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Electroweak Phase Transition 

•  Higgs discovery ! What was the thermal 
history of EWSB ? 

•  Baryogenesis ! Was the matter-antimatter 
asymmetry generated in conjunction with 
EWSB (EW baryogenesis) ? 

•  Gravitational waves ! If a signal observed in 
LISA, could a cosmological phase transition 
be responsible ? 
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EW Baryogenesis & Gravitational Waves 

Was YB generated in conjunction with 
electroweak symmetry-breaking?  
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•  Was the EWSB transition first order ? 

•  Was it sufficiently “strong” ? 
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Themes for This Talk 

I.  Future collider opportunities 

II.  Complementarity 

•  Phenomenological studies to date 
indicate high potential for probing the 
nature of the EWPT 

•  Di-Higgs + precision Higgs coupling 
measurements needed for a complete probe 
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Outline 

I.  EWPT 

II.  Future collider discovery potential 

III.  Summary 
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I. Electroweak Phase Transition 
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Extended scalar sector: 
FOEWPT for mh = 125 GeV 



Higgs Portal: Simple Scalar Extensions 

Extension EWPT DM DOF 

May be low-energy remnants of UV complete 
theory & illustrative of generic features 

 Real singlet:     Z2 

 Real singlet:     Z2 

 Complex Singlet 

 EW Multiplets 

1 

1 

2 

3+ 

✔ 

✔ 

✔ 

✔ 

✖ 

✔ 

✔ 

✔ 

10 



Higgs Portal: Simple Scalar Extensions 

Extension EWPT DM DOF 

May be low-energy remnants of UV complete 
theory & illustrative of generic features 

 Real singlet:     Z2 

 Real singlet:     Z2 

 Complex Singlet 

 EW Multiplets 

1 

1 

2 

3+ 

✔ 

✔ 

✔ 

✔ 

✖ 

✔ 

✔ 

✔ 

11 



12 

II. Discovery Potential 

Standard Model + real singlet scalar 

•  Strong first order EWPT 

•  Two mixed singlet-doublet states 



EW Phase Transition: Singlet Scalars 
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Collider probes 

•  Resonant di-Higgs production 

•  Precision Higgs measurements 

•  Non-resonant di-Higgs & exotic 
Higgs decays 
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Kotwal, No, R-M, Winslow  1605.06123 
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SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies   

SFOEWPT  •    
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See also: Huang et al, 1701.04442 
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Scan 
includes 
m2 > 2m1 
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Higgs Portal: Simple Scalar Extensions 

Extension EWPT DM DOF 

May be low-energy remnants of UV complete 
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EW Multiplets: Two-Step EWPT 

<φ0 > 
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Quench 
sphalerons 

Small entropy 
dilution 

φ  dark 
matter 

φ0	

j	

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1504.05195  

•  Step 1: thermal loops 
•  Step 2: tree-level barrier 
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One step 

Two step 
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Real Triplet & EWPT 

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 

Crossover 

FOEWPT 

•  One-step 
•  Non-perturbative 

•  Two-step region 
•  Pert studies to date 
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Real Triplet & EWPT 
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One step 

Two step 
M. Mangano 

FCC-ee: < 2% 
on δHγγ 
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Summary 

•  Initial phenomenological studies indicate HL/HE 
LHC + other future colliders will have high 
potential for probing the nature of the EWSB 
transition & determining whether conditions 
existed for EW baryogenesis 

•  Resonant & non-resonant di-Higgs production 
and precision Higgs studies provide powerful, 
complementary probes 

•  Exciting opportunities exist for more theoretical & 
experimental investigation of the collider/EWPT 
interface 
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Back Up 
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Extension EWPT DM DOF 
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EWPT & Dark Sector: EW Multiplets 
Cirelli & Strumia ‘05 
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EWPT & Dark Sector: EW Multiplets 
Cirelli & Strumia ‘05 
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Theory Meets Phenomenology 

A.  Non-perturbative 

B.  Perturbative 

•  Most reliable determination of character 
of EWPT & dependence on parameters 

•  Broad survey of scenarios & parameter 
space not viable 

•  Most feasible approach to survey broad 
ranges of models, analyze parameter 
space, & predict experimental signatures 

•  Quantitative reliability needs to be verified  
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EWPT & Perturbation Theory 

Expansion parameter 

SM lattice studies: geff ~ 0.8 in vicinity of 
EWPT for mH ~ 70 GeV  
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v2

MP

(92)

m
1

⇡ m⇤ (93)

1

T
1/2

= G0⌫(E,Z) |M
0⌫ | 2|hm��i|2 (94)

L
fs

/ m�1/2

⌫ (95)

|✏
1

| <⇠
3

8⇡

MN1

m⌫3

hH0i2 (96)

g
e↵

=
p

g
1

g
2

(97)

g
e↵

⌘ g2

3

⇡mT (')
(98)

8

Gauge coupling 
in finite-T theory 



33 

EWPT & Perturbation Theory (PT) 

Lessons from St’d Model 

Te
m

pe
ra

tu
re

 

Higgs Mass 

125 GeV 

•  No cross over transition 
or endpoint of FOEWPT 
seen in PT 

•  PT underestimates the 
critical temp 

•  PT seems to get trends 
with parameters correct 
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EWPT & Perturbation Theory (PT) 
Takeaways 
•  Perturbative studies of EWPT properties may yield 

qualitatively realistic results but are not unlikely to be 
quantitatively reliable 

•  Non-perturbative studies also face limitations: challenging 
to study broad range of models & parameters, and (so 
far) limited information on whether or not FOEWPT is 
sufficiently strong for EWBG **  

•  Future theoretical work: interfacing PT w/ non-pert 
studies (“benchmarking”) & improving PT 

** However, see G. Moore ’99 for non-pert SM sphaleron rate calc 
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Benchmarking PT: Recent Progress 

Meeting ground: 3-D high-T effective theory 
2

light g2T

heavy gT

superheavy ⇡T

L
full

L
3

L
3

Integrate out n > 0 modes

Integrate out A
0

field

FIG. 1. Scale hierarcy of the finite-T system to which dimen-

sional reduction is based.

B. Three-dimensional e↵ective theories

In the case of ⌃SM , the e↵ective Lagrangian, in Lan-
dau gauge, has the schematic form

L (3)

heavy

= L (3)

gauge

+ L (3)

ghost

+ L (3)

scalar

+ L (3)

temporal

+ �L (3),

(1)
where the gauge, ghost and scalar parts have the same
form as in 4-d, see appendix ??, but the couplings are de-
noted with subscripts g

3

, µ2

�,3, �3

, µ2

⌃,3, b4,3, a2,3. In addi-
tion, there are additional terms of adjoint/singlet scalars
(induced by temporal components of gauge fields)
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0

Ab
0

) + �0
3

(⌃aAa
0

)(⌃bAb
0

).(2)

The three-dimensional fields and couplings are related
to their four-dimensional counterparts by matching re-
lations presented in appendix A 2. �L (3) is the renor-
malization counterterm in 3-d and is needed for determi-
nation of lattice counterterms. Note that 3-d gluons and
interaction terms for temporal gluon C

0

can be neglected,
see Ref. (singlet paper).

Since the temporal scalars A
0

, B
0

and C
0

are heavy, we
may integrate them out, leading to a simpler theory via a
matching procedure in the similar fashion as was done for
the superheavy field modes. We denote couplings in this
new theory with a macron ḡ

3

, µ̄2

�,3, �̄3

, µ̄2

⌃,3, b̄4,3, ā2,3, and
the Lagrangian has the same schematic form as above.
This chain of dimensional reduction, by successively in-
tegrating out superheavy and heavy field modes, is illus-
trated in Fig. 1.

In particular, the scalar potential, after integrating out

the A
0

and B
0

fields, is

V (�, ⌃) = µ̄2

�,3�
†� + µ̄2

⌃,3⌃
a⌃a + �̄

3

(�†�)2

+
b̄
4,3

4
(⌃a⌃a)2 +

ā
2,3

2
�†�⌃a⌃a. (3)

Matching relations for this theory are presented in Ap-
pendix ??. The triplet field is left as a dynamical degree
of freedom in this theory, and it is this e↵ective theory
that will be studied in part II of this study.

However, it is interesting to assume that triplet mass
parameter is superheavy or heavy, and integrate it out
in first or second step of dimensional reduction. In this
case, the resulting 3-d theory has scalar potential of the
form

V (�) = µ̄2

�,3�
†� + �̄

3

(�†�)2, (4)

where information about the superheavy and heavy
scales is encapsulated in the 3-d parameters by matching
relations given in Appendices ??.

This e↵ective theory has the same form as the one
derived from Standard Model, studied in [? ], and ex-
isting lattice results can be applied. Properties of the
electroweak phase transition are described by lattice pa-
rameters

x =
�̄

3

ḡ2

3

, y =
µ̄2

�,3

ḡ4

3

. (5)

The transition occurs when the y parameter changes sign
and is first-order when x is su�ciently small, 0 < x <
0.11.

Validity of the dimensional reduction can be estimated
by evaluating the omitted dimension-6 operators and es-
timating their e↵ect to a shift caused to vacuum expec-
tation values of the scalars in the e↵ective theory. In the
case of SM, this analysis is presented in Section 5.4 in
Ref. [? ]. In the case of superheavy and heavy triplet, we
can estimate the e↵ect of dimension-6 (�†�3)-operator by
comparing magnitude of triplet contributions to that of
top quark, which gives an e↵ect of order one percent in
the pure SM. Coe�cients for these dimension-6 terms are
given in Appendices ??.

Before turning to results in the case of superheavy or
heavy triplet for remainder of this article, we illustrate
matching procedure in more detail.

C. Matching of the parameters

As an illuminating example of how the mapping be-
tween 4-d and 3-d theories is constructed, we describe
the process in detail for the case of triplet portal cou-
pling a

2

, assuming that the triplet field is light and will
be left as a dynamical variable in the final theory.

The matching relation for a
2,3 obtains contributions

from both the h�†�⌃a⌃ai correlator and the di↵erent
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The three-dimensional fields and couplings are related
to their four-dimensional counterparts by matching re-
lations presented in appendix A 2. �L (3) is the renor-
malization counterterm in 3-d and is needed for determi-
nation of lattice counterterms. Note that 3-d gluons and
interaction terms for temporal gluon C

0

can be neglected,
see Ref. (singlet paper).

Since the temporal scalars A
0

, B
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and C
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are heavy, we
may integrate them out, leading to a simpler theory via a
matching procedure in the similar fashion as was done for
the superheavy field modes. We denote couplings in this
new theory with a macron ḡ
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⌃,3, b̄4,3, ā2,3, and
the Lagrangian has the same schematic form as above.
This chain of dimensional reduction, by successively in-
tegrating out superheavy and heavy field modes, is illus-
trated in Fig. 1.

In particular, the scalar potential, after integrating out

the A
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Matching relations for this theory are presented in Ap-
pendix ??. The triplet field is left as a dynamical degree
of freedom in this theory, and it is this e↵ective theory
that will be studied in part II of this study.

However, it is interesting to assume that triplet mass
parameter is superheavy or heavy, and integrate it out
in first or second step of dimensional reduction. In this
case, the resulting 3-d theory has scalar potential of the
form

V (�) = µ̄2

�,3�
†� + �̄

3

(�†�)2, (4)

where information about the superheavy and heavy
scales is encapsulated in the 3-d parameters by matching
relations given in Appendices ??.

This e↵ective theory has the same form as the one
derived from Standard Model, studied in [? ], and ex-
isting lattice results can be applied. Properties of the
electroweak phase transition are described by lattice pa-
rameters
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The transition occurs when the y parameter changes sign
and is first-order when x is su�ciently small, 0 < x <
0.11.

Validity of the dimensional reduction can be estimated
by evaluating the omitted dimension-6 operators and es-
timating their e↵ect to a shift caused to vacuum expec-
tation values of the scalars in the e↵ective theory. In the
case of SM, this analysis is presented in Section 5.4 in
Ref. [? ]. In the case of superheavy and heavy triplet, we
can estimate the e↵ect of dimension-6 (�†�3)-operator by
comparing magnitude of triplet contributions to that of
top quark, which gives an e↵ect of order one percent in
the pure SM. Coe�cients for these dimension-6 terms are
given in Appendices ??.

Before turning to results in the case of superheavy or
heavy triplet for remainder of this article, we illustrate
matching procedure in more detail.

C. Matching of the parameters

As an illuminating example of how the mapping be-
tween 4-d and 3-d theories is constructed, we describe
the process in detail for the case of triplet portal cou-
pling a

2

, assuming that the triplet field is light and will
be left as a dynamical variable in the final theory.

The matching relation for a
2,3 obtains contributions

from both the h�†�⌃a⌃ai correlator and the di↵erent
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of freedom in this theory, and it is this e↵ective theory
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However, it is interesting to assume that triplet mass
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case, the resulting 3-d theory has scalar potential of the
form
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where information about the superheavy and heavy
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tation values of the scalars in the e↵ective theory. In the
case of SM, this analysis is presented in Section 5.4 in
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comparing magnitude of triplet contributions to that of
top quark, which gives an e↵ect of order one percent in
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The three-dimensional fields and couplings are related
to their four-dimensional counterparts by matching re-
lations presented in appendix A 2. �L (3) is the renor-
malization counterterm in 3-d and is needed for determi-
nation of lattice counterterms. Note that 3-d gluons and
interaction terms for temporal gluon C
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can be neglected,
see Ref. (singlet paper).
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may integrate them out, leading to a simpler theory via a
matching procedure in the similar fashion as was done for
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new theory with a macron ḡ
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tegrating out superheavy and heavy field modes, is illus-
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In particular, the scalar potential, after integrating out

the A
0

and B
0

fields, is

V (�, ⌃) = µ̄2

�,3�
†� + µ̄2

⌃,3⌃
a⌃a + �̄

3

(�†�)2

+
b̄
4,3

4
(⌃a⌃a)2 +

ā
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Matching relations for this theory are presented in Ap-
pendix ??. The triplet field is left as a dynamical degree
of freedom in this theory, and it is this e↵ective theory
that will be studied in part II of this study.

However, it is interesting to assume that triplet mass
parameter is superheavy or heavy, and integrate it out
in first or second step of dimensional reduction. In this
case, the resulting 3-d theory has scalar potential of the
form
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where information about the superheavy and heavy
scales is encapsulated in the 3-d parameters by matching
relations given in Appendices ??.

This e↵ective theory has the same form as the one
derived from Standard Model, studied in [? ], and ex-
isting lattice results can be applied. Properties of the
electroweak phase transition are described by lattice pa-
rameters
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The transition occurs when the y parameter changes sign
and is first-order when x is su�ciently small, 0 < x <
0.11.

Validity of the dimensional reduction can be estimated
by evaluating the omitted dimension-6 operators and es-
timating their e↵ect to a shift caused to vacuum expec-
tation values of the scalars in the e↵ective theory. In the
case of SM, this analysis is presented in Section 5.4 in
Ref. [? ]. In the case of superheavy and heavy triplet, we
can estimate the e↵ect of dimension-6 (�†�3)-operator by
comparing magnitude of triplet contributions to that of
top quark, which gives an e↵ect of order one percent in
the pure SM. Coe�cients for these dimension-6 terms are
given in Appendices ??.

Before turning to results in the case of superheavy or
heavy triplet for remainder of this article, we illustrate
matching procedure in more detail.

C. Matching of the parameters

As an illuminating example of how the mapping be-
tween 4-d and 3-d theories is constructed, we describe
the process in detail for the case of triplet portal cou-
pling a
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, assuming that the triplet field is light and will
be left as a dynamical variable in the final theory.
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The three-dimensional fields and couplings are related
to their four-dimensional counterparts by matching re-
lations presented in appendix A 2. �L (3) is the renor-
malization counterterm in 3-d and is needed for determi-
nation of lattice counterterms. Note that 3-d gluons and
interaction terms for temporal gluon C
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can be neglected,
see Ref. (singlet paper).
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Matching relations for this theory are presented in Ap-
pendix ??. The triplet field is left as a dynamical degree
of freedom in this theory, and it is this e↵ective theory
that will be studied in part II of this study.

However, it is interesting to assume that triplet mass
parameter is superheavy or heavy, and integrate it out
in first or second step of dimensional reduction. In this
case, the resulting 3-d theory has scalar potential of the
form
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where information about the superheavy and heavy
scales is encapsulated in the 3-d parameters by matching
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This e↵ective theory has the same form as the one
derived from Standard Model, studied in [? ], and ex-
isting lattice results can be applied. Properties of the
electroweak phase transition are described by lattice pa-
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to their four-dimensional counterparts by matching re-
lations presented in appendix A 2. �L (3) is the renor-
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scales is encapsulated in the 3-d parameters by matching
relations given in Appendices ??.

This e↵ective theory has the same form as the one
derived from Standard Model, studied in [? ], and ex-
isting lattice results can be applied. Properties of the
electroweak phase transition are described by lattice pa-
rameters
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The transition occurs when the y parameter changes sign
and is first-order when x is su�ciently small, 0 < x <
0.11.

Validity of the dimensional reduction can be estimated
by evaluating the omitted dimension-6 operators and es-
timating their e↵ect to a shift caused to vacuum expec-
tation values of the scalars in the e↵ective theory. In the
case of SM, this analysis is presented in Section 5.4 in
Ref. [? ]. In the case of superheavy and heavy triplet, we
can estimate the e↵ect of dimension-6 (�†�3)-operator by
comparing magnitude of triplet contributions to that of
top quark, which gives an e↵ect of order one percent in
the pure SM. Coe�cients for these dimension-6 terms are
given in Appendices ??.

Before turning to results in the case of superheavy or
heavy triplet for remainder of this article, we illustrate
matching procedure in more detail.

C. Matching of the parameters

As an illuminating example of how the mapping be-
tween 4-d and 3-d theories is constructed, we describe
the process in detail for the case of triplet portal cou-
pling a

2

, assuming that the triplet field is light and will
be left as a dynamical variable in the final theory.

The matching relation for a
2,3 obtains contributions

from both the h�†�⌃a⌃ai correlator and the di↵erent

•  Assume BSM fields are 
“heavy” or “supeheavy” : 
integrate out 

•  Effective “SM-like” theory 
parameters are functions of 
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•  Use existing lattice 
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effective theory & matching 
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FOEWPT-viable parameter 
space regions 

Lattice simulations exist 
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B. Three-dimensional e↵ective theories
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The three-dimensional fields and couplings are related
to their four-dimensional counterparts by matching re-
lations presented in appendix A 2. �L (3) is the renor-
malization counterterm in 3-d and is needed for determi-
nation of lattice counterterms. Note that 3-d gluons and
interaction terms for temporal gluon C
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can be neglected,
see Ref. (singlet paper).

Since the temporal scalars A
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derived from Standard Model, studied in [? ], and ex-
isting lattice results can be applied. Properties of the
electroweak phase transition are described by lattice pa-
rameters

x =
�̄

3

ḡ2

3

, y =
µ̄2

�,3

ḡ4
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tation values of the scalars in the e↵ective theory. In the
case of SM, this analysis is presented in Section 5.4 in
Ref. [? ]. In the case of superheavy and heavy triplet, we
can estimate the e↵ect of dimension-6 (�†�3)-operator by
comparing magnitude of triplet contributions to that of
top quark, which gives an e↵ect of order one percent in
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to their four-dimensional counterparts by matching re-
lations presented in appendix A 2. �L (3) is the renor-
malization counterterm in 3-d and is needed for determi-
nation of lattice counterterms. Note that 3-d gluons and
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Matching relations for this theory are presented in Ap-
pendix ??. The triplet field is left as a dynamical degree
of freedom in this theory, and it is this e↵ective theory
that will be studied in part II of this study.

However, it is interesting to assume that triplet mass
parameter is superheavy or heavy, and integrate it out
in first or second step of dimensional reduction. In this
case, the resulting 3-d theory has scalar potential of the
form

V (�) = µ̄2
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where information about the superheavy and heavy
scales is encapsulated in the 3-d parameters by matching
relations given in Appendices ??.

This e↵ective theory has the same form as the one
derived from Standard Model, studied in [? ], and ex-
isting lattice results can be applied. Properties of the
electroweak phase transition are described by lattice pa-
rameters
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The transition occurs when the y parameter changes sign
and is first-order when x is su�ciently small, 0 < x <
0.11.

Validity of the dimensional reduction can be estimated
by evaluating the omitted dimension-6 operators and es-
timating their e↵ect to a shift caused to vacuum expec-
tation values of the scalars in the e↵ective theory. In the
case of SM, this analysis is presented in Section 5.4 in
Ref. [? ]. In the case of superheavy and heavy triplet, we
can estimate the e↵ect of dimension-6 (�†�3)-operator by
comparing magnitude of triplet contributions to that of
top quark, which gives an e↵ect of order one percent in
the pure SM. Coe�cients for these dimension-6 terms are
given in Appendices ??.

Before turning to results in the case of superheavy or
heavy triplet for remainder of this article, we illustrate
matching procedure in more detail.

C. Matching of the parameters

As an illuminating example of how the mapping be-
tween 4-d and 3-d theories is constructed, we describe
the process in detail for the case of triplet portal cou-
pling a
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, assuming that the triplet field is light and will
be left as a dynamical variable in the final theory.

The matching relation for a
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Z2 Singlet: “superheavy” 2HDM: “heavy” Real triplet: “heavy” 

Brauner et al ‘16 Andersen et al ‘17 Niemi et al ’18 (preliminary) 
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Z2 Singlet: “superheavy” 2HDM: “heavy” Real triplet: “heavy” 

Brauner et al ‘16 Andersen et al ‘17 Niemi et al ’18 (preliminary) 

FOEWPT 
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Real Triplet Example: Lessons 

•  Initial non-perturbative studies using 3d EFT 
reveals region of FOEWPT not evident in PT 

•  Next generation circular e+e- and pp colliders 
likely necessary to access this region: a first order 
transition ! Observable shift in h! γγ rate 

•  Next generation colliders will have needed 
sensitivity 
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Z2 Singlet: “superheavy” 2HDM: “heavy” Real triplet: “heavy” 

•   BSM fields fields do not play dynamical role in EWSB 
•  All transitions are single step – no multistep transitions occur 
•  Non-perturbative determination of strength of transition (sphaleron & 

tunneling rates) remain to be obtained 

Brauner et al ‘16 Andersen et al ‘17 Niemi et al ’18 (preliminary) 

Higgs portal coupling Higgs portal coupling 

Need lattice simulations w/ dynamical BSM scalars 

Crossover 


