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What do we really know about the Higgs?

• We have discovered the Higgs boson and measured its 
properties with precisions. 
• However, we know very little about the Higgs potential.
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Higgs mass measured at the LHC
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Thermal support from Higgs 
interactions with W, Z, t, …  
•  EWPT is continuous crossover 
•  v(T) changes smoothly 
•  No energy barrier; no bubbles; 

no cosmological relics 

�#�&. (�"%
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Figure 25: Expected significance of observing Higgs-boson-pair production for (left) the fits with only statistical
uncertainties and (right) the fits with all systematic uncertainties as nuisance parameters. The two horizontal dashed
lines show the 3� and 5� thresholds.
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What do we want to know about the Higgs?

• The shape of the Higgs potential is closely related to the electroweak 
phase transition.

V(Φ)

Φ

V(Φ)

Φ

T=0 T >> 100 GeV

Know nothing beyond v, and mh EW symmetry restored

?
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Electroweak Phase Transitions

• First Order?

• In the SM, the EW symmetry is 
broken by a smooth cross over.
• v (T) changes smoothly
• No energy barrier; no bubbles;
• no cosmological relics

7
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Electroweak Phase Transitions

• First Order Phase Transition
• v is discontinuous
• Veff has a barrier, bubbles nucleated
• Possibly interesting cosmological 

relics!

8
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Higgs Evolution Higgs Evolution 
in Early Universein Early Universe

Finite-Temperature Effective Potential

Tree-level 
potential

Loop 
corrections

Thermal 
corrections

➔➔

1st Order: 

〈h〉 = 0  〈h〉 = h(T) Discontinuous
2nd Order: 

〈h〉 = 0  〈h〉 = h(T) Continuous

           Nature of EWPT(Perturbative) 

h h

V(h)

SM : EWPT (non-perturbatively) is Smooth Cross-Over
K. Kajantie, M. Laine, K. Rummukainen, M. Shaposhnikov, Phys. Rev. Lett. 77 (1996) 2887

New physics to generate a barrier

V(Φ)

Φ



Outline
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• Gravitational waves
• Colliders

How can we probe the new physics?

• Other model-dependent probes of the new physics?

What kind of models?



Outline

10

• Gravitational waves
• Colliders

How can we probe the new physics?

Chala, Krause, and Nardini, 1802.02168 
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How can we probe the new physics?
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Generate the Barrier

Critical temperature

vev at Tc
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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
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,
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and
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�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, 60–62], 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 the measurement of the Higgs production rate and tend to be small,

which will be discussed later. 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.
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This case has been studied in the literature in various contexts [6–13, 63, 64]. 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)

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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temperature T = Tc leads to

�2 = 4m2(Tc)
c6
⇤2

. (7)

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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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. [39–54]).

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, 55–59]. 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
(�†�)2 +

1X

n=1

c2n+4

2(n+2)⇤2n

�
�†�

�n+2
, (1)

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.

5

Substituting k2n for n > 3, in Eq. 1 and Eq. A5, gives the complete expression for the

potential at temperature T as

V (�, T ) =
k2 + a0T

2

2

�
�
†
�
�
+

k4

4

�
�
†
�
�2

+
1X

n=3

c2n

2n⇤2(n�2)

�
�
†
�
�n

, (4)

�3 =
3m2

h

v

 
1 +

8v2

3m2
h

1X

n=3

n(n� 1)(n� 2)c2nv2(n�2)

2n⇤2(n�2)

!
. (5)

Assuming all c2n ' 1, the minimum value that ⇤ can acheive is 174 GeV in this formulation,

at which point the series diverges for values of � close to its vev. Using Eq. A8, we define

another quantity � given as

� =
�3

�SM
3

� 1 =
8v2

3m2
h

1X

n=3

n(n� 1)(n� 2)c2nv2(n�2)

2n⇤2(n�2)
. (6)

We restrict |c2n|< 1 and ⇤ > v to ensure the convergence of the expression for the

enhancement, Eq. (6). The values of the enhancement of �3 at a given ⇤ for all potentials

satisfyingthese conditions are shown in Fig. 1. This maximal possible value, shown in the

the upper-most black line in all the panels in Fig. 1, is obtained assuming all c2n = 1 and

leads to a large enhancement even at a relatively large value of ⇤. 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, 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 the

Fig. 1. We 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, instead, contribute to the oblique

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

the further analysis they are either assumed to be forbidden or appear at a higher scales as

the ones leading to the e↵ective potential corrections, leading to a little hierarchy between

the scales [25].

arxiv:1512:00068 PH, A. Joglekar, B. Li, and C. Wagner 

o First order PTs tend to be 
associated with enhancements in 
the trilinear coupling, while 
suppressions tend to be associated 
with second order PTs.

o The trilinear coupling could 
deviate significantly from its 
SM value in the region consistent 
with a first order EWPT.
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2. Higgs Potential of order
�
�
†
�
�4

From Eq. 1 and Eq. A5, the potential and the triple Higgs coupling are

V (�, T ) =
k2 + a0T

2

2

�
�
†
�
�
+

k4

4

�
�
†
�
�2

+
k6

6

�
�
†
�
�3

+
k8

8

�
�
†
�
�4

(17)

�3 =
3m2

h

v

✓
1 +

8k6v4

3m2
h

+
24k8v6

3m2
h

◆
(18)

This case is particularly interesting because it can produce a suppression of the magnitude

or inversion of the sign of �3 with respect to �
SM
3 . As mentioned before, a suppression or

change of sign of �3 would be interesting from the collider perspective as it avoids the

problem of destructive interference with the top loop box diagram for gg ! hh.

The orange and green regions in the top row of the Fig. 1 correspond to the allowed

regions which can give a viable Higgs potential at T = 0 that satisfies the experimental

values of the Higgs mass and the vacuum expectation value (VEV). The upper left panel

shows the possible modifications (�) of the �SM
3 possible in this case. The upper right panel

outlines the region of the left panel, which corresponds to the SFOEPT. This shows that an

inversion of sign or suppression of �3 with respect to �
SM
3 necessarily implies that the phase

transition is not a first order one.

In both upper panels of Fig. 1, the di↵erent colors indicate di↵erent regions of the pa-

rameter space. The orange corresponds to |c6|= 1, 0 < c8 < 1, while the green corresponds

to |c6|< 1, c8 = 1. The regions can overlap, because a di↵erent combination of c6 and c8 can

produce same � for the same cut-o↵. In fact, beneath all of the orange region above the blue

curve, there exists a green region. We observe that it is possible to obtain �3 values ranging

from �2�SM
3 to 6�SM

3 for cut-o↵s higher than 250 GeV. Demanding a SFOEPT reduces it

to a smaller range from 5
3�

SM
3 to 5�SM

3 . We also note from the upper right panel that the

SFOEPT has a lower bound on the cut-o↵ ⇠ 300 GeV, which is somewhat lower than in the

(�†
�)3 case.

Let us stress that negative values of � imply that the curvature is decreasing at � = v.

If this behavior would be preserved at larger values of �, one would expect a maximum of

the potential for � > v. Then the stability of the potential means there has to be one more

minimum for � > v. The deeper the extra minimum, more negative is the value of �3. Thus,

a maximal negative value would occur at the critical point, where both the minima have the

same potential value. Here we have not considered the possibility of vacuum metastability.

10

In order to retain the analytic control, we plot the analytical bound coming from the

critical point marking the end of the absolute stability. For (�†
�)4 case, this bound is the

black curve at the bottom of each panel of Fig. 1. As shown in appendix D, this maximally

negative enhancement is given as

�3

�h3
sm

� 1 > �
4v4

mh⇤
⇣
mh⇤+

p
m2

h⇤
2 + 4v4

⌘ . (19)

Observe, however, that for ⇤ ' 250 GeV the second minimum would occur at values of �

of order or larger than ⇤, and hence this analytical result should be taken with care. The

numerical results of Fig. 1 make use of only the local behavior of the theory at the physical

minimum, and support the validity of the above result up to values of ⇤ ' v.

3. Higgs Potential of order
�
�
†
�
�5

From Eq. (1) and Eq. A5, the potential and the triple Higgs coupling in this case are

V (�, T ) =
k2 + a0T

2

2

�
�
†
�
�
+

k4

4

�
�
†
�
�2

+
k6

6

�
�
†
�
�3

+
k8

8

�
�
†
�
�4

+
k10

10

�
�
†
�
�5

(20)

�3 =
3m2

h

v

✓
1 +

8 k6v4

3m2
h

+
24 k8v6

3m2
h

+
48 k10v8

3m2
h

◆
(21)

This case is peculiar as it allows the SFOEPT for the suppressed values or the inverted

signs of �3 with respect to �
SM
3 . Most of the analysis is the same as that for the

�
�
†
�
�4

case,

where the extra minimum develops for � > v, when the correction to �
SM
3 is negative. Bar-

ring the metastability, the critical point of departure from the Higgs minimum corresponds

to the bound on the maximal negative correction.

The lower left panel of Fig. 1 shows the possible modifications to �
SM
3 by viable Higgs

potentials that obey the experimental constraints on the Higgs mass and the VEV. We see

that for the cut-o↵s near 250 GeV, one can obtain variation in the �3 from �5�SM
5 to 7�SM

3 .

Such large deviations make the triple Higgs coupling measurements at the LHC an exciting

probe to the new physics. The lower right panel shows a subset of the region in the left

panel, in which a SFOEPT can take place. The black and the blue lines are retained from

the upper panels and serve as a reference for the comparison between the top and the bottom

rows.

General 
results First order Phase Transition

Color coding are for different hierarchies of the coefficients.
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We simulate the measurement of the triscalar Higgs coupling at LHC(8,14) via pair production of
h(125 GeV). We find that the most promising hh final state is bb̄��. We account for deviations of
the triscalar coupling from its SM value and study the e↵ects of this coupling on the hh cross-section
and distributions with cut-based and multivariate methods. Our fit to the hh production matrix
element at LHC(14) with 3 ab�1 yields a 40% uncertainty on this coupling in the SM and a range
of 25-80% uncertainties for non-SM values.

PACS numbers:

Introduction.—The long-awaited discovery of the mas-
sive particle (h) with Higgs-like characteristics at the
LHC [1, 2] heralds the beginning of a new era in particle
physics. The next experimental challenge is the measure-
ment of the h-couplings to distinguish whether it is the
Standard Model (SM) Higgs boson, or the lightest Higgs
of the Minimal Supersymetric Standard Model (MSSM)
or a general two Higgs doublet model (2HDM), or a state
with an admixture of doublet and singlet components, or
the lightest state of a more complex Higgs sector. The
answer to this question will have far-reaching implica-
tions about the existence and nature of any new physics
at the TeV energy scale.

In addition to the couplings of h to gauge bosons,
which are essential for the mass-generating mechanism,
and the generation-dependent Yukawa couplings of h to
fermions, which are integral to h-production and its de-
cays, the self-couplings of h are of paramount interest
since they directly connect to the underlying potential
that results in spontaneous symmetry breaking. In the
SM, a single self-coupling parameter � completely spec-
ifies the potential, VSM = �µ2�†� + �|�†�|2 and the
Higgs mass is mh =

p
�v, where v is the vacuum ex-

pectation value (vev) of the Higgs field, which is deter-
mined by the Fermi coupling to be 246 GeV. Based upon
the Higgs mass measurement, mh = 125.5± 0.6 GeV [3],
the self-coupling value for the SM is � = 0.260 ± 0.003.
A precision measurement of the cubic coupling �hhh be-
tween three physical Higgs bosons is a priority of a linear
e+e�collider, but this is more than a decade away.

In a theory beyond the SM, there can be contributions
to the e↵ective potential from dimension six Higgs oper-
ators that are induced by integrating out heavy degrees
of freedom, or from compositeness. The Higgs mass and
� then are independent parameters, and the interactions
of the Higgs with the electroweak gauge bosons are mod-
ified from their SM values. An important goal is to mea-
sure all of the Higgs self-couplings: hhh, hhhh, hhWW
and hhZZ. The production of Higgs pairs at the LHC
provides an important avenue to probe the first of these
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FIG. 1: Feynman diagrams which contribute to Higgs boson
pair production via gluon fusion.

couplings, the triscalar coupling [4–13], which we pur-
sue in this letter. The gluon-gluon fusion subprocesses
of Fig. 1 are the dominant production diagrams [14–17].
The interference of the two amplitudes is sensitive to the
hhh coupling and thereby provides a way to measure it.
We find that complete destructive interference of the real
amplitudes occurs at �hhh

⇡ 2.45�hhh
SM .

Higgs pair-production cross section.— The leading or-
der (LO) matrix elements of the hh subprocesses in Fig. 1
are known [14–17], up to the involved couplings. We
generate signal events by incorporating the loop ampli-
tudes directly into MADGRAPH [18], and we include
the NLO K-factor =1.88 [19–22]. The competition be-
tween the two diagrams in Fig. 1 strongly impacts the
total cross section shown in Fig. 2 and the final state
kinematic distributions, especially when the real parts of
the two amplitudes cancel each other, as illustrated in
Fig. 3. To account for possible new physics e↵ects, we
consider a broad range of �hhh values. It can be shown
that the high values of this range can be realized, for ex-
ample, in general two Higgs doublet models wherein the
additional doublet contributes to the triscalar coupling.
We calculate the gg ! hh amplitudes for LHC cen-

ter of mass energies of 8 TeV (we assume the relatively
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� then are independent parameters, and the interactions
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couplings, the triscalar coupling [4–13], which we pur-
sue in this letter. The gluon-gluon fusion subprocesses
of Fig. 1 are the dominant production diagrams [14–17].
The interference of the two amplitudes is sensitive to the
hhh coupling and thereby provides a way to measure it.
We find that complete destructive interference of the real
amplitudes occurs at �hhh
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Higgs pair-production cross section.— The leading or-
der (LO) matrix elements of the hh subprocesses in Fig. 1
are known [14–17], up to the involved couplings. We
generate signal events by incorporating the loop ampli-
tudes directly into MADGRAPH [18], and we include
the NLO K-factor =1.88 [19–22]. The competition be-
tween the two diagrams in Fig. 1 strongly impacts the
total cross section shown in Fig. 2 and the final state
kinematic distributions, especially when the real parts of
the two amplitudes cancel each other, as illustrated in
Fig. 3. To account for possible new physics e↵ects, we
consider a broad range of �hhh values. It can be shown
that the high values of this range can be realized, for ex-
ample, in general two Higgs doublet models wherein the
additional doublet contributes to the triscalar coupling.
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FIG. 2: Production cross section for gg ! hh at the LHC
with

p
s = 8 TeV and 14 TeV.
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FIG. 3: Amplitude zero in gg ! hh fusion versus Mhh for
�hhh/�hhh

SM = 2.45. The SM value is �hhh
SM = 192 GeV.

small data sample at 7 TeV is similar to the 8 TeV sam-
ple), for comparison with Run-1 data, and 14 TeV, for
the upcoming high luminosity run. The destructive in-
terference occurs between the real parts of the triangle
and box contributions. For 1.1 . �hhh . 2.45, the can-
cellation of the real amplitude is exact at some value of
Mhh. The zero of the amplitude occurs at Mhh near to
2mt; it is exactly at 2mt for �hhh

⇡ 2.45�hhh
SM as shown

in Fig. 3. Above the tt̄ threshold, the amplitudes develop
imaginary parts for which the cancellation does not oc-
cur. Nonetheless, a local minimum in the Mhh distribu-
tion persists up to �hhh

⇡ 3.5�hhh
SM , and results in a rather

low Mhh dominated distribution, causing a large change
in signal acceptance as we will see shortly. The di↵eren-
tial cross section, which is presented in Fig. 4, shows the
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FIG. 4: The di↵erential cross section versus Mhh for
�hhh/�hhh

SM = 1,2,3.

persistence of the amplitude zero. A related suppression
is found to be present in the pT (h) distribution.
For the Higgs decays, we consider the ��, ⌧⌧ , and bb̄

modes, which are used in establishing the single higgs
production signal [1, 2]. Recently, there have been sev-
eral studies of Higgs pair production using the bb̄��, bb̄⌧⌧
and bb̄WW final states [10, 11, 23]. We do not study
the h to W+W� decay as it contributes with low sig-
nificance in hh detection [10]. The signal of hh ! bb̄��
is robust with manageable background, so it is our pri-
mary interest. The large backgrounds and combinatorics
of the hh ! bb̄bb̄ final state render it unviable. We also
find the bb̄⌧h⌧h channel to be swamped by the reducible
background of bb̄jj where both light flavored jets fake
a hadronic ⌧ . Although the jet to ⌧h fake rate is only
1 � 3%, the total cross section of bb̄jj is at the µb level.
This insurmountable background was not considered in
previous studies. For this reason, we concentrate on the
analysis of the bb̄�� channel and note that a more exten-
sive study for the viability ⌧h⌧` and ⌧`⌧` is needed.
Cut-based analysis for hh ! bb̄��.—We simulate the

pertinent backgrounds for the bb̄�� channel. The irre-
ducible backgrounds include the production modes

pp ! bb̄��, (1)

pp ! Z + h ! bb̄+ ��, (2)

while the reducible backgrounds include

pp ! tt̄+ h ! b`+⌫ b̄`�⌫̄ + �� (`± missed), (3)

pp ! bb̄+ jj ! bb̄+ �� (j ! �). (4)

We adopt a photon tagging rate of 85% and a jet to
photon fake rate of ✏j!� = 1.2 ⇥ 10�4 [24]. The addi-
tional reducible backgrounds from jj�� and cc̄�� to be
subdominant and hence are not included in our analysis.
For b jet tagging e�ciencies, we assume a b-tag rate of

At NNLO, 14 TeV,
�3 = �3

SM
�(pp ! hh) = 40 fb

�3 = 5�3
SM

�(pp ! hh) = 100fb

Peisi Huang (UChicago/ANL) baryogenesis 15 / 14

De Florian and Mazzitelli, Grigo, Melnikov, and Steinhauser Spira, figure from Barger, Everett, Jackson, and Shaughnessy
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Figure 25: Expected significance of observing Higgs-boson-pair production for (left) the fits with only statistical
uncertainties and (right) the fits with all systematic uncertainties as nuisance parameters. The two horizontal dashed
lines show the 3� and 5� thresholds.
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The LHC has a very limited 
sensitivity in the region where 
the EWPT can be strongly-first-
order.

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. [39–54]).

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, 55–59]. 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
(�†�)2 +

1X

n=1

c2n+4

2(n+2)⇤2n

�
�†�

�n+2
, (1)
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h h
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◆
(1)
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T 2
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2
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v4
(5)
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3 (6)

�max
3 = 5�SM

3 (7)

�max
3 ⇠ 7�SM

3 (8)
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h +
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4
�
4
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eff

�
6
h (1)

�eff < 0 (2)

c6 > 0 (3)

�Zh ⇡ 2a2hsv
2

m4
s

(4)

�Zh . 0.14 (5)

h h

yNL ' 3.40, yNR ' 3.49, yEL ' 3.34, yER ' 3.46, (6)

mL ' 1.06 TeV, mN ' 0.94 TeV, mE ' 1.34 TeV. (7)

µ�� = 1.28, ��
2(S, T ) = 1.33, mN1 = 400 GeV, mE1 = 592 GeV. (8)

⇠ = �c/Tc (9)

V (�, T ) = V
SM
tree (�) + V

SM
1�loop(�, T ) + V

V LL
1�loop(�, T ) + VDaisy(�, T ) (10)

↵ =
latent heat

radiation energy

(11)

� = inverse PT duration (12)

(H†
H)3 (13)

(H†
H) (14)

(H†
H)2 (15)

v ' 246 GeV (16)

mh ' 125 GeV (17)

5

3
< � < 3 (18)

1
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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, 60–62], 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 the measurement of the Higgs production rate and tend to be small,

which will be discussed later. 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
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h
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This case has been studied in the literature in various contexts [6–13, 63, 64]. 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)

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.



• The destructive interference occurs between the 
real part of the triangle and the box diagrams

• Above the tt threshold, the amplitudes develop 
imaginary parts, the cancellation does not occur

• When λ3 increases, the amplitudes increases 
more below the tt threshold than above the 
threshold

• mhh shifts to smaller value for large λ3
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FIG. 2: Production cross section for gg ! hh at the LHC
with
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lhhh= 2.45 â lSMhhh M
hh
=
2
m
t

Re M@
Im M@
Re MÉ
Im MÉ

Re MÉ+M@
Im MÉ+M@»MÉ+M@»

250 300 350 400 450 500
-2

-1

0

1

2

Mhh HGeVL

A
m
pl
itu
de

FIG. 3: Amplitude zero in gg ! hh fusion versus Mhh for
�hhh/�hhh

SM = 2.45. The SM value is �hhh
SM = 192 GeV.

small data sample at 7 TeV is similar to the 8 TeV sam-
ple), for comparison with Run-1 data, and 14 TeV, for
the upcoming high luminosity run. The destructive in-
terference occurs between the real parts of the triangle
and box contributions. For 1.1 . �hhh . 2.45, the can-
cellation of the real amplitude is exact at some value of
Mhh. The zero of the amplitude occurs at Mhh near to
2mt; it is exactly at 2mt for �hhh

⇡ 2.45�hhh
SM as shown

in Fig. 3. Above the tt̄ threshold, the amplitudes develop
imaginary parts for which the cancellation does not oc-
cur. Nonetheless, a local minimum in the Mhh distribu-
tion persists up to �hhh

⇡ 3.5�hhh
SM , and results in a rather

low Mhh dominated distribution, causing a large change
in signal acceptance as we will see shortly. The di↵eren-
tial cross section, which is presented in Fig. 4, shows the
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FIG. 4: The di↵erential cross section versus Mhh for
�hhh/�hhh

SM = 1,2,3.

persistence of the amplitude zero. A related suppression
is found to be present in the pT (h) distribution.
For the Higgs decays, we consider the ��, ⌧⌧ , and bb̄

modes, which are used in establishing the single higgs
production signal [1, 2]. Recently, there have been sev-
eral studies of Higgs pair production using the bb̄��, bb̄⌧⌧
and bb̄WW final states [10, 11, 23]. We do not study
the h to W+W� decay as it contributes with low sig-
nificance in hh detection [10]. The signal of hh ! bb̄��
is robust with manageable background, so it is our pri-
mary interest. The large backgrounds and combinatorics
of the hh ! bb̄bb̄ final state render it unviable. We also
find the bb̄⌧h⌧h channel to be swamped by the reducible
background of bb̄jj where both light flavored jets fake
a hadronic ⌧ . Although the jet to ⌧h fake rate is only
1 � 3%, the total cross section of bb̄jj is at the µb level.
This insurmountable background was not considered in
previous studies. For this reason, we concentrate on the
analysis of the bb̄�� channel and note that a more exten-
sive study for the viability ⌧h⌧` and ⌧`⌧` is needed.
Cut-based analysis for hh ! bb̄��.—We simulate the

pertinent backgrounds for the bb̄�� channel. The irre-
ducible backgrounds include the production modes

pp ! bb̄��, (1)

pp ! Z + h ! bb̄+ ��, (2)

while the reducible backgrounds include

pp ! tt̄+ h ! b`+⌫ b̄`�⌫̄ + �� (`± missed), (3)

pp ! bb̄+ jj ! bb̄+ �� (j ! �). (4)

We adopt a photon tagging rate of 85% and a jet to
photon fake rate of ✏j!� = 1.2 ⇥ 10�4 [24]. The addi-
tional reducible backgrounds from jj�� and cc̄�� to be
subdominant and hence are not included in our analysis.
For b jet tagging e�ciencies, we assume a b-tag rate of

Barger, Everett, Jackson, and Shaughnessy 

Limited sensitivity with large λ3
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FIG. 4: Normalized mhh distributions for �3 = �
SM
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3 and �3 = 7�SM
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�3 = � 2 �
SM
3 . The cancellation between the box and triangle diagram is exact at �3 =

2.45�SM
3 at 2mt threshold, that explains the dip. Note that the distribution shifts to smaller

values as �3 increases

.

new physics with a large �3

A. Double Higgs production in the bb̄�� channel

We perform a collider study for the hh ! bb̄�� channel. The signal with various values of

�3 is generated by MCFM [44] and passed to Pythia8 [45] for parton shower and hadroniza-

tion, and then passed to Delphes [46] for detector simulation. As stressed before, we apply

a NNLO K-factor of about 2.27 for the signal [41], The background processes are generated

with MadGraph [47] and then passed to Pythia and Delphes. We apply a NLO K-factor =

1.1 for tt̄h and a NNLO QCD, NLO EW K-factor = 1.33 for Zh [35]. There are no higher

order corrections known for the QCD backgrounds, and therefore, all the QCD processes

are normalized to LO. We take a b-tagging e�ciency of 70% and a mistag rate of 24% for

c-jets and 2% for light jets [48]. We adopt a photon tagging rate of 85% and a jet to photon

PH, Joglekar, Li, and  Wagner, 
arxiv:1512.00068

SM: peaked at large invariant mass. A cut of mhh > 2mtop or 
something equivalent is currently used in both experimental 
and phenomenology studies. 
λ3 > 3λ3SM, mhh distribution is much softer than the SM case 18
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fake rate ✏j!� = 1.2⇥ 10�4 [49]. We require the following cuts

pt(b) > 30 GeV, pt(�) > 30 GeV

112.5 GeV < mbb < 137.5 GeV, 120 GeV < m�� < 130 GeV. (36)

For the SM case, we further require

mhh > 350 GeV, (37)

while for �3 > 3 �
SM
3 , we require

250 GeV < mhh < 350 GeV. (38)

The results for LHC 14 TeV are displayed in Table I, and the significance reaches 5 � at

�3 ⇠ 6.5�SM
3 , and �3 ⇠ �0.2 at 14 TeV and 3000 fb �1, see Table II. One caveat of this

analysis is that we include a K-factor for the signal (and also for the ZH and tth background),

but the QCD background is only considered at LO. If we assume a K-factor of about 2 for

the QCD processes, the significance will drop by a factor of
p
2, which can be compensated

by the fact that there are two detectors.

Due to the relatively low sensitivity of the LHC in looking for double Higgs production,

it is interesting to considered similar signatures at future colliders, in particular a future

high energy pp collider. The sensitivity will depend on many factors, including the center

of mass energy and the detector performance. To be specific, we shall consider the case of

100 TeV pp collider, assuming that the detector performance stays the same as at the LHC,

performing similar cuts as the ones in the LHC analysis. We show the results in Table III

and Table IV. In our analysis, we considered only positive values of �3, since as shown above,

the LHC is sensitive to the negative values. It is then easy to extrapolate the same analysis

for higher energies. The results presented in Table III show that a 100 TeV collider should

be sensitive to triple Higgs boson couplings �3 ⇠ 5�SM
3 , where the same cuts proposed in

Eq (36) were used.

B. Double Higgs production in the bb̄⌧
+
⌧
� channel

Since the Higgs has many di↵erent significant decay channels, it is useful to think about

double Higgs production in channels di↵erent from the bb�� considered in this work. A
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mhh > 350  GeV

250 GeV < mhh <  350  GeV

Big Improvement for New Physics!
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• Gravitational waves
• Collider

• The trilinear coupling deviates significantly from the SM
• Need to change the mhh cut

How can we probe the new physics?
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Heavy Scalar Singlet
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Fig. 2 shows an example of the Higgs potentials, which is of order (�†�)5, and satisfies

the Higgs mass and the VEV constraints and also undergo the SFOEPT with large negative

enhancements of the triple Higgs coupling. The red curves correspond to the potential

at T = 0, while the blue curve depicts the potential at T = Tf that corresponds to the

curvature at � = 0 being 0. The green curves represent an intermediate temperature. The

purple curve shows the phase transition of the corresponding potential in the left panel at

T = Tc. Let us stress that negative enhancements of the triple Higgs couplings are only

consistent with a SFOEPT for small values of the cuto↵ and hence, the correlation between

negative enhancements and the absence of a SFOEPT remains generally valid.

III. MINIMAL EXTENSION WITH A SINGLET

Minimal extension of the SM with just one singlet and its impact on the electroweak

baryogenesis has been studied in the literature [8, 9, 11, 37–43]. Well motivated UV complete

scenarios such as NMSSM also have an additional singlet, which can mix with the SM

Higgs [6].

In the first subsection we calculate the maximum enhancement of the triple Higgs coupling

that can be allowed under the constraints of electroweak baryogenesis and the experimental

constraints coming from the LHC. In the second section we assume that the singlet is heavy

and integrate it out giving rise to an EFT. The resultant expressions for the triple Higgs

enhancement and bounds on SFOEPT region can be shown to be same as those generated

from the full Lagrangian in the small mixing angle limit. At the same time, this approach

demonstrates an example of the potentials discussed in the previous section and therefore

allows to discuss the validity and limitations of the e↵ective theory approach.

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 + a0T 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

(24)
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For momenta very small compared to the masses of the scalars, the equation of motion

for the singlet is given using Eq. (24)

@V

@S
= 0. (46)

Solving the EOM gives

S = �
ts + ahsh2

m2
s
+ �hsh2

. (47)

Substituting this into the original potential in Eq. (24) yields as shown in [6]

V (h, T ) =
m2

0 + a0T 2

2
h2 +

�h

4
h4

�
(ts + ahsh2)2

2 (m2
s
+ �hsh2)

. (48)

We need to substitute this EOM in the kinetic term for the doublet Higgs. This substitution

leads to a h dependant normalization factor. The kinetic term transforms as

(@µh)(@
µh) + (@µS)(@

µS) !

 
1 +


4h2(am2

s
� ts�hs)2

(ms2 + �hsh2)4

�2!
(@µh)(@

µh). (49)

Normalizing the kinetic term to get (@µH)(@µH) and retaining up to first order in small

parameter (am2
s�t�hs)2v2

m8
s

we get

H = h+
2(am2

s
� ts�hs)2h3

3m8
s

+O(h5). (50)

Inverting the expression gives

h = H �
2z

3 v2
H3 +O(H5), where z =

(am2
s
� ts�hs)2v2

m8
s

. (51)

Substituting this in the e↵ective potential from Eq. (48), we get an e↵ective potential up to

order H6

Veff (H, T ) =
m2

0 + a0T 2

2
H2 +

✓
�h

4
�

z

2y
�

2m2z

3v2

◆
H4 +

✓
8z2 � 4yz�h + 3yz�hs

6v2y

◆
H6.

(52)

Using this potential we apply the Higgs mass condition to write
✓
V 00
eff

�
V 0
eff

H

◆ ����
H=hHi

= m2
h
, where hHi = v +

2zv

3
. (53)

Solving this simultaneously with

V 0
eff

H

����
H=hHi

= 0, (54)

Integrate out the singlet,

V(Φ)

Φ

6

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, 60–62], 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 the measurement of the Higgs production rate and tend to be small,

which will be discussed later. 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
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†
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From Eq. (1) and Eq. (2), the potential and the triple Higgs coupling are given by
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This case has been studied in the literature in various contexts [6–13, 63, 64]. 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)

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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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, 63, 64]. 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)

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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Demanding H to be well normalized and retaining up to first order in the small parameter

z =
(am2

s
� t�hs)2v2

m8
s

(51)

we obtain

�H = �h +
2z�3

h

3 v2
+O(�5

h
). (52)

The corresponding cH is
cH
4⇤2

=
z

v2
. (53)

The variable z defined above is related to the mixing angle between the singlet and the

doublet. From Eq. (26), we can write

tan2 2✓ =
16z

(2�hy � 1� �hsy)
2 (1 + �hsy)

2 = 4 tan2 ✓ +O(tan3 ✓). (54)

Substituting Eq. (60) and retaining first order in z we get

tan2 2✓ = 16z +O(z2) = 4 tan2 ✓ +O(tan3 ✓) =) tan2 ✓ ⇠ 4z (55)

Inverting the relation between �h and �H given in Eq. (52) one obtains

�h = �H �
2z

3 v2
�3
H
+O(�5

H
), (56)

Substituting this in Eq. (49), we get an e↵ective potential, which retaining up to order H6

corrections is given by

Veff (�H , T ) =
m2

2
�2
H
+

✓
�h � 2z/y

4
�

2m2z

3v2

◆
�4
H
+

✓
�4z(�h � 2z/y) + 3z�hs

6v2

◆
�6
H
, (57)

where y = v2/m2
s
. This shows that the presence of a large negative correction to the quartic

coupling, of order 2z/y. This correction, which depends only on ratios of mass parameters,

allows for the presence of a negative e↵ective quartic coupling which according to our analysis

of the EFT at this order in section IIA 1, is essential for the obtention of a FOEPT.

Using this potential Eq. (49) we apply the Higgs mass condition to write
✓
V 00
eff

�
V 0
eff

�H

◆ ����
�H=h�Hi

= m2
H
, where h�Hi = v +

2zv

3
. (58)

Solving this simultaneously with

V 0
eff

�H

����
�H=h�Hi

= 0, (59)
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Heavy Scalar Singlet, Lepton Colliders

1 Heavy Scalar Singlet with Trilinear Coupling

The Model

Extend the SM to include a scalar singlet field denoted by �s. The most general renormalizable Lagrangian is
written as

L = LSM +
1

2

�
@µ�s

��
@µ�s

�
� ts�s � m2

s

2
�2

s � as

3
�3

s � �s

4
�4

s � �hs�
†
��2

s � 2ahs�
†
��s , (4)

and the trilinear coupling ahs�
†
��s in particular will play an important role. The scalar potential is

V = m2
0�

†
� + �h

�
�

†
�

�2
+ ts�s +

m2
s

2
�2

s +
as

3
�3

s +
�s

4
�4

s + �hs�
†
��2

s + 2ahs�
†
��s . (5)

If the singlet is heavy, we can integrate it out. Then �s satisfies @V/@�s = 0 or

0 =
�
ts + 2ahs�

†
�

�
+

�
m2

s + 2�hs�
†
�

�
�s + as�

2
s + �s�

3
s , (6)

which is a cubic polynomial equation in �s. We are interested in the limit where as�2
s and �s�3

s are negligibly
small (over the relevant field space). Then the equation becomes linear, and its solution is

�s = � ts + 2ahs�
†
�

m2
s + 2�hs�

†�
. (7)

Without loss of generality we can set t = 0. Further, we can work in the limit |m2
s| � |2�hs�

†
�| and expand in

the small ratio. The effective potential becomes,

V ⇡ m2
0�

†
� +

✓
�h �

2a2
hs

m2
s

◆ �
�

†
�

�2
+

4�hsa2
hs

m4
s

�
�

†
�

�3
h
1 + O(�hs�

†
�/m2

s)

i
. (8)

Provided that �hs > 0 and �e↵ ⌘ �h � 2a2
hs

/m2
s < 0, the EWSB minimum can be induced by a competition

between the �4 and �6 terms. In order to justify dropping the higher order terms, |m2
s| � |2�hs�

†
�|, there must

be a tuning between �h and 2a2
hs

/m2
s such that |�e↵ | ⌧ |�h| ⇡ |2a2

hs
/m2

s|. Otherwise, the minimum occurs at
�

†
� ⇠ m2

s/�hs, where the approximation breaks down. The kinetic term gives a derivative self-interaction

1

2

�
@µ�s

��
@µ�s

�
⇡

2a2
hs

m4
s

�
�

†@µ� + h.c.
�2

h
1 + O(�hs�

†
�/m2

s)

i
. (9)

Phenomenology

The derivative self-interaction in Eq. (9) leads to a wavefunction renormalization after electroweak symmetry
breaking. This implies Ask Peisi.

�Zh ⇡ XXX . (10)

Peisi scanned the parameter space, which is shown in Fig. 1.

2

The singlet kinetic term modifies the wave function 
of the physical  and therefore shifts all Higgs 
couplings universally 

HL-LHC expects to measure the Higgs couplings to percent level. O(2-10%)  

Higgs Wavefunction 
Renormalization
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t

0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly

⇤
Electronic address: ncraig@ias.edu

†
Electronic address: christoph.englert@durham.ac.uk

‡
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h

⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1
For recent work probing naturalness indirectly when new fields

are charged under QCD and contribute directly to Higgs digluon

and Higgs diphoton couplings at one loop, see e.g. [5–7].
2
There are also typically corrections to the cubic and quartic cou-

plings as well, which we do not show in this diagram.
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FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under
the SM gauge group. To see the relevant e↵ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, �i, are gauge singlets. In the limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields with appropriate higher-
dimensional operators. At one loop, integrating out the
�i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e↵ective Lagrangian:

Leff = LSM +
cH

m
2
�

✓
1

2
@µ|H|

2
@
µ
|H|

2

◆
+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m�, we find cH(m�) =
n�|��|

2
/96⇡2. Although this operator may be exchanged

for a linear combination of other higher-dimensional op-
erators using field redefinitions or classical equations of
motion, the physical e↵ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv

2
/m

2
�
.

Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

��Zh = �2cH
v
2

m
2
�

= �
n�|��|

2

48⇡2

v
2

m
2
�

. (11)

where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|

2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that
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FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e
+
e
�

! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG

0
Z and hZZ vertices receive correc-

tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m

2
h
.

At one loop the e↵ective theory of naturalness defined
in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�

|��|
2
v
2

8⇡2m2
h

(1 + F (⌧�)) (12)

=
9�2

t
m

2
t

2⇡2n�m
2
h

(1 + F (⌧�)) (13)

10
See e.g. Ref. [31] for a complete list of SM Feynman rules.
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See e.g. Ref. [31] for a complete list of SM Feynman rules.

hZZ coupling can be measured to high precisions with 
lepton colliders.

hZZ coupling can be probed by the Higgsstralung process
Large production cross section around 240 GeV to 
250 GeV ~ 200 fb
Expect 0.25% precision in hZZ coupling at future lepton 
colliders!
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Figure 2.6 (a) Production cross sections of e
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� ! ⌫⌫̄H, e
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H as functions of
p

s for a
125 GeV Higgs boson. (b) Higgs boson decay branching ratios as functions of mH .

2.3.2 Recoil mass distributions of e+
e
� ! ZH events1672

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable and1673

adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair of fermions (Z !1674

ff ), the Higgs boson mass MH can be reconstructed as the mass of the system (recoil mass mrecoil)1675

recoiling against the Z boson assuming the event has the total energy
p

s and zero momentum:1676

m2
recoil = (

p
s � Eff )2 � p2

ff
= s � 2Eff

p
s + m2

ff
(2.2)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass of the1677

fermion pair. The mrecoil distribution should exhibit a resonant peak at MH for the signal processes1678

e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background processes. The width of the1679

resonance is largely determined by the energy and momentum resolution of the detector as the Higgs1680

boson physical width is about 4 MeV and
p

s will be known better than 1 MeV. Thus the best precision1681

is achieved for the leptonic Z ! `` (` = e, µ) decays.1682

By fitting the mrecoil spectrum, the e+e� ! ZH event yield can be extracted independent of the1683

Higgs decay. Thus the e+e� ! ZH production cross section, �ZH , can be measured and from this1684

cross section the partial Higgs decay width �(H ! ZZ), or equivalently the Higgs-Z boson coupling1685

g(HZZ), can be derived in a totally model-independent manner. The latter is an essential input to1686
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Figure 2.6 (a) Production cross sections of e
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e
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+
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H as functions of
p

s for a
125 GeV Higgs boson. (b) Higgs boson decay branching ratios as functions of mH .

2.3.2 Recoil mass distributions of e+
e
� ! ZH events1672

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable and1673

adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair of fermions (Z !1674

ff ), the Higgs boson mass MH can be reconstructed as the mass of the system (recoil mass mrecoil)1675

recoiling against the Z boson assuming the event has the total energy
p

s and zero momentum:1676

m2
recoil = (

p
s � Eff )2 � p2

ff
= s � 2Eff

p
s + m2

ff
(2.2)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass of the1677

fermion pair. The mrecoil distribution should exhibit a resonant peak at MH for the signal processes1678

e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background processes. The width of the1679

resonance is largely determined by the energy and momentum resolution of the detector as the Higgs1680

boson physical width is about 4 MeV and
p

s will be known better than 1 MeV. Thus the best precision1681

is achieved for the leptonic Z ! `` (` = e, µ) decays.1682

By fitting the mrecoil spectrum, the e+e� ! ZH event yield can be extracted independent of the1683

Higgs decay. Thus the e+e� ! ZH production cross section, �ZH , can be measured and from this1684

cross section the partial Higgs decay width �(H ! ZZ), or equivalently the Higgs-Z boson coupling1685

g(HZZ), can be derived in a totally model-independent manner. The latter is an essential input to1686



Self-Coupling Indirectly at NLO

•  At NLO modified coupling enters in the 
following loops:


•  And also:                         

MM.  2014

��-���

���� / ���

���-��

Heavy Scalar Singlet, Lepton Colliders, GWs
Self-Coupling Indirectly at NLO

•  At NLO modified coupling enters in the 
following loops:


•  And also:                         

MM.  2014

Current constraints: Higgs signal 
strength
HL-LHC can start to probe the hZZ
coupling to percent level
Next generation lepton colliders can 
basically cover the whole region PH, A. Long, L.T. Wang, arXiv:1608.06619

1st order phase 
transition
Strong first order 
phase transition

HL-LHC



Scalar Doublets

to a first order electroweak phase transition without running afoul of collider constraints [26–28],

see also [29]. Many of these constraints are a consequence of the supersymmetry. For example, the

scalar top partner must to be colored and hence the stop is subject to stringent limits from collider

searches. To avoid the collider constraints, models like folded SUSY have been proposed [30], in

which the stops can still solve the hierarchy problem, but are not colored. In the following, we

consider a similar stop-like model. The new particles are taken to have the same electroweak gauge

quantum numbers as the stop, but they are not colored. In addition, their couplings are not subject

to the constraints of supersymmetry.

We extend the SM to include nf = 3 copies (flavors) of scalar doublets and complex scalar

singlets. We will denote the doublets and singlets as Q̃i = (ũi , d̃i)T and Ũi where the index i runs

from 1 to nf . In order to mimic the interactions of colored squarks, we require the Lagrangian

to respect the global SU(nf ) symmetry, under which the Q̃i and Ũi transform in the fundamental

representation, and the SM fields are invariant. Notice that we have used a SUSY-like notation to

indicate the electroweak gauge quantum numbers, but no SUSY relations are implied.

With the new stop-like particle content, the scalar potential can be written as

V =
1

2
m2

0�
2
h +

�h

4
�4
h (2.12)

+m2
Q

�
|ũ|2 + |d̃|2

�
+m2

U |Ũ |2 + �Q
�
|ũ|2 + |d̃|2

�2
+ �U

�
|Ũ |2

�2

+ �QU
�
|ũ|2 + |d̃|2

�
|Ũ |2 + �hU

2
�2
h|Ũ |2

+
�hQ

2

�
|ũ|2 + |d̃|2

�
�2
h +

�0
hQ

2
|ũ|2�2

h +
�00
hQ

2
|d̃|2�2

h

+
⇥ahQUp

2
ũ�hŨ

⇤ + h.c.
⇤
.

The sum over i = 1, · · · , nf flavors has been suppressed. In general the model has 12 parameters,

but 2 of these can be exchanged for the Higgs mass and vev, leaving 10 free parameters. Addition-

ally, we will later assume a universal dimensionless coupling, �Q = �U = �UQ = · · · ⌘ �, which

reduces the free parameters to four: {m2
Q,m

2
U ,�, ahQU}. We present the results of a parameter-

space scan in Sec. 4.

In the well-known light stop scenario of the MSSM [31], the electroweak phase transition can

become first order due to the presence of these scalar particles in the plasma. Their contribution

to the Higgs thermal e↵ective potential (background-dependent free energy density) goes as Ve↵ ⇠
�Nc[mt̃(�h, T )2]3/2T where Nc = 3 is the number of colors, and the e↵ective stop mass mt̃(�h, T )

depends on the background Higgs field �h and the plasma temperature T (daisy correction). This

non-analytic term in Ve↵ arises only for relativistic bosonic fields, due to the non-analyticity of

the Bose-Einstein distribution function at E/T = 0. In a regime where the stop mass can be

approximated as mt̃(�h)2 ⇡ y2t �
2
h, the e↵ective potential acquires a cubic term, Ve↵ ⇠ Ncy3t �

3
hT ,

which can provide the requisite barrier for a first order phase transition. In our stop-like model, the

same thermal e↵ects can give rise to a first order electroweak phase transition. However, since we
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Ũ
�2

� �QU

�
Q̃

†
Q̃
��
Ũ
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Scalar Doublets, Collider Probes

Modified hZZ couplings,
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Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 
 
Statement #2:  Problems with Higgs diphoton rate.  (b/c of charged 
particles) 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
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1st order phase 
transition
Strong first order 
phase transition
Lisa

In the region where 
the EWPT is strongly 
first-order, hZZ and 
Higgs diphoton 
couplings deviate 
significantly from the 
SM.
Will be fully tested by 
HL-LHC.

PH, A. Long, L.T. Wang, arXiv:1608.06619



Fermions?



Integrating out new fermions?

Take a general vector-like fermion model,

4.2 Fermions and Cosmological Phase Transitions
We now focus on applying the techniques from Sec. 3 to a more realistic model in which
VL leptons are added to the SM particle spectrum in order to produce a strongly first
order EW phase transition [?]. Besides the SM particle content, this model contains three
VL lepton 10 multiplets:

LL,R =

(
N
E

)

L,R

∼ (1, 2, Y ), N ′L,R ∼ (1, 1, Y +
1

2
), E ′L,R ∼ (1, 1, Y − 1

2
), (69)

where we use the notation (SU(3)C , SU(2)L, U(1)Y ) to denote the charges of the new
fermions under the SM gauge group SU(3)C × SU(2)L × U(1)Y . At the renormalizable
level, the most general gauge–invariant Lagrangian involving the new fermionic fields is
given by:

LV LL = L(iγµD
µ
L −mL)L+ E

′
(iγµD

µ
E −mE)E

′ +N
′
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µ
N −mN)N
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−
[
LH (yELPL + yERPR)E

′ + L H̃ (yNLPL + yNRPR)N
′ + h.c.

]
, (70)

where PL,R are chiral projectors. The covariant derivatives acting on the fermionic fields
read:

Dµ,L = ∂µ + i
(
g1Y Bµ +

g2
2
W a

µσ
a
)
,

Dµ,N = ∂µ + ig1

(
Y +

1

2

)
Bµ, Dµ,E = ∂µ + ig1

(
Y − 1

2

)
Bµ. (71)

Although not explicitly written, it is understood that the ∂µ and Bµ pieces in Dµ,L are
multiplied by the 2 × 2 identity matrix in SU(2)L space. In order to match the VLL
Lagrangian in Eq. (70) to the notation used in Eq. (1), we define:

yA ≡ yAL + yAR

2
, zA ≡ yAL − yAR

2
, (72)

with A = E,N . Working in the basis Ψ =
(
L E N

)T , where T means transposition
only in flavour space, the expressions of the S and P matrices read:

S =




02×2 yE H2×1 yN H̃2×1

y∗E H†
1×2 0 0

y∗N H̃†
1×2 0 0



 , P = i




02×2 zE H2×1 zN H̃2×1

−z∗E H†
1×2 0 0

−z∗N H̃†
1×2 0 0



 . (73)

In the equation above, the subscripts denote the dimension in SU(2)L space of each element
of the S and P matrices, while the entries that do not carry any SU(2)L indices have
no subscripts. However, from now on, we stop writing the dimensions of each SU(2)L

10In the original model presented in Ref. [?], the hypercharge of the SU(2)L doublet is − 1
2 , but here we

keep the discussion more general and denote the doublet hypercharge as Y .
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4.2 Fermions and Cosmological Phase Transitions
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2
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2
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3.5 Dimension–5 Terms
For the dimension–5 case, we organize the possible terms as follows:

Ln=5
H = LX5 + LX3D2 + LSD4 + LPD4 . (33)

We choose to treat the O(SD4) and O(PD4) terms separately, as they are different in
terms of their CP properties.

As pointed out previously, the dimension–5 and dimension–6 universal coefficients are
finite, allowing us to compute the corresponding loop integrals in 4 instead of d dimensions.
Therefore, γ5 retains its usual anticommuting properties and we no longer need to keep
the pieces proportional to ĝµν from Eqs. (17, 24) (or variations thereof) when computing
the universal coefficients for terms involving even powers of P . We stress once again that,
with the help of Eqs. (17, 24) and trace symmetry arguments, these coefficients follow
effortlessly from the coefficients of operators containing only insertions of S.

O(X5) terms. Similarly to the O(X3) and O(X4) contributions, the O(X5) Lagrangian
reads:

16π2LX5 = cf nD

[
1

5
gijklm7 trg (SijSjkSklSlmSmi) + gijkl(m)

7 trg (SijSjkSklPlmPmi)

− gijk(lm)
7 trg (SijSjkPklSlmPmi) + gij(k)l(m)

7 trg (SijPjkPklPlmPmi)
]
, (34)

with the universal coefficient given by:

gijklm7 =
1

nD

∫
[ddp] trs

(
/∆i /∆j /∆k /∆l /∆m

)

= (mi +mj +mk +ml +mm) I[p4]11111ijklm + [mimj(mk +ml +mm)

+ (mi +mj)mk(ml +mm) + (mi +mj +mk)mlmm] I[p2]11111ijklm

+mimjmkmlmm I[p0]11111ijklm. (35)

O(X3D2) terms. For the O(X3D2) terms, we follow the same procedure as for the case
of O(X2D2) terms. Focusing on the O(S3D2) contribution, the only independent gauge–
invariant combination is

16π2LS3D2 = cf nD gijk8 trg
(
Sij [Dµ, S]jk [D

µ, S]ki

)

= cf nD trg
[(

gijk8 + gjki8 − gkij8

)
(SijSjkD

µ
kSkiDµ,i)− gijk8

(
SijSjkD

2
kSki

)]
.

(36)

It is clear from this relation that the easiest way to find gijk8 is to compute the loop integral
multiplying trg (SijSjkD2

kSki) from the covariant derivative expansion in Eq. (6):

16π2LS3D2 ⊃ −cf

∫
[ddp] trs

(
/∆i /∆j /∆kγµ /∆kγν /∆k

)
trg (SijSjkD

µ
kD

ν
kSki) , (37)
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m2 |H|2
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(
16

3
+ 2 log
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)
|H|4 , (79)

and renormalizes the scalar and gauge kinetic terms, plus the scalar mass and quartic
terms. Using the SMEFT operator basis defined in App. B, the (CP–even) dimension–6
effective Lagrangian generated by integrating out at one–loop the VLLs in our model is
given by:

16π2LCP
H = −2 (|yN |6 + |yE|6)

15m2
O6 +

4(|yN |2 + |yE|2)2

5m2
OH − 4(|yN |2 − |yE|2)2

5m2
OT

− 2 (|yN |4 − 4|yN |2|yE|2 + |yE|4)
5m2

Of −
7 (|yN |2 + |yE|2)

120m2
OWW

− (7 + 40Y + 80Y 2) |yN |2 + (7− 40Y + 80Y 2) |yE|2

120m2
OBB

+
(3 + 20Y )|yN |2 + (3− 20Y )|yE|2

60m2
OWB +

|yN |2 + |yE|2

5m2
OK4

− 4 (|yN |2 + |yE|2)
15m2

OB − 4 (|yN |2 + |yE|2)
15m2

OW +
2 + 16Y 2

15m2
O2B

+
2

15m2
O2W +

1

30m2
O3W . (80)

There are several simple consistency checks that one can perform to assess the validity
of the results presented in Eq. (80). For example, the leading contribution to the T
parameter [?,?] is proportional to the Wilson coefficient of OT :

4πe2T " 2(|yN |2 − |yE|2)2v2

5m2
, (81)

and vanishes in the custodial limit yE = yN , as expected. In the above equation, e is
the electromagnetic coupling constant and v the Higgs VEV. Moreover, we have explicitly
checked that our expression for the T parameter from Eq. (81) matches the one obtained
in Ref. [?]. The Wilson coefficient of O6 can alternatively be computed from the Coleman–
Weinberg potential [?] corresponding to the fermionic Lagrangian in Eq. (70), and we have
explicitly checked that the two methods give the same result.

Yet another consistency check can be done by inspecting the physical Higgs boson’s
loop–induced coupling to photons. The leading O(m−2) VLL contribution to the hγγ
coupling can be derived from Eq. (80) as well as through low–energy Higgs theorems [?,?]
(see also Refs. [?, ?, ?] for VL fermion applications). Denoting the Wilson coefficient of a
given operator OX as CX , the VLL contribution to the hγγ coupling can be read from:

LCP
H ⊃ (CBB + CWW − CWB) e

2|H|2AµνA
µν ⊃ −e2Q2

E

24π2

v|yE|2

m2
hAµνA

µν , (82)
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Does not have the barrier we 
want as in the singlet extension.



Possible to have a barrier from fermions?
Low T, scalars and fermions contribute equally

Generating a barrier

• Scalars
• Integrating out 
• Thermal effect (high T expansion) cubic term

• Fermions
• Low T, scalars and fermions contribute equally

Consider the possibility of generating 
a barrier through fermions in this talk
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to the thermal potential is exactly the same for both fermions and bosons and is proportional

to [18]

�
T

2
m

2(�)

2⇡2
K2

�
m(�)/T

�
+O

�
T

2
m(�)2e�2m(�)/T

�
(1)

where � is the Higgs field, m(�) is the mass of the fermion or boson and K2 a modified

Bessel function. So in cases in which the critical temperature is smaller than the masses

of the fermions contributing to the e↵ective potential, fermionic models may be equally as

e↵ective as scalar models in inducing a barrier radiatively1. From (1), we see that the key

element is the the relation between the mass of the fermion and the Higgs condensate, so

the problem reduces to identifying what type of mass relation leads to the formation of a

barrier in the e↵ective potential.

In the Standard Model, at temperatures right above the critical temperature for the phase

transition, the Higgs e↵ective potential around the origin of Higgs field space monotonically

increases with the Higgs field, so there is no energy barrier leading to a strong first order phase

transition [19]. Introducing new chiral fermions at the electroweak scale which obtain their

masses only from the Higgs condensate delays the phase transition [8], but does not modify

the picture around the origin of field space (even though at large field excursions new fermions

lead to instabilities in the Higgs potential due to their zero temperature contributions). The

reason is that the masses of chiral fermions and therefore their thermal potential (1) are

monotonically increasing with the Higgs field, so the full Higgs e↵ective potential retains

the same qualitative behavior of the Standard Model e↵ective potential around the origin of

Higgs field space.

The picture changes when we introduce new fermions that have both vector-like masses

and masses obtained from mixing with other fermions in the electroweak broken vacuum. In

this case, the masses of the fermions depend on the Higgs in a qualitatively di↵erent manner,

since the condensate may induce level splitting, which reduces the mass of the lightest

eigenstate of the mass matrix and increases the mass of the heavier ones. Schematically

and around the origin of Higgs field space, the mass of the lightest new fermion is m ⇠

M �y
2
�
2
/M , where y is a renormalizable coupling between the new fermions and the Higgs,

M a vector like mass term and the second term represents level splitting. In this case,

the mass of the lightest fermion decreases with increasing values of the Higgs condensate

�, leading to a reduction in the thermal e↵ective potential. There is then a competition

between the Standard Model terms (plus all polynomial counterterms), which tend to restore

electroweak symmetry, and the new fermionic terms which have the opposite e↵ect. In this

1
Note however that the zero-temperature radiative e↵ects are still di↵erent for fermions and scalars

2
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A Minimal Vector-Like Lepton (VLL) Model

• Fermion models for strong first order phase transitions?
• Strong couplings to the Higgs!

• To avoid large mixing between the VLLs and SM leptons, and large 
contributions to the T parameter, we add

The simplest VLL model would correspond to adding a single VLL multiplet to the
SM. In such a case, the only possible non-SM Yukawa terms would couple a SM lepton
and the VLL multiplet to the Higgs doublet. However, such a term would mix the VLL
and the SM lepton (which we assume to be the ⌧ lepton, to avoid stronger constraints
from electrons and muons). As explained in the previous paragraph, the new Yukawa
coupling has to be large, which would result in a strong mixing between the VLL and ⌧
and hence a significant departure from the SM prediction of the ⌧ couplings. This forces
us to discard such a scenario, as the ⌧ couplings are tightly constrained to be SM-like by
experimental measurements such as Z ! ⌧⌧ decays at LEP [42] or h ! ⌧⌧ decays at
LHC [43, 44]. Therefore, throughout this section, we neglect the mixing between VLLs
and the SM fermions 3, as the corresponding Yukawa couplings would have an insignificant
e↵ect on the phase structure of the Universe.

The next logical choice would be to augment the SM with one VLL doublet and one
VLL singlet, since this configuration would allow for a Yukawa term coupling the two
VLL multiplets to the Higgs doublet. However, such a model with strong Yukawas would
badly violate custodial symmetry, giving rise to unacceptable contributions to the T pa-
rameter [45–47]. As we have checked, one cannot accommodate SFOPTs in this scenario
without dramatically exceeding the experimental bounds on the T parameter.

Therefore, the minimal solution is to add one VLL doublet and two VLL singlets, since
such a configuration can accommodate an (approximate) custodial symmetry, which allows
for large Yukawas while avoiding significant contributions to the T parameter. We choose
the new leptons to have similar SU(3)c ⇥ SU(2)L ⇥ U(1)Y quantum numbers as their SM
counterparts:

LL,R =

✓
N
E

◆

L,R

⇠ (1, 2)�1/2, N 0
L,R

⇠ (1, 1)0, E 0
L,R

⇠ (1, 1)�1, (1)

where L,R stand for the VLL chiralities. The new fermions N (0)
L,R

and E(0)
L,R

have zero and
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and the VLL multiplet to the Higgs doublet. However, such a term would mix the VLL
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Model and Approach Approach

Approach

Calculate the 1–loop finite T e↵ective potential (on-shell
renormalization scheme, V (0,T ) ⌘ 0):

V (�,T ) = V
SM
tree(�) + V

SM
1�loop(�,T )

+ V
VLL
1�loop(�,T ) + VDaisy(�,T );

Many parameters ) scan approach:

mL,mN ,mE 2 [500, 1500] GeV,

yNL,R
, yEL,R 2

h
2,

p

4⇡
i
;

Impose 0.71  µ�� < 1.29 (1802.04146), ��2 (S ,T )  6.18;

Strong EWPT? Select points with (1512.05611):

|V (v , 0)| < 8.5⇥ 107 GeV
4;

Calculate PT strength for each point �! ⇠ ⌘ �c/Tc .
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A Minimal Vector-Like Lepton (VLL) Model

• 2 neutral and 2 charged VLLs
• Ranges of the parameters considered, 
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contribution for !i(�) & T 2. Moreover, because the strong phase transitions in our model
occur at temperatures well below the VLL masses, we neglect the VLL contribution to the
⇧i’s in Eqs. (19)–(22).

Adding all the pieces together, the e↵ective potential we use for calculating the strength
of the phase transition is given by

V (�, T ) = V0(�) +�V 0
1,SM(�) +�V 0

1,VLL(�) +�V T

1 (�, T ) +�VD(�, T ), (23)

with all the contributions detailed in Eqs. (7), (10), (11), (16), and (18). Finally, since
only potential di↵erences have a physical impact in our analysis, we shift the potential by
a constant such that V (� = 0, T ) = 0 for every T .

Scan for the PT strength calculation

We now calculate the strength of the phase transition in our model. We scan over the
following range of parameter values:

mL,mN ,mE 2 [500, 1500] GeV, yNL,R , yEL,R 2 [2,
p
4⇡]. (24)

In our initial scans, we allowed for wider ranges, and found out that parameter values
inside the ranges shown above are more likely to lead to strong phase transitions. Also, as
noted in Ref. [38], having yNRyNL > 0 and yERyEL > 0 favors SFOPTs, which is why we
chose all the Yukawas to be positive.

After each point in parameter space is generated, we check whether the said point is in
agreement with experimental constraints. Firstly, as the VLLs under consideration have
SU(2)L quantum numbers, they a↵ect the electroweak gauge boson self-energies, so one
constraint is the contribution to the oblique parameters S and T [45,46], for which we use
the 2� values quoted in Ref. [54]. Secondly, the charged VLLs change the loop-induced
h�� coupling with respect to its SM value. This coupling is probed at the LHC through
the diphoton Higgs signal strength, µ�� ⌘ �(h ! ��)/�(h ! ��)SM. As the experimental
bound for this observable, we use the 2� interval quoted by the ATLAS collaboration,
0.71 < µ�� < 1.29 [55]. 5 Thirdly, we impose a lower bound on the masses of the lighter
eigenstates, mE1 > 100 GeV and mN1 > 90 GeV [42].

From the theoretical point of view, we also impose a lower limit on the depth of the
EW minimum at the lower minimum, |V (� = v, T = 0)| (we remind the reader that, by
convention, V (0, T ) = 0). As illustrated in Ref. [57], the lower the depth of the present
day EW minimum, the more delayed and thus the stronger the phase transition is. For
our analysis, we choose |V (� = v, T = 0)| < 8.5⇥ 107 GeV4, a value for which we checked
explicitly that most of the surviving points exhibit SFOPTs.

For the points surviving the constraints listed above, we calculate the phase transition
strength (or order parameter), which is defined as ⇠ ⌘ �c/Tc, where �c and Tc are the
critical field value and critical temperature, respectively. Tc is defined as the temperature
at which the values of the potential at the minima located at � = 0 (“symmetric minimum”)

5A subsequent CMS measurement shows a slightly higher value for the h ! �� signal strength, µ�� =
1.18+0.17

�0.12 at 1� [56].
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• Constraints:
• S & T parameters
• Diphoton signal strength,
• Masses of the lighter states,  
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Model and Approach Approach

Approach

Calculate the 1–loop finite T e↵ective potential (on-shell
renormalization scheme, V (0,T ) ⌘ 0):

V (�,T ) = V
SM
tree(�) + V

SM
1�loop(�,T )

+ V
VLL
1�loop(�,T ) + VDaisy(�,T );

Many parameters ) scan approach:

mL,mN ,mE 2 [500, 1500] GeV,

yNL,R
, yEL,R 2

h
2,

p

4⇡
i
;

Impose 0.71  µ�� < 1.29 (1802.04146), ��2 (S ,T )  6.18;

Strong EWPT? Select points with (1512.05611):

|V (v , 0)| < 8.5⇥ 107 GeV
4;

Calculate PT strength for each point �! ⇠ ⌘ �c/Tc .
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Model and Approach Approach

Approach

Calculate the 1–loop finite T e↵ective potential (on-shell
renormalization scheme, V (0,T ) ⌘ 0):

V (�,T ) = V
SM
tree(�) + V

SM
1�loop(�,T )

+ V
VLL
1�loop(�,T ) + VDaisy(�,T );

Many parameters ) scan approach:
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;

Impose 0.71  µ�� < 1.29 (1802.04146), ��2 (S ,T )  6.18;

Calculate PT strength for each point �! ⇠ ⌘ �c/Tc .
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Thermal Evolution of the Effective Potential
• For each surviving point, calculate the phase transition strength,
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mL ' 1.06 TeV, mN ' 0.94 TeV, mE ' 1.34 TeV. (7)

µ�� = 1.28, ��2(S, T ) = 1.33, mN1 = 400 GeV, mE1 = 592 GeV. (8)

⇠ = �c/Tc (9)
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tree (�) + V SM

1�loop(�, T ) + V V LL
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1

+ + + + · · ·

Figure 2: Some generic examples of ring diagrams where each solid line may represent either
a scalar, a fermion or a gauge field. The small loops correspond to thermal loops in the IR
limit. They are all separately IR divergent, but their sum is IR finite.

so-called ring (or daisy) diagrams shown in Fig. (2). They are N -loop diagrams where N �1
of them are “ring attached” to a main one. Since this “loop-dilution” is a finite temperature
e↵ect, the ring diagrams only need to be resummed in the IR-limit of vanishing momenta
running in their petals [7]. It is also well-known that they can be taken into account by
using propagators resummed in the IR [14]. By solving a Dyson-like equation, this turns out
to simply shift the bosonic masses by a T -dependent constant as m2

b(�) ! m2
b(�) + ⇧b(T ),

where ⇧b(T ) is the self-energy of the (bosonic) field b in the IR limit, ! = ~p = 0, known as
a Debye mass (⇧b(T ) is labeled as ⇧b(0) in [14]).

The higher-loop ring diagrams are needed due to IR divergences (i.e., m <
⇠ T ). On the

other hand, the one-loop result is trustworthy for massive (i.e., m & T ) particles, because
the long-range fluctuations arising at finite temperature will never hit an IR mass-pole in
such cases. Hence the ring diagrams will only contribute significantly at high-temperature
(T/m!1) where the particles can be approximated as nearly massless. Also, this allows us
to understand why only the bosonic degrees of freedom feel the breakdown of the perturbative
expansion3. The reason is that only bosonic fields have a vanishing Matsubara frequency,
recalling that !n equals 2⇡nT for bosons and (2n + 1)⇡T for fermions. Only this particular
(zero-)mode will behave as a massless degree of freedom and generate IR-divergences at
high-temperature, while the other (non zero-)modes !n act as a mass of order T and thus
lead to negligible contributions. Therefore the fermionic propagators need not be resummed,
because fermions do not have pole-mass in the IR.

Applying the techniques of [14] to our theory, we compute the finite temperature mass
shifts (Debye masses) that are needed in the ring diagram resummation:

⇧h,�(T ) =
T 2

4v2
0

�
m2

h + 2m2
W + m2

Z + 2m2
t

�
�

3T 2

4

v2
0

f 2
(27)

⇧W (T ) =
22

3

m2
W

v2
0

T 2 (28)

⇧Z(T ) =
22

3

(m2
Z �m2

W )

v2
0

T 2
�m2

W (�) (29)

⇧�(T ) = m2
W (�) +

22

3

m2
W

v2
0

T 2. (30)

3In the gauge sector, only the longitudinal polarizations demonstrate this same breakdown of perturbation
theory [14].
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Thermal Evolution of the Effective Potential

Cross over

Early universe, symmetric EWSB
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Thermal Evolution of the Effective Potential

• The broken minimum becomes less and less deep
• A potential barrier starts developing between the 

symmetric phase and the broken phase
• At Tc2 , a strong first order phase transition
• The universe tunnels back to the symmetric phase

EW symmetry restored 

35



Thermal Evolution of the Effective Potential

EWSB again 
through a strongly 
first order phase 
transition, at Tc1
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Thermal Evolution of the Effective Potential

Responsible for the BAU 37



Signatures – Gravitational Waves

• Peak frequency beyond Lisa ( f~ 0.01 -1 Hz is typical for VLL models)
• DECIGO, BBO, and AION are sensitive to the later phase transition
• The earlier one is too weak. 38
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Signatures – Colliders, Direct Production

• N1 can not be dark matter candidate – some mixing required.

h⇤ =
�
1.65⇥ 10�5 Hz

�✓ TPT

100GeV

◆⇣ ge↵
100

⌘1/6

. (A.12)

The question of choosing the e�ciency factors col,sw,turb and the bubble wall velocity
vw is model-dependent and involves certain calculations and assumptions regarding the
dynamics of the bubble walls. Therefore, such a task is beyond the scope of the current
work. Instead, we resort to a much simpler approach. Using the results from Ref. [75], in
which the authors numerically express v as a function of vw 7 for di↵erent values of ↵,
we choose the bubble wall velocity vw such that it corresponds to the maximum value of
v for a given value of ↵. In our model, the strongest PTs typically have ↵ . 0.1, and
we choose vw = 0.6, from which it follows that v ' 0.4 [75]. Concerning the turbulence
e�ciency factor, it is given by turb = ✏v, with the choice ✏ = 0.05 [66]. Finally, we take
for definiteness col = 0.5, but nevertheless mention that the choice for col plays little
role in our analysis, as the sound wave contribution is the one dominating by far the GW
spectrum predicted by our scenario.

B SM–VLL Mixing for Collider Phenomenology

In absence of mixing with the SM fermions, the lightest VLL of our model would be stable.
For the range of N1 and E1 masses predicted by our scenario, this would not be a viable
option. On the one hand, if mE1 > mN1 , then a stable N1 would not be a suitable Dark
Matter (DM) candidate: the large Yukawas necessary for a SFOPT would induce a strong
SU(2)L–doublet component in N1. This would imply a sizeable ZN1N1 coupling, which
would be in conflict with null results from DM direct detection experiments [76]. On the
other hand, for mN1 > mE1 , E1 would be a stable charged particle, but we choose to not
pursue this possibility. Therefore, in order to avoid stable VLLs, our model has to feature
a mixing between the VLL sector and the SM fermions.

We thus choose to introduce a small ⌧ lepton–VLL mixing in our model, which is
achieved by adding the following Yukawa terms to the Lagrangian in Eq. (2):

�Lmix = y1 LLH⌧R + y2 L
3
L
HE 0

R
+ h.c. , (B.1)

where L3
L
is the third generation SM lepton doublet. For simplicity, we suppose that the

SM neutrinos do not mix with the neutral VLLs. When presenting our collider predictions
for the benchmarks in Sec. 3, we choose y1 = y2 = 0.05. We have explicitly checked
that these values for y1,2 predict deviations from the SM values in the W ⌧⌫ and Z⌧⌧
couplings which are below the sensitivity achieved at the LEP experiment [42] or in ⌧
lifetime measurements [48]. More precisely, the precision in the measurement of the Z⌧⌧
axial coupling and the W ⌧⌫ couplings (from ⌧ lifetime 8 measurements) is at the permille
level, while the precision for the Z⌧⌧ vectorial coupling measurement is at the percent level
(see e.g. PDG [48]). Meanwhile, in our model, we checked that ⌧–VLL mixing amounts

7In Ref. [75], v is denoted simply as  and vw as ⇠w.
8Since all the (tree level) ⌧ decays are proportional to the W ⌧⌫ coupling squared, a rescaling of the

latter would change the ⌧ lepton lifetime accordingly.
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• From W𝜏𝜈 and Z𝜏𝜏 measurements, take
• The SM fermion + VLL production is suppressed by the mixing
• The dominant production mode is the pair production of VLLs, the 

typical production cross section is around 0.1 to 0.4 fb. 
• Direct searches at the LHC very challenging.
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Signatures – Colliders, Indirect Searches

• At least 15% 
enhancement for the  
diphoton signal.

• Wil be fully tested at 
the HL-LHC.
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How can we probe the new physics?
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• Scalar Singlets
• Scalar Doublets
• Fermions
• Many More!

What kinds of models ?


