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A Standard Model-like Higgs particle has been
discovered by the ATLAS and CMS experiments at CERN

We see evidence
of this particle

in multiple channels.

We can reconstruct
its mass and we know
that is about 125 GeV. 

The rates are consistent
with those expected 

in the Standard Model.

Tuesday, November 19, 2013



We have observed the  Higgs decaying to bottom quarks

                                        Consistency with SM results

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

µ = 1.04± 0.2



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

small discrepancies are present at both experiments. 

µ = 1.26+0.31
�0.26



CMS Fit to Higgs Couplings
Remarkable agreement with SM values
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Figure 11: Best-fit values and uncertainties of Higgs boson coupling modifiers per particle type with e�ective photon
and gluon couplings and either BBSM = 0 (left), or BBSM included as a free parameter (right). The SM corresponds
to BBSM = 0 and all  parameters set to unity. All parameters except t are assumed to be positive. In the model
with BBSM included as a free parameter, the conditions W ,Z  1 are also applied and an upper limit on BBSM is
reported.

5.4.5 Parameterization using ratios of coupling modifiers

Finally, a model based on ratios of coupling modifiers is defined analogously to the cross-section ratio
model of Section 5.3. The model parameters are the scaling factors defined in Table 10. The paramet-
erization requires no assumption on the total width of the Higgs boson. All parameters are assumed
to be positive. The results are summarized in Table 10 and Figure 12. The compatibility between the
measurement and the SM prediction corresponds to a p-value of pSM = 86%.
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ATLAS Fit to Higgs Couplings
Departure from SM predictions of the order of

few tens of percent allowed at this point



Still Unexplored : Self-Couplings 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



  

Gluon fusion

Higgs–strahlung

Vector boson fusion

Top associated

NLO [1,2] NNLO [3],
LO ggF contamination [6]

NLO [1,2] NNLO [1,4,5] NLO [2]

[1] Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, Spira 12;
[2] Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torrielli, Vryonidou, Zaro 14;
[3] Ling, Zhang, Ma, Guo, Li, Li 14; [4] Li, Wang 16; [5] Li, Li, Wang 17;
[6] Dolan, Englert, Greiner, Nordstrom, Spannowsky 15;

HH production modes

From arXiv:1212.5581 [hep-ph]
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Gluon fusion status
● Leading Order: loop-induced

Triangle Box

Largest sensitivity to λ 
from interference

Large box-triangle 
cancellation at threshold

Glover, van der Bij 88

Mostly top contribution
(bottom effects <1%)

  

● Next-to-Leading Order approximations

 NLO in the Born-improved heavy mt limit (HTL)  +90%

 FTapprox: full mt dependence in real radiation   -10%

 1/mt expansion in virtual corrections   ±10%

● Full NLO corrections       -15% w.r.t. B-i NLO
Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke 16;
Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Zirke 16

Dawson, Dittmaier, Spira 98

Maltoni, Vryonidou, Zaro 14

Grigo, Hoff, Melnikov, Steinhauser 13; Grigo, Hoff, Steinhauser 15

New independent calculation,
see Julien Baglio’s talk

 Two-loop corrections computed numerically using sector decomposition

 Grid+interpolation for fast numerical evaluation

Heavy top limit / HEFT

Born improved:

2/16



  

NNLO total cross sections

● Increase w.r.t. previous order of about 12% for LHC (~20% for μ=mhh), size decreasing with the energy

● Smaller cross sections compared to previous approximations (larger difference for higher energies)

● Strong reduction of the scale uncertainties

● Size of missing mt effects estimated at the few percent level  
   Based on performance at previous order and on comparison between different approximations

● PDF+αS uncertainties: ±3.0% at the LHC

Recall, in YR4:

and arbitrary ±5% 
mt uncertainties

8/16

J. Mazzitelli, this workshop
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Projection for yybb

Systematic uncertainty in jet energy scale is expected to reach 1% 

1 (2) % uncertainty in the selection efficiency of b (c) quark 

2-10% of uncertainty in misidentifying a light jet

No degradation of the resolution and vertex finding

1.43σ / 19 x σ
SM

 

0.39σ / 25 x σ
SM

 

0.45σ /  89 x σ
SM

 

0.39σ /  37 x σ
SM

 

Significance for 3000fb-1 projected from 2.3-2.7 fb-1 
 / Expected limit – Run 2 analyses (36fb-1)

The following cuts are applied : 

Photon selection : 
● Leading p

T 
> m

yy
/3 

● Sub-Leading p
T 
> m

yy
/4

● |η| < 2.5
● 100  < m

yy
 < 180 GeV

Jet Selection : 
● p

T
 > 25 GeV

● ΔRyj > 0.4
● |η| < 2.4
● 80  < m

jj
 < 200 GeV 

The events are classified depending on the b-
tagging score of the jets and m

hh
 

Small cross sections, together with relevant
background limit the sensitivity of the Standard 

Model trilinear couplings at the LHC

Efforts to increase the significance of the bbWW channel by using
“topness” and “Higgsness” variables (talk by J. Kim, this workshop)

D. Delgove, this workshop



Beyond the Standard Model

• The Higgs mass parameter is sensitive to new physics effects that could 
modify its value to values of the order of the new physics scale.

• For this reason, one expects new physics not far above the TeV scale. 

• Such new physics could lead to a modification of the Higgs couplings to 
SM particles, and also of the Higgs self couplings.

• In particular, modifications of the top Yukawa coupling or the trilinear 
Higgs coupling would lead to a modification of the loop induced rate.

                   Other things may happen :

•  New particles can appear in the loop, dealing to modified Double Higgs 
production cross section.

• New resonances can appear, decaying to Higgs pairs.
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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.

Grant Agreement numbers PITN-GA-2010-264564 (LHCPhe-
noNet) and PITN-GA-2012-315877 (MCNet). The work of
FM and OM is supported by the IISN “MadGraph” con-
vention 4.4511.10, by the IISN “Fundamental interactions”
convention 4.4517.08, and in part by the Belgian Federal
Science Policy Office through the Interuniversity Attrac-
tion Pole P7/37. OM is "Chercheur scientifique logistique
postdoctoral F.R.S.-FNRS".
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Frederix et al’14

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.
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Large λ3 in tuned Higgs Portal
singlet dimensionless

argument
1 dimensionless
parameter

Linear EFT valid if
(expansion in h/v)

Otherwise only derivative expansion 
is allowed, many more couplings!!

potential

DV, Grojean, Panico, Riembau, Vantalon [1704.01953]

1 scale1 coupling 1 scale

( )
parametrically large λ3 
(paying some tuning)

parametrically large λ3 
(paying some tuning)

S. Di Vita’s talk, this workshop 
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Introduction Channels Combination SM HH H self-coupling Resonant Conclusion

Limits on the cross-section as a function of Ÿ⁄
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≠5.0 < Ÿ⁄ < 12.1 (≠5.8 < Ÿ⁄ < 12.0)
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dashed:
expected
solid:
observed

P. Bokan, this workshop
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Summary

hh → yybb is a very sensitive channel

For the full Run 2 analysis, many possible improvements : 

– Theoretical improvement (full NLO with m
top

 dependency, EFT)

– Technical improvement (MVA, kinematic fit)

– Dedicated VBF categories 

For the HL-LHC projection (3000 fb-1) : 

– This channel benefits from the upgraded detectors especially on b-tagging 

– Expected significance (ATLAS and CMS individually, not combined) : 1.5σ

– limit on κ
λ
 (for ATLAS with only yybb channel) : 

– New results on significance and κ
λ
 will be released for the CERN Yellow 

Report (end of the year) by ATLAS and CMS with a combination results to 
have better values with 6 ab-1 

 0.2 < κ
λ
 < 6.9 while currently : -8.2 < κ

λ
 < 13.2

High Lumi LHC : D. Delgove, this workshop



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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Putting everything together :
Sensitivity at the high luminosity LHC A. Shivaji’s talkGlobal analysis(2P): constraints on 3 and t
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New Fermions in the Loop

● Assume full vector-like quark generation:

– SU(2) Doublet:

– Two SU(2) Singlets:

● Two up-type and two down-type heavy quarks: 

Dawson, Furlan, IL PRD87 (2013) 014007; Chen, Dawson, IL PRD90 (2014) 035016



Stop Contributions

(m2

z/3 ⌧ m2

t ,m
2

Q,U ) we obtain:

m2

˜t1,2
=

1

2

⇥

m2

Q +m2

U + 2m2

t ⌥
q

(m2

Q �m2

U )
2

+ 4m2

tX
2

t

⇤

(2.2)

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

– 4 –

Huang, Joglekar, Li, C.W.’17



Stop Effects on Di-Higgs
Production Cross Section

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

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

3

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

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

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

t is chosen to be m2

˜t1
+ m2

˜t2
to keep

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

more conservative vacuum stability bound is considered.

3.1 Di-Higgs Search Channel

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

– 15 –
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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-

– 20 –
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, and yt.

mU (GeV ) mQ(GeV) Xt (GeV) �3

�SM
3

t g m
˜t1 (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.
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Invariant Mass Distributions

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



Why do we care about the potential ?

• First of all, it is a fundamental part of the Standard Model.  If new physics is 
at very high scales, one expects a renormalizable potential, like in the SM

• All terms beyond the first two would cancel.

• If, however, there is new physics coupled to the Higgs close to the weak 
scale, one would expect non-trivial modifications to the potential, that 
should be measurable. 

• The trilinear coupling may be obtained, in general, 

• Hence, the departures from the SM prediction are a probe of the potential 
modifications.

4

II. THE EFFECTIVE POTENTIAL AND THE TRILINEAR HIGGS COUPLING

A modification of the nature of the phase transition may be achieved by adding extra

terms to the Higgs potential [36–38]. These may appear through relevant temperature

dependent modifications of the Higgs potential, beyond those associated with the increase

of the e↵ective mass parameter, which lead to the symmetry restoration phenomenon (see,

for example, Refs. [39–52]).

Alternatively, these e↵ects may be already present at zero temperature, through addi-

tional terms in the Higgs potential induced by integrating out new physics at the scales

above the weak scale. In this section we concentrate on the second possibility and illus-

trate the impact of such additional terms on the enhancement of �
3

in minimally extended

models. Several simple extensions of the SM are capable of generating the required extra

terms in the potential and have been studied in the literature [6–13, 53–57]. In Sec. III, we

analyze one such example, where a gauge singlet is added to the SM. This can lead to a

relevant modification of the trilinear Higgs coupling with respect to the SM value �SM
3

, even

for values of the singlet mass much larger than the weak scale. In such a case, the singlet

decouples from physics processes at the LHC, allowing a comparison of these results with

the ones obtained in the e↵ective low energy field theory.

In this section, we take a general approach to the e↵ective field theory (EFT), where non-

renormalizable terms are added to the Higgs potential. We investigate whether these can

potentially generate considerably larger cross-sections for gg ! hh process compared to the

standard model. We also explore the possibility of these being compatible with a strongly

first order electroweak phase transition (SFOEPT). Such modifications to �SM
3

would make

for a viable probe to the new physics at the LHC and beyond.

A. Non-renormalizable terms in the low energy Higgs potential

The general formalism in this section is as follows. All the tree-level e↵ective operators

represented by powers of
�
�†�

�
are added to the usual Higgs potential at the temperature

T = 0 as follows

V (�, 0) =
m2

2
(�†�) +

�

4
(�†�)4 +

1X

n=1

c
2n+4

2(n+2)⇤2n

�
�†�

�n+2

, (1)

5

where � = v + h and hence the VEV is given as h�i = 246 GeV. This leads to a correction

to the SM value of the triple Higgs coupling as shown in the Appendix A.

�
3

=
3m2

h

v

 
1 +

8v2

3m2

h

1X

n=1

n(n+ 1)(n+ 2)c
2n+4

v2n

2n+2⇤2n

!
. (2)

The non-zero temperature e↵ects are approximately accounted for by adding a thermal

mass correction term to the Higgs potential. This term is generated in the high-T expansion

of the one loop thermal potential. At temperature T, we get m2(T ) = m2 + a
0

T 2. We

have ignored the small cubic term contributions as well as the logarithmic contributions

as they are suppressed compared to the contributions from higher order terms. Here we

have assumed that the heavy new physics is not present in the EFT at the weak scale and

therefore its contribution is Boltzmann suppressed at the EPT scale. In such a case a
0

is a

constant proportional to the square of SM gauge and Yukawa coupling constants. Assuming

all c
2n ' 1, the minimum value that ⇤ can achieve is 174 GeV in this formulation, at which

point the convergence of the series is lost for values of � close to its VEV. However, in any

consistent EFT, the cut-o↵ scale ⇤ will be considerably higher than 174 GeV.

Using Eq. (2), we define another quantity � which quantifies the deviations of the trilinear

Higgs coupling with respect to the SM value as

� =
�
3

�SM
3

� 1 =
8v2

3m2

h

1X

n=1

n(n+ 1)(n+ 2)c
2n+4

v2n

2n+2⇤2n
, (3)

where we restrict |c
2n+4

|< 1.

The values of the enhancement of �
3

for a given ⇤ for all potentials satisfying these

conditions are shown in Fig. 1. This maximal possible value, shown in the the upper-most

black (dashed) line in all the panels in Fig. 1, is obtained assuming all c
2n = 1 and leads to

a large enhancement even at a relatively large value of ⇤. However, the only condition that

we have imposed on the potential so far is the existence of a local minimum with a second

derivative consistent with the measured Higgs mass mh ' 125 GeV. For this minimum

to represent the physical vacuum of the theory, however, it should be a global one. As

we shall show, the global minimum requirement imposes strong constraints on the possible

enhancement of the triple Higgs coupling.

In our further analysis, we choose not to consider the terms of the order higher than
�
�†�
�
5

as they introduce negligible corrections for the cut-o↵s higher than v as shown in Fig. 1. We
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Theory vs. Observation

Baryons annihilate with antibaryons via strong interactions mediated by 
mesons.  Assuming you start from equal number of batons and antibaryons, 
this is a very efficient annihilation channel and one can show that the 
density will freeze at

How does this compare to experiment ? First of all, we have the problem 
of the unobserved antimatter.  Secondly,  from the analysis of BBN and 
CMBR, one obtains, consistently

How to explain the absence of antimatter and the appearence of such a 
small asymmetry ?

nB̄
n�

= nB
n�
� 10�20

Effective Potential and the Matter-Antimatter Asymmetry



Small Asymmetry may be generated 
primordially : Baryogenesis

25

54

Matter and Anti-Matter

Early Universe

1,000,000,001 1,000,000,000

Matter Anti-matter

Assuming the existence of a small primordial asymmetry solves the puzzle. 
Indeed, matter-antimatter annihilation can now occur efficiently and finally the 
small asymmetry will lead to observable matter in the Universe

Murayama



Baryogenesis Baryogenesis at the weak scaleat the weak scale

! Under natural assumptions, there are three conditions,

    enunciated by Sakharov, that need to be fulfilled for

    baryogenesis. The SM fulfills them :

! Baryon number violation: Anomalous Processes

! C and CP violation: Quark CKM mixing

! Non-equilibrium: Possible at the electroweak phase
transition.



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



Electroweak Phase Transition

Higgs Potential Evolution in the case of a first order  

Phase Transition

Gravitational Waves may be produced at the Phase Transition
Ghosh, this workshop



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 + a

0

T 2

2

�
�†�

�
+

�

4

�
�†�

�
2

+
c
6

8⇤2

�
�†�

�
3

(5)

�
3

=
3m2

h

v

✓
1 +

2c
6

v4

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 c
6

> 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)
c
6

⇤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.

7

potential at the critical temperature is at

�
�†
c�c

�
= v2c = ��⇤2

c
6

. (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 c
6

, namely

�+
3c

6

2⇤2

v2 =
m2

h

2v2
(9)

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

c
6

⇤2

=
m2

h

3v2
�
v2 � 2

3

v2c
� (10)

From where all coe�cients m2, � and c
6

may be written in terms of the mh, vc and v. Using

these relations one obtains

T 2

c =
3c

6

4⇤2a
0

�
v2 � v2c

�✓
v2 � v2c

3

◆
. (11)

Demanding both c
6

and T 2

c to be positive, we get vc < v. This translates into an upper

bound on c
6

using Eq. (10)

c
6

⇤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 v2c > 0, or equivalently � < 0, puts an additional

constraint on the obtention of a FOEPT, namely

c
6

⇤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 c
6

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

v2
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< ⇤ <

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 |c
2n|= 1. The dashed dark

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

�
3

potential extension, for c
6

= 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



Realizing the Effective Theory
• It turns out that one can realize the effective theory by integrating out a singlet.

• In this case, there is a relation between the modifications of the potential and 
the trilinear coupling with the mixing of the singlet with the SM Higgs

• Integrating out the singlet, for as and lambdas small, one obtains a modification 
of the effective quartic and c6 couplings

• Moreover, the trilinear coupling can be rewritten in terms of the mixing with 
the singlet

14

A. Enhancement in the full scalar Lagrangian of the singlet extension

Consider a general scalar potential, with one-loop thermal correction only in the mass

term, that can be written in a canonically normalized Lagrangian for the SM extended with

one singlet field �s

V (�h,�s, T ) =
m2

0

+ a
0

T 2

2
�2

h +
�h

4
�4

h + ahs�s�
2

h +
�hs

2
�2

s�
2

h + ts�s +
m2

s

2
�2

s +
as
3
�3

s +
�s

4
�4

s

(21)

Here, �h is the higgs field. The VEV for the Higgs field is v = 246 GeV. We assume that ms

is larger than the weak scale and we therefore ignore the very small temperature corrections

a↵ecting the singlet mass.

We stay in the limit, where as and �s are much smaller compared to ahs and �hs and drop

the as and �s terms. In this limit, we can retain analytical control over the expressions for

the mixing and triple Higgs enhancement, which helps us clearly demonstrate the connection

with the EFT. Within this approximation, the mass squared matrix in the basis (�h �s) is

M2 =

0

@m2

11

m2

12

m2

21

m2

22

1

A =

0

@ 2�hv2 2 (ahs + �hsvs) v

2 (ahs + �hsvs) v m2

s + �hsv2

1

A , (22)

where the VEV of the singlet field calculated at the Higgs vacuum is

vs = � ts + ahsv2

m2

s + �hsv2
. (23)

The gauge eigenstate basis can be converted to the mass eigenstate basis as follows

�h = cos ✓ h
1

� sin ✓ h
2

+ v, (24)

�s = sin ✓ h
1

+ cos ✓ h
2

+ vs. (25)

The mixing is given as

tan 2✓ =
4v(ahs + �hsvs)

2�hv2 �m2

s � �hsv2
=

4v(ahsm2

s � ts�hs)

(2�hv2 �m2

s � �hsv2)(m2

s + �hsv2)
(26)

We use Equations (22) and (26), to convert the potential in Eq. (21) to the mass basis

(h
2

h
1

) at the temperature T = 0, where h
1

is the lighter of the two scalar fields. The third

derivative of the potential in Eq. (21) with respect to h
1

gives the triple Higgs coupling for

the lower mass excitation as

�
3

= 6�hvh cos
3 ✓


1 +

✓
�hsvs + ahs

�hvh

◆
tan ✓ +

�hs

�h

tan2 ✓

�
. (27)
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A. Enhancement in the full scalar Lagrangian of the singlet extension

Consider a general scalar potential, with one-loop thermal correction only in the mass

term, that can be written in a canonically normalized Lagrangian for the SM extended with

one singlet field �s

V (�h,�s, T ) =
m2

0

+ a
0

T 2

2
�2

h +
�h

4
�4

h + ahs�s�
2

h +
�hs

2
�2

s�
2

h + ts�s +
m2

s

2
�2

s +
as
3
�3

s +
�s

4
�4

s

(21)

Here, �h is the higgs field. The VEV for the Higgs field is v = 246 GeV. We assume that ms

is larger than the weak scale and we therefore ignore the very small temperature corrections

a↵ecting the singlet mass.

We stay in the limit, where as and �s are much smaller compared to ahs and �hs and drop

the as and �s terms. In this limit, we can retain analytical control over the expressions for

the mixing and triple Higgs enhancement, which helps us clearly demonstrate the connection

with the EFT. Within this approximation, the mass squared matrix in the basis (�h �s) is

M2 =

0

@m2

11

m2

12

m2

21

m2

22

1

A =

0

@ 2�hv2 2 (ahs + �hsvs) v

2 (ahs + �hsvs) v m2

s + �hsv2

1

A , (22)
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The mixing is given as

tan 2✓ =
4v(ahs + �hsvs)
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(26)

We use Equations (22) and (26), to convert the potential in Eq. (21) to the mass basis
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2

h
1

) at the temperature T = 0, where h
1

is the lighter of the two scalar fields. The third

derivative of the potential in Eq. (21) with respect to h
1

gives the triple Higgs coupling for

the lower mass excitation as

�
3

= 6�hvh cos
3 ✓


1 +

✓
�hsvs + ahs

�hvh

◆
tan ✓ +

�hs

�h

tan2 ✓

�
. (27)

20

the double Higgs production rate induced by the singlet is about 15 fb, which is about

a factor of 4 smaller than the SM double Higgs production rate. Such a singlet would

show up in the invariant mass distribution as a narrow resonance, as the singlet width is

about 17 GeV. When the singlet gets heavier, say about 1 TeV, and for a mixing angle

sin2 ✓ = 0.1, the double Higgs production induced by the singlet is reduced to about 2.6 fb,

which is significantly suppressed compared to the double Higgs production from the box

and triangle diagrams, and di�cult to detect in the standard decay channels. Then, in the

region of a heavy singlet and small mixing angle, the EFT gives a proper description of the

physics involved in double Higgs production. In this case, the singlet presence may only

be inferred indirectly and one can make contact with an e↵ective theory description of the

modification of the trilinear couplings and of the double Higgs production rate.

B. EFT formulation for the singlet extension

In the limit of large values of the singlet mass ms, and small mixing between the SM-like

Higgs and the heavy singlet, we can integrate out the heavy singlet, and the resulting EFT

should describe the same physics as we have described in the previous subsection.

For momenta very small compared to the masses of the scalars, solving the equation of

motion for the singlet gives

�s = � ts + ahsh2

m2

s + �hsh2

. (48)

Substituting this into the original potential in Eq. (21) yields an e↵ective potential for h,

which is given by [6]

V (h, T ) =
m2(T )

2
�2

h +
�h

4
�4

h �
(ts + ahs�2

h)
2

2 (m2

s + �hs�2

h)
. (49)

where m2(T ) = m2

0

+ a
0

T 2. The integration out of the singlet also leads to a modification of

the Higgs kinetic term, which means that the well normalized Higgs field H will no longer be

given by h, but will be a↵ected by the mixing with the singlet. In other words, substituting

the EOM of S in its kinetic term leads to an h dependent normalization factor,

(@µ�h)(@
µ�h) + (@µ�s)(@

µ�s) !
✓
1 +

4�2

h(am
2

s � ts�hs)2

(ms2 + �hs�2

h)
4

◆
(@µ�h)(@

µ�h). (50)

Menon, Morrissey, C.W.’04
Carena, Shah, C.W.’12
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FIG. 3: Contours of the mixing parameter sin2 ✓ (solid blue line) and of the enhancement of the

triple-Higgs coupling (dashed green line) given by Eq. (29) in the m
singlet

–�h plane. Blue shaded

region denotes 2� exclusion due to gluon fusion channel. The orange shaded region represents

the region consistent with a FOEPT. The region excluded up to 2� confidence level by Higgs

precision measurements is shaded in red. The constraints coming from mW are shown by magenta

(short-dashed) lines. In the top-left panel we present results for �hs = 0.5, while in the top-right,

bottom-left and bottom-right panels we present results for �hs = 1, 2, 4 respectively.

Similarly, for vc = 0, one obtains

tan2 ✓(vc = 0) ' m2

h

3�hsv2
(36)

Modified �3, mixing angle and SFOPT

Orange :SFOPT
Solid lines : Higgs mixing angle
Dashed lines : 1 + δ

Positive corrections to �3

Mixing angle suppresses Higgs coupling to the top
Di�cult to test experimentally

Joglekar, Huang, Li, C.W.’15



Modified couplings and
resonant contributions in 2HDMs and beyond



Low Energy Supersymmetry :   Type II Higgs doublet models

In Type II models, the Higgs Hd would couple to down-quarks and charge leptons, 
while the Higgs Hu couples to up quarks and neutrinos.  Therefore, 

If the mixing is such that

then the coupling of the lightest Higgs to fermions and gauge bosons is SM-like.       
We shall call this situation ALIGNMENT

Observe that close to the alignment limit, the heavy Higgs couplings to down quarks 
and up quarks are enhanced (suppressed) by a             factor.    

It is important to stress that the couplings of the CP-odd Higgs boson are

gdd,llhff =

Mdiag
dd,ll

v

(� sin↵)

cos�
, gdd,llHff =

Mdiag
dd,ll

v

cos↵

cos�

guuhff =

Mdiag
uu

v

(cos↵)

sin�
, guuHff =

Mdiag
uu

v

sin↵

sin�

tan�

sin↵ = � cos�,

cos↵ = sin�

gdd,llAff =
Mdd

diag

v
tan�, guuAff =

Muu
diag

v tan�

cos(� � ↵) = 0

h = � sin↵H0
d + cos↵H0

u

H = cos↵H0
d + sin↵H0

u

tan� =
vu
vd

Haber and Gunion’03, Delgado, Nardini, Quiros’13, 
N. Craig, J. Galloway &Thomas’13, Dev and Pilaftsis’14
M. Carena, H. Haber, I. Low, N. Shah and C.W.’15 and ‘15



H and A Decay to Higgs and Gauge Boson Pairs

H
h, Z

h, Z

cos(� � ↵)

A

Z

h,

cos(� � ↵)

Suppressed at Alignment

H h h
X



Then at leading order in �, the Higgs couplings become

ghV V ⇥
⇤
1� 1

2
t�2
⇥ �2

⌅
gV , gHV V ⇥ t�1

⇥ � gV , (44)

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

ghuu ⇥ (1 + t�2
⇥ �) gf , gHuu ⇥ �t�1

⇥ (1� �)gf . (46)

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

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

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

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

t⇥ is large.

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

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

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

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

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

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

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

defines the alignment limit, as follows:
⇧

⌥ s2⇥ �s⇥c⇥

�s⇥c⇥ c2⇥

⌃

�

⇧

⌥ �s�

c�

⌃

� = t�1
⇥ �

⇧

⌥ �s⇥

c⇥

⌃

� . (47)

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

v2

⇧

⌥ L11 L12

L12 L22

⌃

�

⇧

⌥ �s�

c�

⌃

� = m2
h

⇧

⌥ �s�

c�

⌃

��m2
A t�1

⇥ �

⇧

⌥ �s⇥

c⇥

⌃

� . (48)

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

alignment conditions”,

(C1⇥) : m2
h = v2L11 + t⇥v

2L12 + �
�
t⇥(1 + t�2

⇥ )v2L12 �m2
A

⇥
, (49)

(C2⇥) : m2
h = v2L22 + t⇥

�1v2L12 � �
�
t�1
⇥ (1 + t�2

⇥ )v2L12 �m2
A

⇥
. (50)

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

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

equation as two algebraic equations: 3

(C1) : m2
h = v2L11 + t⇥v

2L12 = v2
�
⇥1c

2
⇥ + 3⇥6s⇥c⇥ + ⇥̃3s

2
⇥ + ⇥7t⇥s

2
⇥

⇥
, (41)

(C2) : m2
h = v2L22 +

1

t⇥
v2L12 = v2

�
⇥2s

2
⇥ + 3⇥7s⇥c⇥ + ⇥̃3c

2
⇥ + ⇥6t

�1
⇥ c2⇥

⇥
. (42)

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

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

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

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

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

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

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

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

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

B. Departure from Alignment

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

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

ment limit, which we do in this subsection.

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

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

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

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

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

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

c⇥�� = t�1
⇥ � , s⇥�� =

⇤
1� t�2

⇥ �2 . (43)

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

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

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

�Sign(M2
12)(M2

22 � m2
h)/c� and B = |M2

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

CP-even Higgs boson and M2
ii �m2

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

A ⇥ 0 and B ⇥ 0 (74)

at the alignment limit.

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

ghdd =
A

B
�
1� (1�A2/B2)c2�

gf (75)

=

⌥
1� s2�

⇧
1� A

B

⌃
+O

�
(1�A/B)2

⇥�
gf , (76)

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

⇥ = s2�

⇧
1� A

B

⌃
= s2�

B �A
B . (77)

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

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

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

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

one obtains

ghdd ⇤

 

↵1 + s�

⇤
⇤SM � ⇤̃3s2� � ⇤1c2�

⌅
v2

B

⌦

� gf . (78)

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

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

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

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

ghdd ⇤

 

↵1 + s�

⇤
⇤SM � ⇤̃3 � ⇤7t�

⌅
v2

B

⌦

� gf , (79)

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

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

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

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

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

m2
A =

1

R(�)� 1

A� B
s�

+
m2

h

s2�
� v2⇤5 � ⇤1v

2t�2
� � 2⇤6v

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

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

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

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

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

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

which was introduced in Section III B.

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

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

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

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

as follows

ghdd = �s�
c⇥

gf =
A⇧

A2c2⇥ + B2s2⇥

gf , (68)

ghuu =
c�
s⇥

gf =
B⇧

A2c2⇥ + B2s2⇥

gf . (69)

where

A = �M2
12

c⇥
=

�
m2

A � (⇥3 + ⇥4)v
2
⇥
s⇥ � ⇥7v

2s⇥t⇥ � ⇥6v
2c⇥ , (70)

B =
M2

11 �m2
h

s⇥
=

�
m2

A + ⇥5v
2
⇥
s⇥ + ⇥1v

2 c⇥
t⇥

+ 2⇥6v
2c⇥ �

m2
h

s⇥
. (71)

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

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

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

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

decoupling could occur by setting directly

A = B , (72)

where, explicitly,

B �A =
1

s⇥

⇤
�m2

h + ⇥̃3v
2s2⇥ + ⇥7v

2s2⇥t⇥ + 3⇥6v
2s⇥c⇥ + ⇥1v

2c2⇥

⌅
= 0 , (73)

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

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

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

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

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

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

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

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

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

BR(h ! XX) =

2X BR(h ! XX)

SM

P

i 
2

i BR(h ! ii)SM
(3.1)

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

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

� = 1.28w � 0.28g, (3.2)

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

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

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

– 14 –

BR(h ! bb̄) ' BR(h ! bb̄)SM(1 + 0.4(2
b � 1))

BR(h ! XX) ' BR(h ! XX)SM(1� 0.6(2
b � 1))

BR(h ! bb̄)

BR(h ! XX)
=

BR(h ! bb̄)SM

BR(h ! XX)SM
(1 + (2

b � 1))

X 6= b
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Higgs Decay into Gauge Bosons
Mostly determined by the change of width

CP-odd Higgs masses of order 200 GeV and tanβ = 10 OK in the alignment case

Small μ µ/MSUSY = 2, At/MSUSY ' 3

M. Carena, I. Low, N. Shah, C.W.’13
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Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

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

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

8 Higgs Portal to Dark Matter

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

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

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

Low values of µ similar to the ones analyzed by ATLAS

ATLAS-CONF-2014-010

Bounds coming from precision h measurements



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

Heavy Higgs Bosons :  A variety of decay Branching Ratios

Carena, Haber, Low, Shah, C.W.’14

Heavy Supersymmetric Particles

At large tanβ, bottom and tau decay modes dominant.
As tanβ decreases decays into SM-like Higgs and wek bosons become relevant

! "

!
"

Μ " # Β "

ΤΤ

Χ Χ

(a)

!
"

Μ " # Β "

ΤΤ

Χ Χ

(b)

! "

!
"

Μ " # Β "

ΤΤ

Χ& Χ'

Χ Χ

(c)

!
"

Μ " # Β "

ΤΤ

Χ& Χ'

Χ Χ

(d)

FIG. 5: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

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

of the Higgsino mass parameter µ.

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

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

heavy CP-even Higgs boson, for which at mA ≃ 300 GeV the BR(H → ττ) is only of a few

20
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FIG. 7: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

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

Higgsino mass parameter µ.

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

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

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

22

malt
h : Large µ. Alignment at values of tan� ' 12

�(gg ! H) = 1100, 330, 70 fb
�(bbH) = 9, 39, 239 fb
at MH = 500 GeV and tan� = 2, 4, 10.

Precision measurement constraining MH

to be above 500 GeV away from alignment
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Light Charginos and Neutralinos can significantly modify M the                                                                 
CP-odd Higgs Decay Branching Ratios
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FIG. 6: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of the

respective Higgs mass in the malt
h and mmod

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

mass parameter µ.

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

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

be discussed below.

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

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

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

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

mA < 350 GeV.

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

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

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

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

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

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

21

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

decays prominent. Possibility constrained by direct searches.



Extensions of the Higgs sector containing two 
Higgs doublets and  Singlets

(well known example : NMSSM)



Alignment in the NMSSM (heavy or Aligned singlets)(i) (ii)
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FIG. 8: Blue shaded region denotes current LHC limits. The ratio of the Higgs coupling to down-

type quarks to the SM limit is shown by the red dashed contours for various values of �.

36

It is clear from these plots that
the NMSSM does an amazing 
job in aligning the  MSSM-like 

CP-even sector, provided          
is  about 0.65

Carena, Low, Shah, C.W.’13
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Decays into pairs of SM-like Higgs bosons           
suppressed by alignment

Carena, Haber, Low, Shah, C.W.’15

Crosses : H1 singlet like
Asterix : H2 singlet like
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FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

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

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

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

Red : tan� = 2.5
Yellow: tan� = 3
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FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

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

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

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

Red : tan� = 2.5
Yellow: tan� = 3

Relevant for searches for Higgs bosons



CMS-PAS-HIG-15-001

Search for (psudo-)scalars decaying into lighter ones 

It is relevant to perform similar analyses replacing
the Z by a SM Higgs  (and changing the CP property of the Higgs)



S.Baum, N. Shah’18

Baum, Freese, Shah’18

Reach at the high luminosity LHC
Depends on decay of singlet modes

N. Shah, this workshop

Figure 6. Signal strength of our NMSSM parameter scan as indicated by the color bar at the 13TeV
LHC assuming L = 3000 fb�1 of data. The top panels are for Z+visible (left) and Higgs+visible
(right). The bottom panels show the sensitivity in the mono-Higgs (left) and mono-Z final states
(right). In each panel, the two triangles separated by the dashed line correspond to the heavy Higgs
in the s-channel being the CP-even state H (upper left triangle) or the CP-odd state A (lower)
right triangle. For the left panels, the x-axis corresponds to ma (mA) and the y-axis to mH (mh)
for the upper left (lower right) triangle. For the right panels, the x-axis corresponds to mh (mA)
and the y-axis to mH (ma). Note, that the hard cuto↵ at masses of the state in the s-channel
below ⇠ 350GeV in the top right panel (Higgs+visible) is due to the mass ranges for which the
sensitivity in these finals states is available in Ref. [21]. Note also that in the bottom left panel the
shown mass range extends up to 1.5TeV, while in the other panels we show only the mass range
up to 1TeV.
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Can we do better for double Higgs production and 
test a SFOPT ? Back to the singlet extension

• Branching ratios into 2 SM Higgs bosons may be enhanced if other couplings 
are suppressed

• This happens in the singlet extension of the SM, since all singlet couplings are 
proportional to its mixing with the SM (not only the trilinear)

• Unfortunately, the production of the singlet is also proportional to the 
mixing angle square and hence, double Higgs production can only be sizable 
for small values of the singlet mass and some departure from alignment

• For not very large values of the singlet mass, interference between the 
resonant and non-resonant production may become relevant
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Constraints on pp→ h2→h1 h1 rates
●  Cannot arbitrarily increase Higgs branching ratios.

– More complicated scalar potential, more minima: 6 extrema in total

– Singlet cannot contribute to fermion and vector boson masses.

– Have to guarantee that global minimum has Higgs doublet vev is 246 GeV.

IL, M. Sullivan PRD96 (2017) 035037



Interference effects and SFOPT

1st Order PT
w/ interference
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Figure 11. Projected exclusion (solid lines) and discovery (dashed lines) limits at HL-LHC as a
function of the heavy singlet scalar mass mS and the SM-like Higgs trilinear coupling �111, normalized
to its SM value, for tan� = 1 (left panel) and tan� = 10 (right panel), for the explicit Z2-breaking
SM plus singlet model scenario. The shaded region within the curves are at the HL-LHC reach. The
black and red lines represent the projections with and without the interference e↵ects between the
singlet resonance diagram and the SM Higgs pair diagram. The purple shaded areas correspond to
parameter regions with a first-order electroweak phase transition from the EFT analysis detailed in
the text.

To demonstrate the relevance of this interference e↵ect on the first-order electroweak

phase transition, we consider, as an example, an explicit Z
2

breaking scenario. Without

modifying any properties of the phenomenology discussed in this paper (except for the RG

running part), we choose the same potential as in Eq. (2.1), after the spontaneous symmetry

breaking, and flip the sign of the coe�cient of the s3 term,9

� �sv tan� s3 ! +�sv tan� s3. (4.3)

Hence, one would generate the O
6

operator at tree level with

LEFT � � �3

s�

2�sm2

s

(�†�)3, (4.4)

where m2

s = 2�s tan2 � v2. The region preferred by the EFT analysis in this particular explicit

Z
2

breaking theory requires �s� being positive and such condition is also consistent with the

9In the generic, explicit Z2-breaking scenario, tan� is e↵ectively absorbed into the definitions of individual

coe�cients in the potential. Here, for simplicity, we use the spontaneous Z2 breaking parameterization, and

hence keep tan�, to avoid a cumbersome redefinition of many of the parameters in the model.
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There are interesting interference effects between the SM
production rate and the resonance production rate that modifies your reach

Dependence on mixing angle implicit in the definition of the trilinear coupling
(not the effective field theory one)

M. Carena, S. Liebler, this workshop



45

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

Visible in resonant & non-resonant, dedicated LHC searches

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

4

FIG. 2: Left: Cross section for Higgs pair production in units of the SM prediction as a function of h
f for

c��↵ = �0.45 (�0.4) and MH = MH± = 550 GeV, MA = 450 GeV in blue (green) at
p

s = 13 TeV. Right: Invariant
mass distribution for the di↵erent contributions to the signal with c��↵ = �0.45 and h

f = 5 (blue), h
f = 4 (green)

and h
f = 3 (red) at

p
s = 13 TeV, respectively. Solid (dot-dashed) lines correspond to the NLO (LO) calculation for

the sum of the resonant and non-resonant production, while dotted (dashed) lines correspond to the pure resonant
(non-resonant) contributions.

charged Higgs do not contribute, these results can be
easily applied here. We use the CT14NLO PDF from
LHAPDF6 [33] as well as the C++ library QCDLoop [34]
to evaluate the corresponding one-loop integrals, neglect-
ing small corrections from quark initial states. Solid lines
show the NLO results, while the solid shaded lines mark
the values of f excluded by perturbativity and unitar-
ity constraints [23, 37]. For a given value of c��↵ a lower
and an upper bound on h

f exist, corresponding to small
and large t� , respectively, in both cases leading to tension
with perturbativity and unitarity constraints.

The dotted (dashed) lines show the LO ratios for
the resonant (non-resonant) contribution. However,
to a very good approximation the NLO corrections
factorize and drop out of the ratio. For the values of h

f

considered, �(pp ! hh) never exceeds the experimental
bound on the non-resonant Higgs pair production cross
section [38]. The values of h

f in Fig. 2 follow from fixing
nf = 1 and values of O(10) and larger are obtained for
nf > 1. Note that the correlation between �(pp ! hh)
and h

f is stronger for vector boson fusion production,
because there is no suppression of �(pp ! H) for t� > 1
and �(qq ! qqH) / s2��↵. In the right panel of Fig. 2,
the invariant mass distribution for the di↵erent contri-
butions to the signal with c��↵ = �0.45 are shown for
three values of h

f and
p

s = 13 TeV. As a consequence
of the enhancement of Higgs-fermion couplings, both
non-resonant and resonant contributions are enhanced.
The relevance of the d�/dmhh distribution for both
resonant [24] and non-resonant contributions [25] to
the Higgs pair production cross-section has long been
emphasized [26–28]. Searches for resonant di-Higgs

production are sensitive to a peak in the spectrum,
which roughly excludes heavy scalar masses MH . 500
GeV, independent of fh(↵, �) [29]. For larger MH

and sizable h
f , the interference between the di↵erent

contributions turns the broad resonance peak into a
shoulder in the d�/dmhh distribution for the total cross
section, as shown by the blue line in the right panel
of Fig. 2. Whether current experimental resonance
searches can resolve such a structure strongly depends
on the shape of the invariant mass distribution [40].
We encourage a dedicated analysis considering the
corresponding d�/dmhh templates to maximize the
sensitivity to features in the di-Higgs invariant mass
distribution from the simultaneous enhancement of
ghhh, gHhh and f

h.

An Explicit Example. We now consider a con-
crete example for which the flavour charges of down-type
quarks and leptons vanish n`i = ndi = 0 8 i, whereas
the up quarks carry charges nt = 0, nc = 1, nu = 3 and
we choose all charges of the SU(2)L fermion doublets to
be zero. As a consequence, the top coupling to the SM
Higgs h is unchanged from its value in the 2HDM of type
I, while charm and up-quark couplings vary with t� and
c��↵ according to (10). This leads to flavour-changing
couplings of the SM Higgs to up-type quarks suppressed
by powers of the ratio ",

U =

0

@
1 "2 "3

"2 1 "
"3 " 1

1

A , Q = 0 . (20)



Conclusions
• The structure of the Higgs potential is still unknown and can differ significantly 

from the SM one. Only known is the location of the minimum and the second 
derivative of the potential, given by v and the square of mh.

• The trilinear coupling provides a way of going beyond this knowledge, and can 
be probed at best by double Higgs production.

• Rate of double Higgs production rate in the SM very well known, of order 30 fb.

• Small rates and large backgrounds make the determination of the trilinear 
coupling difficult.

• Current projections show that the high luminosity LHC may be sensitives to 
trilinear couplings from values close to zero up to about 5 times the SM values 
can be probed.  

• Rates may also be increased by modifications of the top coupling, or extra 
particles in the loop.  These effects may be tested in single Higgs production, 
demanding a global fit to all couplings to determine the trilinear one.

• Resonant production of di-Higgs final states can be significant, but suppressed 
by Higgs mixing.

• Production of non-standard states, together with the SM one, may be relevant. 


