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The Standard Model 

Is an extremely successful Theory that describes 
interactions between the known elementary particles. 

3 generations
of fermions (mattter) 

Gauge and Higgs 
Fields
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Higgs vacuum : Elementary Particle Masses
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Amazing Properties of the SM Higgs sector

• The Higgs self interactions are described by a simple potential

• This leads to the breakdown of the electroweak symmetry 

• The interactions with gauge bosons are related to the mass generation 
mechanism 

• The linear interactions are therefore related to the insertion of a Higgs v.e.v. 
and if we add new doublets will be related to the projection of the particular 
Higgs field in the direction that acquires v.e.v.

• Higgs self interactions are also determined as a function of the Higgs mass
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• The interactions with fermions an even more amazing story.  We start with a 
completely arbitrary 3x3 Yukawa matrix interactions, where this three is 
related to generations

• Now, when you give the Higgs a v.e.v. this becomes a mass matrix that you 
must diagonalize when going to the physical states.

• But, due to the fact that mass and Yukawa matrices are proportional to each 
other, the interactions become flavor diagonal

• In general, there are no tree-level Flavor Changing Neutral Currents ! No 
tree-level CP violation. All these effects occur at the loop-level, via the 
charged weak interactions, and are proportional to CKM matrix elements. 

• I don’t need to tell you how amazing this is ! Moreover, all available data is 
consistent with these predictions. 

Amazing Properties of the SM Higgs sector
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A Higgs with a mass of about 125 GeV allows to study many decay channels

LHC Higgs Production Channels 
and Decay Branching Ratios

We collide two protons (quarks and gluons) at high energies : 

H
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The Higgs Discovery in July 2012 has established
the Standard Model (SM) as the proper low energy 
theory describing all known particle interactions



R. Brout ‘70 C. Wagner ‘13



H couplings with more general assumptions
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Measurement assuming effective 
couplings for ggH, Hɣɣ, and HZɣ  

Assuming also H decays to 
invisible(≔missing pT) & undetectable 
(≔non-closure of other BR’s to unity) 

Stat. unc ≅ syst unc except for 
kμ and and kZɣ

Both invisible and undetectable 
BR’s compatible with zero

Generic coupling

How: Similar to previous setup with this time 
allowing for non-SM particles in loop processes, 
with effective coupling strengths. 

Two scenarios: with and without invisible and 
undetected non-SM Higgs decays. 

Highlights:

● SM compatibility (p-value): 61% (Binv = Bu = 0)
● Upper limits on Binv of 0.13 (0.08) and Bu of 

0.12 (0.21) at 95% CL 
○ To include Binv  and Bu one has to add some extra 

constraint (κV≤1 )

14Nature 607, 52–59 (2022)Paolo Francavilla - Higgs Hunting 2022

ATLAS and CMS Fit to Higgs Couplings
Departure from SM predictions of the order of

few tens of percent allowed at this point.



H couplings to fermions and vector bosons
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● Coupling modifiers k to quantify couplings 
deviations from SM predictions 

H couplings vs particle mass

○ Compatibility with SM within 10%

○ ~5✕ improvement wrt discovery

Likelihood scan of (kf, kV)

k μ =
 k

τ =
 k

b =
 k

t =
  

kZ = kW =  

○ Agreement with SM for 
masses within 0.1 - 200 GeV

Coupling to each particle
How: 

● All modifiers assumed to be positive
● Only SM particles in loop processes
● No invisible or undetected non-SM Higgs 

decays 
● Two setups: with and without κc to cope with 

low sensitivity 

Highlights:

SM compatibility (p-value): 
56% (κc=κt ) and 65% (κc free-floating)

Coupling precision: 

● Fermions (t, b, τ ): 7% -12% 
● Vector bosons (W, Z): 5%
● Upper limit on κc of 5.7 (7.6) x SM at 95% CL 

11Nature 607, 52–59 (2022)Paolo Francavilla - Higgs Hunting 2022

Correlation between masses and couplings consistent
with the Standard Model expectations



Why we should not be surprised

• There is another amazing property of the SM as an effective field theory 

• Take any sector with gauge invariant mass terms, which do not involve the Higgs v.e.v.

• The Appelquist-Carrazonne decoupling theorem says that as we push these gauge 
invariant masses up, the low energy effective theory will reduce to the Standard 
Model !

• The speed of decoupling depends on how these sector couple to the SM. In general, 
for a coupling κ, decoupling occurs when 

• Obviously decoupling doesn’t occur if the masses are proportional to the v.e.v.   

• These properties are behind the EFT program. 
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1 Introduction

The Standard Model E�ective Field Theory (SMEFT, see for example Ref. [1] for an overview) allows
for the description of the e�ects of a variety of theories beyond the Standard Model (SM) that introduce
new-physics states at a mass scale ⇤ that is large in comparison to the electroweak scale. The theory
provides predictions for experimental observables in terms of an expansion in ⇢/⇤, where ⇢ is the typical
energy exchanged in the process. This is done by using a series of operators O(3)

8 , which consist of gauge
invariant combinations of SM fields with an energy dimension 3 greater than four:

LSMEFT = LSM +

’
8

2
(5)
8

⇤
O

(5)
8 +

’
8

2
(6)
8

⇤2 O
(6)
8 + . . . . (1)

Measurements of observables sensitive to the e�ect of SMEFT operators allow to constrain 2
(3)
8 /⇤3�4,

where 2
(3)
8 are the Wilson coe�cients associated to the dimension-3 operator O(3)

8 . Odd-dimensional
operators introduce lepton and baryon number violation and are thus not relevant for the measurements
analyzed in this note. Leading e�ects of new physics are expected to manifest themselves as dimension-six
operators, as higher-dimensional operator are suppressed by greater powers of ⇤�1. The Warsaw basis [2]
provides a complete set of dimension-six operators allowed by SM gauge symmetries.

In this note, a SMEFT interpretation constraining dimension-six operators with three types of measurements
is presented:

• ATLAS Higgs boson data: A combined measurement of Higgs boson production and decay in
exclusive kinematic regions of the production phase space, defined within the Simplified Template
Cross-Section (STXS) framework [3].

• ATLAS electroweak data: Di�erential cross-section measurements for diboson production and /

boson production via vector boson fusion (VBF) [4].

• Electroweak precision data (EWPD): A combined measurements of electroweak precision observables
(EWPO) on the / resonance [5] that were performed at LEP and SLC.

The measurements are sensitive to a large number of operators that a�ect Higgs boson couplings, weak boson
self-couplings, couplings of weak bosons to fermions, and four-fermion couplings. The combination of a
large number of measurements is required for both optimal sensitivity and to disentangle the contributions
of these operators.

2 Data and input measurements

In this section the datasets that are interpreted in this note are presented. While combined SMEFT
interpretations of partial datasets already exist in Refs. [3] and [4], the data is re-analyzed in a consistent
framework for this work.
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Table 5: Dimension-six operators a�ecting the analyzed processes (excluding four-fermion operators with quark
fields). The Wilson coe�cients and the corresponding operators are listed in the first and second leftmost column,
respectively. The remaining columns indicate which processes are a�ected by the operator. The operators are grouped
in purely bosonic operators, various operator groups containing both fermion fields and di�ering numbers of Higgs
boson and gauge boson fields, and four-lepton operators. Groups are separated by horizontal lines. First and second
(third) generation left-handed quark fields are denoted as @ (&). First and second (third) generation right-handed
quark fields are denoted as D, 3 (C, 1). Left and right-handed lepton fields are denoted ; and 4, respectively. The
lower-case roman letter flavour indices run over 1,2 for quarks and 1,2,3 for leptons.
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Table 6: Dimension-six operators a�ecting the analyzed processes (four-fermion operators with quark fields only). The
Wilson coe�cients and the corresponding operators are listed in the first and second leftmost column, respectively.
The remaining columns indicate which processes are a�ected by the operator. The operators are grouped in
four-fermion operators containing both quark and lepton fields, four-fermion operators with only light quarks, and
four-fermion operators with both light and heavy quarks. Groups are separated by horizontal lines. First and second
(third) generation left-handed quark fields are denoted as @ (&). First and second (third) generation right-handed
quark fields are denoted as D, 3 (C, 1). Left and right-handed lepton fields are denoted ; and 4, respectively. The
lower-case roman letter flavour indices run over 1,2 for quarks and 1,2,3 for leptons.
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Some important Effective Field Theory Operators, and their 
experimental tests at LEP and the LHC. 

Subset of Effective Theory Operators for a given process
No clear deviation from SM predictions observed.



Reconstructing the fundamental Theory

• Not an easy task.  Let me mention a historical example, namely 
the Fermi constant, namely the strength of the four Fermi 
interactions governing beta and muon decays.
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The relevant gauge bosons are the weak gauge  bosons and hence, had Fermi
known about the Higgs mechanism he would have find that G is nothing  but the 
Higgs vev in disguise !   But of course, he didn’t.



Reconstructing the Weak  Interactions



Fermi would have predicted correctly that the
gauge bosons natural scale was of the order 
of 100 GeV.

He could have reconstructed a great part of the 
boson sector of the weak interactions from the 
four Fermi constant !  Needless to say, he would
not have known about the neutral Z boson.

On the other hand, had he thought about the fermion
masses, he would have predicted that the natural
scale for the muon and electron mass was
precisely 100 GeV !

He would have been puzzled about the fact that 
electron  and muon masses are three and five 
orders of  magnitudes below that scale !

He would have been even more puzzled about the 
reason why the neutrinos are so light.

Reconstructing the Weak  Interactions



Why we should be surprised

• The Higgs potential suffers from a problem of stability under ultraviolet 
corrections, namely, given any sector that couples to the Higgs sector with 
gauge invariant masses, the Higgs mass parameter will be affected

• These are physical corrections, regularization independent and shows that 
unless the new physics is lighter than the few TeV scale or very weakly 
coupled to the Higgs sector, the presence of a weak scale mass parameter is 
hard to understand. 

• This is particularly true in models that try to connect the Higgs with the 
ultraviolet physics, like Grand Unified Theories. 

• To explain this, we need a delicate cancellation of corrections, that for 
instance an extension like Supersymmetry can provide. 
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Neutrino Masses : See-saw Mechanism

• The basic Lagrangian contains a Majorana mass for the right-handed   
neutrino

• This leads to neutrino masses

• Corrections to the Higgs mass

• Demanding this to be parametrically small compared to the SM Higgs mass 
parameter

• Minimal leptogenesis models demand larger values of M than this bound, and 
therefore generically imply a large fine tuning, unless you add supersymmetry.
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Fermi and Majorana in the 1930’s according to ChatGPT



Simple Framework for analysis of coupling deviations
2HDM : General Potential

• General, renormalizable potential has seven quartic couplings, with three of them, 
given in the last line, may be complex. 

• In general, it is assumed that lambda 6 and 7 are zero, since this condition appears 
naturally in models with flavor conservation.  However, this condition is basis 
dependent and it is not necessary. 

• We will therefore concentrate on the general 2HDM, with all quartic couplings 
different from zero.  As it is well known an important parameter in these models is

the requirement of perturbative unitarity. Section 5 presents the bounds coming from
the requirement that the tree level potential be bounded from below. In Section 6,
we discuss the vacuum stability. Finally, we reserve Section 7 for a brief analysis of
the phenomenological constraints and Section 8 for our conclusions. For the impatient
reader, a table listing the relevant results may be found at the end of the Conclusions

2. The general 2HDM

As emphasized above, we focus on the scalar sector of the theory. In general, gauge
invariance implies that the potential can only include bilinear and quartic terms. Each
of the three bilinear terms has a corresponding mass parameter, of which two (m2

11 and
m2

22) are real while the third, associated with a bilinear mixing of both Higgs doublets
(m2

12) may be complex.
Regarding the quartic couplings in the scalar potential, the two associated with self

interactions of each of the Higgs fields, �1 and �2, must be real and, due to vacuum
stability, positive. There are two couplings associated with Hermitian combinations of
the Higgs fields, �3 and �4, which must be real, though not necessarily positive. The
coupling �5 is associated with the square of the gauge invariant bilinear of both Higgs
fields, and it may therefore be complex. The couplings �6 and �7 are associated with
the product of Hermitian bilinears of each of the Higgs fields with the gauge invariant
bilinear of the two Higgs fields, and, as with �5, they may be complex. The most general
scalar potential for a complex 2HDM is therefore:
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with �1,2 = (�+
1,2, �

0
1,2)

T complex SU(2) doublets with hypercharge +1.
One way to prevent Higgs-induced flavor violation in the fermion sector is to introduce

a Z2 parity symmetry under which each charged fermion species transforms as even or
odd. The Higgs doublets are assigned opposite parities and couple only to those charged
fermions that carry their own parity. In such a scenario, the terms accompanying the
couplings �6 and �7 would violate parity symmetry and hence should vanish. The mass
parameter m2

12 is also odd under the parity symmetry but induces only a soft breaking of
this symmetry, which does not affect the ultraviolet properties of the theory, and hence
may remain non-zero.

There are alternative ways of suppressing flavor violating couplings of the Higgs to
fermions which do not rely on a simple parity symmetry and hence allow for the presence
of �6 and �7 terms. One example would be to assume a discrete Z3 symmetry under
which �1 transforms with charge 1 and �2 transforms with charge -2. The bilinear �†

1�2

is invariant under this Z3, and so the �6 and �7 terms are then allowed. The right
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Higgs Basis

• An interesting basis for the phenomenological analyses of these models is the 
Higgs basis

• The field          is therefore associated with the field direction that acquires a 
vacuum expectation value and acts as a SM-like Higgs

• The behavior of the neutral mass eigenstates depend on the projection on 
the fields in this basis.  

• Typically, it is the lightest neutral Higgs boson that behaves like the SM-like 
Higgs.  The case in which one can identify the state       with the mass 
eigenstate is called alignment.

• In the alignment limit the tree-level couplings agree with the SM ones. Large 
departures from the alignment limit are heavily restricted by LHC 
measurements. 

A. Higgs basis conversion

The phenomenological properties of the Higgs sector are more easily analyzed in the
Higgs basis, in which only one of the doublets possesses a vev8. We parameterize the
doublets as:
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◆
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2
(�0
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◆
, (82)

where G± and G0 are the Goldstones that become the longitudinal components of W±

and Z, H± is the physical singly charged scalar state, and (�0
1, �

0
2, a

0) are the neutral
scalars. The potential in the Higgs basis reads:
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The conversion between the potential parameters in the general basis and those in the
Higgs basis have been worked out in Ref. [36]; so as to be self-contained, we reproduce
them here. They are obtained by a rotation by an angle � in field space of the original
two Higgs doublets. The mass terms in the two bases are related as:
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where tan � = v2/v1 with range 0  � 
⇡

2 , and � is the phase accompanying v2 in the
general basis parameterization of the doublets in Eq. (56). The relations between the

8This is technically not enough to uniquely define the Higgs basis. The U(1) diagonal subgroup
of the SU(2) symmetry in Higgs flavor space remains intact following SSB. This corresponds to
transformations �1 ! e

i��1, �2 ! e
�i��2. As a result, we have a one-dimensional family of Higgs

bases parameterized by �: {e
�i�

H1, e
i�

H2}.
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Quartic Couplings in the Higgs basis
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�

Similar notation as in the generic basis, but changing lambdas by Z’s

Observe that since only H1 acquires vacuum expectation value in this basis, the
mixing between the Higgs states of both doublets can only occur via Z6



Mass Matrix in the Higgs Basis

• The neutral Higgs mass matrix takes a particularly simple form in the Higgs 
basis

• Two things are obvious from here.  First, in the CP-conserving case, the 
condition of alignment,                implying small mixing between the lightest 
and heavier eigenstates is given by

• Second, while in the alignment limit the real part of        contributes to the 
splitting of the two heavier mass eigenstates, its imaginary part contributes to 
the splitting and their mixing. 

6.3. Vacuum stability in the Higgs basis

It is particularly interesting to study vacuum stability in the Higgs basis, in which only
one of the doublets possesses a vev (see Appendix A for a review of the conversion to the
Higgs basis as well as our conventions). One advantage of this basis is that the potential
parameters are closely related to physical observables.7 For example, Z1 controls the
trilinear coupling of three SM-like Higgs bosons hhh, Z6 controls the trilinear coupling of
two SM-like and one non-SM-like CP-even Higgs bosons hhH, etc. (see e.g. Ref. [31] for
an exhaustive list of couplings). Since none of the bounds obtained in this article have
relied on the choice of basis, they can equally well be applied to Higgs basis parameters.
Using the close relationship between the Higgs basis parameters and physical quantities,
we here aim at obtaining approximate bounds on the physical observables of the model.

First, we will restrict ourselves to the alignment limit — the limit in which the scalar
associated with the vev behaves as the observed SM-like Higgs boson: i.e., it is aligned
with the 125 GeV mass eigenstate and couples to the electroweak gauge bosons with SM
strength. In our parameterization, given in Eq. (82), this is �0

1. The mass matrix for the
neutral scalars ~� = (�0

1, �
0
2, a0)T reads:

M
2 = v2

0

B@
Z1 ZR

6 �ZI

6

ZR

6

M
2
H±
v2

+ 1
2(Z4 + ZR

5 ) �
1
2Z

I

5

�ZI

6 �
1
2Z

I

5

M
2
H±
v2

+ 1
2(Z4 � ZR

5 )

1

CA , (67)

with M2
H± the charged Higgs mass:

M2
H± = M2

22 +
1

2
Z3v

2 . (68)

Looking at the above matrix, it appears that there are two ways in which we can achieve
alignment. One option — the decoupling limit — corresponds to taking M2

H± + 1
2(Z4 ±

ZR

5 )v2
� Z1v2. Then the heavy mass eigenstates h2 and h3 can simply be integrated

out alongside the heavy charged Higgs H±, leaving just one light mass eigenstate h1

which is aligned with �0
1. More interesting from a phenomenological standpoint is the

alignment without decoupling limit, since it leaves the BSM states potentially within
collider reach. This corresponds to taking |Z6| ⌧ 1, for which mixing between �0

1 and
the other neutral scalars vanishes, leading us to identify it with the mass eigenstate h1.
We will take h1 ⌘ h to be the SM-like Higgs boson, with mass:

M2
h

= Z1v
2 . (69)

To obtain a physical Higgs mass close to the experimental value of 125 GeV, it is required
that we fix Z1 ⇡ 0.25. The remaining 2⇥2 mass matrix can be diagonalized to obtain
the masses of the remaining scalars h2 and h3:

M2
h3,h2

= M2
H± +

1

2
(Z4 ± |Z5|)v

2 . (70)

7The number of physical parameters in the most general 2HDM is 14. Another advantage of the Higgs
basis is that this is reduced to 11, since the complex M

2
12 is determined by Z1, Z6, and M

2
11, and

the freedom to rephase H2 implies that only the relative phase between Z5, Z6, and Z7 is physical.
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m2
h = Z1v

2, mh = 125 GeV
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Decoupling : Z6v
2 ⌧ m2

H

<latexit sha1_base64="FL+ShD5O3jsgYuHfJMiJOe8pru8=">AAAB8HicbVDJSgNBEO2JW4xb1KOXxiB4GmZNxlvQi8cIZtFkCD2dnqRJz0J3jxCGfIUXD4p49XO8+Td2JgEXfFDweK+KqnpByqiQhvGpldbWNza3ytuVnd29/YPq4VFHJBnHpI0TlvBegARhNCZtSSUjvZQTFAWMdIPp1cLvPhAuaBLfyllK/AiNYxpSjKSS7u6HdThgDJrDas3Q3brrOS40dNOyPddUxLhwHceBpm4UqIEVWsPqx2CU4CwiscQMCdE3jVT6OeKSYkbmlUEmSIrwFI1JX9EYRUT4eXHwHJ4pZQTDhKuKJSzUnxM5ioSYRYHqjJCciL/eQvzP62cy9PycxmkmSYyXi8KMQZnAxfdwRDnBks0UQZhTdSvEE8QRliqjShGC51hWw4YFcWxjSSz7O4SOpZt13bpxas3LVRxlcAJOwTkwQQM0wTVogTbAIAKP4Bm8aFx70l61t2VrSVvNHINf0N6/ANz6kAE=</latexit>

Z6 ⌧ 1



Mimicking the SM behavior

• In 2HDM, one can mimic the SM behavior by just allowing the fermions with 
a giving charge (up quarks, down quarks, charge leptons and neutrinos) to 
couple to only one of the Higgs fields.

• This leads to the so-called type I to IV 2HDM, depending on which couplings 
are allowed. 

• In type I, all fermions couple to the same Higgs. In type II, down quarks and 
charge leptons couple to one of the Higgs boson doublets and up quarks and 
neutrinos to the other.  This is the scheme allowed at tree-level in SUSY 
theories. 

• Let me emphasize that at the loop level in SUSY theories couplings to the 



Generic case

• Although it is important to consider models that mimic the SM suppression 
of flavor violation, one should also analyze a more generic case, since it is 
what quite generally appears at low energies. 

• So, let’s write the coupling modifications in 2HDM for the case in which 
each type of fermions couple to both Higgs

• The fermion mass matrix will then be given by 

• We shall denote with a bar the Yukawas in the physical basis where the mass 
is diagonal. Hence

• Therefore, for 
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General expression for neutral Higgs couplings
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Re(ȳii1 ) =
mi

p
2

v cos �(1 +�i)
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From Eq. (21), the last factor �i/ tan � depends only on the ratio of the diagonal cou-

plings. This expression, Eq. (22) is very useful when the couplings h2 are generated as a

perturbation of h1. Since we haven’t made any assumption about the hierarchy of h2 and

h1 elements, it must be possible to express Eq. (22) in such a way that it is also valid for
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Again, the last term depends only on the ratio of the couplings but in the opposite order,

becoming small when the y1 elements are small. For �̃i = 0 one recovers the expression for

type I 2HDM, in which all fermions couple to �2 (y1 = 0, see Eq. (1)).

The expressions given in Eq. (17), together with the relations given in Eq. (18), and the

diagonal couplings, Eq. (22), or equivalently Eq. (24), lead to the most general expression

for the coupling of the neutral Higgs h0
1 in the case of negligible CP-violation contributions
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Re(ȳij2 )

cos �
p
2
cos(� � ↵)(1� �

ij) + i
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or, equivalently
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where

�i =
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Replacing these expressions in Eq. (17), one obtains a diagonal coupling
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From Eq. (21), the last factor �i/ tan � depends only on the ratio of the diagonal cou-

plings. This expression, Eq. (22) is very useful when the couplings h2 are generated as a

perturbation of h1. Since we haven’t made any assumption about the hierarchy of h2 and

h1 elements, it must be possible to express Eq. (22) in such a way that it is also valid for

the case of h1 being a perturbation of h2. Indeed, let’s define
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Then, the above expression can be simply rewritten as
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Again, the last term depends only on the ratio of the couplings but in the opposite order,

becoming small when the y1 elements are small. For �̃i = 0 one recovers the expression for

type I 2HDM, in which all fermions couple to �2 (y1 = 0, see Eq. (1)).

The expressions given in Eq. (17), together with the relations given in Eq. (18), and the

diagonal couplings, Eq. (22), or equivalently Eq. (24), lead to the most general expression

for the coupling of the neutral Higgs h0
1 in the case of negligible CP-violation contributions

to the neutral Higgs mass matrix. The full expression then becomes
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There several advantages of working on this basis. First of all, only one of the Higgs doublets,

H1 acquires a vacuum expectation value. Second, the charged Higgs boson components are

clearly identified, with the charged Goldstone belonging to the H1 field and the physical

charged Higgs boson being in H2. Third, fermion masses will come from the coupling to H1,

implying that once we diagonalize the mass matrix, the coupling to the neutral component

of H1 will be diagonalized as in the SM, what allows for a clear definition of the flavor

couplings, as we will see below.

The fields H1 and H2 have therefore components

H1 =

0

@ G
+

1p
2
(v +H

0
1 + iG

0)

1

A , H2 =

0

@ H
+

1p
2
(H0

2 + iA
0)

1

A , (4)

where H
0
1 behaves in a Standard-Model like way. In this basis, the Lagrangian may be

rewritten as

L = f̄
L

i
(hij

1 H1 + h
ij

2 H2)f
j

R
+ h.c. (5)

where

h1 = y1 cos � + y2 sin �

h2 = �y1 sin � + y2 cos �. (6)

The mass matrix will be given by

Mij = h
ij

1

vp
2

(7)

and can be diagonalized by

Md = ULMU
†
R
. (8)

We shall now define the couplings h̄i and ȳi as the form that this Yukawa matrices take in

the fermion mass eigenststate basis, namely

h̄i = ULhiU
†
R

ȳi = ULyiU
†
R
. (9)

Observe that

h̄
ij

1 =
mi

p
2

v
�ij (10)

is diagonal, while h̄2 is an arbitrary complex matrix in this basis.
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Higgs FCNC demands flavor as well as Higgs misalignment !

Arbitrary Yukawas :

<latexit sha1_base64="0kozmgd4DB8Qt9zdpKaFbGWOPkU="></latexit>

ȳ1v1 + ȳ2v2 = Diag(m) ! ȳ1 cos� + ȳ2 sin� = Diag(m/v)

<latexit sha1_base64="webVAHvrEB44PsaDbDvLSvbeBCo="></latexit>

L � �(yij↵ F̄L�↵fR + h.c.)
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Mass term coming mainly from coupling to �1
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Mass term coming mainly from coupling to �2
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We will keep in mind that the LHC  favors and SM-like Higgs boson
LHC constraints on Higgs alignment in the 2HDM

Regions excluded by fits to the measured rates of the productions and decay of the Higgs

boson (assumed to be h of the 2HDM). Contours at 95% CL. The observed best-fit values

for cos(β −α) are −0.006 for the Type-I 2HDM and 0.002 for the Type-II 2HDM. Taken

from ATLAS Collaboration, ATLAS-CONF-2021-053 (2 November 2021).

LHC constraints on Higgs alignment in the 2HDM 

Regions excluded by fits to the measured rates of the productions and decay of the Higgs boson 
(assumed to be h of the 2HDM). Contours at 95% CL. ATLAS-CONF-2021-053 



Radiative Corrections to Flavor Conserving Higgs Couplings

• Couplings of down and up quark fermions to both Higgs fields arise 
after radiative corrections. 

 

• The radiatively induced coupling depends on ratios                                   
of  supersymmetry breaking parameters
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Figure 1: SUSY radiative corrections to the self-energies of the d-quarks

We show that the usual approach of calculating tanβ enhanced FCNC (Flavor Changing
Neutral Currents) effects in the Kaon sector does not agree with the exact results one finds
in the limit of flavor independent masses. Thus, we develop a perturbative approach that
leads to agreement with the exact result in this limit. Finally we study the effects of the
phases of M1, M2, M3 and µ on ∆Ms, BR(Bs → µ+µ−) and εK in the cases of uniform and
split squark spectra.

We shall emphasize the implications of the present bounds on BR(Bs → µ+µ−) for future
measurements at the Tevatron collider, both in Higgs as well as in B-physics. In particular,
we shall show that the present bound on BR(Bs → µ+µ−) leads to strong constraints
on possible corrections to both ∆Ms and the Kaon mixing parameters in minimal flavor
violating schemes. Moreover, we shall show that this bound, together with the constraint
implied by the measurement of BR(b → sγ) leads to limits on the possibility of measuring
light, non-standard Higgs bosons in the MSSM.

This article is organized as follows. In section 2, we define our theoretical setup, giving
the basic expressions necessary for the analysis of the flavor violating effects at large values
of tan β. In particular, we show how the first order perturbative expressions in the CKM
matrix elements are inappropriate to define the corrections in the Kaon sector where higher
order effects need to be considered. In section 3 we show the implications of the constraint
on BR(Bs → µ+µ−) for the mixing parameters of the Kaon and B sectors in the large tanβ
regime. In section 4, we explain the implications for Higgs searches at the Tevatron. We
reserve section 5 for our conclusions and some technical details for the appendices.

2 Theoretical Setup

2.1 The resummed effective Lagrangian and the sparticle spec-
trum

The importance of large tan β FCNC effects in supersymmetry has been known for sometime.
The finite pieces of the one-loop self energy diagrams lead to an effective lagrangian for the

2

tan� =
v2

v1

Xt = At � µ/ tan� ⇥ At �b = (Eg + Eth
2
t ) tan �

Friday, August 19, 2011 Resummation : Carena, Garcia, Nierste, C.W.’00

Hempfling ’93
Hall, Rattazzi, Sarid’93

Carena, Olechowski, Pokorski, C.W.’93

Monday, August 26, 2013

SUSY at Loop Level



Possible flavor violation in Higgs decays

No hint from CMS, though :
<latexit sha1_base64="55h8F5H8J7jhObSK1p0Wu6TfHB0="></latexit>

BR(H ! ⌧µ, e) < 0.15%





IV. COUPLINGS OF h02

One can work out similar expressions for the couplings of the non-standard CP-even

Higgs boson h
0
2. In the Higgs basis, one gets

Lh
0
2
=

"
�
mi

v
�ij cos(� � ↵) +

Re(h̄ij

2 )
p
2

sin(� � ↵) + i
Im(h̄ij

2 )
p
2

sin(� � ↵)

#
h
0
2f̄

i

L
f
j

R
+ h.c. (27)

As before, it is useful to write this expression in terms of the original couplings y1 and y2,

Eq. (1). Using Eq. (16), one obtains

Lh
0
2
=
h
�
mi

v
�
ij (cos(� � ↵) + tan � sin(� � ↵))

+
Re(ȳij2 )
p
2 cos �

sin(� � ↵) + i
Im(ȳij2 )
p
2 cos �

sin(� � ↵)

#
h
0
2f̄

i

L
f
j

R
+ h.c. (28)

The main di↵erence with respect to h
0
1 is that the couplings, including the flavor and CP

violating ones, are enhanced at large values of tan � close to the alignment limit cos(��↵) '

0. As before, one can write the CP-even flavor conserving diagonal terms in a more concise

way, by using the �i expression, Eq. (21). One gets

LDiag2 = �
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v
�
ij
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✓
tan �

1 +�i

�
�i

tan �(1 +�i)

◆
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�
h
0
2f̄ifi (29)

The above expression can also be written in terms of �̃i, in a similar way as we did for the

case of h0
1. In this case,

LDiag2 = �
mi

v
�
ij

"
cos(� � ↵)�
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tan �(1 + �̃i)
�

�̃i tan �

(1 + �̃i)

!
sin(� � ↵)

#
h
0
2f̄ifi (30)

One gets the usual result that in the alignment limit the couplings of h0
2 are enhanced by

tan � factors for the case that the fermion only couples to �1 and it is suppressed by tan �

factors when it only couples to �2. Let us stress again that the lass factors in Eq. (29) and

(30) depend only on the ratios of couplings and are not linearly enhanced or suppressed for

large values of tan �.

Eq. (28), together with Eq (18), and the diagonal couplings, Eq. (29), or equivalently

Eq. (30), lead to the most general expression for the coupling of the neutral Higgs h0
2 in the

case of negligible CP-violation contributions to the neutral Higgs mass matrix, namely
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(31)
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V. COUPLINGS OF A0

In the Higgs basis, the CP-odd Higgs A
0 as well as the charged Higgs, belong to the

doublet H2. Therefore, its coupling is given by
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One can now use Eq. (16) to write this expression in terms of mi and the original couplings

y2. We obtain

LA0 =
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p
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We can concentrate now on the diagonal couplings, as we did with h
0
1 and h

0
2. Using Eq. (20)

we get the CP-odd diagonal couplings of A0, which are given by
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As before, one can write an equivalent expression in terms of �̃i that is more appropriate

for the case that the couplings given by the ȳ1 components are small compared to the ȳ2

ones, namely
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The full interaction Lagrangian for A may now be written as
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or, equivalently

LA0 = i
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Re(ȳij1 )
p
2 sin �

(1� �
ij)

!
A

0
f̄
i

L
f
j

R
+ h.c.

#
(38)

8

Non-SM Higgs Coupling

Higgs alignment, of course, does not ensure flavor alignment in 
the non-standard Higgs sector

<latexit sha1_base64="WdsyzBM5YaSgKHvx8IzDyiUrKbo="></latexit>

L � �(yij↵ Q̄LH↵fR + h.c.)
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H1-coupling
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H2-coupling

N. Coyle, D. Rocha, C.W. ‘ 24
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Complementarity of Direct and Indirect Bounds

Bahl, Fuchs, Hahn, Heinemeyer, Liebler, Patel, Slavich, Stefaniak, Weiglein, C.W. arXiv:1808.07542

Dashed area, constrained by precision measurements.
Low values of the Higgsino Mass assumed in this Figure.

Interesting but not compelling excess appears at CMS. 
No similar excess appears at ATLAS. 
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Figure 1: Constraints on the M
125
h

scenario from Higgs searches at the LHC, in the (MA , tan �)
plane. The green solid lines are predictions for the mass of the lighter CP-even scalar h, the
hatched area is excluded by a mismatch between the properties of h and those of the observed
Higgs boson, and the blue area is excluded by the searches for additional Higgs bosons (the
darker-blue band shows the theoretical uncertainty of the exclusion).

and it opens up to higher values of tan � for increasing MA. The constraints at high values
of tan � arise essentially from the searches for H/A ! ⌧

+
⌧
� at the LHC with 13 TeV center-

of-mass energy [137, 138]. On the other hand, values of tan � lower than about 6 are ruled
out in the M

125
h

scenario by the prediction of a mass below 122.09 GeV for the SM-like scalar.
The hole in the blue area around MA ⇡ 250 GeV and tan � ⇡ 4 corresponds to a region of
the parameter space where H has significant branching fractions to ZZ and hh pairs, but no
individual search is strong enough to yield an exclusion. However, this region is ruled out by
the requirement that the properties of h match those of the observed Higgs boson.

3.5 Scenarios with light superparticles

Light superparticles, in particular charginos and neutralinos – which we collectively denote as
electroweak (EW)-inos – and third-generation sfermions, can substantially influence the Higgs
phenomenology, see e.g. Refs. [15, 182–187]. This may happen through loop contributions to
the Higgs boson couplings to SM particles, as well as, when kinematically possible, through
direct decays of the Higgs bosons into superparticles.
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Higgs Flavor violation

Induces flavor violating processes which do not involve the Higgs directly

One example is the  radiative decay  of heavy leptons into lighter ones

Here I assume that the top and leptons have dominant couplings like in type II scenarios

<latexit sha1_base64="EP3myuaub++vzsNo2fl8V9qc7Cw="></latexit>

BR(µ ! e�) < 4.2⇥ 10�13



μ to e Conversion

Less relevant  interference
Harnik, Kopp, Zupan, arXiv:1209.1937



Flavor Conserving and Violating Processes

• There can be interesting cancellations between the flavor violating contributions of light 
and heavy Higgs bosons.

• The large hierarchy between the different generations can be explained in different ways.

• Generically, if we assume the dominant Yukawa to lead to the generation of the tau mass 
and the other to lead to the generation of the muon and electron masses, the off-diagonal 
elements are proportional to, for instance,

<latexit sha1_base64="h8hx+LMtCqm738vPj22GxYoDaYk="></latexit>
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ȳlilj / Min(mi,mj)

v
or



Case in which
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p
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v
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BR(µ ! e�) < 4.2⇥ 10�13
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Case in which
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Case in which
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Influence of Diagonal Couplings
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A well motivated example : Supersymmetry
Unification

SUSY Algebra

Quantum Gravity ?

Electroweak Symmetry Breaking

{Q↵, Q̄↵̇} = 2�µ
↵↵̇Pµ

[Q↵, Pµ] = [Q̄↵̇, Pµ] = 0

If R-Parity is Conserved the Lightest SUSY
particle is a good Dark Matter candidate

Ultraviolet Insensitivity

Multiple Scalars



Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass 
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* the stop masses and mixing

Mh depends logarithmically on the averaged stop mass scale MSUSY  and has a quadratic and  
quartic dep. on the stop mixing parameter  Xt. [and on sbottom/stau sectors for large tan beta] 

For moderate to large values of tan beta and large non-standard Higgs masses  
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Xt = At − µ /tanβ →LR stop mixing

Analytic expression valid for  MSUSY~ mQ ~ mU

Carena, Espinosa, Quiros, C.W.’95,96

MSSM Guidance ?

=
vu
vd

Stop Searches :



MSSM Guidance:
Stop Masses above about 1 TeV lead to the right Higgs Masss

FIG. 7. As in Fig. 6, with mA = MS , t� = 20, Ab = A⌧ = MS , and µ = M1 = M2 = MS .

quartic couplings are resummed in order to increase the accuracy of the results at large

values of MS [54, 55].

In Fig. 8, we present the comparison of our results with the hMSSM approximation for

sizable values of µ̂ = 2 and values of bXt = �1.5 and bXt = 2.8, away from maximal mixing,

for which the hMSSM results are expected to show a worse approximation to the correct

results than for low values of µ at moderate or large values of t�. The results of our compu-

tation for the mixing angle ↵ and the heavy CP -even Higgs mass are presented in the left

and right panels with red dotted lines, while the blue lines represent the relative and abso-

lute di↵erences of these quantities with the ones computed in the hMSSM approximation.

We present our results for MS = 5 TeV, for which the correct values of the Higgs mass,

represented by black solid, dashed and dotted lines, may only be obtained for moderate to

large values of t� in this region of parameters. Di↵erences in ↵ of the order of 10%–20%

are obtained for moderate values of t� and values of the heavy CP -even Higgs bosons of

the order of the weak scale. Since the mixing angle controls the coupling of the lightest

CP -even Higgs boson to fermions and gauge bosons, relevant modifications of the Higgs

phenomenology are expected in this region of parameters. Similarly, the heavy CP -even

Higgs boson mass may be a↵ected by values of a few to 10 GeV in this region of parameters.

In Fig. 9, we present in the upper panels similar results but for bXt = 2.8 and large values

of MS = 100 TeV for which lower values of t� ' 4 are required to obtain the correct Higgs

masses. We see that in this case, in the relevant region of parameters, the agreement is

improved compared to the large t� case, with di↵erences in ↵ of the order of a few percent

23

FIG. 6. Mh vs bXt for mA = (200, 500) GeV in the (left, right) columns, t� = (2, 20) in the (top,

bottom) rows, Ab = A⌧ = MS , and µ = M1 = M2 = 200 GeV. The four curves are for MS values of

1, 2, 5, 10 TeV from bottom to top. The vertical grey dashed line indicates the value at the one-loop

maximal mixing value bXt =
p
6. The horizontal light grey box is the 1� band Mh = 125.09± 0.24

GeV.

at maximal mixing without light electroweakinos. We can compare with the recent results

produced by the SusyHD code of Ref. [28]. Our values are . 1 GeV higher than the central

result of Ref. [28]. Part of this discrepancy is attributed to the use of the lower value of

yt(Mt): if we instead use the NNLO + N3LO QCD value yt,N3
LO QCD(Mt) = 0.93690, Mh is

lowered by 0.5 GeV. The remaining small di↵erence may be explained by the more complete

calculation of thresholds in the mA ⇠ MS case of Refs. [26, 28].

VI. COMPARISON TO PREVIOUS RESULTS

In this section, we compare our results with the results obtained in the hMSSM scenario

as well in the FeynHiggs version 2.10.2, in which relevant logarithmic e↵ects to the SM

22

Necessary stop masses increase for lower values of tanβ, larger values of  μ
smaller values of the CP-odd Higgs mass or lower stop mixing values.

Lighter stops demand large splittings between left- and right-handed stop masses

M. Carena, J. Ellis, J.S. Lee, A Pilaftsis, C.W.’16, G. Lee, C.W.  arXiv:1508.00576

P. Draper, G. Lee, C.W.’13, Bagnaschi et al’ 14, Vega and Villadoro ’14, Bahl et al’17

P. Slavich, S. Heinemeyer et al, arXiv:2012.15629



Stop Searches

Combining all searches, in the simplest decay scenarios, it is hard to
avoid the constraints of 700 GeV for sbottoms and 600 GeV for stops.
Islands in one search are covered by other searches. 

We are starting to explore the mass region suggested by the Higgs mass determination !
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Figure 8: The 95% CL upper limit on the production cross section of the T2tt (upper left),
T2bW (upper right), and T2tb (lower) simplified models as a function of the top squark and
LSP masses. The solid black curves represent the observed exclusion contour with respect
to approximate NNLO+NNLL signal cross sections and the change in this contour due to
variation of these cross sections within their theoretical uncertainties (stheory) [64–74]. The
dashed red curves indicate the mean expected exclusion contour and the region containing
68 and 95% (±1 and 2 sexperiment) of the distribution of expected exclusion limits under the
background-only hypothesis. For T2tt, no interpretation is provided for signal models for
which |met � mec0

1
� mt | < 25 GeV and met < 275 GeV as described in the text.
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Figure 9: The 95% CL upper limit on the production cross section of the T2ttC (upper left),
T2bWC (upper right), and T2cc (lower) simplified models as a function of the top squark mass
and the difference between the top squark and LSP masses. The solid black curves represent the
observed exclusion contour with respect to approximate NNLO+NNLL signal cross sections
and the change in this contour due to variation of these cross sections within their theoretical
uncertainties (stheory) [64–74]. The dashed red curves indicate the mean expected exclusion
contour and the region containing 68% (±1 sexperiment) of the distribution of expected exclusion
limits under the background-only hypothesis.



Naturalness and Alignment in the (N)MSSM

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

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

 The values of lambda end up in a very narrow range, between 0.65 and 0.7 for all 
values of tan(beta), that are the values that lead to naturalness with perturbativity 
up to the GUT scale
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see also Kang, Li, Li,Liu, Shu’13,   Agashe,Cui,Franceschini’13
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Stops don’t need to be so heavy :



Alignment in the NMSSM (heavy or Aligned singlets)
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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 this plot that
the NMSSM does an amazing job in 
aligning the  MSSM-like CP-even 
sector, provided   

Carena, Low, Shah, C.W.’13

� ⇠ 0.65

Very relevant phenomenological properties

This range of couplings, and the subsequent alignment, may appear as emergent properties
in a theory with strong interactions at high energies

N. Coyle, C.W.  arXiv:1912.01036



Decays into pairs of SM-like Higgs bosons           
suppressed by alignment

Carena, Haber, Low, Shah, C.W.’15

Crosses : H1 singlet like
Asterix : H2 singlet like

+

++

+

++

+
+

++

+

++

+

++

+

++

+
+

+
+

+

+

+

+
+
++

+

+
+

+

++

+

+

+
+

+

+
+

+

+
++

++
+
++

+

++

+

+
+

+

+

+

+

+

+

+

+

++
+

+

+

+

+

++

+

+

+

+
+

+

+

+

+

+

+
++

+

+

+

++

+

++
+

+

+

++
+

+

+

+
+

+
+ +
+

+

+

+
+
+
+ +
+

+

+

+
+
+
+
+

+

+

+

++

+

+

+

+

++

+

+

+ +

+

+

+

+

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

**

*

*

*

**

*

*

*

*

*

*

**

*
*
*

*

*

**

*

*

*

**

*

*

*

**

*

*

*

*

*

*

**

*

*
*
*
*

*

*

*
*
*

*

*

*
*
*
*

*

*

**

*

*

*

**

*

*

*

**

*

*

**

*

*
*
*
*

*
*
*
*
*
*

*
*
**
*
*
*

*
*
*
*
*

*

*

**
*

*

*

**

*

*

*
**

*

*

*
*

*

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

***

*
*
***
*
*

*
*
*
*
*
*

*
*
*
*
*

*

*
**

*

*

*
**

*

*

*

*
*

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

*
*
*
*
*
*

*
*
*
*
*

*

*
**
*

*

*
**

*

*

**

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

*
*
*
*
*

*

*
**
*

*

***

*

*

**

*

*

*

*

**

*

*

*

*

*

*

*

**
*

*

*
*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

**
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

**

*
*
*

**
*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

**

* *
*

**
*
*

*

*

*

*

**
*

*

*

*

*

**
*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*
*

*

*

**
*

* *
*
***
*
*

*

*

*

**
*

*

*

*

*

**
*

*

*

*

*

**

*

*

*

*

*

*
*

*

*

*

*
*

*

*

*

*
*

*

*

*
**

* *
*
***
*
*

*

*

*
**
*
*

*

*

*
**
*

*

*

*

*

**
*

*

*

*

*

**
*

*

*

*

*

*
*
*

*

*

*
*

*

*

*

*
*

*

*

*

*
*

*
*

* *

**
*
*

*

*
*

*

*

*

**
*

*

**

*

*

*

*

*

*

*

*

*

**
*

*

**
*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

**
*
*

*
**

*

*

*

*
*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

**
*
*
*

*

*

*
**
*

*

*

*
*

*

*

*

*
*

*

*

*

*

*

*

*

*

*

*

*

**
��� ��� ��� ��� ���

����

����

����

����

����

����

P+ H*H9L

%5
H+
Æ
K
KL

(a)

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+
+

+

+

+

+
+

+

+

+

+
+

+

+

+

+

+

+

+

+

+
+

+

+ +

+

++
+
+

+

+
+

+
+
+

+

+

+

+

+

+
+
+

+

+

+

+

+

+
+

+

+

+

+

+

+++

+

+
+

+

+++

+

++

+
+
+

+

+
++

+

++

+

+
++
+
+
+

+

+
+

+
+
+
+
+

+

+
+

+
+
+
+
+

+

+ +
+
+
+
+
++
+

+

+
+
++
+

+

+ ++

+

+
+*

*

*
*

*

*

*

*
*
*

*

*
*

*

*
*

*

*

*

*
*

*
*

*
*

*

*

*
*

*

*
*
*

*

**

*

**
*
*

**

*

*

*

*
*

*

*

*

*
*

*

***

*

***

*

**
*
**

**
*
*

*
**
*
*

*

**

*

*

*

**

*

*

*

**

*

***

*

**
**
*
**
*
*
**

**
*
*

*
*

**
*
*

*

**
*
*

*

**

*

*

*

**

*

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

**
*
*

*
*

**
*
*

*

**
*

*

*

**

*

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

**
*
*

**

**
*
*

*

**
*
*

*

**

*

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

**
*
*

**

**
*
*

*

**
*
*

*

**

*

**
*
*
*
*
*
*

**
*
**
*
*
*
*

***
*

**
**

*

***
****
*
*

*

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

*

***
****
***
*

***
*
****
*
*

*

****
*
*****

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

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

****
*
*

*

****

*
***
**

*

**
****
*

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

*

****
*

**
**

*

**
****
*

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

*

*** *
*

**
* *

*

**
****

*

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

��� ��� ��� ��� ���
����

����

����

����

����

����

����

P+ H*H9L

%5
H+
Æ
K 6
K 6
L

(b)

FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

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

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

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

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.

+

+

++

+

+
+ +

+

++

+

+
+

+

++

+

+
+
+

+

+

+

+

+
+

+

+

+
+
+

+

+
+

+

+ +

+

+
+
+

+
+
+

+

+
+
+

+

+
+

+
+
++

+

+++

+

+

+
+

++

+

+

+

+
+

++

+

+

+

+

++

++
+

+

+
++

++

+
+
+
+

+
++

+
+

++

++
+
+

++
+

++

+

+
+

++
+

++

+

+
+

++
+

+

+
+
+
++
+
+
+
+

++
+++
+

+
+

++

++

*

*

**

*

*

*

* **

*

***

*

*
*
*

*

*

*

**

*
*

*

**

**

*

*
*

**

*
*

**

*

* ****

*

****

*

**
**

*

*
*
**

*
*
**

*

*
* *****
*

****
* *
****
*

****
*

****

*

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

***** *
*

****
*
*

****
*

****
*

****

*

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

***** *
*

*****
*

****
*
*

****
*

****
*

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

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

*****
*

****
*

*** *
*

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

*****
*

****
*
*** *
*

*****

*
***** *
*
**

*
****
*
**

*

*
*
*

***

*
*
*

*

*

*

*
*
*
***
*

***
***

*
**
***

*
**
*

*
*
*

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

******

******

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

******
*

******
*

******
****
*

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

******
*

****
*
****
*

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

*** *
*
****
*

*
*
*
****

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

*
***

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

*
***
*

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

*
***
*

**
*
*

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

**
*
*

**

��� ��� ��� ��� ���
���

���

���

���

���

P+ H*H9L

%5
H+
Æ
K
K 6
L

(a)

+

+++

+

+++

+

+++

+

++
++

++
+++
++

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

+

+

+

++

+

+

+
+

+++

+

+
+

++
+

++

+
+

++
+

++

+
++

++
+

+

+
++

++
+

+
++

++
+
+
+
++
++

+
+
+

+
+

+
+
+

+
+
+

+
+

+
+
+

+
+
+

+
+

++

+
+
+

+
+
+
+
+

++
+
+
+
+

++
+
+

+
+
+

*

*

*
*
*

*

*

*

**

*

*
**
*
*

*
*
*

*
*
*
*

*

*

*

**

*

*

*

**

*

***
*
*
*
* *
*

*

*

*

*
*

*

*

*

**

*

*

*

**

*

***
*
*
**
* **

*

*

*

*

**

*

*

*

*
**

*

*

*

**
*

*

*

**
*
*

*

**
*
****
**

*

*

*

*

**

*

*

*

*

*

**
*

*

*

*

**
*

*

*

**
*
*

*

**
*
*

*

**
* ***
**
*

*

*

*

**
*

*

*

*

*

*

**
*

*

*

*

*

**
*

*

*
*

**
*
*

*
*

**
*
*

*

**
*
*

*

*** ***
**
*

*

*

*

**
*

*

*

*

*

*

**
*

*

*

*

*

**
*

*

*

*

*

**
*
*

*
*

**
*
*

*
*

**
*
*

*

**
*
*

*

*****
**
*

*

*
*

**
*

*

*

*

*

*

**
*

*

*

*

*

**
*

*

*

*

*

**
*
*

*

*

*

**
*
*

*
*

**
*
*

*
*

**
*
*

*

**
* *

*

*****

*
*
*

*
*
* **

*

**
*

*
*
* **

*
*

**

*
*

*

*
**
*
***
*

*
* *
*

*
*

*
*

*
*

*

*
**
*
*

*

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

*
*

*
*

*
*

*

*

*

*
*

*
*

*

*
**
*
*

*

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

*
*

*
*

*

*

*

*

*

*
*

*
*

*

*

*

**
*
*

*

*

*

**
*
*

*

*
**
*
*

*

**
*
**
**
*
*

*
*

*
*

*

*

*

*

*

*
*

*
*

*

*

*

*
*

*
*

*

*

*

*
*
*
*

*

*

*

**
*
*

*

**
*
*
*

*******
*
*

*
*

*
*

*

*

*

*

*

*
*

*

*

*

*

*

*
*

*
*

*

*

*

*
*
*
*

*

*

*

*
*
*
*

*

*

*

**
*
*

*

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

**
*
***
*
*

*
*

*
*
*
** *
*

*
*

*
*

*

*

*

**
*
*
** *
*

*
*

*
*

*

*

*

*
*

*

*

*

**
*

*

*

*
** **

*

*

*
*

*

*

*

*
*

*

*

*

*
*

*

*

*

**
*
*

*

**
** *
*
*

*

*

*
*

*
*

*

*

*

*
*

*

*

*

*
*

*

*

*

**
*
*

*

**
**

��� ��� ��� ��� ���
����

����

����

����

����

����

����

����

P+ H*H9L

%5
H+
Æ
$ 6
=
L

(b)

FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

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

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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Blue : tan� = 2
Red : tan� = 2.5
Yellow: tan� = 3

Relevant for searches for Higgs bosons



  

How many baryons?

The abundances of the primordial elements and the height of 

the peaks of the CMB power spectrum depend on the ratio of

baryons-to-photons.

Fields, Sarkar

Strumia

How to explain the appearance of such a small quantity ?

⌘B =
nB

n�

 
Origin of Ordinary Matter 

Nucleosynthesis
Abundance of light elements

Peaks in CMB power spectrum

Where is the Antimatter ?

48



Generating the Matter-Antimatter Asymmetry

Sakharov’s Conditions

  Baryon Number Violation    (Quarks carry baryon number 1/3)

  C and CP Violation               

  Non-Equilibrium Processes

These three conditions are fulfilled in the Standard Model

Antimatter may have disappeared through 
annihilation processes in the early Universe

49



50

Electroweak Phase Transition

Higgs Potential Evolution in the case of a first order 

Phase Transition



Baryon Number Generation

Morrissey ‘12

v(Tc)
Tc

> 1

Condition for successful baryogengesis :
Suppression of baryon number violating processes inside the bubbles

Non-Equilibrium Processes :
Strongly First Order 

Electroweak Phase Transition

First order phase transition :

�QL,B 6= 0

�QL,B = 0

51



Baryon Asymmetry Preservation

If Baryon number generated at the electroweak phase 

transition,

Baryon number erased unless the baryon number violating 

processes are out of equilibrium in the broken phase.

Therefore, to preserve the baryon asymmetry, a strongly first order 

phase transition is necessary:

Kuzmin, Rubakov and Shaposhnikov, ’85—’87

Klinkhamer and Manton ’85, Arnold and Mc Lerran ’88



Is this the way the Standard Model                    
generates the asymmetry ?

• It turns out that if the Higgs mass would have been lower than 
70 GeV, the phase transition would have been first order

• But the Higgs mass is 125 GeV,  and the electroweak phase 
transition is a simple cross-over transition.  Making the phase 
transition strongly first order requires new physics. 
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7 S.Rudrabhatla

: The “smoking-gun”A → ZH → Ztt̄

T.Biekotter et al JCAP03(2023)031

• “Smoking-gun” collider signature for FOEWPT in 2HDM 


• Type-II 2HDM constraints pushes   2  in parameter 
region featuring FOEWPT

mH ≥ mt

• BRs for H  bb and H   become  small


• H  tt much more promising 


→ → ττ

→

10/16/2024

<latexit sha1_base64="ZPxoQf3v2N6FVmvs5mOKTHacIh8="></latexit>

⇠ =
v

T

Phase Transition in 2HDM

Baseler, Krause, Muhlleitner, Wittbrodt, Wlotzka ’16
Basler, Muhlleitner, Wittbrodt ‘18

Some of these features depend on the resummation and should be double checked
P. Bittar, S. Roy, C.W.  in preparation
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ATLAS Preliminary p
s = 13 TeV, 140 fb-1, gg Æ A Æ ZH Æ ``tt

95% CL upper limit exclusion, type-I 2HDM

m A
-m

H
=m

Z

tanb=0.5 Obs.
Exp.
A width 25%
tanb=1 Obs.
Exp.
A width 25%
tanb=2 Obs.
Exp.

(a) ✓
+
✓
�
CC̄, type-I (b) aā11̄, type-I

(c) aā11̄, type-II, low tan V (d) aā11̄, type-II, high tan V

Figure 6: Observed and expected 95% CL exclusion regions in the (<�,<� ) plane for various tan V values for the
✓
+
✓
�
CC̄ channel, type-I 2HDM (a), and aā11̄ channel, type-I (b) and type-II (c-d) 2HDM. The line<��<� = 200 GeV

shown in (b-d) corresponds to the edge of the analysis sensitivity due to the ⇢
miss
T cut.
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ATLAS-CONF-2023-034

Outline

2 S.Rudrabhatla10/16/2024

• Standard Model and its shortcomings


• Two Higgs doublet model 


• Motivation for  


• LHC and CMS detector 


             CMS Pixel detector


• Search for 

A → ZH → lltt̄

A → ZH → lltt̄

W

H

A

Z

t

t

t

l+ l−

t

t

q

q
b

W

g

g b l

ν

Search for heavy Higgs bosons  A → ZH → lltt̄Searches at the LHC

Excess at ATLAS in region
consistent with a FOPT

Not confirmed by CMS

<latexit sha1_base64="46U70EMi+y6JhufQnt0Js6EaWIE="></latexit>

(mA, nH) = (650, 450)GeV



CP violation

• The general 2HDM allows for more sources of CP violation than 
in the case of

• This can be simply seen by the fact that in such a case, due to the 
minimization conditions, there is only one independent phase, and 
this phase must be zero in the alignment limit,

• On the contrary when the Z2 symmetry is not imposed one may 
still have a large CP-violation in the heavy Higgs sector, namely

• CP violating interactions are restricted by the search for electric 
dipole moment of the electron, which in the SM appears only a 
high loop levels and is quite suppressed. 

<latexit sha1_base64="hhejBcBQm9LUyNW1KgyezT9Vk3U=">AAACAnicbZDLSgMxGIUz9VbrbdSVuAkWwdWQTkunXQhFNy4r2Au0ZcikmTY0cyHJCKUUN76KGxeKuPUp3Pk2ZqYVL3gg8HHO/5PkeDFnUiH0YeRWVtfWN/Kbha3tnd09c/+gLaNEENoiEY9E18OSchbSlmKK024sKA48Tjve5DLNO7dUSBaFN2oa00GARyHzGcFKW6551Od6eIjdKjyHX+xoRq5ZRFbVtp26A5GFMqVQL9dqFVhaOkWwVNM13/vDiCQBDRXhWMpeCcVqMMNCMcLpvNBPJI0xmeAR7WkMcUDlYJZ9YQ5PtTOEfiT0CRXM3J8bMxxIOQ08PRlgNZZ/s9T8L+slyq8NZiyME0VDsrjITzhUEUz7gEMmKFF8qgETwfRbIRljgYnSrRWyEmoV3UIZZlApowXY5e8S2rZVqlr2daXYuFjWkQfH4AScgRJwQANcgSZoAQLuwAN4As/GvfFovBivi9Gcsdw5BL9kvH0C2v2V/w==</latexit>

�6 = �7 = 0

<latexit sha1_base64="Sd1SDiKOfK9f9CpbRiipzz9kVlE=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXIU0DW26KBTd6K6KvWBbw2Q6bYdOLsxMCiX0Tdy4UMStb+LOt3GSFrzggWF+/v8czuHzIkaFNM1PLbe2vrG5ld8u7Ozu7R/oh0dtEcYckxYOWci7HhKE0YC0JJWMdCNOkO8x0vGml2nemREuaBjcyXlEBj4aB3REMZLKcnX93q08XMM6TP9bWDddvWgaFcuq1qrQNMysUlErO44NSyunCFbVdPWP/jDEsU8CiRkSolcyIzlIEJcUM7Io9GNBIoSnaEx6SgbIJ2KQZJcv4JlyhnAUcvUCCTP350SCfCHmvqc6fSQn4m+Wmv9lvViOnEFCgyiWJMDLRaOYQRnCFAMcUk6wZHMlEOZU3QrxBHGEpYJVyCA4tqJQhpmwy+ZSWOVvCG3LKFUM68YuNi5WOPLgBJyCc1ACVdAAV6AJWgCDGXgEz+BFS7Qn7VV7W7bmtNXMMfhV2vsX4VaSFQ==</latexit>
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See M. Muhlleitner’s talk



SM-like Higgs Contribution

diagrams are given by
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Working in the real mass basis and using the full Yukawa interaction (2.8), the sum of the

t, b, ⌧ finite contributions becomes
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Hence, the leading dim-6 dependence is on T
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I
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We learn that for yf = O(ySM
f

), the sensitivity of the current searches for de is

T
t

I
= O(0.0004), T

⌧

I
= O(0.1), T

b

I
= O(0.09). (4.5)

Additional constraints arise from measurements of the electric dipole moments of the

neutron, mercury or thalium, see Refs. [28–30] and references therein. However, both the

hadronic and matrix element uncertainties, and possible cancellations [31] from CP-odd

contributions involving the top and/or the bottom quark to these observables via Barr-Zee

diagrams, the Weinberg operator, chromo-electric dipole moments for light quarks etc., make

the constraints on T
t,b

I
weaker. In the case of a nonzero T

⌧

I
, there is only a Barr-Zee type

contribution to the neutron EDM. However, given the current experimental upper bound

on the neutron EDM [32], it does not provide a stronger constraint on T
⌧

I
.

V. HIGGS PRODUCTION AND DECAY

In this section, we derive the dependence of Higgs production and decay rates on TR and TI

for cases where either one or two Yukawa couplings of third generation fermions are modified

6

contributing Feynman diagrams. For this reason, we provide
a detailed account of our results in the background field
gauge and only provide an outline of the calculation in the
conventional ’t Hooft Rξ gauge in Sec. IV.
With the help of FEYNARTS [17], we generated all possible

two loop diagrams for the electromagnetic vertex function.
Table I organizes the diagrams that contribute to the electron
EDM in the background field gauge. Groups of nonvanish-
ing diagrams that trivially sum to zero are not shown, but are
briefly mentioned in Sec. IV in the context of the Feynman-
’t Hooft gauge in which they do contribute. The Barr-Zee
diagrams in the first three rows form the largest class
and are defined by containing insertions of one-loop
three-point vertex functions inside the electron form factor.
Traditionally, these contributions have been classified
according to the kind of three-point function that enters
into the Barr-Zee diagram (rows of Table I). However,
considerations of gauge invariance and scaling in the
decoupling limit suggest that it is more natural to group
themby degrees of freedomentering in the loop, (columns of
Table I). The remaining diagrams (which we call “kite
diagrams”) are shown in the last two rows of Table I and
make up a smaller set of diagrams. Nevertheless, they
formally contribute at the same order, and their inclusion
is essential for gauge-independence of the final result.
In our calculations, we dimensionally regulated all

Feynman integrals and employed a naively anticommuting
definition of γ5 in the Dirac algebra. As the EDM is UV
finite to the order we work, no ambiguities associated with

this definition arise. We made extensive use of an in-house
version of PACKAGE-X [18] to automate the evaluation of
the two loop Feynman integrals. In the results below,
we express the contributions in terms of squared mass
ratios with respect to the kth neutral Higgs: rk ¼ m2

f=m
2
k,

wk ¼ m2
W=m

2
k, zk ¼ m2

Z=m
2
k, and hk ¼ m2

Hþ=m2
k. We also

make frequent use of the Davydychev-Tausk vacuum
integral function [19],
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where λ ¼ ð1 − x − yÞ2 − 4xy is the Källén polynomial,
and Li2 is the dilogarithm function. The special equal-mass
case is given by

ΦðxÞ ¼ Φðx; xÞ
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a. Fermion loop contributions. The contributions with a
fermion f in the loop are shown in Fig. 1 and give gauge-
independent results. The four electromagnetic Barr-Zee
diagrams were originally considered in [9] and are given by

δEMf ¼ −4Nf
CðQ

f
EMÞ2Ql

EM

×
X

k

Imðqk2Þfcfðqk1 − 2Tl
3clReðqk2ÞÞrkΦðrkÞ

þ ðqk1 − 2Tf
3cfReðqk2ÞÞ

× clrk½4þ 2 lnðrkÞ þ ð1 − 2rkÞΦðrkÞ&g; ð24Þ

TABLE I. Two loop contributions to the electron EDM at
OðαGFmeÞ in the C2HDM in the background field gauge,
organized by rows: couplings to the main lepton line and
columns: virtual particle in the loop. Numbers in parenthesis
indicate the equation number, where the corresponding expres-
sion may be found.

Barr-Zee
Fermion
loop

Charged Higgs
loop

Gauge boson
loop

Electromagnetic δEMf (24) δEMHþ (27) δEMW ðξÞ (30)

Neutral current δNCf (25) δNCHþ (28) δNCW ðξÞ (31)

Charged current ' ' ' δCCHþ (29) δCCW ðξÞ (35)

Kite

Neutral current ' ' ' ' ' ' δNCkite (38)

Charged current ' ' ' ' ' ' δCCkiteðξÞ (39)

FIG. 1. Representative fermion loop contribution to electro-
magnetic δEMf (photon exchange) and neutral current δNCf
(Z exchange) Barr-Zee diagrams. The symbol “⊗” denotes the
background electromagnetic field Āμ. Additional diagrams are
obtained by reflections along the vertical axis or by exchanging
the γ=Z and hk lines attached to the external electron.

ALTMANNSHOFER, GORI, HAMER, and PATEL PHYS. REV. D 102, 115042 (2020)

115042-4 Altmannshofer, Gori, Hamer, Patel,’20
Fuchs, Losada, Nir, Viernik’20

In extensions of the SM, additional contributions from new particles are possible and should be included.

Cancellations between different contributions are possible. 
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Xf
I : CP odd component of couplings

+ Re(�hd)
O21 cos � +O11 sin �

cos �
� [Im(hd + �hd) tan � � Im(�hd)]O31

�
(11)

gP
H1dd

=
1

hd + �hd +�hd tan �
{(Re(�hd)�Re(hd + �hd) tan �)O31

� Im(hd + �hd)
� sin �O21 + cos �O11

cos �
� Im(�hd)

O21 cos � +O11 sin �

cos �

�
, (12)

where we have assumed that

hd + �hd +�hd tan � =
md

p
2

v
(13)

is real and positive. For moderate or small values of tan� one can in a first approximation

ignore the small radiative correction e↵ects and, hence

gS
H1dd

' O11 � tan � O21

gP
H1dd

' �O31 tan �. (14)

Then, as anticipated, the corrections to the down-quark and charged lepton couplings are

proportional to the non-standard components of the lightest neutral Higgs, O21 and O31,

but enhanced by a tan � factor. Morever, while O31 is approximately given by Eq. (9),

O21 ' �
✓

m2
H+

. (15)

As we can see from Fig.5, the scalar coupling of the lightest Higgs boson, gS
H1bb̄

, normal-

ized to its SM value, can grow significantly when mH+ is pulled down. Large deviations,

however, are in tension with current experimental measurements [55],[56],[57] that show a

good agreement of the Higgs production rates with the SM predictions.

Since we are considering the possibility of sizable values of ⇠2 (the CP-odd component),

the deviations from SM Higgs branching ratios may be minimized if ✓, which controls the

mixing between two CP-even components, is kept small. Small values of ✓ correspond to the

condition of alignment in the case of CP-conservation [54],[58],[59] and can be achieved for

moderate values of tan� ' O(10) if |µ|/MSUSY and |At|/MSUSY become sizable. However,

as we shall see, for alignment to happen with |At| and |µ| smaller than 3 MSUSY, Re(Atµ)

must be maximized. Since maximal values of this quantity are obtained for small values

of Im(Atµ) controlling the CP-odd component of the lightest Higgs, there must be some

correlation between the CP-odd component of H1 and the deviation of the H1 down quark

13
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O11 ' 1

O21 ' �Z
R

6 v
2

m2
H

O31 ' �Z
I

6v
2

m2
H

type II 2HDM

Figure 3. Constraints on b and ⌧ sources with T
b,⌧

R
= 0 from the LHC (blue), the eEDM (yellow)

and YB (red). The parameter space allowed by all three constraints is highlighted in green. Collider

range allowed by µ⌧+⌧� = 0.91± 0.13 and µ
bb̄
= 1.02± 0.14, with µ

F

I
given by equation (5.16)

t, � sources

V
B
F
/
V
h
,�
�

B
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D
M
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0.002
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�

T
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Figure 4. Constraints on t and ⌧ sources with T
t,⌧

R
= 0 from the LHC (blue), the eEDM (yellow)

and YB (red). The parameter space allowed by all three constraints is highlighted in green. Left:

Full collider range allowed by µ
⌧⌧

ggF = 0.99 ± 0.44 and µ
⌧⌧

VBF+V h
= 1.09 ± 0.26 (combining ATLAS

and CMS), right: zoomed into the EDM-allowed region.
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Higgs portals to new physics with suppressed SM couplings/ dark sector mediators

Portals                                     Couplings

Scalar    (dark Higgs)
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yNNHL;


M
(NN+N

†
N

†)|H|2Fermion (sterile neutrino;              
               SUSY neutralino)
Vector (dark Z, dark photon)

pseudoscalar (axion-like 
particles)
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2 cos ✓W
Bµ⌫Z

µ⌫
D

• One can also have some combinations of the above, e.g in 2HDM’s or SUSY + scalars

• Beyond considering new particles with prompt decays also studies for long-lived new 
particles (displaced or invisible decays) are to be explored

(Higgs exotic decay through Z-ZD mixing)

Figure 3. Due to its minimality, the model is highly testable [67,
68]. In particular, leptogenesis constrains the flavor mixing
pattern beyond the experimental fits shown in Figure 1, which
can be tested by comparing flavored branching ratios in displaced
decays. Finally, if accessible, HNL oscillations in the detectors are
sensitive to the HNL mass splitting [44], which is a crucial
parameter for leptogenesis.

Dark matter: HNLs with sufficiently small masses and
mixing angles could be viable DM candidates [133].
Constraints on the HNL lifetime and from indirect searches
restrict the range of masses and mixings to values that are
inaccessible to direct searches at colliders, cf [134, 135]. for
reviews. However, FCC-ee can indirectly probe sterile
neutrino SM scenarios by searching for signatures of other
particles that were involved in the DM production.

HNLs can be resonantly produced in the early Universe
through their mixing-suppressed weak interactions if the
lepton asymmetry at temperatures around the quantum
chromodynamics (QCD) crossover greatly exceeded the
BAU [136–139]. In the ]MSM, this large lepton asymmetry
can be generated by heavier HNLs that are also responsible for
the BAU and neutrino masses [140]. The first parameter space
studies [141–143] suggest that this is possible only for
comparably small mixing angles, possibly making FCC-ee
or a similar machine the only facility at which these HNLs
could be discovered. If the HNLs have additional gauge
interactions (cf. e.g., [144–149]), the extended gauge sector
can be probed directly or indirectly at FCC-ee. If the DM is
produced via the decay of a singlet [150–152] or charged [153,
154] scalar during freeze-out or freeze-in [155, 156], precision
studies of the SM Higgs and of the portal can shed light on the
mechanism. Most of these possibilities have not been studied
in detail to date.

2.2 Axion-like particles

Many models that address open, fundamental problems of
the SM are governed by global symmetries. If an approximate
global symmetry is spontaneously broken, a pseudo Nambu-
Goldstone boson appears in the theory that is light compared to
the symmetry breaking scale. If this pseudo Nambu-Goldstone
boson is a pseudoscalar, it is often referred to as an axion-like
particle or ALP. The ALP’s lightness singles it out as a uniquely
promising experimental target that could open a first window
onto high-scale new physics beyond the SM.

ALPs appear in many models that address open,
fundamental problems in the SM. The most prominent
example is the QCD axion, which was introduced in the
1980s to solve the strong CP problem [157–160] and found
to simultaneously account for the observed DM relic
abundance [161, 162]. QCD axions are typically very
light, and these models are plagued by the “axion quality”

problem, in which quantum gravity corrections destabilize
the minimum of the axion potential, thereby reintroducing
the strong CP problem [163–166]. Heavy-axion solutions
to the strong CP problem circumvent this issue and so
motivate ALPs with MeV-to-TeV scale masses [167–175].
ALPs in this mass range could also result from the
breaking of global symmetries in low scale supersymmetric
[176–178] or composite Higgs models [179–182].
Phenomenologically, they can also lead to successful EW
baryogenesis [183].

An ALP dominantly couples to SM particles via dimension-5
operators,

Leff !
1
2

zμa( ) zμa( ) − m2
a,0

2
a2 +∑

ψ

cff
2

zμa
f

!ψγμγ5ψ

+cGG
αs
4π

a
f
Ga

μ]
~G
μ],a + cγγ

α
4π

a
f
Fμ] ~F

μ]

+cγZ
α

2πsw cw

a
f
Fμ] ~Z

μ] + cZZ
α

4πs2w c2w

a
f
Zμ] ~Z

μ]

+cWW
α

2πs2w

a
f
W+

μ]
~W

−μ]
,

(2)

where Ga
μ] is the field-strength tensor of SU(3)c, while Fμ], Zμ]

and W+
μ] describe the photon, Z, and W boson in the broken

phase of EW symmetry. The dual field-strength tensors are
denoted by ~F

μ] ! 1
2ϵμ]αβFαβ, etc., (with ϵ0123 = 1); αs and α are

the QCD coupling and fine-structure constants, respectively;
sw and cw denote the sine and cosine of the weak mixing angle;
and the sum runs over all fermion mass eigenstates ψ. The
suppression scale f is related to the new physics scale Λ via Λ =
4πf, and to the axion decay constant fa by fa = −f/(2cGG). The
ALP dominantly interacts with the Higgs boson via
dimension-6 and -7 operators,

LH
eff !

cah
f2

zμa( ) zμa( )H†H + cZh
f3

zμa( ) H† iDμ H + h.c.( )H†H.

(3)

At FCC-ee, ALPs are predominantly produced in association
with a photon, Z boson, or Higgs boson, as shown in the
Feynman diagrams in Figure 5, or via exotic Z and Higgs
decays. Resonant production of an ALP, e.g., e+e− → a, is
possible but suppressed by m2

e /(4πf)2. ALP production in
vector boson fusion has been considered in Ref. [184] and
detection prospects in light-by-light scattering in Refs. [185, 186].

The differential cross sections for associated γa/Za/ha
production are given by [187, 188].

dσ e+e− → γa( )
dΩ ! αα2 s( )

128π3

s2

f2
1 − m2

a

s
( )3

1 + cos2 θ( )
× |Vγ s( )|2 + |Aγ s( )|2( ), (4)

dσ e+e− → Za( )
dΩ ! αα2 s( )

128π3

s2

f2
λ
3
2 xa, xZ( ) 1 + cos2 θ( )

× |VZ s( )|2 + |AZ s( )|2( ), (5)
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Exotic Higgs decays as a potent probe of viable EW Baryogenesis
Hà SS can lead to many final states with S inheriting 
Higgs-like hierarchical BR’s, mediated through mixing

8
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FIG. 3: Current bounds (left panel) on exotic Higgs decays h ! ss ! XXY Y and corresponding

projections (right panel) at the HL-LHC. The horizontal dotted line is the current and future

projection of upper limit for the exotic Higgs branching ratio from global fits to Higgs properties

(16% and 4% respectively).

projections are derived using the simple assumption that all uncertainties can be taken to scale as

1/
p

L. Searches in these individual final states exclude regions above the lines. We can see that

the µµµµ channel provides a strong limit on Br(h ! ss ! XXY Y ) to around 10�6-10�5 across

the scalar mass. The ���� channel also makes a stringent ⇠ 10�5 bound. The constraints from

bbµµ and µµ⌧⌧ channels are a bit weaker, around 10�4
� 10�3, but still stronger than the bb⌧⌧ ,

⌧⌧⌧⌧ and ��jj bounds which are around 10�2
�10�1. The current bbbb bounds are typically higher

than the allowed maximal exotic branching ratio (16%), but the HL-LHC projections can reach a

few percent. On the other hand, the µµµµ channel can touch 10�7 at the HL-LHC.

The bounds on Br(h ! ss) can be derived from those on Br(h ! ss ! XXY Y ) once the

s ! XX/Y Y branching ratios are given. Assuming the s decay branching ratios are dominated

by the h-s mixing (see Fig. 2), the bounds on Br(h ! ss) are given in Fig. 4. We can see that the

hierarchies of various channels are significantly a↵ected compared to those in Fig. 3. For ms . 10

GeV, the strongest bounds are still from the µµ-relevant channels, e.g. µµµµ for ms . 3.5 GeV

and µµ⌧⌧ for 3.5 GeV . ms . 10 GeV, respectively. For ms & 10 GeV, bb is the main decay

channel of s, making bb-relevant channels most sensitive. As a result, the most stringent bounds

for 10 GeV . ms < 62.5 GeV is bbµµ and bb⌧⌧ .

In Fig. 4 we show the projected reach of the ⇠ 240 GeV e
+
e
� colliders with an integrated

luminosity of 5 ab�1 for the ⌧⌧⌧⌧ [36] and bbbb [16] channels. The projections for qqqq/gggg and

Considering LHC current bounds on exotic H decays:

Bounds on Br(h → ss) 
from  Br(h → ss → XXYY)
and updated for HL-LHC 
projections 

Besides the 4b’s final state, the rest 
involves at least a pair of EW states

SFOEWPT

4%

MC, Kozaczuk, Liu, Ou, Ramsey-Musolf, 
Shelton, Wang, Xie, 2203.08206 

03-25-2024 Carena, Kozaczuk, Liu, Ou, Ramsey-Muself,
Shelton, Wang, Xie, 2203.08206



Additional signatures : Self-Coupling of the Higgs Boson

• In the Standard Model, the self couplings are completely determined by the 
Higgs mass and the vacuum expectation value

• In particular, the trilinear coupling is given by

• The Higgs potential can be quite different from the SM potential.  So far, we 
have checked only the Higgs vev and the mass, related to the second 
derivative of the Higgs at the minimum. 

• Therefore, it is important to measure the trilinear and quartic coupling to 
check its consistency with the SM predictions. 

• Double Higgs production allows to probe the trilinear Higgs Coupling.

VSM (h) =
m2

h

2
h2 +

m2
h

2v
h3 +

mh

8v2
h4

ghhh =
3m2

h

v



First Order Phase Transition

• Simpler case

• Demanding the minimum at the critical temperature to be degenerate with 
the trivial one, we obtain

• Negative values of the quartic coupling, together with positive corrections 
to the mass coming from non-renormalizable operators demanded. 

• It is simple algebra to demonstrate that, 

• Now, in the two extremes, either vc or Tc go to zero, so in order to fulfill 
the baryogengesis conditions one would like to be somewhat in between.

Grojean, Servant, Wells’06
Joglekar, Huang, Li, C.W.’15
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separately analyze the nature of the phase transition and the maximum positive and negative

values for � in each of the three cases corresponding to
�
�†�

�3
,
�
�†�

�4
and

�
�†�

�5
. Let us

stress that these momentum independent operators preserve the custodial symmetry and

evade the tight phenomenological constraints coming from the ⇢ parameter. The momentum

dependent non-renormalizable operators [13, 58–60], instead, may contribute to the oblique

corrections and are very tightly constrained by the electroweak precision measurements. A

particularly relevant one for our analysis is

cH
8⇤2

@µ(�
†�)@µ(�†�), (4)

This correction plays a relevant role in the singlet case that we shall discuss below, but is

also restricted by Higgs precision measurements and tend to be small. Hence, in most of our

analysis we shall ignore the momentum dependent corrections but we shall consider them

in the comparison with the singlet case in section III B.

1. Higgs Potential of order
�
�
†
�
�3

From Eq. (1) and Eq. (2), the potential and the triple Higgs coupling are given by

V (�, T ) =
m2 + a0T 2

2

�
�†�

�
+

�

4

�
�†�

�2
+

c6
8⇤2

�
�†�

�3
(5)

�3 =
3m2

h

v

✓
1 +

2c6v4

m2
h
⇤2

◆
(6)

This case has been studied in the literature in various contexts [6–13]. We point out a few

key things pertaining to this case in the present context.

We require c6 > 0 for the stability of the potential 1. The requirement that there should

be a minimum of the potential at � = �c degenerate with the extreme at � = 0 for the

temperature T = Tc leads to

�2 = 4m2(Tc)
c6
⇤2

. (7)

This implies that m2(T ), which is the curvature of the potential at � = 0, should be greater

than zero at T = Tc for the phase transition to be of the first order. The minimum of the

1We understand that even for c6 < 0 the stability could be recovered for field values that are above the cuto↵,

where the EFT is not valid. We will consider the case of c6 < 0 when we study the (�†
�)4,5 extensions.
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potential at the critical temperature is at

�
�†
c
�c

�
= v2

c
= �

�⇤2

c6
. (8)

what implies that an additional condition to obtain a FOEPT is that the e↵ective quartic

coupling should be negative, namely � < 0.

The value of the Higgs mass imposes a relation between � and c6, namely

�+
3c6
2⇤2

v2 =
m2

h

2v2
(9)

Using Eq. (8) and Eq. (9) gives

c6
⇤2

=
m2

h

3v2
�
v2 � 2

3v
2
c

� (10)

From where all coe�cients m2, � and c6 may be written in terms of the mh, vc and v. Using

these relations one obtains

T 2
c
=

3c6
4⇤2a0

�
v2 � v2

c

�✓
v2 �

v2
c

3

◆
. (11)

Demanding both c6 and T 2
c
to be positive, we get vc < v. This translates into an upper

bound on c6 using Eq. (10)

c6
⇤2

<
m2

h

v4
. (12)

Then from the Eq. (6), we conclude that the coupling can be enhanced by a factor of

three at most. Moreover, demanding v2
c
> 0, or equivalently � < 0, puts an additional

constraint on the obtention of a FOEPT, namely

c6
⇤2

>
m2

h

3v4
(13)

what implies a minimal enhancement of a factor two thirds.

This implies that a FOEPT may only be obtained if the following conditions are fulfilled.

2

3
 �  2. (14)

Moreover, for c6 = 1, Eq (12) and Eq (13) imply a bound on the e↵ective cuto↵ ⇤, namely

v2

mh

< ⇤ <

p
3v2

mh

, (15)
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More General Modifications of the Potential
9

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

black line shows the maximum value of � for the infinite sum with all |c2n|= 1. The dashed dark

blue shows the values consistent with a FOEPT for the
�
�
†
�
�3

potential extension, for c6 = 1,

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

symmetry breakdown. Fig. 1(a) and 1(b) show the results for the
�
�
†
�
�4

potential. The di↵erent

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

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

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

the
�
�
†
�
�5

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

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

the order
�
�
†
�
�4

potential.

(�†�)4

(�†�)5

(�†�)4 SFOPT

(�†�)5 SFOPT

In general, it is di�cult to obtain negative values of � and at

the same time a strongly first order phase transition (SFOPT)

Joglekar, Huang, Li, C.W.’15
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        Di-Higgs Production dependence on the Higgs 
self coupling
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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Box Diagram is dominant, and hence interference in the gluon fusion channel 
tends to be enhanced for larger values of the coupling.  At sufficiently large  
values of the coupling, or negative values, the production cross section is enhanced. 

Top Coupling Fixed
to the SM value.



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

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

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

interference between the box and triangle diagram amplitudes, and hence leads to a general
reduction of the di-Higgs production cross section. On the contrary, for small values of
�3 ' 0, only the box diagram contributes, and hence the cross section is not only enhanced
with respect to the SM case, but depends quartically on the top quark coupling t. Di-Hggs
production cross section values of the order of 4 times the SM value may be obtained for
the maximal variations of t and �3 considered in Fig. 3.

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

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

SM
3 )/�SM

3 . The first and last row in each of the Figs. 4, 5 and 6 corresponds

– 9 –
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Figure 11: mhh distribution in presence of light stops, possible modifications in �3 and
yt. BMs are described in Table 1.The distributions are normalized to number of events for
3000 fb�1 for HL-LHC.

S/
p
B SM BMA BMB BMC BMD

1.05 2.52 3.05 2.63 3.68

Table 2: Projected sensitivities for the benchmarks points at the HL-LHC, using only the
bb�� channel.

4 Conclusions

The search for di-Higgs production is one of the main goals at hadron colliders. This
is due to the sensitivity of this channel to new physics and its dependence on the Higgs
potential parameters. The sensitivity of the LHC experiments to this channel is limited by
the small rate and large backgrounds in the main final state channels. It is therefore very
important to study under which conditions the di-Higgs production rate may be enhanced,
allowing for its study at a high luminosity LHC. Barring the possibility of resonance di-
Higgs production via the presence of heavy scalars decaying into pairs of SM-like Higgs
bosons, it is known that this can be done in the presence of negative corrections to the
trilinear Higgs coupling and/or positive corrections to the top quark coupling to the Higgs.
In this work we emphasized the strong dependence of the di-Higgs production cross section
to small, positive corrections of the top-quark coupling to the Higgs, which are still allowed
by the current LHC Higgs data.

Furthermore, we studied the additional effects of light stops on the di-Higgs production
cross section. We computed the one-loop corrections associated with light stops, finding
agreement with previous expressions in the literature. We then incorporated these correc-
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Figure 10: Normalized mhh distribution with modified �3, and yt.

mU (GeV ) mQ(GeV) Xt (GeV) �3

�SM
3

t g mt̃1 (GeV) �hh

�SM
hh

BMA 450 1000 2000 1 1 0.83 320 2.4
BMB 537 1048 2262 0 1 0.87 400 2.9
BMC 537 1048 2262 1 1.1 0.97 400 2.5
BMD 634 1072 2375 0 1.1 1.0 500 3.5

Table 1: Benchmarks Points for light stops giving a sizable correction to the di-Higgs
production cross section at hadron colliders

SM and hence the mhh cut efficiency in this benchmark points is similar to the SM case.
Other kinematics variables that have been used at the LHC, including the invariant mass
distributions of the bottom quarks, mbb, and of the diphotons, m�� , as well as cuts on the
pT of the b-jets, and the photons are expected to have a similar behavior as in the SM.
Therefore, the projected sensitivity scales approximately with the signal rate and therefore
we use the ATLAS SM results to estimate the projected sensitivity for our benchmarks at
the High Luminosity run of the LHC (HL-LHC) [77], with a projected luminosity of 3 ab

�1,
in Table 2. As one can see from Table 2, just using the bb�� channel, the HL-LHC will be
sensitive to light stops with a large mixing, which can be a indirect probe for light stops
regardless how the stops may decay. For stops as heavy as 500 GeV, the LHC sensitivity is
limited to the case of a large mixing, a negative correction to the Higgs trilinear coupling,
which is well motivated by a strong first order phase transition, and/or a small positive
correction to the top-quark Higgs coupling, such as it appears in benchmark point D.

– 19 –

Invariant Mass Distributions

Provided lambda3 is not shifted to large values, acceptances
similar as in the Standard Model



Summary

In the 10 years since the Higgs discovery, many measurements 
have been performed by the ATLAS collaboration, with 
confirmation that the properties of the Higgs Boson show good 
agreement with the SM. 

● All main production and decay modes have been 
observed 

● Hints of rare Higgs decays have been seen 
● Total and differential cross sections have been presented 

and used to extract information on the Higgs couplings.
● Kinematic dependence of production cross sections has 

been studied across a wide range of phase space 
=> Already used in the determination of Higgs self 
coupling.

Stay tuned for even better results from LHC Run 3!

17Paolo Francavilla - Higgs Hunting 2022
ATLAS-CONF-2022-050

HH + H Combination Results: Summary of � constraints

Combination assumption Obs. 95% CL Exp. 95% CL Obs. value+1�
�1�

HH combination �0.6 < � < 6.6 �2.1 < � < 7.8 � = 3.1+1.9
�2.0

Single-H combination �4.0 < � < 10.3 �5.2 < � < 11.5 � = 2.5+4.6
�3.9

HH+H combination �0.4 < � < 6.3 �1.9 < � < 7.6 � = 3.0+1.8
�1.9

HH+H combination (2019) �2.3 < � < 10.3 �5.1 < � < 11.2 � = 4.6+3.2
�3.8

HH+H combination, t floating �0.4 < � < 6.3 �1.9 < � < 7.6 � = 3.0+1.8
�1.9

HH+H combination, t, V , b, ⌧ floating �1.4 < � < 6.1 �2.2 < � < 7.7 � = 2.3+2.1
�2.0

HH+H combination (2019), t, V , b, ` floating �3.7 < � < 11.5 �6.2 < � < 11.6 � = 5.5+3.5
�5.2

I The single Higgs processes allow the constrain of � with fewer model-dependent
assumptions (by allowing other coupling modifiers to be free parameters)

I Improvement of around 50% over the 2019 combination [PRB 800 (2020) 135103].

Alkaid Cheng Higgs Hunting 2022 September 13, 2022 10 / 19

HH searches at CMS 
Marcel Rieger

7   boostedHH → bbbb

● arXiv:2205.06667 

● Strategy 
■ Exploit boosted topology for kλ, k2V ≠ 1 

■ Select events with two large-cone jets 
▻  GeV 
▻  

■ Distinguish between large-cone                                                                                                             
and QCD jets using GNN (ParticleNet) 

● Results 
■ Upper limit on σHH/σSM of 9.9 (5.1) 

■ Constraints kλ ∈ [-9.9, +16.9],                                                                                                                                    
and k2V ∈ [+0.62, +1.41] 

■ First analysis to exclude k2V ≤ 0 

● More in Irene's talk after the break

pT > 300
|η | < 2.4

H → bb

07/07/2022 ICHEP 2022 7

  HH→bbbb arXiv:2202.09617

First evidence of non-zero values at 6.3 σ 

Resolved Boosted

arXiv:2205.06667

See next talk by Valeria D’Amante
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Figure 3: Two-parameter profile likelihood test statistic (�2D lnL) scan in data as a function
of kl and k2V. The black cross indicates the minimum, while the red diamond marks the SM
expectation (kl = k2V = 1). The gray solid, dashed, dotted, and dash-dotted contours enclose
the 1, 2, 3, and 5 s CL regions, respectively.
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Figure 3. Performance of the algorithms for identifying hadronically decaying Higgs bosons (Left: H→bb; Right:
H→cc). A selection on the jet mass, 90 < mSD < 140 GeV, is applied in addition to the ML-based identification
algorithm when evaluating the signal and background efficiencies. For the signal (background), the generated
Higgs bosons (quarks and gluons) are required to satisfy 500 < pT < 1000 GeV and |η| < 2.4. For each of the two
DeepAK8-DDT algorithms, the marker indicates the performance of the nominal working point, DeepAK8-DDT
> 0, and its background efficiency (shown in the vertical axis) is different from the design value (5% or 2%) due to
the additional selection on the jet mass.
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Amazing Experimental Progress

Projected uncertainty of experiments at HL-LHC, of order 50 percent ! 



Great Times

• We are living in great times.  We have a set of working and near future 
experiments that are exploring all aspects of high energy physics, from 
neutrino physics to Dark Matter

• Never before we have seen such a marriage between the interests of particle 
physics and cosmologists,  not only regarding Dark Matter, but also big bang 
nucleosynthesis, new light degrees of freedom and of course gravitational 
wave experiments. 

• In the high energy frontier, we have the LHC. Let me emphasize how 
fantastic the LHC is.  It is both a precision as well as a discovery machine.

• LHC is exploring the Higgs couplings at a great precision, and at the same 
time looking for new physics.  It will be, most likely the only high energy 
collider for the next two decades and we should use its capabilities in the 
most efficient way possible. 

• I am persuaded that there are great times ahead and the LHC program will  
lead to the first convincing hints either by direct or indirect observations of 
what lies beyond the fantastic SM. 



Indicative scenarios of future 
colliders [considered by ESG]
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ILC: 250 GeV 
2 ab-1

CepC: 90/160/240 GeV 
100/6/20 ab-1 

500 GeV
4 ab-1

FCC-ee:  90/160/250 GeV  
-150/10/5 ab-1 
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SppC: 75-125 TeV, 10-20 ab-1 

Proton collider
Electron  collider
Muon  collider

2080

Construction/Transformation

2090

Original from ESG 
by UB
Updated  July 25, 
2022 by MN

UB

350-365 
GeV 1.7 
ab-1 

20km tunnel 

100km tunnel 

100km tunnel, installation 

50 km tunnel 

FCC hh: 100 TeV ≈ 30 ab-1  

1 TeV
≈ 4-5.4 ab-1

31km tunnel 40 km tunnel 

5 years

Preparation / R&D

29 km tunnel 

2038 start physics

2035 start physics

2048 start physics

  LHC              HL-LHC (14TeV, 3 ab-1) 
 (13.6TeV, 450 fb-1 )

installation 

Proposals emerging  from this Snowmass for a US based collider
   
  CCC

  Muon Collider

• Timelines technologically limited
• Uncertainties to be sorted out

• Find a contact lab(s) 
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• International Cost Sharing

• Consider proposing hosting ILC in the US.
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Future collider :  the High Luminosity LHC

Precision Higgs measurements at the HL-LHC: 
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HL-LHC (3 ab-1 @ 14TeV): 
Expected ~ 2-4%  precision for most Higgs couplings  
Higgs self-coupling only at 50% accuracy 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
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Figure 1. Projected uncertainties on ki, combining
ATLAS and CMS: total (grey box), statistical (blue),
experimental (green) and theory (red). From Ref. [2].

These coupling measurements assume the absence of sizable
additional contributions to GH . As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections: 2b2g , 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs

Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].
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With 30 times more data at slightly higher energies 
A powerful tool to explore new physics needed to 

explain many particle physics topics
This could include other Higgs bosons, new particles, 

new forces, and connections with invisible sectors
 

Many relevant couplings will be tested at 
the few percent level.

The HL-LHC is both a discovery machine
for particles with low production modes as
well as a precision machine !



• LHC and future HL-LHC measurements will confirm SM expectations at the 2-4 % level 
for couplings to gauge bosons, 3rd gen. fermions plus 2nd gen. charged leptons

• FCC-ee programme:
-- can measure Higgs production inclusively as a recoil in e+e-à HZ, yielding an       
    absolute measurement of the HZZ coupling and a model independent extraction of ΓH

Higgs Measurements: an exploration tool at FCC-ee

Marcela Carena | BSM FCC-ee opportunities16
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Table 4.2 Precision determined in the κ framework of the Higgs boson
couplings and total decay width, as expected from the FCC-ee data,
and compared to those from HL-LHC [18] and other e+e− colliders
exploring the 240-to-380 GeV centre-of-mass energy range. All num-
bers indicate 68% CL sensitivities, except for the last line which gives
the 95% CL sensitivity on the “exotic” branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accu-
racies are subdivided in three categories: the first sub-column give the

results of the model-independent fit expected with 5 ab−1 at 240 GeV,
the second sub-column in bold – directly comparable to the other col-
lider fits – includes the additional 1.5 ab−1 at

√
s = 365 GeV, and the

last sub-column shows the result of the combined fit with HL-LHC.
The fit to the HL-LHC projections alone (first column) requires two
additional assumptions to be made: here, the branching ratios into cc̄
and into exotic particles are set to their SM values

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab−1) 3 2 1 3 5 5240 + 1.5365 +HL-LHC

Years 25 15 8 6 7 3 + 4

δ#H/#H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1

δgHZZ/gHZZ (%) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16

δgHWW/gHWW (%) 1.7 1.7 1.0 1.7 1.4 1.3 0.43 0.40

δgHbb/gHbb (%) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56

δgHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18

δgHgg/gHgg (%) 2.5 2.2 2.6 2.1 1.5 1.6 1.01 0.90

δgHττ/gHττ (%) 1.9 1.9 3.1 1.9 1.5 1.4 0.74 0.67

δgHmm/gHµµ (%) 4.3 14.1 n.a. 12 8.7 10.1 9.0 3.8

δgHγγ/gHγγ (%) 1.8 6.4 n.a. 6.1 3.7 4.8 3.9 1.3

δgHtt/gHtt (%) 3.4 – – – – – – 3.1

BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

In addition to the unique electroweak precision measurement programme presented earlier, the FCC-ee provides the best
model-independent precisions for all couplings accessible from Higgs boson decays among the e+e− collider projects at the
EW scale. With larger luminosities delivered to several detectors at several centre-of-mass energies (240, 350, and 365 GeV),
the FCC-ee improves on the model-dependent HL-LHC precision by an order of magnitude for all non-rare decays, and is
therefore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e+e− centre-of-mass energy
upgrade. The FCC-ee also determines the Higgs boson width with a precision of 1.3%, which in turn allows the HL-LHC
measurements to be interpreted in a model-independent way as well. Other e+e− colliders at the EW scale are limited by
the precision with which the HZ or the WW fusion cross sections can be measured, i.e., by the luminosity delivered either at
240–250 GeV, or at 365–380 GeV, or both.

4.2.2 The top Yukawa coupling and the Higgs self-coupling

Several Higgs boson couplings are not directly accessible from its decays, either because the masses involved, and therefore
the decay branching ratios, are too small to allow for an observation within 106 events – as is the case for the couplings to
the particles of the first SM family: electron, up quark, down quark – or because the masses involved are too large for the
decay to be kinematically open – as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling.
Traditionally, bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-mass energy, either
in e+e− or in proton–proton collisions. The tt̄H production has already been detected at the LHC with a significance larger
than 5σ by both the ATLAS [79] and CMS [80] collaborations, corresponding to a combined precision of the order of 20%
on the cross section and which constitutes the first observation of the top-quark Yukawa coupling. The role FCC-ee can play
in measuring the Higgs self-coupling is discussed in detail in Sect. 10.

The precise determination of the top Yukawa coupling to ± 5% is often used as another argument for e+e− collisions at
a centre-of-mass energy of 500 GeV or above. This coupling will, however, be determined with a similar or better precision
already by the HL-LHC (± 3.4%, model dependent), and constrained to ± 3.1% through a combined model-independent fit
with FCC-ee data (Table 4.2). The FCC-ee also has access to this coupling on its own, through its effect at quantum level on
the tt̄ cross section just above production threshold,

√
s = 350 GeV. Here too, the FCC-ee measurements at lower energies

are important to fix the value of the strong coupling constant αS (Sect. 3.2). This precise measurement allows the QCD effects
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Table 4.2 Precision determined in the κ framework of the Higgs boson
couplings and total decay width, as expected from the FCC-ee data,
and compared to those from HL-LHC [18] and other e+e− colliders
exploring the 240-to-380 GeV centre-of-mass energy range. All num-
bers indicate 68% CL sensitivities, except for the last line which gives
the 95% CL sensitivity on the “exotic” branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accu-
racies are subdivided in three categories: the first sub-column give the

results of the model-independent fit expected with 5 ab−1 at 240 GeV,
the second sub-column in bold – directly comparable to the other col-
lider fits – includes the additional 1.5 ab−1 at

√
s = 365 GeV, and the

last sub-column shows the result of the combined fit with HL-LHC.
The fit to the HL-LHC projections alone (first column) requires two
additional assumptions to be made: here, the branching ratios into cc̄
and into exotic particles are set to their SM values

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab−1) 3 2 1 3 5 5240 + 1.5365 +HL-LHC

Years 25 15 8 6 7 3 + 4

δ#H/#H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1

δgHZZ/gHZZ (%) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16

δgHWW/gHWW (%) 1.7 1.7 1.0 1.7 1.4 1.3 0.43 0.40

δgHbb/gHbb (%) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56

δgHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18

δgHgg/gHgg (%) 2.5 2.2 2.6 2.1 1.5 1.6 1.01 0.90

δgHττ/gHττ (%) 1.9 1.9 3.1 1.9 1.5 1.4 0.74 0.67

δgHmm/gHµµ (%) 4.3 14.1 n.a. 12 8.7 10.1 9.0 3.8

δgHγγ/gHγγ (%) 1.8 6.4 n.a. 6.1 3.7 4.8 3.9 1.3

δgHtt/gHtt (%) 3.4 – – – – – – 3.1

BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

In addition to the unique electroweak precision measurement programme presented earlier, the FCC-ee provides the best
model-independent precisions for all couplings accessible from Higgs boson decays among the e+e− collider projects at the
EW scale. With larger luminosities delivered to several detectors at several centre-of-mass energies (240, 350, and 365 GeV),
the FCC-ee improves on the model-dependent HL-LHC precision by an order of magnitude for all non-rare decays, and is
therefore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e+e− centre-of-mass energy
upgrade. The FCC-ee also determines the Higgs boson width with a precision of 1.3%, which in turn allows the HL-LHC
measurements to be interpreted in a model-independent way as well. Other e+e− colliders at the EW scale are limited by
the precision with which the HZ or the WW fusion cross sections can be measured, i.e., by the luminosity delivered either at
240–250 GeV, or at 365–380 GeV, or both.

4.2.2 The top Yukawa coupling and the Higgs self-coupling

Several Higgs boson couplings are not directly accessible from its decays, either because the masses involved, and therefore
the decay branching ratios, are too small to allow for an observation within 106 events – as is the case for the couplings to
the particles of the first SM family: electron, up quark, down quark – or because the masses involved are too large for the
decay to be kinematically open – as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling.
Traditionally, bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-mass energy, either
in e+e− or in proton–proton collisions. The tt̄H production has already been detected at the LHC with a significance larger
than 5σ by both the ATLAS [79] and CMS [80] collaborations, corresponding to a combined precision of the order of 20%
on the cross section and which constitutes the first observation of the top-quark Yukawa coupling. The role FCC-ee can play
in measuring the Higgs self-coupling is discussed in detail in Sect. 10.

The precise determination of the top Yukawa coupling to ± 5% is often used as another argument for e+e− collisions at
a centre-of-mass energy of 500 GeV or above. This coupling will, however, be determined with a similar or better precision
already by the HL-LHC (± 3.4%, model dependent), and constrained to ± 3.1% through a combined model-independent fit
with FCC-ee data (Table 4.2). The FCC-ee also has access to this coupling on its own, through its effect at quantum level on
the tt̄ cross section just above production threshold,

√
s = 350 GeV. Here too, the FCC-ee measurements at lower energies

are important to fix the value of the strong coupling constant αS (Sect. 3.2). This precise measurement allows the QCD effects
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With σHZ and ΓH  known, FCC-ee 
programme aims at measuring Higgs 
couplings (in non-rare decays) at 
percent to sub-percent level

C. Grojean

Higgs
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FCC-ee = best Higgs factory

what can be achieved at the HL-LHC. Deeper and broader than any other Higgs factory project498

considered at the moment, and in a record time, the FCC-ee will bring the Higgs programme into499

a sub-per-cent precision area (see Table 3 for a summary). These phenomenological projections500

are now being confirmed by more detailed experimental studies [48–50] taking into account more501

realistic detector set-ups. Further directions in the Higgs precision programme also need to be more502

systematically investigated beyond what was done so far, in particular in the context of specific503

flavour scenarios or considering BSM sources of CP violation. Progress is anticipated on these504

fronts by the end of the feasibility study. In this document, instead, the benefit of the interplay505

between Higgs and electroweak measurements, a specificity of the FCC-ee, will be emphasised. It506

was not discussed in details in the FCC CDR [6, 7], but has been studied afterwards [46, 47]. The507

conclusions reached are summarised and further recent explorations performed are presented.508

Table 3 Expected 68%CL relative precision (%) of the  parameters for future accelerators
beyond the LHC era (the HL-LHC data are combined with each of the future accelerators). The
corresponding 95%CL upper limits on the untagged, BRunt, and invisible, BRinv, branching ratios
are also given. As denoted with an asterisk (⇤), for the HL-LHC numbers, a bound on |V |  1 is
applied since no direct access to the Higgs width is possible at hadron colliders. This restriction is
lifted in the combination with the lepton colliders, since the latter ones provide the necessary access
to the Higgs width. Cases in which a particular parameter has been fixed to the SM value due to
lack of sensitivity are shown with a dash (�). Results from Ref. [45], updating the FCC-ee numbers
with the 4-IPs scenario. The linear collider column collects the best sensitivity obtained at either
250 or 380 GeV.

Coupling HL-LHC linear colliders (250 or 380 GeV) circular colliders (240–365 GeV)
2 IPs / 4 IPs

W [%] 1.5⇤ 0.73 0.43 / 0.33
Z [%] 1.3⇤ 0.29 0.17 / 0.14
g [%] 2⇤ 1.4 0.90 / 0.77
� [%] 1.6⇤ 1.4 1.3 / 1.2
Z� [%] 10⇤ 10 10 / 10
c [%] – 2.0 1.3 / 1.1
t [%] 3.2⇤ 3.1 3.1 / 3.1
b [%] 2.5⇤ 1.1 0.64 / 0.56
µ [%] 4.4⇤ 4.2 3.9 / 3.7
⌧ [%] 1.6⇤ 1.1 0.66 / 0.55

BRinv (<%, 95% CL) 1.9⇤ 0.26 0.20 / 0.15
BRunt (<%, 95% CL) 4⇤ 1.8 1.0 / 0.88

The interpretation of current Higgs-boson measurements at the LHC was so far not hindered509

by the finite precision of the electroweak measurements realised at LEP and SLC. With the FCC-510

ee targeting almost an order-of-magnitude increase in the precision of Higgs properties in the511

main channels, the current (experimental and theoretical) precision on electroweak quantities will512

become a limitation. The Z-pole run of the FCC-ee is instrumental in avoiding contamination from513

electroweak coupling uncertainties in the Higgs characterisation. If the electroweak symmetry is514

linearly realised on the Standard Model (SM) fields, the interplay between the Higgs and elec-515

troweak sectors is even deeper. Indeed, diboson e
+
e
�

! W
+
W

� production is then sensitive to516

some of the same new-physics effects as Higgs production and decay processes, making both types517

of measurements complementary.518

We adopt the SMEFT framework truncated to operators of dimension six. It assumes that519

new physics arises at a scale ⇤, significantly above the electroweak one, below which the particles520

and symmetries are the SM ones, with the Higgs embedded in a SU(2)L doublet. The current521

status of the global SMEFT fit is shown in Fig. 4. It projects the results of the fit to the different522

dimension-six operators entering at leading order in electroweak (including anomalous triple gauge523

couplings, aTGCs, and boson-fermion couplings, Vff) and Higgs processes onto the sensitivity to524

new-physics effects in effective couplings, see e.g. Ref. [47] for details. Compared to that reference,525

we also include the FCC-ee results in a scenario with four interaction points (4 IPs), in which the526

distribution of running time across energies is kept the same, resulting in an increase of the total527

luminosity by a factor of 1.7 [51].528

The interplay between Higgs and electroweak measurements is illustrated in Fig. 5, which shows529

the expected precision in the effective coupling determination. The correlations between them are530

displayed as internal lines of variable thickness and are visibly reduced when including new Z-pole531

data (dark blue) in addition to current electroweak measurements (light blue). The importance532

of Z-pole measurements is summarised in the next subsubsection, followed by a discussion of the533

importance of the diboson process for Higgs physics.534
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• Interplay 240 and 365 GeV runs
• Interplay Z-pole run and Higgs measurements
• Complementarity and synergy ee/hh:

• Rare production and decay channels
• ttH/ttZ @ ee + ttH @ hh → top Yukawa
• ttZ @ ee + HH @ hh → Higgs self-coupling

Reaches 1‰ in a record time and model-
independent way (contrary to HL-LHC *)

Jan. 29 2024

This assumes no-flavor violation couplings, but flavor violating channels should be explored 

03-25-2024

Higgs rare/exotic decays bounded below the 1% level

• LHC and future HL-LHC measurements will confirm SM expectations at the 2-4 % level 
for couplings to gauge bosons, 3rd gen. fermions plus 2nd gen. charged leptons

• FCC-ee programme:
-- can measure Higgs production inclusively as a recoil in e+e-à HZ, yielding an       
    absolute measurement of the HZZ coupling and a model independent extraction of ΓH

Higgs Measurements: an exploration tool at FCC-ee
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Table 4.2 Precision determined in the κ framework of the Higgs boson
couplings and total decay width, as expected from the FCC-ee data,
and compared to those from HL-LHC [18] and other e+e− colliders
exploring the 240-to-380 GeV centre-of-mass energy range. All num-
bers indicate 68% CL sensitivities, except for the last line which gives
the 95% CL sensitivity on the “exotic” branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accu-
racies are subdivided in three categories: the first sub-column give the

results of the model-independent fit expected with 5 ab−1 at 240 GeV,
the second sub-column in bold – directly comparable to the other col-
lider fits – includes the additional 1.5 ab−1 at

√
s = 365 GeV, and the

last sub-column shows the result of the combined fit with HL-LHC.
The fit to the HL-LHC projections alone (first column) requires two
additional assumptions to be made: here, the branching ratios into cc̄
and into exotic particles are set to their SM values

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab−1) 3 2 1 3 5 5240 + 1.5365 +HL-LHC

Years 25 15 8 6 7 3 + 4

δ#H/#H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1

δgHZZ/gHZZ (%) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16

δgHWW/gHWW (%) 1.7 1.7 1.0 1.7 1.4 1.3 0.43 0.40

δgHbb/gHbb (%) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56

δgHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18

δgHgg/gHgg (%) 2.5 2.2 2.6 2.1 1.5 1.6 1.01 0.90

δgHττ/gHττ (%) 1.9 1.9 3.1 1.9 1.5 1.4 0.74 0.67

δgHmm/gHµµ (%) 4.3 14.1 n.a. 12 8.7 10.1 9.0 3.8

δgHγγ/gHγγ (%) 1.8 6.4 n.a. 6.1 3.7 4.8 3.9 1.3

δgHtt/gHtt (%) 3.4 – – – – – – 3.1

BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

In addition to the unique electroweak precision measurement programme presented earlier, the FCC-ee provides the best
model-independent precisions for all couplings accessible from Higgs boson decays among the e+e− collider projects at the
EW scale. With larger luminosities delivered to several detectors at several centre-of-mass energies (240, 350, and 365 GeV),
the FCC-ee improves on the model-dependent HL-LHC precision by an order of magnitude for all non-rare decays, and is
therefore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e+e− centre-of-mass energy
upgrade. The FCC-ee also determines the Higgs boson width with a precision of 1.3%, which in turn allows the HL-LHC
measurements to be interpreted in a model-independent way as well. Other e+e− colliders at the EW scale are limited by
the precision with which the HZ or the WW fusion cross sections can be measured, i.e., by the luminosity delivered either at
240–250 GeV, or at 365–380 GeV, or both.

4.2.2 The top Yukawa coupling and the Higgs self-coupling

Several Higgs boson couplings are not directly accessible from its decays, either because the masses involved, and therefore
the decay branching ratios, are too small to allow for an observation within 106 events – as is the case for the couplings to
the particles of the first SM family: electron, up quark, down quark – or because the masses involved are too large for the
decay to be kinematically open – as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling.
Traditionally, bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-mass energy, either
in e+e− or in proton–proton collisions. The tt̄H production has already been detected at the LHC with a significance larger
than 5σ by both the ATLAS [79] and CMS [80] collaborations, corresponding to a combined precision of the order of 20%
on the cross section and which constitutes the first observation of the top-quark Yukawa coupling. The role FCC-ee can play
in measuring the Higgs self-coupling is discussed in detail in Sect. 10.

The precise determination of the top Yukawa coupling to ± 5% is often used as another argument for e+e− collisions at
a centre-of-mass energy of 500 GeV or above. This coupling will, however, be determined with a similar or better precision
already by the HL-LHC (± 3.4%, model dependent), and constrained to ± 3.1% through a combined model-independent fit
with FCC-ee data (Table 4.2). The FCC-ee also has access to this coupling on its own, through its effect at quantum level on
the tt̄ cross section just above production threshold,

√
s = 350 GeV. Here too, the FCC-ee measurements at lower energies

are important to fix the value of the strong coupling constant αS (Sect. 3.2). This precise measurement allows the QCD effects
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Table 4.2 Precision determined in the κ framework of the Higgs boson
couplings and total decay width, as expected from the FCC-ee data,
and compared to those from HL-LHC [18] and other e+e− colliders
exploring the 240-to-380 GeV centre-of-mass energy range. All num-
bers indicate 68% CL sensitivities, except for the last line which gives
the 95% CL sensitivity on the “exotic” branching fraction, accounting
for final states that cannot be tagged as SM decays. The FCC-ee accu-
racies are subdivided in three categories: the first sub-column give the

results of the model-independent fit expected with 5 ab−1 at 240 GeV,
the second sub-column in bold – directly comparable to the other col-
lider fits – includes the additional 1.5 ab−1 at

√
s = 365 GeV, and the

last sub-column shows the result of the combined fit with HL-LHC.
The fit to the HL-LHC projections alone (first column) requires two
additional assumptions to be made: here, the branching ratios into cc̄
and into exotic particles are set to their SM values

Collider HL-LHC ILC250 CLIC380 LEP3240 CEPC250 FCC-ee240+365

Lumi (ab−1) 3 2 1 3 5 5240 + 1.5365 +HL-LHC

Years 25 15 8 6 7 3 + 4

δ#H/#H (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1

δgHZZ/gHZZ (%) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16

δgHWW/gHWW (%) 1.7 1.7 1.0 1.7 1.4 1.3 0.43 0.40

δgHbb/gHbb (%) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56

δgHcc/gHcc (%) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18

δgHgg/gHgg (%) 2.5 2.2 2.6 2.1 1.5 1.6 1.01 0.90

δgHττ/gHττ (%) 1.9 1.9 3.1 1.9 1.5 1.4 0.74 0.67

δgHmm/gHµµ (%) 4.3 14.1 n.a. 12 8.7 10.1 9.0 3.8

δgHγγ/gHγγ (%) 1.8 6.4 n.a. 6.1 3.7 4.8 3.9 1.3

δgHtt/gHtt (%) 3.4 – – – – – – 3.1

BREXO (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

In addition to the unique electroweak precision measurement programme presented earlier, the FCC-ee provides the best
model-independent precisions for all couplings accessible from Higgs boson decays among the e+e− collider projects at the
EW scale. With larger luminosities delivered to several detectors at several centre-of-mass energies (240, 350, and 365 GeV),
the FCC-ee improves on the model-dependent HL-LHC precision by an order of magnitude for all non-rare decays, and is
therefore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e+e− centre-of-mass energy
upgrade. The FCC-ee also determines the Higgs boson width with a precision of 1.3%, which in turn allows the HL-LHC
measurements to be interpreted in a model-independent way as well. Other e+e− colliders at the EW scale are limited by
the precision with which the HZ or the WW fusion cross sections can be measured, i.e., by the luminosity delivered either at
240–250 GeV, or at 365–380 GeV, or both.

4.2.2 The top Yukawa coupling and the Higgs self-coupling

Several Higgs boson couplings are not directly accessible from its decays, either because the masses involved, and therefore
the decay branching ratios, are too small to allow for an observation within 106 events – as is the case for the couplings to
the particles of the first SM family: electron, up quark, down quark – or because the masses involved are too large for the
decay to be kinematically open – as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling.
Traditionally, bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-mass energy, either
in e+e− or in proton–proton collisions. The tt̄H production has already been detected at the LHC with a significance larger
than 5σ by both the ATLAS [79] and CMS [80] collaborations, corresponding to a combined precision of the order of 20%
on the cross section and which constitutes the first observation of the top-quark Yukawa coupling. The role FCC-ee can play
in measuring the Higgs self-coupling is discussed in detail in Sect. 10.

The precise determination of the top Yukawa coupling to ± 5% is often used as another argument for e+e− collisions at
a centre-of-mass energy of 500 GeV or above. This coupling will, however, be determined with a similar or better precision
already by the HL-LHC (± 3.4%, model dependent), and constrained to ± 3.1% through a combined model-independent fit
with FCC-ee data (Table 4.2). The FCC-ee also has access to this coupling on its own, through its effect at quantum level on
the tt̄ cross section just above production threshold,

√
s = 350 GeV. Here too, the FCC-ee measurements at lower energies

are important to fix the value of the strong coupling constant αS (Sect. 3.2). This precise measurement allows the QCD effects
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With σHZ and ΓH  known, FCC-ee 
programme aims at measuring Higgs 
couplings (in non-rare decays) at 
percent to sub-percent level

C. Grojean

Higgs
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FCC-ee = best Higgs factory

what can be achieved at the HL-LHC. Deeper and broader than any other Higgs factory project498

considered at the moment, and in a record time, the FCC-ee will bring the Higgs programme into499

a sub-per-cent precision area (see Table 3 for a summary). These phenomenological projections500

are now being confirmed by more detailed experimental studies [48–50] taking into account more501

realistic detector set-ups. Further directions in the Higgs precision programme also need to be more502

systematically investigated beyond what was done so far, in particular in the context of specific503

flavour scenarios or considering BSM sources of CP violation. Progress is anticipated on these504

fronts by the end of the feasibility study. In this document, instead, the benefit of the interplay505

between Higgs and electroweak measurements, a specificity of the FCC-ee, will be emphasised. It506

was not discussed in details in the FCC CDR [6, 7], but has been studied afterwards [46, 47]. The507

conclusions reached are summarised and further recent explorations performed are presented.508

Table 3 Expected 68%CL relative precision (%) of the  parameters for future accelerators
beyond the LHC era (the HL-LHC data are combined with each of the future accelerators). The
corresponding 95%CL upper limits on the untagged, BRunt, and invisible, BRinv, branching ratios
are also given. As denoted with an asterisk (⇤), for the HL-LHC numbers, a bound on |V |  1 is
applied since no direct access to the Higgs width is possible at hadron colliders. This restriction is
lifted in the combination with the lepton colliders, since the latter ones provide the necessary access
to the Higgs width. Cases in which a particular parameter has been fixed to the SM value due to
lack of sensitivity are shown with a dash (�). Results from Ref. [45], updating the FCC-ee numbers
with the 4-IPs scenario. The linear collider column collects the best sensitivity obtained at either
250 or 380 GeV.

Coupling HL-LHC linear colliders (250 or 380 GeV) circular colliders (240–365 GeV)
2 IPs / 4 IPs

W [%] 1.5⇤ 0.73 0.43 / 0.33
Z [%] 1.3⇤ 0.29 0.17 / 0.14
g [%] 2⇤ 1.4 0.90 / 0.77
� [%] 1.6⇤ 1.4 1.3 / 1.2
Z� [%] 10⇤ 10 10 / 10
c [%] – 2.0 1.3 / 1.1
t [%] 3.2⇤ 3.1 3.1 / 3.1
b [%] 2.5⇤ 1.1 0.64 / 0.56
µ [%] 4.4⇤ 4.2 3.9 / 3.7
⌧ [%] 1.6⇤ 1.1 0.66 / 0.55

BRinv (<%, 95% CL) 1.9⇤ 0.26 0.20 / 0.15
BRunt (<%, 95% CL) 4⇤ 1.8 1.0 / 0.88

The interpretation of current Higgs-boson measurements at the LHC was so far not hindered509

by the finite precision of the electroweak measurements realised at LEP and SLC. With the FCC-510

ee targeting almost an order-of-magnitude increase in the precision of Higgs properties in the511

main channels, the current (experimental and theoretical) precision on electroweak quantities will512

become a limitation. The Z-pole run of the FCC-ee is instrumental in avoiding contamination from513

electroweak coupling uncertainties in the Higgs characterisation. If the electroweak symmetry is514

linearly realised on the Standard Model (SM) fields, the interplay between the Higgs and elec-515

troweak sectors is even deeper. Indeed, diboson e
+
e
�

! W
+
W

� production is then sensitive to516

some of the same new-physics effects as Higgs production and decay processes, making both types517

of measurements complementary.518

We adopt the SMEFT framework truncated to operators of dimension six. It assumes that519

new physics arises at a scale ⇤, significantly above the electroweak one, below which the particles520

and symmetries are the SM ones, with the Higgs embedded in a SU(2)L doublet. The current521

status of the global SMEFT fit is shown in Fig. 4. It projects the results of the fit to the different522

dimension-six operators entering at leading order in electroweak (including anomalous triple gauge523

couplings, aTGCs, and boson-fermion couplings, Vff) and Higgs processes onto the sensitivity to524

new-physics effects in effective couplings, see e.g. Ref. [47] for details. Compared to that reference,525

we also include the FCC-ee results in a scenario with four interaction points (4 IPs), in which the526

distribution of running time across energies is kept the same, resulting in an increase of the total527

luminosity by a factor of 1.7 [51].528

The interplay between Higgs and electroweak measurements is illustrated in Fig. 5, which shows529

the expected precision in the effective coupling determination. The correlations between them are530

displayed as internal lines of variable thickness and are visibly reduced when including new Z-pole531

data (dark blue) in addition to current electroweak measurements (light blue). The importance532

of Z-pole measurements is summarised in the next subsubsection, followed by a discussion of the533

importance of the diboson process for Higgs physics.534
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• Interplay 240 and 365 GeV runs
• Interplay Z-pole run and Higgs measurements
• Complementarity and synergy ee/hh:

• Rare production and decay channels
• ttH/ttZ @ ee + ttH @ hh → top Yukawa
• ttZ @ ee + HH @ hh → Higgs self-coupling

Reaches 1‰ in a record time and model-
independent way (contrary to HL-LHC *)

Jan. 29 2024

This assumes no-flavor violation couplings, but flavor violating channels should be explored 

03-25-2024

Higgs rare/exotic decays bounded below the 1% level

This assumes no flavor violation, what may be an important feature and should
be analyzed.
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Advances in the last thirty five years

• 1991 : LEP measures precisely the weak couplings, solidifying the SM description and 
confirming  the idea of unification of gauge couplings (with Supersymmetry)

• 1995 :  Tevatron discovers the top quark. Its mass consistent with the idea of 
unification of  (bottom and top) Yukawa couplings.

• 1998 : Super-Kamiokande confirms neutrino oscillations,  consistent with neutrino 
masses.

• 1998/1999 :  Accelerated expansion of the Universe observed.

• 2003/2009 :  Planck (2009) CMB measurements improves WMAP (2003) ones and 
lead to results that a high level of precision is consistent with the existence of DM, 
DE and with what is today the SM of cosmology. 

• 2012 :  Higgs Particle discovered at the LHC. Its properties are being explored by the 
CMS and ATLAS collaborations. 

• 2015 : Gravitational Waves detected.  GW detectors may one day not only measure 
mergers, but also waves from violent phase transitions in the early Universe. 

• 2021 : Confirmation of  muon g-2 anomaly  ??

• 2023 :  PTAs signals consistent with the ones of  supermassive blackhole mergers.
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Conclusions

• Precision Higgs measurement show a good agreement of all couplings with 
respect to the SM expectations

• Properties of the Higgs in the SM are highly rigid and therefore they must be 
probed experimentally with high precision. 

• Higgs Flavor violating couplings may lead to the first hints of physics BSM.

• Light non-standard Higgs bosons demand alignment in field space of the mass 
eigenstates with the directions acquiring vev’s.

• Higgs may play a role in our understanding of two relevant mysteries, the 
origin of the matter-antimatter asymmetry and the origin of Dark Matter.

• Higgs physics remains as the most vibrant field of particle physics, one in 
which many surprises may lay ahead, with profound implications for our 
understanding of Nature. 
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Comments

• Flavor or Higgs alignments are not guaranteed. Therefore, beyond the 
standard Higgs searches,  there is a strong motivation to perform the 
following searches :

• Flavor violating decays of the Standard Higgs boson : modified diagonal 
couplings come usually together with flavor violating couplings. So, the 
simple kappa framework is not enough, for more than technical 
reasons  

• Flavor violating decays of non-standard Higgs bosons.  They are 
unsuppressed

• bs transitions are also of interest, although constrained by other 
processes

• Searches for heavy Higgs bosons decaying to other scalar states, non-
necessarily SM Higgs bosons

• I am aware that there are LHC groups working on these subjects. I 
would encourage more people to join these efforts.
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Stop Contributions
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In the presence of light stops, in addition to the triangle and box diagrams with top-quarks
in the loop, shown in Fig. 1, there are new diagrams contributing to the double Higgs pro-
duction at the leading order, shown in Fig. 2. Diagram (1) and (2) is the SM contribution,
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Figure 2: MSSM 1-Loop diagrams of di-Higgs production.

which may be modified by departures of the top-quark Yukawa coupling and the trilinear
coupling with respect to the SM values. Diagrams (3) to (8) represent the stop contri-
butions. While the dimensionful trilinear coupling of the Higgs to the stops has a strong
dependence on the Higgs mixing parameter Xt, which can be larger than the stop masses,
the quartic coupling (bilinear in both the Higgs and stop fields) is fixed by the square of the
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Stop Effects on Di-Higgs
Production Cross Section

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

Huang, Joglekar, Li, C.W.’17
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Figure 8: Di-Higgs production cross section normalized to the SM value using the full
one loop calculation (solid lines) and the EFT calculation (dashed lines) as a function of
the lightest stop mass for mQ = mU and �3 = 0. t is chosen to be 1 for the orange,
red and green lines, and 1.1 for the blue lines. For red and blue lines, X

2
t is chosen to

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

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

t is chosen to be m
2
t̃1
+ m

2
t̃2

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

more conservative vacuum stability bound is considered.

3.1 Di-Higgs Search Channel

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

• Let me emphasize that the Higgs basis is a convenient mathematical 
construction, and that the couplings  can be derived by taking the 
limit of tanβ = 0 of the above expressions.

• It is simple to show that in this case the deviation of diagonal 
couplings as well as the flavor violating couplings are governed by 
the diagonal and off diagonal components of the Higgs that does not 
acquire vev (the Yukawa matrix to the Higgs that acquire vev is 
obviously diagonal in this case)  ( see Howie Haber’s talk )

• Although  in principle the Yukawa couplings to the second Higgs 
look arbitrary and not related to fermion masses, they must have a 
structure in the construction of the mass matrix in the original basis 
where both Higgs bosons acquire a vev. ( otherwise the off-diagonal 
elements will look dangerously large in the non-decoupling limit).



We don’t understand why the Higgs mass parameter, which  controls all 
elementary particle masses is so much smaller than the Planck scale. 

This in spite of the fact that quantum corrections should bring this parameter 
to be of the order of any heavy particle that couples to the Higgs !   
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In order to explain the weak scale, one would expect new physics 
at that scale.

 What sets the Higgs scale ?
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