
Masanori Tanaka (Osaka University)

Electroweak phase transition
in the nearly aligned Higgs EFT

ICHEP 2022 (Italy, Bologna)  7/7/2022

Collaborators: Shinya Kanemura (Osaka U.), Ryo Nagai

S. Kanemura, R. Nagai and M. Tanaka: JHEP 06 (2022) 



Introduction

2

Standard Model (SM) is consistent with the result in LHC

Unsolved problems: baryon asymmetry of the Universe, dark matter etc…

Energy scale

~100 GeV h, top

New Physics

≈

e.g., Standard Model Effective Field Theory (SMEFT), Higgs EFT (HEFT)

Contributions from heavy new particles can be described by EFT frameworks

[Buchmuller and Wyler: Nucl. Phys. B268 (1986)]
[Grzadkowski et al.: JHEP 10 (2010)]

[Feruglio: Int. J. Mod. Phys. A 8 (1993)]
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• The framework of the SMEFT is often used [Buchmuller and Wyler: Nucl. Phys. B268 (1986)]
[Grzadkowski et al.: JHEP 10 (2010)]

→ SMEFT is a good EFT framework for the decoupling new physics
[Appelquist and Carazzone, PRD 11 (1975)]

• Heavy particles can cause large quantum effects (non-decoupling effects)

→ SMEFT does not work well in such the case
[Kanemura et al.: PRD 70 (2004)]

• HEFT can describe the new physics with the large quantum effects

We discuss an development of the HEFT to discuss the non-decoupling effects

[Falkowski, Rattazzi, JHEP 10 (2019), Cohen et. al, JHEP 03 (2021)]

[Feruglio: Int. J. Mod. Phys. A 8 (1993)]



Non-decoupling effects in hhh coupling

Δλ2HDM
hhh

λSM
hhh

≃ ∑
Φ=H,A,H±

nΦm4
Φ

12π2m2
hv2 (1 −

M2

m2
Φ )

3

≃
∑

Φ

nΦλ3
Φv4

12π2m2
hm2

Φ
(λΦv2 ≪ M2)

∑
Φ

nΦm4
Φ

12π2m2
hv2

(λΦv2 ≳ M2) Non-decoupling

[Kanemura et al.: PRD 70 (2004)]

∂3Veff(φ)
∂φ3

φ=v

= λSM
hhh (1 +

Δλnew
hhh

λSM
hhh ), Δλnew

hhh = λnew
hhh − λSM

hhh

m2
Φ ≃ M2 + λΦv2Eg) Two Higgs doublet model (2HDM)

sin(β-α)=1, M=0

h
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Large hhh coupling is required to realize 
the strongly 1st order phase transition

The non-decoupling effect is very important
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][Kanemura, Okada and Senaha, PLB606 (2005)]

Δλ2HDM
hhh

λSM
hhh

> 20 − 30 %

Decoupling



Non-decoupling effects and new EFT

⇒ SMEFT is not appropriate to describe the non-decoupling effects

[Falkowski, Rattazzi, JHEP 10 (2019), Cohen et. al, JHEP 03 (2021)]

• Loop corrections to the effective potential [Coleman and Weinberg: PRD 7 (1973)]

VCW(φ) =
[M2(φ)]2

64π2
ln

M2(φ)
Q2 Important to describe the non-decoupling effects

• Assuming  with M2(φ) = M2 + λΦφ2 M2 ≫ λΦv2

VCW(φ) ∋
λ3

Φ

64π2M2
φ6 =

1
Λ2

φ6 ⇒ SMEFT is a good approximation

• In the case with , we cannot expand  in terms of M2 ≲ λΦv2 VCW φ

We need a new EFT framework → Nearly aligned Higgs EFT (naHEFT)
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Nearly aligned Higgs EFT (naHEFT)
The naHEFT can describe the non-decoupling effects independent of models

this case, deviations from the SM in Higgs coupling constants with gauge bosons and

fermions appear in the loop corrections. We here call the e↵ective theory describing

this scenario as the “nearly aligned Higgs e↵ective field theory (naHEFT)”.

The e↵ective Lagrangian is given as

LnaHEFT = LSM + LBSM , (2.1)

where LSM is the Lagrangian of the SM, and LBSM is defined by

LBSM = ⇠


�0

4
[M2(h)]2 ln

M2(h)

µ2

+
v

2

2
F(h) Tr[DµU

†
D

µ
U ] +

1

2
K(h)(@µh)(@

µ
h)

� v

✓
q̄

i
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h
Y ij

q (h) + Ŷ ij
q (h)⌧ 3

i
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� v
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l̄
i
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h
Y ij

l (h) + Ŷ ij
l (h)⌧ 3

i
l
j
R + h.c.

◆�
, (2.2)

with ⇠ = 1/(4⇡)2. 0 and µ
2 are real parameters. We take v ' 246GeV. h denotes

the 125GeV Higgs boson, and we here assume h = 0 to be the global minimum

of the Higgs potential. We will discuss the validity of this assumption later. U

parameterizes the Nambu-Goldstone (NG) bosons (⇡±
, ⇡

3) eaten by the longitudinal

W
± and Z bosons,

U = exp

✓
i

v
⇡

a
⌧

a

◆
, ⇡

± =
1p
2
(⇡1 ⌥ i⇡

2) , (2.3)

with ⌧
a (a = 1, 2, 3) being the SU(2) Pauli matrices. qi

L and l
i
L denote the SU(2)L

doublet SM quark and lepton fields, respectively. i is the index for the generation,

i = 1, 2, 3. qi
R and l

i
R are vectors defined as qi

R = (ui
R d

i
R)

T and l
i
R = (0 e

i
R)

T where

u
i
R, d

i
R, and e

i
R are the SU(2)L singlet up-type quark, down-type quark and lepton

fields, respectively. The covariant derivative of U is defined as

DµU = @µU + igWµU � ig
0
UBµ , (2.4)

where SU(2)L and U(1)Y gauge boson fields are defined as Wµ =
P

3

a=1
W

a
µ

⌧a

2
and

Bµ = Bµ
⌧3

2
. g and g

0 denote the SU(2)L and U(1)Y gauge couplings. M2(h), F(h),

K(h), Y(h), and Ŷ(h) are polynomial in h,

M2(h) =
X

n=0

Mn

n!

✓
h

v

◆n

, (2.5)

F(h) =
X

n=1

fn

n!

✓
h

v

◆n

, K(h) =
X

n=0

kn

n!

✓
h

v

◆n

, (2.6)
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Î (emh, emh, emh) + Î (emh, emG, emG)
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�
m

2
A
,m

2
H±

�
+ 2�AĴ
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What is the meaning of “nearly aligned”?

The naHEFT can describe extended Higgs
models without alignment ( )κV, f ≠ 1

κV =
gnew

hVV

gSM
hVV

, κf =
gnew

hff

gSM
hff
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Figure 1: Higgs coupling factors for the model with N = 1.
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4 = 1 +
16⇠
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�
, (2.72)

where we ignore the O(⇠2) corrections. In figure 1, we estimate the Higgs coupling

parameters for theN = 1 case. Black, blue and red lines correspond to the cases with

r = 0.01, 0.6, and 1, respectively. We find that, if r ' 0, the coupling derivations are

highly suppressed. On the other hand, if we take r ' 1, the coupling deviation can

be sizable for a large ⇤ due to the enhancement factor with the power of ⇤. These

enhancement corrections are regarded as non-decoupling e↵ects from the integrated

particles. Such a non-decoupling property has been pointed out in the concrete

extended Higgs models in Refs. [11, 12]. We thus find that the non-decoupling

property can be e↵ectively parameterized by the naHEFT.

We note that, if r 6= 1 (M 6= 0), the naHEFT Lagrangian can be expressed in

terms of the polynomial in |�|2, which is a familiar form called the “Standard Model

12

[Kanemura and Nagai, JHEP 03 (2022)]
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naHEFT vs. SMEFT: hhh coupling
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Figure 2: We compare the various EFT results with the full one-loop results in

the renormalizable model reported in Refs. [15, 16]. �V,3 = V,3 � 1. In the full

one-loop calculations, we only include the singlet-loop e↵ects.
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Figure 2: We compare the various EFT results with the full one-loop results in

the renormalizable model reported in Refs. [15, 16]. �V,3 = V,3 � 1. In the full

one-loop calculations, we only include the singlet-loop e↵ects.
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Decoupling Non-decoupling

κ3 =
λnew

hhh

λSM
hhh

κ3 =
λnew

hhh

λSM
hhh

Large deviation!

Dim6

SM + S
naHEFT

⇤2 = M2(h = 0) = M2 +
p

2
v2, r =

pv2

2
/⇤2
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[Kanemura and Nagai, JHEP 03 (2022)]
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⇤2 = M2(h = 0) = M2 +
p

2
v2, r =

pv2

2
/⇤2
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  ⇒  r ∼ 0 M2 ≫
κp

2
v2 Decoupling

  ⇒  r ∼ 1 M2 ≪
κp

2
v2 Non-decoupling

• Non-decouplingness: 



naHEFT at the finite temperature
• We extend the naHEFT at finite temperature systems

VEFT = VSM +
0

64⇡2

⇥
M2(�)

⇤2
ln

M2(�)

µ2
+

0

2⇡2
T 4JBSM

✓
M2(�)

T 2

◆
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2
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JBSM(a2) =

Z 1

0
dk2k2 ln

h
1� sign (0) e

�
p
k2+a2

i

8

Δκ3 =
Δλnew

hhh − λSM
hhh

λSM
hhh

[Kanemura, Nagai and Tanaka,
 JHEP 06 (2022)]
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Summary

• We proposed the nearly aligned Higgs EFT

• We discussed the hhh coupling and the gravitational waves by first-order 
phase transitions in the naHEFT

→ SMEFT is not appropriate when we discuss phenomena  
     related to the non-decoupling quantum effects

• We can test extended models with the non-decoupling effects via the 
hhh coupling measurement and the gravitational wave observation

9
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→ The naHEFT can describe models with the non-decoupling effects



Backup
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Introduction

• Electroweak baryogenesis (EWBG)

①Sphaleron process
② new CP phase in extended Higgs sectors
③ 1st order phase transition (1st OPT)

[PDG 2021]
nb − nb

nγ
= 5.8 − 6.5 × 10−10• Baryon asymmetry of the Universe

Sakharov’s condition

①Baryon # violation
②C and CP violation
③Departure from equilibrium

[Kuzmin, et al. : PLB155 (1985)]

Extension of the Higgs sector is needed

[Sakharov, Pisma Zh.Eksp.Teor.Fiz. 5 (1967)]

- EW phase transition in the SM is crossover
[Kajantie et al, Nucl. Phys. B493 (1997); Laine and Rummukainen, Nucl. Phys. B73 (1999)]

- CKM phase is not sufficient to explain the observed baryon asymmetry 
[Gavela et al., Nucl. Phys. B430 (1994); Huet and Sather, PRD 51 (1995)]
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The strongly 1st OPT and hhh coupling

[Kanemura, Okada and Senaha, PLB606 (2005)]Eg) Two Higgs doublet model (2HDM)

Large deviation in the hhh coupling is important to realize the strongly 1st OPT

[Grojean, Servant and Wells, PRD 71 (2005)], [Kanemura, Okada and Senaha, PLB606 (2005)]

12

m2
Φ ≃ M2 + λΦv2

Δλhhh

λhhh
≡

λnew
hhh − λSM

hhh

λSM
hhh



Strongly 1st order phase transition

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

φ

Veff(φ)

Tunneling

T = Tn

vnVeff(φ, T ) ≃ D(T2 − T2
0)φ2−ETφ3 +

λ(T )
4

φ4

Only boson loop contributions

• Effective potential (High temperature expansion)

vn

Tn
∼

vc

Tc
∼

2E
λ(Tc)

• Strength of the 1st OPT:

- Large : extended Higgs models with non-decoupling quantum effectsE

- Small : Standard model effective field theory (SMEFT)λ

Γ(b)
sph(Tn) < HHubble(Tn)

• Sphaleron decoupling condition

vn

Tn
> ζsph(Tn) ≃ 1

[Anderson and Hall, PRD 45 (1992)]

[Grojean, Servant and Wells, PRD 71 (2005)]

[Kanemura, Okada and Senaha, PLB606 (2005)]

[Funakubo and Senaha, PRD 79 (2009)]

[Bochkarev et al., PRD 43 (1991)]
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Gravitational waves from 1st OPT
Origin of the gravitational waves (GWs) from 1st OPT

Eg) Compression wave (leading contribution)

The peak height

The peak frequency

LISA

PTPlot used [Caprini et al., JCAP 03 (2020) 024]

①Bubble collisions

②Compression wave of plasma

③Plasma turbulence

ΩSW( f )h2 = Ω̃peak
SW h2 × (f / f̃SW)3 7

4 + 3 (f / f̃SW)2

7/2

Ω̃peak
sw h2 ≃ 2.65 × 10−6vbβ̃−1

GW ( κswαGW

1 + αGW )
2

( 100
g* )

1/3

f̃sw ≃ 1.9 × 10−2 1
vb

β̃GW ( Tn

100GeV ) ( g*

100 )
1/6

mHz

[Caprini et al., JCAP 04 (2016)]

: efficiency factor κsw

False vacuum

True vacuum

[LISA: arXiv:1702.00786]



Higgs couplings in the naHEFT
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Figure 1: Higgs coupling factors for the model with N = 1.
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where we ignore the O(⇠2) corrections. In figure 1, we estimate the Higgs coupling

parameters for theN = 1 case. Black, blue and red lines correspond to the cases with

r = 0.01, 0.6, and 1, respectively. We find that, if r ' 0, the coupling derivations are

highly suppressed. On the other hand, if we take r ' 1, the coupling deviation can

be sizable for a large ⇤ due to the enhancement factor with the power of ⇤. These

enhancement corrections are regarded as non-decoupling e↵ects from the integrated

particles. Such a non-decoupling property has been pointed out in the concrete

extended Higgs models in Refs. [11, 12]. We thus find that the non-decoupling

property can be e↵ectively parameterized by the naHEFT.

We note that, if r 6= 1 (M 6= 0), the naHEFT Lagrangian can be expressed in

terms of the polynomial in |�|2, which is a familiar form called the “Standard Model

12

[Kanemura and Nagai, JHEP 03 (2022)]
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Momentum dependence on hhh coupling

16

when M ’ m!. In Fig. 3, we show the decoupling behav-
ior of the heavier Higgs contribution as a function of M
with fixed

!!!!!!!!!

!v2
p

! 200–450 GeV, in the case of sin2""#
#$ ! 1 and mh ! 120 GeV, where the mass of the heavier
Higgs bosons m! ( ! mA ! mH ! mH%) is given by
m2

! ! !v2 &M2. (We note that ! corresponds to
!1cos

2#& !2sin
2##m2

h=v
2 ! !3 #m2

h=v
2 ! #!4 !

#!5 in this case.) As shown, the heavier Higgs boson
contributions reduce rapidly for a larger value of M. For
M ! 1000 GeV, the correction can be as large as a few
tens of percent.

In Fig. 4, we show the momentum dependence of the
deviation in the effective hhh coupling, "hhh"q2$ ( '
"hhh"m2

h; m
2
h; q

2$), from the SM result as a function of
the invariant mass (

!!!!!

q2
p

) of the virtual h boson, for
various values of m! ( ! mA ! mH ! mH%) with

sin2""# #$ ! 1 and mh ! 120 GeV. Again, to show
the maximal nondecoupling effect, we have set M to be
zero. The Higgs boson one-loop contribution is always
positive. Below the peak of the threshold of the heavy
Higgs pair production, "hhh"q2$ is insensitive to

!!!!!

q2
p

. We
note that the low

!!!!!

q2
p

(but
!!!!!

q2
p

* 2mh) is the most
important region in the extraction of the hhh coupling
from the data of the double Higgs production mechanism,
because the h( propagator 1="q2 #m2

h$ in the signal
process becomes larger. On the contrary, as we have
shown in Fig. 1 in Sec. II, the fermionic (top-quark)
loop effect strongly depends on

!!!!!

q2
p

because of the
threshold enhancement at

!!!!!

q2
p

! 2mt.

B. The mixing angle dependence

Here, we study the case in which the condition of x ! 0
(or, sin""# #$ ! #1) is relaxed. When sin""# #$ is
much different from #1, the renormalized couplings are
significantly different from their SM values because of
the tree level mixing effect [10,11]. Our main interest is
rather the case in which the condition sin""# #$ ! #1
is only slightly relaxed; i.e., sin""# #$ ’ #1 or x ) 1.
We refer to such a case as the SM-like regime of the
THDM. In order to study this case, we introduce the
parameter $ ! cos2""# #$ ! 1# sin2""# #$ ( ’ x2)
which directly measures the deviation from the decou-
pling limit. In Figs. 5 and 6, we show "#gTHDMhZZ =ghZZ$ and
"#!THDM

hhh =!hhh$ as a function of $, respectively. The value
of m! ( ! mH ! mA ! mH%) is set to be 300 GeV. We
consider the case of mh ! 120 GeV and tan# ! 2, and
the scale M is taken to be 0, mA=2, mA=

!!!

2
p

, and mA. The
solid curves are the results for the one-loop corrected
couplings, and the dotted ones are for the tree level
couplings.
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hhh measurement at future colliders
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to
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Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
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at 365 GeV alone would not improve much compared to a single run at 240 GeV).
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i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
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Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]
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instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to
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ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]
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Figure 4: Perturbative unitarity bound (Gray) and vacuum stability bound (Ma-

genta) for the simple case discussed in section 5.1. We take V V = 1. Dotted line is

obtained by using Eqs. (4.17)-(4.20).

5 Numerical analysis

In this section, we numerically estimate vacuum stability and perturbative unitarity

bound in the naHEFT. In the estimation of the perturbative unitarity bound, we

use the expressions reported in appendix A and diagonalize the scattering matrix

numerically. For concreteness, we consider the following two cases; i) the simple

case in which non-decoupling e↵ect only appear in the Higgs potential, and ii) the

case for the scalar extension which has been discussed in section 2.1.

5.1 The simple case

We first consider the simple case where

• M2(h) = ⇤2 + p

⇣
|�|2 � v2

2

⌘
,

• K(h) = 0 ,

• F(h) is independent of ⇤2 and p ,

• 0 = 1.

In this case, the Higgs potential is estimated as Eq. (3.3) and the Higgs couplings

relevant to the unitarity bound are obtained as

V = 1 +
⇠

2
f1 , (5.1)
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[Kanemura and Nagai, JHEP 03 (2022)]gnew
hVV /gSM

hVV = κv

18

Mass upper bound exists in models without alignment

→ New no-lose theorem
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EW Phase transition in the 2HDM
To realize the strongly 1st OPT while satisfying the unitarity bound,

Masses of additional Higgs bosons < 1.6-2 TeV

[Kanemura and Tanaka, arXiv:2201.04791]

M2
Φ = M2 + λΦv2



Nearly aligned Higgs EFT

this case, deviations from the SM in Higgs coupling constants with gauge bosons and

fermions appear in the loop corrections. We here call the e↵ective theory describing

this scenario as the “nearly aligned Higgs e↵ective field theory (naHEFT)”.

The e↵ective Lagrangian is given as

LnaHEFT = LSM + LBSM , (2.1)

where LSM is the Lagrangian of the SM, and LBSM is defined by

LBSM = ⇠


�0

4
[M2(h)]2 ln

M2(h)

µ2

+
v

2

2
F(h) Tr[DµU

†
D

µ
U ] +

1

2
K(h)(@µh)(@

µ
h)

� v

✓
q̄

i
LU

h
Y ij

q (h) + Ŷ ij
q (h)⌧ 3

i
q

j
R + h.c.

◆

� v

✓
l̄
i
LU

h
Y ij

l (h) + Ŷ ij
l (h)⌧ 3

i
l
j
R + h.c.

◆�
, (2.2)

with ⇠ = 1/(4⇡)2. 0 and µ
2 are real parameters. We take v ' 246GeV. h denotes

the 125GeV Higgs boson, and we here assume h = 0 to be the global minimum

of the Higgs potential. We will discuss the validity of this assumption later. U

parameterizes the Nambu-Goldstone (NG) bosons (⇡±
, ⇡

3) eaten by the longitudinal

W
± and Z bosons,

U = exp

✓
i

v
⇡

a
⌧

a

◆
, ⇡

± =
1p
2
(⇡1 ⌥ i⇡

2) , (2.3)

with ⌧
a (a = 1, 2, 3) being the SU(2) Pauli matrices. qi

L and l
i
L denote the SU(2)L

doublet SM quark and lepton fields, respectively. i is the index for the generation,

i = 1, 2, 3. qi
R and l

i
R are vectors defined as qi

R = (ui
R d

i
R)

T and l
i
R = (0 e

i
R)

T where

u
i
R, d

i
R, and e

i
R are the SU(2)L singlet up-type quark, down-type quark and lepton

fields, respectively. The covariant derivative of U is defined as

DµU = @µU + igWµU � ig
0
UBµ , (2.4)

where SU(2)L and U(1)Y gauge boson fields are defined as Wµ =
P

3

a=1
W

a
µ

⌧a

2
and

Bµ = Bµ
⌧3

2
. g and g

0 denote the SU(2)L and U(1)Y gauge couplings. M2(h), F(h),

K(h), Y(h), and Ŷ(h) are polynomial in h,

M2(h) =
X

n=0

Mn

n!

✓
h

v

◆n

, (2.5)

F(h) =
X

n=1

fn

n!

✓
h

v

◆n

, K(h) =
X

n=0

kn

n!

✓
h

v

◆n

, (2.6)
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Î (emhe,emH , emH) + (�3 + �4 � �5)

2
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�
m

2
h
,m

2
H±

�
+ 3�2J

�
m

2
H
,m

2
H

�
+ 4�2Ĵ
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• BSM part in the naHEFT

• Lagrangian for the nearly aligned Higgs EFT (naHEFT)

which corresponds to the mass squared of the integrated new particles. We assume

M2(0) > 0. We regard ⇤ as the cuto↵ scale of our EFT. We therefore assume

⇤ > v , (2.15)

to ensure the validity of the EFT description. 0 corresponds to the e↵ective degree

of freedom of the new particles contributing to the Higgs potential. Positive and

negative values of 0 imply bosonic and fermionic contributions, respectively. µ

can be regarded as the renormalization scale for the one-loop corrections to the

Higgs potential. The physical observables should not depend on the scale µ after

performing on-shell renormalization. We will discuss this point later.

F(h) modifies the Higgs couplings to the electroweak gauge bosons and NG

bosons. We take F(0) = 0 to make the kinetic terms of the NG bosons be canonical

ones. Here we assume that the Higgs-gauge sector respects a global SU(2) custo-

dial symmetry except for U(1)Y gauge interaction. If the BSM Higgs-gauge sector

breaks the custodial symmetry explicitly, FZ(h) (Tr[U †
DµU⌧

3])2 with FZ(h) being

a polynomial in h appears.

Y(h) and Ŷ(h) result in the Higgs-fermion interactions which are not predicted

in the SM. Here we take Y(0) = Ŷ(0) = 0 so that the fermion mass parameters are

fixed to be ones in the SM.

K(h) expresses the new physics e↵ects to the wave function of h. We assume

1 + ⇠ k0 > 0 . (2.16)

to avoid the negative kinetic energy of h. The nonzero K(h) induces the universal

deviation of Higgs coupling constants via canonical normalization of the Higgs field.

The canonically normalized Higgs field ĥ is given as

ĥ =

Z h

0

dh
0
p
1 + ⇠ K(h0) . (2.17)

We find

h =
1X

n=1

cn

n!
ĥ

n
, (2.18)

with

c1 = 1 � ⇠

2
k0 + O(⇠2) , cn = �⇠

2

kn�1

vn�1
+ O(⇠2) for n � 2 . (2.19)

In the naHEFT, n-point functions of Higgs field at the zero momentum are

obtained by �@nLnaHEFT

@ĥn |ĥ=0
. Here we assume

�@LnaHEFT

@ĥ

����
ĥ=0

= c1d1 = 0 , (2.20)
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• The custodial symmetry breaking term
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Nearly aligned Higgs effective field theory

[Kanemura, Nagai and Tanaka, arXiv: 2202.12774]
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• Since we are interested in the phase transition, we focus on the potential part

d.o.f of BSM particle

field dependent mass of BSM particle

renormalization scale

• For simplicity, we take

• Important parameter in the naHEFT:  Non-decouplingness

  ⇒  r ∼ 0 M2 ≫
κp

2
v2 Decoupling region

  ⇒  r ∼ 1 M2 ≪
κp

2
v2 Non-decoupling region
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VBSM =
0

64⇡2
[M2(�)]2 ln

M2(�)

µ2
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M2(�) = M2 +
p

2
�2, � = h+ v

• The square mass of the BSM particle (cutoff scale): 
<latexit sha1_base64="3aZ4yjSm7hHDWpOSXYkiFsW9RcI="></latexit>

r =
pv

2

2

⇤2
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M2(v) ⌘ ⇤2
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When r ' 0 (corresponding to M
2
' ⇤2), the new physics e↵ect should be

decoupled because the new particle obtains the mass almost independently from the

Higgs vacuum expectation value. In this case, our EFT falls into the SMEFT form

(2.4). Let us check this explicitly. We first note that, when M
2
6= 0 (corresponding

to r 6= 1), lnM2(�)/µ2 in Eq. (2.5) can be decomposed as

ln
M

2(�)

µ2
= ln

M
2

µ2
+ ln (1 + x�) , (2.13)

where

x� =
r

1� r

|�|2

v2

2

. (2.14)

Note that x� ⌧ 1 when r ' 0 and |�| . v. If x� ⌧ 1, we can expand ln(1 + x�) as

ln (1 + x�) = x� +
1

2
x
2
� +O(x3

�) . (2.15)

If we truncate ln(1+x�) at O(x�), our e↵ective potential (2.5) can be expressed by

the SMEFT form (2.4) up to mass dimension six operators. Imposing the conditions

Eqs. (2.9) and (2.10), the new physics contribution is obtained as

VBSM(�) =
1

f 2

✓
|�|2 �

v
2

2

◆3

, (2.16)

where f is given as

1

f 2
=

2

3
⇠ 0

⇤4

v6

r
3

1� r
. (2.17)

The decoupling limit corresponds to r ! 0, which leads to f ! 1. On the other

hand, if we truncate ln(1 + x�) at O(x2
�), our e↵ective potential is expressed as

the SMEFT form (2.4) up to mass dimension eight operators. Using Eqs. (2.9) and

(2.10) again, we find

VBSM(�) =
1

f 2
6

✓
|�|2 �

v
2

2

◆3

�
1

f 4
8

✓
|�|2 �

v
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2

◆4

, (2.18)

where f6 and f8 are given as

1

f 2
6

=
1

f 2

1� 2r

1� r
, (2.19)

1

f 4
8

=
⇠

3
0

⇤4

v8

r
4

(1� r)2
. (2.20)

The decoupling limit again corresponds to r ! 0 which leads to f6,8 ! 1. We

emphasize that both SMEFT approximations (2.16) and (2.18) fail when |x�| '

1, which typically corresponds to the non-decoupling case. We will revisit this

observation later.
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