametric

dependence for the six diagrams are: h4t s
3
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t Yt for (a) and (b); h4t s
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βcβX

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

h4t s
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βcβXtYt for (e) and (f).

in the Higgs basis. Using the interaction Lagrangian given by eq. (44), one immediately can

ascertain the parametric dependence of the diagrams shown in Fig. 1. Each diagram has a

s3βcβh
4
t dependence, and there is a factor of Xt [Yt] for each H1Q̃Ũ [ H2Q̃Ũ ] vertex. In this

way, we explain the parametric dependence of the threshold corrections to Z6 exhibited in

eq. (47). Likewise, by replacing the external H2 line with an H1 line in Fig. 1 [and delete

graphs (e) and (f) which are now identical to graphs (c) and (d)], we can understand the

parametric dependence of the threshold corrections to Z1.

The Higgs-fermion Yukawa couplings are also modified below the scale MS. Having

12

H1 = Hu sin� +Hd cos�

H2 = Hu cos� �Hd sin�

In this basis, H1 acquires a v.e.v., while H2 does not.

Alignment is obtained when quartic coupling Z6H
3
1H2

vanishes. H1 and H2 couple to stops with couplings

Xt = ht sin� (At � µ/ tan�)
Yt = ht cos� (At + µ tan�)

decoupling can occur due to an accidental cancellation between tree-level and loop-induced

contributions. Although this possibility appears to violate the perturbative expansion, one

can easily argue why this is not the case. Indeed, the one-loop contributions arise from

fundamentally new sources of physics—namely the effect of supersymmetry breaking. Al-

though it is possible that one-loop corrections are as large as their tree-level counterparts (a

possibility already exhibited in the one-loop corrected MSSM Higgs mass), the two-loop cor-

rections are parametrically smaller than the corresponding one-loop corrections by a factor

of g2/(16π2) where g is a typical gauge or Yukawa coupling.

To exhibit explicitly the accidental cancellation that yields alignment, we make use of the

fact that exact alignment is attained when Z6 = 0. Assuming that s2β ̸= 0, it then follows

from eq. (47) that exact alignment is achieved when
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and Xt and Yt are defined in eq. (45). Eq. (53) yields a non-linear polynomial equation for

tan β. If a solution exists for positive tan β (since 0 ≤ β ≤ 1

2
π by convention) for fixed values

of the other MSSM parameters, then the alignment limit can be realized. To exhibit that a

solution is possible, we shall assume that tβ ≫ 1 (in practice, moderate to large values of

tβ >∼ 5 are sufficient). We then perform a Taylor expansion of eq. (47) keeping only constant

terms and terms linear in t−1
β . We can then easily solve for tβ ,
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Since the numerator of eq. (54) is typically positive, it follows that a viable solution exists

if µAt(At −
√
6MS) > 0. Note that in the approximations employed in obtaining eq. (54),

the so-called maximal mixing condition that saturates the upper bound for the radiatively-

corrected mh corresponds to At =
√
6MS. Thus, we expect to satisfy tβ ≫ 1 for values of

At slightly above [below] the maximal mixing condition if µAt > 0 [µAt < 0].

To make contact again with the results of Ref. [12], we observe that the exact alignment

condition, Z6 = 0, is achieved when [cf. eq. (23)]:
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β λ6 + (3c2β − s2β)tβλ7 , (55)

14

Haber and Gunion’02

Carena, Haber, Low, Shah, C.W. ’14

gH1 t̃t̃
= ht sin�Xt, with Xt = At � µ⇤/ tan�

gH2 t̃t̃
= ht cos�Yt, with Yt = At � µ⇤

tan�

At moderate or large tan�

This expression may be given in terms of mh.
Alignment difficult close to maximal mixing. 

At moderate to large tanβ  

HSM and HNSM  
couplings to stops   Alignment difficult for small µ or close to maximal mixing    

MSSM 



Impact of Precision Higgs measurements on A/H searches  
1) No alignment for small µ  (in this regime   λ6,7 ∝ µ Αt≃ 0 )        

8 HIGGS PORTAL TO DARK MATTER 12

 [GeV]Am

200 300 400 500 600 700 800 900 1000

β
ta

n
 

0

1

2

3

4

5

6

7

8

9

10

 PreliminaryATLAS

-1
 Ldt = 4.6-4.8 fb∫= 7 TeV, s

-1
 Ldt = 20.3 fb∫= 8 TeV, s

b, bττ, ZZ*, WW*, γγ →Combined h 

]dκ, uκ, VκSimplified MSSM [

Exp. 95% CL Obs. 95% CL

Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width
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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
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(m2
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2
⇥ +
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2
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⇥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

For moderate to large tanβ and small µ 
 # no dependence on tanβ or on the stop mixing  

# All vector boson BR’s suppressed by enhancement 
 of bottom decay width 

⌘ = t�c��↵ = �t�Z6v
2/(m2

H �m2
h)



Impact of Precision Higgs measurements on A/H searches  
2) Alignment for large µ and tanβ ~O(10) 

Weaker lower bounds on mA,  
with strong tanβ dependence  

e.g. Tauphobic Benchmark  
MC, Heinemayer, Stal, Wagner, Weiglein’14 
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Heavy Higgs Bosons: A variety of decay Branching Ratios  

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

Large µ: depending on tanβ could be close to alignment or not 

Large tanβ # close to alignment, usual bottom and tau decay channels, hh suppressed 
                       production mainly via large bottom couplings: bbH 
Small tanβ # away from alignment,  H$ hh, WW and ZZ become relevant 
                       production mainly via top loops in gluon fussion 

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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ATLAS/CMS strong limits in A/H $ τ τ  via gluon fusion and bbA/H production 

Away from alignment (low tanβ) 
 it is important to search for  

H $ WW+ ZZ, hh, tt ;  A $ Zh, tt 

 If low µ, then chargino and          
neutralino channels open up 
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Figure 10: The estimated sensitivities in the various search channels for the heavier MSSM Higgs
bosons in the [tanβ,MA] plane: H/A → τ+τ− (light blue), H → WW + ZZ (green), H/A → tt̄
(red), A → hZ (brown) and H → hh (yellow). The projection is made for the LHC with 7+8 TeV
and the full 25 fb−1 of data collected so far. The radiative corrections are such that the lightest h
mass is Mh = 126 GeV.

5.3 Remarks on the charged Higgs boson

We close this discussions with a few remarks on the charged Higgs boson case. First of all,

the production rates are very large only for MH± <∼ 170 GeV when the H± state can be

produced in top decays. In this case, the decay channel H± → τν is always substantial and

leads to the constraints that have been discussed earlier and which are less effective than

those coming from H/A → ττ searches at high tan β. In the low tan β region, two other

channels can be considered: H+ → cs̄ that has been studied by the ATLAS collaboration

in a two–Higgs doublet model with the 7 TeV data [89] and H+ → cb̄. The branching ratio

for the latter channel is significant for tan β <∼ 3 and has been obtained by assuming the

same CKM angles as in the SM, in particular Vcb ≈ 0.04 [35]. This channel, if observed

would thus allow to check some of the CKM matrix elements in the charged Higgs sector.

Finally, the processes t → H+b at low mass and pp → btH± at high mass with

H± → Wh can have large rates at sufficiently low tan β. The cross section times branching

fraction is displayed in Fig. 11 in the [tan β,MA] plane for a 14 TeV c.m. energy. Shown

are the contours with σ × BR = 1, 5 and 10 fb which, for a luminosity of 300 fb−1 would

correspond to a small number of events. We will not perform an analysis for this particular

final state. We simply note that the final state topology, pp → tbH± → tbWh resembles

that of the pp → tt̄h process that is considered as a means to measure the htt̄ Yukawa

coupling and which is considered to be viable at 14 TeV with a high luminosity.

Hence, even for the charged Higgs bosons, there are interesting search channels which

can be considered if the low tan β region is reopened.

– 29 –

Djouadi, Quevillon’13 

M.C, Low, Shah, Wagner’13 + Haber’14 (stop masses > 10 TeV if tanb < 4) 

A 
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Additional Higgs boson Searches at the LHC 



Effects of Light Chargino/Neutralinos on A/H searches Variation of the Experimental Bound with the value of µ
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FIG. 10: Cross Section times Branching Ratio in the τ τ mode scaled aexclusion....

Figure 11 shows the value of tanβ needed to be excluded in the mhmax scenario in order

to exclude all values of tanβ in the high µ, mhalt scenario. It is clear from the Figure that

a small improvement in the CMS limits would lead to a large exclusion at high values of

µ. This is particularly true for values of mA > 300 GeV, for which the tau pair production

cross section increases significantly for high values of the µ parameter.

IV. LIGHTEST CP-EVEN HIGGS PROPERTIES AND SEARCHES FOR NON-

STANDARD HIGGS BOSONS

In the previous section, we analyzed the variations of the reach for non-standard Higgs

bosons with the value µ. The value of µ has also a relevant impact on the properties of

the lightest CP-even Higgs boson, since it modifies the value of tanβ for which alignment

is realized, therefore leading to a variation of the bounds on mA coming from precision

measurements of the Higgs properties.

Before analyzing this question, let us stress that the different values of At and µ chosen in

the mhmod and mhalt scenarios lead to a difference in the loop-induced couplings. In particu-

26

The bound becomes stronger at large values of μ,
due to the increase in the CP-odd Higgs τ decay branching ratio

Variation of the Experimental Bound with the value of µ
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Figure 11 shows the value of tanβ needed to be excluded in the mhmax scenario in order

to exclude all values of tanβ in the high µ, mhalt scenario. It is clear from the Figure that

a small improvement in the CMS limits would lead to a large exclusion at high values of

µ. This is particularly true for values of mA > 300 GeV, for which the tau pair production

cross section increases significantly for high values of the µ parameter.

IV. LIGHTEST CP-EVEN HIGGS PROPERTIES AND SEARCHES FOR NON-

STANDARD HIGGS BOSONS

In the previous section, we analyzed the variations of the reach for non-standard Higgs

bosons with the value µ. The value of µ has also a relevant impact on the properties of

the lightest CP-even Higgs boson, since it modifies the value of tanβ for which alignment

is realized, therefore leading to a variation of the bounds on mA coming from precision

measurements of the Higgs properties.

Before analyzing this question, let us stress that the different values of At and µ chosen in

the mhmod and mhalt scenarios lead to a difference in the loop-induced couplings. In particu-
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The bound becomes stronger at large values of μ,
due to the increase in the CP-odd Higgs τ decay branching ratio

Reach improved for large µ  
due to the enhanced 
Higgs to taus  BR 



Complementarity between Higgs precision and A/H Searches 

A 

mA [GeV] 

mh ~ 125.5 GeV 

ta
nβ

 

 A/Η#ττ 
Excluded 

Additional Higgs Bosons Searches: 
A/H $ ττ  (shaded) 

Vs Precision Higgs Physics:   
h $ WW/ZZ  (dashed lines) 

Complementarity crucial to probe 
 SUSY Higgs sector 

Correlations between deviations 
 may reveal underlying physics  

All other 3 Higgs bosons may be heavy  ~ TeV range ~  (Decoupling) 
       Or as light as a few hundred GeV   (Alignment) 

                      Similar effects in Extensions of the MSSM 
~ Add new degrees of freedom that contribute at tree level to mh ~ 

  e.g. additional SM singlets or triplets or models with enhanced weak gauge symmetries  

Away from precise alignment   
 - either small µ or not the right tanβ –  

 look for   H $ WW+ ZZ, hh, tt ;  A $ Zh, tt 
or  A/H into chargino/ neutralino pairs 



Extending the Analysis to the NMSSM 
W = �S�1�2 +



3
S3 �L

soft

= �A�S�1

�
2

+
1

3
AS

3

mA ma/mhs 2 Doublets Φ1  and Φ2  and a singlet S 

Interaction basis: (Φ1,Φ2 , S) 
Φ2: Couples only to up-type fermions        # <Φ2> = vu      
Φ1 : Couples only to down-type fermions  # <Φ1> = vd  
S: Only couples to Higgs sector                 # <S> =  vS = µ/λ 

“Extended” Higgs basis: (HNSM, HSM, S)  
HNSM: (down, up, V) = (yd tβ, yu/ tβ, 0) 
HSM: (down, up, V) = (yd, yu, ghVV) 

Mass basis:  (H3, H2, H1) )          (H, h125, hS) 
 
                     Hi = κi

NSM HNSM +  κi
SM HSM + κi

S S 
 

tanβ= vu/vd 

<HNSM> = 0 
<HSM> = v 

Alignment  Condition #   κh125
NSM = 0   and κh125

S = 0  



Naturalness and the Alignment conditions 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

W = �SHuHd +


3
S3

m2
h ' �2 v

2

2

sin

2
2� +M2

Z cos

2
2� +�t̃

tan�

�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

N. Shah’s talk

•  Less well 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 0.65 to 0.7,  
 in agreement with perturbativity up to the GUT scale 
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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 
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CP-even sector, provided
lambda is of about 0.65
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• 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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Naturalness and the Alignment conditions in the NMSSM 

Given that λalt ~ 0.65 # stops can be light, inducing only moderate corrections to mh 

After some algebra it follows:  (replacing  λalt expression in mh)   

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
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Z)

tan� < 3

Interesting, after some simple algebra, one can show that
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FIG. 1: Left panel : The blue solid line displays the values of � necessary for alignment for

mh = 125 GeV. Also shown in the figure in green, yellow and red lines are values of � that

lead to a tree-level Higgs mass of 120, 125 and 130 GeV, respectively. 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 (blue line) and Xt = MS (green line). The dominant two-loop corrections

were included.

Inspection of the matrix element M2
S(1, 2) tell us that if the CP-even singlet is heavy,

or its mixing with the doublet CP-even components is small, the condition of alignment

leads to a determination of � as a function of mh, MZ , tan � and stop loop corrections.

In this work, we shall studied under which conditions alignment can occur in regions of

parameter space where no large cancellation of parameters is necessary to obtain the proper

condition of electroweak symmetry breaking. Since in the absence of soft supersymmetry

breaking parameters |µ|2 represent the tree-level Higgs mass, it is necessary to demand

that |µ| ⌧ MS . In such a case, it is easy to see that the stop corrections to M2
S(1, 2)

become suppressed by |µ|/MS, in addition to loop factors and can be ignored in obtaining

the condition of alignment.
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were included.

Inspection of the matrix element M2
S(1, 2) tell us that if the CP-even singlet is heavy,

or its mixing with the doublet CP-even components is small, the condition of alignment

leads to a determination of � as a function of mh, MZ , tan � and stop loop corrections.

In this work, we shall studied under which conditions alignment can occur in regions of

parameter space where no large cancellation of parameters is necessary to obtain the proper

condition of electroweak symmetry breaking. Since in the absence of soft supersymmetry

breaking parameters |µ|2 represent the tree-level Higgs mass, it is necessary to demand

that |µ| ⌧ MS . In such a case, it is easy to see that the stop corrections to M2
S(1, 2)

become suppressed by |µ|/MS, in addition to loop factors and can be ignored in obtaining

the condition of alignment.
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For moderate mixing, It is clear that low values of tanβ < 3  require low MS  
 # small stop corrections to the Higgs mass parameter at the alignment values 



Aligning the Singlet 
Previously was 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 

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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Needs to vanish in alignment  

 

For tanβ < 3 and λ ~ 0.65, plus κ in the perturbative regime, one concludes that 
in order to get small mixing in the Higgs sector  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:
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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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mA ⇡ 2|µ|
sin2�

Since both mA and µ  should be small, 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 



For values of κ at the edge of perturbativity, the singlino mass is equal to the 
Higgsino mass. 

 
 The  whole Higgs and Higgsino spectrum remains light 
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FIG. 4: Values of the singlet CP-even Higgs mass mhS for tan� = 2 (left panel) and tan� = 3 (right

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

� and µ satisfying the alignment conditions and  = 1

2

�).

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

hS
and m2

AS
.

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

hS
and m2
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with A, the

maximal possible value, (m2

hS
)
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, is achieved when m2
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= 0. Likewise, the maximal value,

(m2
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)
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, is achieved when m2

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

use of Eq. (57) in the alignment limit to eliminate µ2,
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In the parameter region of interest,   1

2

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

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

A ' M2

A � 1

2

�2v2, in which case

(m2

hS
)
max

<⇠
1

3

m2

A and (m2

AS
)
max

<⇠ m2

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

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

2

�alt and for

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

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

2

mA over most of

the parameter space, in agreement with Eq. (74).
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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
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Singlet, Higgsino and Singlino Masses Values of the Singlet, Higgsino and Singlino Masses
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In this limit, the singlino mass is equal to the Higgsino mass. 

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

mS̃ = 2µ
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Singlet Spectra 
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FIG. 9: Correlation between mH ' mA and the lightest non-SM-like CP-even Higgs boson mass

(left panel) and anti-correlation between the masses of the lightest non-SM-like CP-even Higgs

boson and the lightest, mostly singlet CP-odd Higgs boson (right panel), for values of  = max.

Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.

mostly singlet CP-even Higgs boson mass (left panel), and the anti-correlation between the

mass of the lightest CP-odd Higgs boson (which possesses a significant singlet component)

and the mostly singlet like CP-even Higgs boson (right panel). These numerical result

verify the expectations based on the analytical analysis of Section IIC. In particular, these

singlet-like Higgs boson masses are always smaller than mA and the relation

mA � 2 mhS (78)

is fulfilled. On the other hand, the anti-correlation between the CP-odd/even mainly singlet

Higgs boson masses implies that values of mAS
<⇠ 150 GeV constrain mhS to be larger than

about 120 GeV, while values of mhS
<⇠ 120 GeV imply mAS

>⇠ 150 GeV.

In general, large values of MA ' mA ' mH are allowed, as in the usual decoupling

regime, but in this work we are mostly interested in having a SM-like Higgs boson for values

of MA <⇠ 500 GeV, where the non-SM-like Higgs bosons are not heavy. Given that we

are interested in values of tan � ⇠ 2 and MA ' |µ|/s�c�, this leads also to low values of
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MSSM-like A and H decays into top pairs    
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FIG. 15: Branching ratio of the decay of the heaviest CP-even Higgs boson (left panel) and the

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

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

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

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

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

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

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

and into neutralinos may open up for slightly heavier masses.

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

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

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

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

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

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

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

a channel does not show up in the benchmarks to be discussed later.
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Significant decays into top pairs,  
BR’s depend on tanβ  

May be somewhat suppressed by decays involving to non-SM particles 
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FIG. 13: Branching ratio of the decay of the heaviest CP-odd Higgs boson into a Z and the lightest

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

of tan� = 2, 2.5 and 3, respectively.

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

H,A ! �0,±
i �0,⌥

j (83)

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

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

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

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

suppressed.

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

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

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

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

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

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

the lighter Higgs bosons and chargino and/or neutralino pairs, as noted above.
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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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H # hh  and A # hZ decays strongly  suppressed due to alignment 
 
Others: H $hs hs;   H$As Z;  A$As hs;  A$As h of order 10% or below 



MSSM-like A and H decay charginos and Neutralinos 
 are relevant, even above the top threshold 

H # hh  and A # hZ decays strongly  suppressed due to alignment 
 
Others: H $hs hs;   H$As Z;  A$As hs;  A$As h of order 10% or below 
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FIG. 14: Branching ratio of the decay of the heaviest CP-even (left panel) and CP-odd (right

panel) Higgs bosons into charginos and neutralinos. Blue, red and yellow represent values of

tan� = 2, 2.5 and 3, respectively.

Indeed, apart from the decays into top-quark pairs, whose observability demands a good

top reconstruction method and is quite challenging [50, 51], the heaviest Higgs bosons exhibit

prominent branching ratios into lighter Higgs bosons (as in the case of generic 2HDMs [52]).

Moreover, in light of the large gluon fusion A/H production cross sections, the heavy Higgs

decays into charginos and neutralinos are also relevant and yield production rates that are of

the same order of magnitude as the chargino/neutralino Drell-Yan production cross sections.

Unfortunately, the subsequent decays of the charginos into W/Z and missing energy renders

these search modes challenging.

In order to ascertain the constraints on the heavy non-SM-like Higgs bosons arising from

their decays into the lightest Higgs bosons, one must analyze the decay branching ratios

of hS and AS. Since these particles are singlet-like, their couplings are controlled via the

mixing with the doublet states. As shown in Fig. 7, the CP-even singlet state has small

mixing with the SM-like Higgs boson, hS
SM

= �⌘0, which is small and can be no larger than

0.3. On the other hand, the mixing with the non-SM doublet component hS
NSM

is small but

non-vanishing. Therefore, as shown in Fig. 16, the bottom quark decays are clearly dominant
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Singlet-like hS decays 

Singlet mainly decays to bb and WW 
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FIG. 16: Branching ratio of the lightest non-SM-like CP-even Higgs boson into bottom quarks

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

tan� = 2, 2.5 and 3, respectively.

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

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

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

the predictions of the scenario considered here.

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

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

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

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

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

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

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

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

12 These have been obtained from https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig15001TWiki.
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FIG. 17: The production cross section times branching ratio (left), and the ratio of the observed

limit to the production cross section times branching ratio (right) of the decay of the heaviest CP-

odd Higgs boson into a Z and a CP-even Higgs boson as a function of the heaviest CP-odd and the

singlet like CP-even Higgs boson masses. The cross sections are computed for LHC processes with
p
s = 8 TeV, and the branching ratio includes the subsequent decay of the Z boson into di-leptons

and hS into a bottom quark pair.

As discussed in Section II, searches for heavy scalar resonances decaying to WW (⇤) have

been performed at the LHC and already constrain the signal strength in the channel gg !
hS ! WW (⇤) to be less than 10% of the signal strength from a SM Higgs boson of the same

mass. Since the suppression of the decay branching ratio of hS into bottom quarks is in part

caused by the increase of the branching ratio into W pairs, it is interesting to investigate

the correlation between the search for heavy CP-odd Higgs bosons decaying into hSZ in

the (bb̄)(``) channel and the search for the mainly singlet CP-even Higgs hS decaying into

WW (⇤). To exhibit the complementarity between the two channels, we also show in Fig. 18

the ratios of the event rates for the heavy CP-odd scalar decaying to hSZ, with the same

colors used in the right panel of Fig. 17. We observe that a large fraction of the parameter

space that is di�cult to probe in the A ! ZhS ! (``)(bb̄) channel becomes viable in the

search for gg ! hS ! WW (⇤). There is a small region where searches in both channels

become di�cult. This is the region where hS has a small coupling to the top quark, thereby

suppressing its production cross section, or where the singlet CP-odd scalar mass mAS is
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FIG. 18: The production cross section times branching ratio of the decay of the second heaviest

CP-even Higgs into pairs of W, showing the ratio of the observed limit for the heaviest CP-odd

Higgs boson into a Z and a CP-even Higgs bosons.
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FIG. 19: Ratio of the observed limit to the production cross section times Branching ratio of the

decay of the heaviest CP-even Higgs boson into a Z and the lightest CP-odd Higgs bosons.
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and gg$ hS $ WW  search channels @ 8 TeV 
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FIG. 21: Production cross section times branching ratio of the decay of the heaviest CP-even

Higgs boson into h and hS, with h decaying into bb̄ and hS decaying into WW .
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FIG. 22: Production cross section times Branching ratio of the decay of the heaviest CP-even Higgs

boson into h and hS, with both h and hS decaying into bb̄.
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FIG. 21: Production cross section times branching ratio of the decay of the heaviest CP-even

Higgs boson into h and hS, with h decaying into bb̄ and hS decaying into WW .
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FIG. 22: Production cross section times Branching ratio of the decay of the heaviest CP-even Higgs

boson into h and hS, with both h and hS decaying into bb̄.
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Outlook 
Precision measurements of Higgs signal strengths strongly constrain departures 
from alignment in extended Higgs Sectors 
 
This in turn has important implications for the searches for additional Higgs bosons 
 
Alignment in the MSSM appears for large values of µ,  suppressing decays into 
electro-weakinos and making bounds from decays into SM particles stronger. 
 
Bounds on A/H are model dependent and should be interpreted with care .  
 
Away from alignment decays of A/H into gauge bosons, the light Higgs and 
electro-weakinos become relevant. 
 
Complementarity between precision measurements and direct searches will allow 
to probe efficiently the MSSM Higgs sector 
 
In the NMSSM, alignment occurs in regions of parameter space in which the 
naturalness conditions are fulfilled, with λ~ 0.65. Stops can be light.  Allowed 
misalignment opens up interesting search channels  


