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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.)



Introduction: Composite Higgs model
SM-like Higgs boson = pseudo-Nambu-Goldstone-Boson (pNGB) of

global symmetry breaking, G - H.

e SUQ2)y X U(l)y C H

e G —» H triggered by a strong dynamics

D. B. Kaplan, H. Georgi (1984)]
D. B. Kaplan, et al. (1984)]

‘M. J. Dugan, et al. (1985)]

,' 10 TeV (Composite scale)
— G — H symmetry breaking

' 100GeV  Electroweak
| symmetry breaking

A composite Higgs model provides a solution to the hierarchy problem.

(“No elementary scalar field”)
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Introduction: Cosmological Phase Transitions

Cosmological first order phase transition = Formation of bubbles

1. Production of Gravitational Wave

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

Ves
T > Tc

2. Production of Dark Matters

[Witten (1992), Y. Bai (2018)]

3. Primordial Black hole formation

(See interesting talks 1n this session.)

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



Phase Transitions in Composite Higgs

There can be three phase transitions:
Phase transition assomated Wlth ;'. osmic temperature

confinement ' 10 TeV

- . . G — H phase transition
Phase transition associated with new

global symmetry breaking, G — H.

Confinement of new gauge group

.' 100 GeV
Electroweak symmetry breaking

The Electroweak Phase Transition

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

[ argue that 1f

e The argument of universality and e-expansion are qualitatively good,

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

first-order G — H phase transitions are favored 1n some
composite Higgs models.

I am going to explain the argument of universality and e-expansion.
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Detalils of Phase Transition Dynamics



Eftective Field Theory (EFT) of Phase Transitions

Assumption (The argument of universality):
Phase transition dynamics 1s dominated by the long-wavelength

fluctuations by an order parameter, ®.

——————
| (Equilibrium) thermal field theory ~ Euclidean Field theory on § I'x R’

| " Length scale '
| Microscopic 4D Action: S4|0 ), (T, x), -] |
n 1 St x RBH
ﬂ A\ T.N v+ 1/T ‘ Sl shrinks 7A i
| T : cosmic temperature T |
| ; 3 |
| 3D EFT of phase transition: S3| _ (fL‘), 1 4 |

We may start from the effective field theory (EFT) of the order
parameter
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Minimal Composite Higgs Models

e (Consider phase transition associated with O(N) — O(N — 1)
(Minimal composite Higgs) IN=5 is proposed by K. Agashe ct al. (2005)]

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

e Effective theory:

1 1 A
SE = /dSX ié’i@aé’i@a | 2m2<T)(I)a(I)a | 43 ((I)a(I)a)Q 4.

High T: m*(T > T;) > 0 = (®_) = 0: Symmetric Phase
Low T: m*(T < T-) <0 = (D ) # 0: Broken Phase

e Without fluctuations, a 2°nd order transition takes place at m(7-) = 0.
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Infra-red (IR) fluctuation and g-expansion

e In three dimension, a fluctuation of ® at critical point mz(TC) = (0 1s
non-perturbatively large.

e g-expansion: Compute the renormalization group equation in 4 — &
dimension (instead of 3), and finally takes the extrapolation, € — 1.

Vo 872
> TN +8 \ 0
8)\3 )\% 3 >
=pp = At (N+8 — - - - —
/6>\3 I’Lalu € 3 ( )87T2

IR stable fixed-point
| K.G. Wilson and M.E. Fisher (1972), E. Brezin et al. (1973)]
e Divergence of correlation length at the IR fixed-point = Divergence
of susceptibility = 2°nd order phase transition
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Phase transition: O(N) - ON — M) X O(M)
e Composite Higgs model: O(N) - ON — M) X O(M)

[N=9 and M=4 proposed by S. Chang (2013)]

Order parameter: @ , in two-index symmetric traceless representation under O(N)

b, — VOV, V € O(N), Trd=0&=3o"
e Effective Action:

S — /dSm %Tr (0;®)% 1 ;mQ(T)Tr (B2) - Z (Tr®?)” + —Tr (&4

4!

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

e What happens ?
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Phase transition: O(N) - ON — M) X O(M)

One-loop renormalization group analysis:

1 [2 8 8 12 ]
= — €U “(N? 4+ N +14) v? N +4 - — 2 2
fu=—eut g |3 (VAN )“+<3 N N)“”+( N2)”_’
1 T 4 24\
v — I 1 —N —_ — 2
15 €V 1672 | 6uv+(3 + 6 N)v_
New minimum appears
12 — . .
. — — | Coleman-Weinbere mechanism
10 /f_____/ T gaussli)zlmlliifed Point V (¢ ( g )
® Unstable IR Fixed Point
S \\ -
N=9 M\ N\ —
4 \-\
2 /) \ @
0 1 2

—1

[P. H. Ginsparg (1980)]

No stable IR fixed points = fluctuation-induced first-order phase transition
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Results (e-expansion)

Good News: predictions are largely model-independent

G—>H PT dynamics Model Order
SO(N) = SO —1) |ty | % =0 oy T 2
30(9) — 80(5) X 80(4) This work S.Chang(zole;)alo(zom 1’st
SU@2N) (U@2N)) = Sp2N)| 1 i oo NN:_ngf aml)fztaly
— ... and many works
SU( N) (U( N)) N SO( N) F.Basileetal. 2005) | [\ — § Zﬁrﬁgglztned 1’st

Combining important related works, we can make lists of order of
G — H phase transitions 1n various composite Higgs models.
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Conclusion and Comment

e Composite Higgs models may lead to additional two phase transitions
associated with global symmetry breaking G — H and confinement.

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

e Some composite Higgs models lead to first-order G — H phase
transitions 1f the argument of universality and e-expansion are
qualitatively good.

e In our paper, we also discuss confinement phase transition and G - H
phase transition 1n a specific UV-complete Higgs model.
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Thank you!



