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“Higgs as a Probe of New Physics (2023)”

In this talk, I assume new physics  composite Higgs 
(Please accept this assumption for 15 minutes.)

=
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Introduction: Composite Higgs model

A composite Higgs model provides a solution to the hierarchy problem. 
(“No elementary scalar field”)

SM-like Higgs boson  pseudo-Nambu-Goldstone-Boson (pNGB) of 
global symmetry breaking, .

=
G → H

 symmetry breakingG → H

∼ 100 GeV Electroweak 
symmetry breaking

 (Composite scale)∼ 10 TeV
•  SU(2)W × U(1)Y ⊂ H

•  triggered by a strong dynamicsG → H

[D. B. Kaplan, H. Georgi (1984)] 
[D. B. Kaplan, et al. (1984)]  
[M. J. Dugan, et al. (1985)] 
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Cosmological first order phase transition  Formation of bubbles⇒

Introduction: Cosmological Phase Transitions

Question: What are order of phase transitions in composite Higgs models?

1. Production of Gravitational Wave 

2. Production of Dark Matters 

3. Primordial Black hole formation 
       (See interesting talks in this session.)

[Kosowski et al. (1992)] 
[Hindmarsh, et al. (2014)]  
[Kamionkowski, et al. (1993)] 

[Witten (1992), Y. Bai (2018)]
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Phase Transitions in Composite Higgs
There can be three phase transitions:

1. Phase transition associated with 
confinement 

2. Phase transition associated with new 
global symmetry breaking, . 

3. The Electroweak Phase Transition

G → H

In this talk, I discuss order of the  phase transition.G → H

Electroweak symmetry breaking

Cosmic temperature

 phase transitionG → H
Confinement of new gauge group

∼ 100 GeV

<latexit sha1_base64="oTzfSkjkkFoCFjGM0XuLrvJ7tvY="></latexit>

⇠ 10TeV
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Summary of this talk
I argue that if

• The argument of universality and -expansion are qualitatively good,ε

first-order  phase transitions are favored in some 
composite Higgs models.

G → H

• Effects of explicit breaking of global symmetry  are negligible, G

I am going to explain the argument of universality and -expansion.ε



7

Details of Phase Transition Dynamics
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Effective Field Theory (EFT) of Phase Transitions
Assumption (The argument of universality):  

Phase transition dynamics is dominated by the long-wavelength 
fluctuations by an order parameter, .Φ

We may start from the effective field theory (EFT) of the order 
parameter in three spatial dimension.

(Equilibrium) thermal field theory  Euclidean Field theory on ≃ S1 × R3

<latexit sha1_base64="drEoNeL5tCblCKbQ9x04RLhuVpY="></latexit>

⇡T shrinksS1

Microscopic 4D Action:

3D EFT of phase transition:

<latexit sha1_base64="SWw2glmaVfxeVC2h5zL3O4sRcuY="></latexit>

S4[�(⌧,x), (⌧,x), · · · ]
<latexit sha1_base64="I9VHNhiA9f5DoeEyJA+QX/gumTU="></latexit>

S1 ⇥R3

<latexit sha1_base64="AXXc2mzk0Z4/tU/Xq1x+mJ34qCg="></latexit>

R3

Length scale

 
 cosmic temperature
S1 : τ ∼ τ + 1/T

T :
<latexit sha1_base64="MJwDzXpP+8Yv5ElFUTThbp8ILzM="></latexit>

S3[�(x), T ]
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Minimal Composite Higgs Models
• Consider phase transition associated with   

(Minimal composite Higgs)
O(N) → O(N − 1)

<latexit sha1_base64="DuqJ3DAFxiK8lgMg866lMMlrUW4="></latexit>

SE =

Z
d3x


1

2
@i�a@i�a +

1

2
m2(T )�a�a +

�3

4
(�a�a)

2 + · · ·
�

: Order parameter (fundamental representation of ).Φa (a = 1,2,⋯, N) O(N)

• Effective theory:

High T: : Symmetric Phasem2(T > TC) > 0 ⇒ ⟨Φa⟩ = 0

Low T: : Broken Phasem2(T < TC) < 0 ⇒ ⟨Φa⟩ ≠ 0

• Without fluctuations, a 2’nd order transition takes place at .m(TC) = 0

[N=5 is proposed by K. Agashe et al. (2005)]
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Infra-red (IR) fluctuation and -expansionε
• In three dimension, a fluctuation of  at critical point  is 

non-perturbatively large.
Φ m2(TC) = 0

• -expansion: Compute the renormalization group equation in  
dimension (instead of 3), and finally takes the extrapolation, 
ε 4 − ε

ε → 1.

• Divergence of correlation length at the IR fixed-point  Divergence 
of susceptibility  2’nd order phase transition

⇒
⇒

IR stable fixed-point

<latexit sha1_base64="0Ys1vWYgYCaN0+HlpI2Hc5hjU6A="></latexit>

��3 ⌘ µ
@�3

@µ
= �✏�3 + (N + 8)

�2
3

8⇡2

<latexit sha1_base64="9v20hf1lQ7Ih1lvWwVgNqV/mP/U="></latexit>

�3 > 0

<latexit sha1_base64="LB32Ixaqyr3b/ifH0a9lHCtAbnY="></latexit>

�⇤
3 = ✏

8⇡2

N + 8

[ K.G. Wilson and M.E. Fisher (1972), E. Brezin et al. (1973)]
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Phase transition: O(N) → O(N − M) × O(M)

Order parameter:  in two-index symmetric traceless representation under Φab O(N)
<latexit sha1_base64="iNbxjtXyk3uuN/Pt+/bom+idqQM="></latexit>

Tr� = 0,� = �T
<latexit sha1_base64="mf/VY6r3KyrKQNZec9qaKdc74FY="></latexit>

�ab ! V �V T
, V 2 O(N),

• Effective Action:
<latexit sha1_base64="SHtSNssgSpgRYtad97N2a3iMtVM="></latexit>

SE =

Z
d3x


1

2
Tr (@i�)

2 +
1

2
m2(T )Tr (�2) +

u

4!

�
Tr�2

�2
+

v

4!
Tr (�4)

�

• Composite Higgs model: O(N) → O(N − M) × O(M)

• Without fluctuations, a second-order phase transition takes place.

• What happens when we include fluctuation?

[N=9 and M=4 proposed by S. Chang (2013)]
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Phase transition: O(N) → O(N − M) × O(M)
<latexit sha1_base64="rea8RF/aCsNgMDE85yGvsNBP88w="></latexit>

�u =� ✏u+
1

16⇡2


2

3

�
N2 +N + 14

�
u2 +

✓
8

3
N + 4� 8

N

◆
uv +

✓
2 +

12

N2

◆
v2
�
,

�v =� ✏v +
1

16⇡2


16uv +

✓
4

3
N + 6� 24

N

◆
v2
�

One-loop renormalization group analysis:

No stable IR fixed points  fluctuation-induced first-order phase transition⇒

N = 9

<latexit sha1_base64="ExH3E6+hidOlK7+SLeNaZSBW8y0="></latexit>

V (�)

<latexit sha1_base64="mJKj3o9LXldFgKzIwpv/KRwasjE="></latexit>

�

New minimum appears 
(Coleman-Weinberg mechanism)

[P. H. Ginsparg (1980)]
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Results ( -expansion)ε
4

G ! H PT dynamics Model Order

SO(N) ! SO(N � 1)
[70, 71] N = 5 [72] 2’nd

N = 9 [73] 2’nd

SO(9) ! SO(5)⇥ SO(4) This work [69] 1’st

SU(2N) (U(2N)) ! Sp(2N)
[63] N = 2 [7, 74–76] anomaly

N = 3 [74, 77] 1’st

SU(N) (U(N)) ! SO(N) [64] N = 5 [74, 78, 79] 1’st

TABLE I. The order of a phase transition associated with spontaneous breaking of a global symmetry. The first column denotes
the symmetry breaking pattern, G ! H. The second column gives a reference performing the analysis based on the argument
of universality, while the third column summarizes the corresponding composite Higgs models. The fourth column shows the
order of the phase transition, and “anomaly” indicates that the order of the phase transition depends on the restoration of the
axial anomaly. See the main text for detailed discussions.

For N > 2, the e↵ective Lagrangian of Eq. (1) is known
as the Heisenberg model which describes the phase transi-
tion of the Heisenberg ferromagnetic system in condensed
matter physics. The RG analysis has been carried out by
utilizing the ✏-expansion technique at the one-loop level
in refs. [71, 87]. In the ✏-expansion, one calculates loop
corrections to �3 in 4 � ✏ dimensions instead of directly
working in three dimensions. Using the standard MS sub-
traction, the RG equation at m2(T = TC) = 0 is given
by [89]

��3 ⌘ µ
@�3

@µ
= �✏�3 + (N + 8)

�2
3

8⇡2
, (2)

where µ is the renormalization scale. It can be seen that
there exists a stable fixed point at �⇤

3 = 8⇡2✏/(N + 8),
which is called the Wilson-Fisher fixed point [90]. We
finally obtain the result in three dimensions by the ex-
trapolation of ✏ ! 1. Since the attractive IR fixed point
exists, the phase transition associated with the symme-
try breaking SO(N) ! SO(N � 1) is expected to be
of the second-order, and its property is characterized by
the fixed point. For this symmetry breaking pattern, the
presence of the IR fixed point has been also reported by
the analysis of 1/N expansion [91].

B. SU(2N) (U(2N)) ! Sp(2N)

We next consider phase transitions in composite Higgs
models whose symmetry breaking patterns are given by
SU(2N) ! Sp(2N) with N = 2 [7, 74–76] and N =
3 [74, 77]. Such a global symmetry breaking is realized
in a QCD-like theory with 2N flavors of quarks belong-
ing to the pseudo-real representation under a given gauge
group [92]. For N = 2, ref. [7] has presented a UV com-
pleted composite Higgs model that contains the top part-
ner and satisfies the requirement of anomaly matching.
In this case, one can discuss the chiral phase transition
by using the Nambu-Jona-Lasinio (NJL) model as well
as the argument of universality. We will describe the dis-
cussion of the phase transition based on the NJL model
in appendix A.

The spontaneous breaking SU(2N) ! Sp(2N) can
be described by an order parameter which belongs to
the second-rank anti-symmetric tensor representation of
SU(2N), �ab = ��ba (a, b = 1, 2, · · · , 2N). This field
transforms as � ! U�UT under the SU(2N), where U
denotes a SU(2N) matrix. If �ab gets a vacuum expec-
tation value (VEV) of the form �ab / Jab where Jab is
the invariant tensor of Sp(2N), the SU(2N) symmetry is
broken to Sp(2N). As in the case of the previous subsec-
tion, one can write down the three-dimensional e↵ective
theory of the current system as

LE =Tr
�
@i�

†@i�
�
+m2(T )Tr

�
�†�

�
+

u

4

�
Tr

⇥
�†�

⇤�2

+
v

4
Tr

⇥
�†�

⇤2
+ c(T ) (Pf(�) + h.c.) ,

(3)

where we have neglected higher-dimensional operators of
O(�†�)3, and Pf(�) denotes pfa�an of �ab leading to
the U(1) breaking by the axial anomaly. If c (TC) = 0,
the flavor symmetry is enhanced to G = U(2N). There-
fore, the universality class of the system is a↵ected by
the (non-)presence of the axial anomaly. At zero temper-
ature, the VEV �ab / Jab is realized for m2(T = 0) < 0
[93, 94]. The stability of the potential requires u > 0 and
u+ v/N > 0.
The phase transition has been investigated in ref. [63]

by using the ✏-expansion technique at the one-loop order
in the context of a SU(2) gauge theory with 2N flavors
of quarks belonging to the fundamental representation.
Let us first discuss the case without the axial anomaly,
i.e. c(TC) = 0, where the symmetry breaking pattern is
U(2N) ! Sp(2N). The RG equations of the e↵ective
Lagrangian (3) are given by [63]

�u ⌘ µ
@u

@µ
= �✏u+

2N2 �N + 4

⇡2
u2 +

4N � 2

⇡2
uv +

3

2⇡2
v2 ,

�v ⌘ µ
@v

@µ
= �✏v +

4N � 5

2⇡2
v2 +

6

⇡2
uv .

(4)

In this case, there is no stable IR fixed point for N > 1,
and the RG flow drives v into the unstable region. This

Combining important related works, we can make lists of order of 
 phase transitions in various composite Higgs models.G → H

Good News: predictions are largely model-independent

E. Brezin et al. (1973)

P. H. Ginsparg (1980)

K. Agashe et 
al. (2005)
E. Beltuzzo 
et al. (2013)

S. Chang (2013)

J. Wirstam (2000)

F. Basile et al. (2005)

J. Barnald et al. (2014)

E. Katz et al. (2005)
… and many works

N. Arkani-Hamed 
et al. (2005)
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Conclusion and Comment
• Composite Higgs models may lead to additional two phase transitions 

associated with global symmetry breaking  and confinement.G → H

• Assuming the argument of universality, phase transition dynamics near 
the critical temperature may be captured by the effective theory of 
order parameter.

• Some composite Higgs models lead to first-order  phase 
transitions if the argument of universality and -expansion are 
qualitatively good.

G → H
ε

• In our paper, we also discuss confinement phase transition and  
phase transition in a specific UV-complete Higgs model.

G → H
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Thank you!


