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Standard Model is incomplete

SM describes phenomenology around the electroweak scale

However, there are problems...

SM Higgs Potential:V (¢) = m?|H|* + Asn |H|*

 H ms% = m;, .. + om?

bare
O(My)  O(M2)




Naturalness of the Higgs mass

Top quark SU (2)w Higgs self;cciupling
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Large Hierarchy Problem



SUPERSYMMETRY

SUSY provides an excellent solution to Hierarchy Problem

Top -= Otop
2 H 'I, \\
om? = A A w i)

Quadratic divergence is cancelled by Top partner (Stop).
(SUSY protects quadratic divergence mass corrections.)

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

Scalartop is a colored state = Strong Bounds

Soft Mass must be Heavy ; Little Hierarchy Problem!
Msoft > > O(l)TeV A < 001 6




Hierarchy Problem

~ 10°GeV ~ TeV 1019GeV
Little Hierarchy Problem

How to solve?
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Electron mass is natural

Loep = =3 FuwF" +€,6" Dyer + Ero™ Dyer — me(erer + ene)
D, =0, —ieA, U(1)v x U(1) 4 invariant U(l)v 1nvariant

Naive dimensional analysis 01, ~ A
Ay A, ~ 1077 (A ~ M,y)
e o e 3o A
However, 01, = m€2— log
Charge €L €R n e
Ul)v  +1 +1
Ul)a 41 —1

When we take m. — 0 limit, U(1)4 symmetry is restored.

ome — 0, (me — 0) W) dm, x me .



U(1) Toy Model (Symmetry Protection)

@) = S/ +o@)e’ ™
Im(%) (7(:13) :Massive Mode m, = \/2)\f
Re(®) a(z) : Massless Goldstone Mode

5

E

s
|

= > Bua(2)d"a(x) + Lo (0)

a(x) — a(x) + const

Add explicit breaking source: £U(1)bmakmg = —pf3(¢ + C/)*)

|:> NG Boson acquires mass: 1M, = /20 f
2

. 2
p — 0 U(1) symmetry is restored |:> 5ma xXxm,
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Twin Higgs

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

SM Higgs is considered as

H = o. U(4) Fundamental Representation

Spontaneous symmetry breaking U(4) — U(S)
2
(- B) = 1ve

7 Goldstone Modes + one massive mode

P
SM-like Higgs: H4 = ((1)1) Another Higgs : Hp = (25’)
2



Mass corrections

— e QrHaur +hc.  Hy:SUQ)w x U(l)y
SM Higgs cannot be considered as pNGB

% : Twin top quark Introduce copy of SM
~ 3 QrHpig + he.  Hg:SU@2)s x U(l)y
3 . 9 .
Vet D —@Az(yf\ﬂA\Q + 97| Hp|?) + 12 A*(g3|Hal® + §5|Hp|?)

Yt = Yt, g2 = g2

3yi 995

V. _PJt
fr - ( 872 + 6472

) A%(HaP + Hal?
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Twin Higgs

Twin Z5 Symmetry

Standard Model
HA HB
SUB3)e x SU2)w x U(L)y | % SU(3) e x SU2)y x U(L)y
Quarks and Leptons T

Every quadratic divergent mass corrections are cancelled by its Twin partner

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



Sub-leading correction does not respect the U(4) symmetry

m4(HA7 HB) mQ(HAa HB)
Vivlow =n——"61 log[ A ]

Vi 30 (1HaP + [Hal? = ) b o 2 HaP 1+ sl HAl + |Hal?) |

éTwin Lo

Spontaneously symmetry ' breaking term!

breaking 17(4) — U(3) Vo

This term must be dominant > 2uy from top quark Twin
i compared to U(4) breaking top quark

| term A >>0, K

O-’ Ilﬁ: 14



Low-Energy Effective Theory

Integrating Out Massive Mode
2

Hpl? = L — |H P

Vl;)fw—energy _ (O'f2 o IifQ) ‘HA|2 + 2/<3|HA‘4

€

2% = Aant, (0 — K) 2 = Agmvang

How is the tuning?
Vlow—energy 2
isvalidupto A ~ 4nf 1 — 22’”;921\4 f?
1 UVSM
~ ~ Ay > — ZoM
A ~ 5TeV < f ~ 400GeV > 10 ‘ 7> 0.23
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Cosmology!
Twin Higgs

. Gravitational wave
Collider searches

The Gravitational Wave Spectrum

Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei

(%]
Q .
8 Compact Binaries in our
S Galaxy & beyond
o .
72} Compact objects
captured by
Supermassive Rotating NS,
Black Holes Supernovae
. age of — G
wave period B
universe years hours sec ms
log(f) -16  -14 -12 -10 -8 -6 -4 -2 0 +2
+“—> —> —>
I7,) Cosmic Microwave Pulsar Timing Space Terrestrial
B Background Interferometers Interferometers
+— Polarization
(S] oo
2
()
o

Credit:NASA / WMAP Sdence Team Credit: NRAO/AUI/NSF

Large Hadron Collider

LISA, DECIGO and BBO
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Thermal History of the early Universe

STRING THEORY ELECTROWEAK BARYOGENSIS
> 3 spatial dimensi = Baryon number violation (sphalsron) M\p v

= CP violation ( M newutron) ©
= Thermal non-equilibrium I g-m.
) S
- ', 0

§‘

BARYOGENESIS (E.G. GUT) PRIMORDIAL NUCLEOSYNTHESIS PRODUCTION OF HEAVY
= Baryon number violation How many nsutrons availabls for ELEMENTS

CP violation : = S ons
= Thermal non-equilibrium pling constants 71 neutron

4 S 4

Big Bang 10%sec 10%czec - 400,000 years 10 billion years 13.7 billion years

Spontaneous symmetry breaking in the early Universe

—
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First-order phase transition and GW

First order phase transition

‘/eff T >1T¢c T =Te

I

First order phase transition
proceeds through bubble
nucleation

\

T <Tc

_______ > (9)

There are three sources of the
Gravitational Wave

Tunneling

Order parameter is Higgs VEV.

<¢>t_\ Bubble collisions

Sound Wave of the cosmic plasma

T ___ Te Turbulence of the plasma
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T /GeV

Electroweak Phase Transition in SM

M. LAINE (2000)

130 ! | ! | ! | !

i symmetric confinement phase
120— —

i l BSM can change the situation!
2nd order endpoint

110 . . .
s it possible to realize

_ first-order phase
] transitions in Twin Higgs

100

90 - Models?
i broken Higgs phase | and
| | | | | | | ° ° °
%o 60 70 30 % Ifthe phase transition is
m,/GeV first order, can we detect

the GW?
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Phase Transition(s) in Twin Higgs Models

2
Vig = A (\HAP | Hl? —) o P HAPR + w(|Hal" + | Hsl"

(1) (07 O) — (07 UB) — (UA7 UB)
]-;‘TB U(4) Breaking Phase Transition » Electroweak

Phase Transition
UB —u——{’
(1) ,’/<2)
/ (3) (O, O) — (UA, O) — (UA, UB)
| > H 4 Electroweak Phase Transition » U(4) Breaking
VA phase Transition

We consider the case (1)
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Electroweak Phase Transition

0 0
Background field Ha= <¢_A> , Hp = <¢_B>

V2 V2
Take account of d.o.f  Field dependent mass
_ a2 92¢A
SU(Q)W nw =6, : my = 1
2
o C o2 939%
SU(Q)W T =9 - My, 4
_a . &4
U(l)y nz =3, 1 Mz = (91 "‘92) 1
Top quark ng=—12, : m; = ytjA
22
Twin Top quark ng=—12, : m; = yt;bB

V(¢A7 ¢B T) = Vo + Vew + VThermal + ering
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Validity of the perturbation in finite temperature

1
JB= g E= B+ miy (0) mw (@) ~ ga¢

fB >>1 when my ()8 << 1

Y =4
Linde.(1980) mw(¢) ¢

g?T? forl=1,2
¢ST* In(T/m) for 1 =3
T4 (g?>T /m)'—3 for I >3

%ff T>1Tc T ="Te
1
If v(T¢) > 1, we cannot believe perturbation!
Peter Arnold(1994)
T <T¢c
% (4) 2



Result of the electroweak phase transition

Red line represent the only SM
contribution

T>Te T="Te

0.20-
T < TC [

/ 0.15}

. UsS M I
Allowed region < 0.5 24U0) o
f Tc i
T 0.05-
cannot satisfy ¢( C) > gy ~ 0.65
000b v v v v
0.30 0.35 0.40 0.45 0.50 0.55
UsM
S

Large breaking scale f
» thermal decoupling (Boltzmann suppression)
» Twin sector corrections do not give a contribution

Sphaleron decoupling condition cannot be satisfied ¢a(To) > 1
1o
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U(4) Breaking Phase Transition without UV completion

Thanks to the Twin Zio symmetry, the situation is similar to the
electroweak phase transition in SM.

Twin Z> Symmetry
U(4) breaking Electroweak phase

Phase Transition | Yy >~ Y¢, g2 =2 go transition in SM

v g - T (8RN T (895 o)t (807 | At m()
2 Poor \ 4 A 4 W b

~2 ~2 ~4 T2 ~4 T2
MAT) = —Af2+ Yiqe 30y S0, (aF2 > L% 0, (aB )
[

4 16 1672
However...

UA#f? )‘SM#)‘_F/{
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Situation is similar to electroweak phase transition in SM

SUQ2)w : g2 < SUQ2)w @ g2
g2(A)— A)|<01

g2 (A)

Breaking Scale: f <> vy

(Critical Temperature is different)

Twin Top Quark : y; <+ Top Quark : v,

2
Asn/ 95
[K. Rummukainena, M. Tsypinb, K. Kajantiec, M. Laine, and M. Shaposhnikov] (1998)

(N + k) /35
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Result of the U(4) Phase Transition

M. LAINE (2000)

A+ k< 0.04

BO————7 71

symmetric confinement phase

120~ . ‘ First order phase
| | transition!!

2nd order endpoint

N Matching condition with SM

broken Higgs phase | )\SM
N T R K = - 0.06
50 60 70 80 90

m,,/GeV

Asgyr < 0.04
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Summary

€ Twin Higgs provides excellent solution to the Little
Hierarchy problem

@ Electroweak phase transition cannot be analyzed
perturbatively in Twin Higgs Models

@ |t is difficult to realize the first-order U(4) breaking
phase transition without any UV completion

€ \We also analyze the U(4) breaking phase transition
with light twin stops in SUSY completion and calculate
a typical GW amplitude



