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Standard Model is incomplete 
SM describes phenomenology around the electroweak scale

H

V (H)

Why???

SM Higgs Potential:V (�) = m
2|H|2 + �SM |H|4

m2
R = m2

bare + �m2

vSMp
2

Dynamics of Electroweak Symmetry Breaking

4

O(M2
pl)O(M2

pl)

However, there are problems…



Naturalness of the Higgs mass

�m2
h = + +

� 3y2t
4⇡2

⇤2 +
9g22
32⇡2

⇤2 +
�

4⇡2
⇤2

⇤ : cut� o↵ scale

The measure of Fine-Tuning: � ⌘ (mR
h )

2

�m2
h

For example, � < 10�2 (mR
h )

2 = (mbare
h )2 + �m2

h

Unnatural Cancella5on!

(1% tuning is needed)

Top quark SU(2)W Higgs self-coupling

5

15625    =     98715625 - 98700000
⇠ 102GeV ⇠ 1019GeV

MSM Mpl

Large Hierarchy Problem

⇤?



SUPERSYMMETRY
SUSY provides an excellent solu9on to Hierarchy Problem

H + H
Top Stop

�m2 =

⇤2 �⇤2

Quadra9c divergence is cancelled by Top partner (Stop).
(SUSY protects quadra9c divergence mass correc9ons.)

SoF SUSY-breaking mass is important for fine-tuning. 

Scalartop is a colored state � Strong Bounds

' 3y2t
8⇡2

m2
stop log

✓
⇤2

m2
stop

◆

6

Soft Mass must be Heavy LiNle Hierarchy Problem!
Msoft >> O(1)TeV
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Little Hierarchy Problem

⇠ 102GeV 1019GeV

Large Hierarchy Problem

SUSY and Composite Higgs provide solu<on

Hierarchy Problem

�m2
h = + +

� 3y2t
4⇡2

⇤2 +
9g22
32⇡2

⇤2 +
�

4⇡2
⇤2

⇤ : cut� o↵ scaleProblem is quadra<c-divergence sensi<ve
7

⇠ TeV

How to solve?
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Electron mass is natural 

U(1)V

U(1)A

eL eR
+1

+1

+1

�1

Charge

LQED = �1

4
Fµ⌫F

µ⌫ + ēL�̄
µDµeL + ēR�

µDµeR �me(ēLeR + ēReL),

Dµ ⌘ @µ � ieAµ

When we take me ! 0 limit, U(1)A symmetry is restored.

�me ! 0, (me ! 0) �me / me

U(1)V ⇥ U(1)A invariant U(1)V invariant

e

Aµ

�me = me
3↵

2⇡
log

✓
⇤

me

◆

�me ⇠ ⇤

Why log sensi4vity?

Naive dimensional analysis

However,

�me ⇠ 10�19, (⇤ ⇠ Mpl)

Natural !!

e

9

me is the only parameter which breaks the U(1)A symmetry.



U(1) Toy Model (Symmetry Protection)

V (|�|) = �

✓
|�|2 � f2

2

◆2

�(x) =
1p
2
(f + �(x))ei

a(x)
f

�(x) :Massive Mode m� =
p
2�f

a(x) : Massless Goldstone Mode

NG Boson has shi=-symmetry: a(x) ! a(x) + const

L(�, a) = �1

2
@µa(x)@

µa(x) + L�(�)

Add explicit breaking source:

ma =
p
2⇢fNG Boson acquires mass:

LU(1)breaking = �⇢f3(�+ �⇤)

⇢ ! 0 U(1) symmetry is restored �m2
a / m2

a
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Twin Higgs
[ Z. Chacko, H.-S. Goh, and R. Harnik,Phys. Rev. Lett.96, 231802 (2006)]

Twin Higgs provides an elegant soluLon to the LiMle Hierarchy Problem

SM Higgs is considered as pseudo-Nambu-Goldstone Boson

H =

0

BB@

�1

�2

�3

�4

1

CCA U(4) Fundamental RepresentaLon

V = �

✓
|H|

2
�

f2

2

◆2

HA ⌘
✓
�1

�2

◆

Spontaneous symmetry breaking

7 Goldstone Modes + one massive mode

4 of them are  idenLfied with Standard Model Higgs

SM-like Higgs:  
11

Another Higgs : HB =

✓
�3

�4

◆

<latexit sha1_base64="5bkjWTydxK+sopA4yEE8qqB5iac="></latexit><latexit sha1_base64="5bkjWTydxK+sopA4yEE8qqB5iac="></latexit><latexit sha1_base64="5bkjWTydxK+sopA4yEE8qqB5iac="></latexit>

U(4) ! U(3)
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h�4i = f/
p
2
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Mass correc)ons
In general, ma0er sector breaks the U(4) symmetry explicitly

SM Higgs cannot be considered as pNGB

�ytQ̄LH̃AuR + h.c. HA : SU(2)W ⇥ U(1)Y

�ŷt
¯̂
QLH̃BûR + h.c. HB : SU(2)Ŵ ⇥ U(1)Ŷ

Introduce copy of SM

Ve↵ � � 3

8⇡2
⇤2(y2t |HA|2 + ŷ

2
t |HB |2) +

9

64⇡2
⇤2(g22 |HA|2 + ĝ

2
2 |HB |2)

yt = ŷt, g2 = ĝ2

Ve↵ �
✓
� 3y2t
8⇡2

+
9g22
64⇡2

◆
⇤2(|HA|2 + |HB |2)

Large mass 
corrections respect 
the U(4) symmetry

û : Twin top quark

12



Twin Higgs

Standard Model

Let us introduce copy of SM

Twin Partner
HA HB

SU(3)Ĉ ⇥ SU(2)Ŵ ⇥ U(1)ŶSU(3)C ⇥ SU(2)W ⇥ U(1)Y

Quarks and Leptons Twin Quarks and Leptons

Higgs Mixing

Most important point is that the Twin partners do not have SM charge!
(Neutral Naturalness)

Twin Z2 Symmetry

Every quadraEc divergent mass correcEons are cancelled by its Twin partner

13



Higgs poten+al
Sub-leading correc+on does not respect the U(4) symmetry

Ve↵ = �

✓
|HA|2 + |HB |2 �

f
2

2

◆2

+ �f
2|HA|2 + (|HA|4 + |HB |4)

U(4) ! U(3)

Twin 
breaking term

Z2 Radia+ve Correc+ons

VCW

U(4) explicit breaking term 
controls pNGB mass!

Spontaneously symmetry 
breaking

from top quark Twin 
top quark 

This term must be dominant 
compared to U(4) breaking 
term � >> �, 

14�,  : Technically Natural

V (')CW = n
m

4(HA, HB)

64⇡2
log


m

2(HA, HB)

⇤2

�

f > 2vA
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Low-Energy Effective Theory
Integra5ng Out Massive Mode

|HB |2 =
f
2

2
� |HA|2

V
low�energy
e↵ =

�
�f

2 � f
2
�
|HA|2 + 2|HA|4

It should match with SM Higgs potential!

How is the tuning?

�� =
2 v2

SM
f2

1� 2
2v2

SM
f2

⇠ 2
v2SM

f2

�� >
1

10
vSM

f
> 0.23

V low�energy
e↵

is valid up to ⇤ ⇠ 4⇡f

⇤ ⇠ 5TeV $ f ⇠ 400GeV
15

(� � )f2 = �SMv2SM2 = �SM,
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Large Hadron Collider

Collider searches

LISA, DECIGO and BBO

Gravita<onal wave

Cosmology!
Twin Higgs



Thermal History of the early Universe

Spontaneous symmetry breaking in the early Universe

Phase transition
18



First-order phase transi/on and GW
First order phase transi/on

Order parameter is Higgs VEV.

T

Tunneling

19
T = TC

h�i 6= 0

First order phase transi/on 
proceeds through bubble 
nuclea/on

h�i 6= 0
h�i 6= 0

There are three sources of the 
Gravitational Wave

Bubble collisions

Sound Wave of the cosmic plasma

Turbulence of the plasma 



Electroweak Phase Transition in SM

50 60 70 80 90
mH/GeV

80

90

100

110

120

130

T c/G
eV

symmetric confinement phase

broken Higgs phase

1st o
rder t

ran
siti

on
2nd order endpoint

Figure 1. The phase diagram of the physical Standard Model. The blobs indicate simulation
points (with errorbars), and the solid curve is a fit through them.

To get a feeling for the properties of the effective theory in Eq. (4), let
us first apply 1-loop perturbation theory. Ignoring the tiny corrections from
g′23 /g

2
3 for the moment and tuning m2

3 to be on the phase transition line, we
find a first order transition, with the discontinuity

∆
v

gT
=

1

8π

g23
λ3

[

1 +O(
λ3

g23
)

]

. (5)

(The O(λ3/g23) corrections are in fact not analytic.) Using that in the SM,

λ3

g23
≈

1

8

m2
H

m2
W

+O
( g2

(4π)2
m4

top

m4
W

)

, (6)

and inspecting, say, mW (T ) = gv/2 in the broken phase, we however see from
Eq. (3) that for large (realistic) Higgs masses mH > mW an IR sensitive
computation of the type in Eq. (5) cannot be trusted at all.

Fortunately, we do not need to rely on perturbation theory. The theory
in Eq. (4) is ideally suited for lattice simulations. Due to the simplicity of the
action and its low dimensionality, extrapolations to the infinite volume and
continuum limits can be systematically carried out 29,30,31.

The results of such lattice simulations from refs. 22,32,33 are summarised
in Fig. 1. There is a line of first order phase transitions, which however ends
at a critical point, after which there is only a crossover. The ending of the
transition is in qualitative contrast with the perturbative prediction in Eq. (5).

The endpoint location has been determined with great precision, and cor-
responds in physical units to mH,c = 72.3(7) GeV, Tc = 109.2(8) GeV 33. The

5

Electroweak phase transi5on 
is not first order in SM.

M. LAINE (2000)

First-order phase transi5on

Is it possible to realize 
first-order phase 
transi5ons in Twin Higgs 
Models?

and
If the phase transi5on is
first order, can we detect
the GW?

20

BSM can change the situa5on!
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Phase Transition(s) in Twin Higgs Models
There are two spontaneous symmetry breakings

(Global U(4) symmetry and EW symmetry)

Ve↵ = �

✓
|HA|2 + |HB |2 �

f
2

2

◆2

+ �f
2|HA|2 + (|HA|4 + |HB |4)

U(4) Breaking Phase TransiCon � Electroweak
Phase TransiCon

U(4) Breaking Phase TransiCon and Electroweak 
Phase TransiCon occur simultaneously 

E Electroweak Phase TransiCon � U(4) Breaking 
P                                                          phase TransiCon

In order to evaluate the critical temperatures, TA and TB, let us write the thermal mass

terms for HA and HB fields,

m2
A(|HA|, T ) = (ζAT

2 − (λ− σ)f 2)|HA|2, (3.1)

m2
B(|HB|, T ) = (ζBT

2 − λf 2)|HB|2, (3.2)

where ζA and ζB represent the numerical coefficients depending on coupling constants. The

critical temperatures TA and TB can be evaluated by the conditions mA(TA) = mB(TB) = 0,

which yields

TA

TB
=

√
ζB
ζA

√
1− σ

λ
. (3.3)

In this paper, we first assumes TA ≫ TB and will justify this assumption later.

HA

HB

vB

vA

��
	�

(3)�

FIG. 3: This figure shows three possible trajectories of the phase transitions. In this figure, vA

and vB are the vacuum expectation values of the HA and HB fields at the zero temperature. The

black point represents the true vacuum at the zero temperature. We consider only the path (1).

A. Electroweak phase transition

In this subsection, we concentrate on the standard electroweak phase transition in the

minimal twin Higgs scenario. We shall study the strength of the electroweak phase transition

14

(1) (0, 0) ! (0, vB) ! (vA, vB)

(2) (0, 0) ! (vA, vB)

(3) (0, 0) ! (vA, 0) ! (vA, vB)

We consider the case (1)
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Electroweak Phase Transition
HA =

 
0
�Ap
2

!
, HB =

 
0
�Bp
2

!

Background field

nW = 6, : m2
W =

g22�
2
A

4
,

nŴ = 9, : m2
Ŵ

=
ĝ22�

2
B

4

nZ = 3, : mZ = (g21 + g22)
�2
A

4

nt = �12, : m2
t =

y2t �
2
A

2

nt̂ = �12, : m2
t̂ =

y2t �
2
B

2

Field dependent massd.o.fTake account of

SU(2)W

SU(2)Ŵ

U(1)Y

Top quark

Twin Top quark

V (�A, �B T ) = V0 + VCW + VThermal + Vring

Integra>ng out massive mode �2
B = f2 � �2

A

V (�A, T )



Validity of the perturbation in finite temperature

Peter Arnold(1994)

Perturba:on theory breakdown  when  

fB =
1

e�E � 1
, E ⌘ k2 +m2

W (�)

fB >> 1 when mW (�)� << 1

mW (�) ⇠ g2�

Numerical Simula:on

� = g22
T

mW (�)
⇠ g2T

�
> 1

If �(TC) > 1, we cannot believe perturbation!

23

IR divergence comes from 

large occupa:on number 
Expansion parameter

8.7 Infrared problems 161

the running coupling would be replaced by the static screened charge

8π2

ḡ2
=

8π2

g2
+

(
11N

6
− Nf

3

)
ln

(
q2

M2

)
+

8π2m2
el

g2q2
(8.96)

where m2
el is given by (8.49). The screening factor (8.95) is reproduced by

the m2
el/g

2 term in (8.96) if we make the replacement q2 → 4/λ2.
Instanton effects are greatest in a world without light quarks, on

account of point 7 above. Then the contribution to the pressure is

PDGA = 2CN

∫ ∞

0

dλ

λ5

(
4π2

ḡ2

)2N

exp
(
−8π2

ḡ2
− 2

3
N(πTλ)2

)
(8.97)

which can be integrated to give

PDGA = T 4

(
ΛR

T

)11N/3 2N∑

l=0

al(N)
[
ln

(
T

ΛR

)]l
(8.98)

The coefficients al(N) depend on N and must be computed numerically.
The most noteworthy feature of PDGA is that it decreases dramatically
with increasing temperature. For instance, for SU(3) it falls as Λ11

R /T 7,
modulo logarithms. Comparison of these results with the perturbation
theory results is left as an exercise.

Extensive numerical studies have been performed of an instanton-liquid
description of QCD at zero and finite temperature. The reader is referred
to the review of Schäfer and Shuryak [25].

8.7 Infrared problems

It would seem that if only we had the strength and willpower, we could
continue to calculate corrections to P and Πµν to arbitrary order in g.
However, a barrier that arises at order g6 for P and at order g4 for Πµν

was identified by Lindé [26].
Let us investigate the infrared convergence of the (l + 1)-loop diagram

(l > 0)

1 2 · · · ℓ ℓ + 1

There are 2l three-gluon vertices and 3l propagators. The dominant
infrared behavior arises from the n = 0 mode sums. To estimate, we dis-
pense with the complicated tensorial structure of the propagator and the

162 Quantum chromodynamics

vertex and write

g2l

(
T

∫
d3p

)l+1

p2l (p2 + m2)−3l (8.99)

The first and third factors arise from the vertices, the second factor from
the loop integration, and the last factor from the propagators. We have
introduced a possible static infrared cutoff m. We may wish to identify
m with the “electric mass”m2

el = F (0,0) or with the “magnetic mass”
m2

mag = G(0,0). In any case, (8.99) is of order

g2lT 4 for l = 1, 2
g6T 4 ln(T/m) for l = 3
g6T 4(g2T/m)l−3 for l > 3

(8.100)

We have placed an ultraviolet cutoff T on the momentum integration.
This cutoff should arise automatically when summing over all modes n.

The interesting aspect of (8.100) is that if m = 0 and l > 2, then the
diagram is infrared divergent. Now it may happen that when all diagrams
of the same order are added together the coefficients of the infrared diver-
gent parts are zero, although there is no symmetry to suggest that this is
the case. The possibility is difficult to verify or deny, owing to the com-
plexity of the diagrams. If we take m = mel ∼ gT then no problem arises.
At one-loop order, mmag vanishes in all gauges; the next possibility is that
mmag ∼ g2T . Substitution in (8.100) then suggests that all loops with l >
3 contribute to order g6! It is not known how to sum all such diagrams,
thus making it impractical even in principle to calculate analytically the
coefficient of the order-g6 term in P .

The same difficulty arises if we attempt to compute the static infrared
limit of the gluon self-energy. For example, the diagram

1 2 · · · ℓ ℓ + 1

at q0 = 0, q → 0 is of order

g4T 2 ln(T/m) for l = 1
g4T 2(g2T/m)l−1 for l > 1 (8.101)

So, the infrared problem arises for Πµν at order g4. Suppose, for the
purpose of illustration, that m2

mag = cg4T 2. Then (8.101) suggests that to
compute c we must sum an infinite set of diagrams. The constant c would
then arise self-consistently. The magnetic contribution to the sum of ring

Linde.(1980)

Order of the phase transition should be 

analyzed by the non-perturbative method



Result of the electroweak phase transition

Allowed region 

cannot sa6sfy  �(TC)

TC
> g2 ⇠ 0.65

Perturba6ve descrip6on breakdown!!

Red line represent the only SM 
contribu6on

vSM

f
< 0.5

24

V (�A, T )

�A(TC)

TC

0.30 0.35 0.40 0.45 0.50 0.55
0.00

0.05

0.10

0.15

0.20

Sphaleron decoupling condi6on cannot be sa6sfied   �A(TC)

TC
> 1

Large breaking scale f 
� thermal decoupling (Boltzmann suppression)
� Twin sector correc6ons do not give a contribu6on

vSM
f
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Thanks to the Twin Z2 symmetry, the situa4on is similar to the 
electroweak phase transi4on in SM. 

Twin Z2 Symmetry
U(4) breaking 
Phase Transi4on

Electroweak phase 
transi4on in SM

U(4) Breaking Phase Transition  without UV completion

V =
1

2
M2(T )�2

B � T

2⇡

✓
ĝ22�

2
B

4

◆3/2

� T

4⇡

 ✓
ĝ22�

2
B

4
+⇧(i)

W

◆ 3
2

�
✓
ĝ22�

2

4

◆ 3
2

!
+

�+ 1(T )

4
�4
B

yt ' byt, g2 ' bg2

M2(T ) = ��f2 +
ŷ2t
4
T 2 +

3ĝ22
16

T 2 (T ) = � 3ŷ4t
16⇡2

log

✓
aFT 2

µ2

◆
+

9ĝ42
256⇡2

log

✓
aBT 2

µ2

◆

vA 6= f, �SM 6= �+ 
However…

Well known



Situation is similar to electroweak phase transition in SM

Breaking Scale : f $ vSM

(Cri6cal Temperature is different)

Higg self � coupling : �+  $ �SM

In SM, order of electroweak phase transi6on depends on �SM/g22
[K. Rummukainena, M. Tsypinb, K. Kajan6ec, M. Laine, and M. Shaposhnikov] (1998)

We can use the result of electroweak phase transi6on in SM !

U(4) breaking phase transition depends on (�+ )/ĝ22

cuto↵ sensitivity in the pseudo-Goldstone Higgs,

�m2
h ⇡ 9⇤2

32⇡2

�
ĝ22(⇤)� g22(⇤)

�
, (7)

in analogy with Eq. (5). Demanding this not significantly exceed the observed Higgs mass-

squared implies
��� ĝ2(⇤)�g2(⇤)

g2(⇤)

��� . 0.1. Note that with this gauging of twin SU(2) all Goldstone

bosons of SU(4) breaking, except for the SM-like Higgs itself, are now longitudinal weak

bosons of the visible and twin sectors.

In contrast, the contribution to m2
h from U(1)Y loops in the SM is comparable to m2

h

for a cuto↵ ⇤ ⇠ 5 TeV, and thus already consistent with naturalness. Thus naturalness

does not require twin hypercharge, although it was included in the original Twin Higgs [1].

This is analogous to the statement that in natural supersymmetry there is no need for the

Bino to be light; its presence in the low-energy spectrum is non-minimal from the bottom-

up point of view. Given that our principle in this paper is to seek the most economical

version of the twin Higgs that is consistent with the naturalness of the little hierarchy, we

do not include twin hypercharge in the minimal twin Higgs model, assuming instead that

it was never gauged or that it was broken at or around the scale ⇤. However, for the sake

of completeness, we will briefly discuss the significant phenomenological consequences of a

light twin hypercharge boson in Appendix E.

Next we turn to the twin analogue of QCD. Of course the Higgs does not couple to SU(3)

at tree level, but rather at one loop via its coupling to the top quark. This nonetheless leads

to sizable two-loop corrections to the Higgs mass from physics around the cuto↵. As we will

discuss in detail in Section IVA, the contribution to the Higgs mass-squared from two-loop

y2t g
2
3 corrections in the SM is at least ⇠ (350 GeV)2 for a cuto↵ ⇤ ⇠ 5 TeV, putting QCD

on similar footing as the weak gauge group. Gauging the twin SU(3) global symmetry with

coupling ĝ3 gives quadratic cuto↵ sensitivity in the pseudo-Goldstone Higgs

�m2
h ⇡ 3y2t⇤

2

4⇡4
(g23 � ĝ23) . (8)

This is a key observation that will drive the phenomenology of a viable Twin Higgs model:

naturalness and minimality favor a confining gauge symmetry in the hidden sector, “twin

glue”. This twin glue has a coupling close to the QCD coupling — we will see how close in

Section IVA — and therefore it confines at a scale ⇤̂3 which is logarithmically close to the

SM QCD confinement scale.

13
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Twin Top Quark : byt $ Top Quark : yt

SU(2)cW : bg2 $ SU(2)W : g2



U(4) breaking phase transi2on cannot be first 
order without any UV comple2on

Result of the U(4) Phase Transition

27
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mH/GeV
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broken Higgs phase
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ran
siti

on
2nd order endpoint

Figure 1. The phase diagram of the physical Standard Model. The blobs indicate simulation
points (with errorbars), and the solid curve is a fit through them.

To get a feeling for the properties of the effective theory in Eq. (4), let
us first apply 1-loop perturbation theory. Ignoring the tiny corrections from
g′23 /g

2
3 for the moment and tuning m2

3 to be on the phase transition line, we
find a first order transition, with the discontinuity

∆
v

gT
=

1

8π

g23
λ3

[

1 +O(
λ3

g23
)

]

. (5)

(The O(λ3/g23) corrections are in fact not analytic.) Using that in the SM,

λ3

g23
≈

1

8

m2
H

m2
W

+O
( g2

(4π)2
m4

top

m4
W

)

, (6)

and inspecting, say, mW (T ) = gv/2 in the broken phase, we however see from
Eq. (3) that for large (realistic) Higgs masses mH > mW an IR sensitive
computation of the type in Eq. (5) cannot be trusted at all.

Fortunately, we do not need to rely on perturbation theory. The theory
in Eq. (4) is ideally suited for lattice simulations. Due to the simplicity of the
action and its low dimensionality, extrapolations to the infinite volume and
continuum limits can be systematically carried out 29,30,31.

The results of such lattice simulations from refs. 22,32,33 are summarised
in Fig. 1. There is a line of first order phase transitions, which however ends
at a critical point, after which there is only a crossover. The ending of the
transition is in qualitative contrast with the perturbative prediction in Eq. (5).

The endpoint location has been determined with great precision, and cor-
responds in physical units to mH,c = 72.3(7) GeV, Tc = 109.2(8) GeV 33. The
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�SM < 0.04

M. LAINE (2000)
SM Rusult �+  < 0.04

First order phase 
transi2on!!

 =
�SM

2
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Matching condition with SM



Summary

uTwin Higgs provides excellent solu8on to the Li;le 
Hierarchy problem

uElectroweak phase transi8on cannot be analyzed 
perturba8vely in Twin Higgs Models

uIt is difficult to realize the first-order U(4) breaking 
phase transi8on without any UV comple8on

uWe also analyze the U(4) breaking phase transi8on 
with light twin stops in SUSY comple8on and calculate 
a typical GW amplitude
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