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b v 7 X4 DR EF Hierarchy problem
= Dynamics of EWSB and its Stability

How EWSB occurs dynamically ?

Who ordered the Higgs potential ?
Why Higgs VEV <H> =256 GeV, Higgs mass m, =125 GeV ?

Why are they stable against (possible) high energy scales?

Cosmology
early universe

DM, baryogenesis, GW

Particle physics
(LHC, ILC, ...) Hierarchy

TeV or beyond ? Problem :
Superstring

) J - Geometry of Higgs
avor pnysics String threshold corrections
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Rough picture of the Higgs potential: (at least) 3 important points

» Higgs
potential

Energy scale

1 Higgs VEV v=246 GeV > Particle physics IR7E D FH
2 UVscaleEZDLETEor 770 R —ILDYIE
- Quantum Gravity, String
3 h=0 (origin) = Cosmology (MIHBF ) @/5E D AJ8e4E

All regions (1, 2, 3) are related by RG and theoretical biases.
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(SRR Z B 52— DD A% | BBHIFIIEIC K HEWSB
Coleman Weinberg 11
An additional sector to the SM is inevitably needed.
Within SM, CW mechanism predicted Higgs mass lighter than 10 GeV.

Okada, Orikasa, SI (09)

A phenomenologically viable minimal extension will be Sl Linelnar aval, (0]

(B-L)-extension of SM

(IR physics B-L sector @ TeV\ UV physics
Standard n ' ;S)B_-L glaltjge I PIar;]ck scale
. singlet scalar V(h)=
Model : Right—hgandedv No intermediate scales (h)=0
- )

#5120 (1) B-L breaking by CW mechanism = triggers EWSB at 100 GeV
Everything occurs radiatively.
(2) Minimal extension of SM & Phenomenologically viable =>collider73£

WRE(1) HP2ERLETHESM >BER? (BET57L—ER?)
(2) HOER L DB > DHREFEORIBUNAECELS
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Standard thermal history of the universe

Crossover Crossover
B e ‘
: T ~ 100 GeV ~ 100 MeV ~ MeV
Big Bang starts
Inflation = reheating EW QCb BBN
phase transition phase transition

REDTFHE (FAFYE) OUEIR. YBFEYFUFTRES

7 : EEMBRFES
freeze-out: DM (thermalized) = decoupled at Tgg

WIMP miracle = abundance is determined Y
by annihilation cross-section @ pb = TeV scale freeze-out

p/s is indep of its mass.

10";:——""’/ _-_ -------------- | :_
freeze-in: DM =0 —-> gradually generated at low T Lo freeze-in F
FIMP (very weak interaction ) ; b s
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Serpico, Shimada, Sl (17)

BN IMERNA MBS 2 L. QCDmE £ THNGE L

Crossover Crossover
T ~ 100 GeV ~ 100 MeV
Inflation EW QCD
phase transition phase transition

extremely supercooled
(strong first order PT)

~ MeV

BBN

Reheating

XSB induces EWSB

—> cosmological consequences: GW, DM, CMB, PBH ...




After primordial inflation, hot universe starts at T>> T.

Potential of the B-L scalar High- I
[ W T — TC ~ TN 7/

? 2"d inflation starts
|
0

Vo >~ my :
: ¢
v

valley



Potential for B-L scalar field

High- [’
(h=0,¢=0)
Trappedin || " |
symmetric ' T =T, ~m,
p— c /
PIEEL f?r 2"d inflation starts
a long time |

I
J' Thermal barrier ~_

never disappears
(classical conformal) valley




Supercooling of (B-L)+EW = PT much below T

High- [’
(h=0,¢=0)
Trappedin || |
symmetric ' T =T, ~my
hase for . ;
P , 2nd inflation starts
a long time |

|
B Thermal barrier ~__ ¢

never disappears
(classical conformal) valley




Percolation of true vacuum
Guth Weinberg (82)

Bubbles of true vacuum

are created by tunneling T), : percolation temperature

Universe is occupied with
true vacuum bubbles



critical bubble action T, = percolation temperature

S/T~1/g° can be calculated by tunneling rate.
myz |GeV | Serpico, Shimada, SI (17)

1o = meV

104 T, = TeV
: 1T, —0

103, T, = 100 MeV
- don = peV

10 . . . . .
0.1 0.2 0.3

g

B-L gauge coupling

¥

If g < 0.2, universe is never occupied with true vacuum
until T decreases down to 100 MeV or much lower.

Note that de Sitter fluctuation ~ Tqy = H /27 is negligible at 100 MeV.

1/4
VO/ ~ My
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But when temperature decreases to 100 MeV at (=0, h=0)

(2iqi) ~ A?;QCD

In the ordinary scenario,
XSB with N =(2+1)
IS crossover

In the present case, since h=0
all N¢=6 quarks are massless !

QGP,
/ Chirally Symmetric
Crossover Zss

Hadron,
Chirally Broken

Pisarski Wilczek (1983)

- 15t order phase transition for Ny > 3



<@:%> ~ A%CD SU(2), doublet with U(1), charge
Electroweak symmetry is broken (EWSB) Quigg Shrock {09)

Higgs linear term is generated via Yukawa interaction
Witten (81)

yzh<ngz> ~ (yzA:é)CD)h Buchmuller et al (90)
Kuzmin et.al.(92)

QCD xSB triggers B-L and EWSB



fﬁﬂ Hﬂ / ﬂ_ U B Serpico, Shimada, SI (17)

(1) BRI TR LR AL D 38 /5 4]
(2) Thermal inflation: e-folding N= 10

100 MeV
EW symmetric Ae

XSB =) (B-L)+EWSB

Interesting cosmological consequences
Stochastic GW, CMB, Cold EWBH, axion abundance, supercool DM

Supercooling is also expected in other models,
e.g. Randall-Sundrum models, Harling, Servant (18)
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[ QCD + (B-L) + EW ] strong 1t order phase transition expected

5 71K

Lmly

(1)

Bubble collsions = Sizable Stochastic Gravitational Waves from 15t order PT

eLISA sensitivities
from C.Caprini et al. (2016)

10—11

10—127

Serpico, Shimada, Sl ('17)

1013 ¢ s
A B/H = 1000-3x
Y, ~ . . 1
o = 0 0Te  DED Jinno, Takimoto ('17)
Hashino et.al. ('18) ......

S cf TS A

FVIEMICFEZ T 5720213, EWHHERR & QCDIHEE DFREDE BRI NE

under investigation ...



(2) BE4%)’E Supercool DM Hambye Strumia Teresi(18)
thermal inflation w/ dilution factor 10 dilutes relics at high temperature

e g | ~ 100 MeV ~ MeV

- Primordial |

" Inflation | _ E—) QCb BBN

e e Big Bang starts phase transition

Reheating @ high T N‘ Reheating at low T
- ‘

Super-cooling in EW thermal XSB induces
<h>=0 all masses=0 Inflation EWSB

T..~ TeV Teng~ 100 MeV

DM produced —> dilute - "super-cool DM"
(an appropriate number of e-folding)
in addition frozen-in DM

"sub-thermal" DM

YoM ~ Ypu|super—cool + YDM |sub—thermal- .



(3) AxionIE b T [Z L A CMBIE b T 4K Kawana Shimada SI (20)

CMBREFE 5 T (Planck 2018)

A, = Ppp(k,)=21x10"° R inflation D inflatonE FHE 5 &

% Linflaton 25 TDOFEHNEAME LV /hE Wi s 1E,
> curvaton > F U A (inflaton AN DIFZ DS EWIESL T E1ED)
curvaton | FFRAVICSMDERST ICARIE L T, ENHAEEES X
- QCD - axion3Z H'CMBIZ H = % {E 2 AIBEIE ?
curvaton & MDEL @ FRIETZ < axion potential 4 B HF IC ERERFE 5 X (CER1E

BE. SMTIZANAIBES DY,

QCD X — LT ®Dthermal inflationH ® % & A EE Kawana Shimada S| 20
)7 IRE 3 DDOME

@) THBEREZIDELETZERTEELN?

(b) EFRERIE S T DERIN S DFFR

(c) FEH 7 XM DERIH & D IR




ERICEET 232D/ T A —4
(1) BOEDKREE  ((0Ami/Aim)?) ~ Hose/ (f40mi)? 2.1 x 107
(2) axion KT ¥ ¥ LERKF @Top TDaxionE R = Q4/9Q,

(3) IRFED axion = ra = Q4 /QcpM|today

() FEHTVRAMEDLDHIER S>ROVTDICKEL R >0.01

(b) FHZERE S TH L DHIR

N NS - ¢ _3
S AFAITAE L > QCDR T — LT DinflationH' % FE T4 <82x1077 R

BAEFEDHE. QCD axioniF DR © EHCMBIE DO T % it T 2 Al H 5

(IBL. B-UEEIDIFE, (@)D B L L > BEEUEIEMNE)



Conclusion

Higgs physics

@ LHC + ILC + ...

QCD-induced EW PT

early universe

ﬁ

naturalness
stability

Yukawa couplings

Dark matter
Baryogenesis
Inflation, PBH, ...

String theory
space-time physics

moduli = geometry
SUSY breaking
Dark energy

Hierarchy problem is a key idea to go beyond SM
in particle physics, cosmology, string theory

HRE (2) WEFE S+ U A DEWTHOEE & D5
- @WAEFHE > GW, supercool DM, CMBIE H &
+ inverse symmetry breaking @ R] 824

(F R THMMEAEE L W)

' scalanE S

AR E WEF
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N Kitazawa, Ohta, Suyama, Sl (18,20)

- if FE H'Dp-brane

EES> @A A L
5|77 ~ h&EE
S HBIREETE B H ?
IR CETE
}A

vev N Kitazawa, S| (18)

- O—L Y AREHD
B AL Higgs 77 X —
icHIE (ayAYAh)

402 Wh
w® = M? (L+M£mﬁ+mﬁ%ﬁ+~~

wo < 0.1 GeV



desired value of DM

Super-cool Dark Matter |
npm - 040 G\'r QDM h.)'

Ypm= — .
Thomas Hambye®, Alessandro Stl‘lllllia"""'d, Daniele Teresi S M DM 0.110
1TeV QDMh2
=04 x 107"
Mpym 0.11
Super-cool DM V. _ yea IRH (Lend vea _ 45gpm
DMlsuper—cool — i{DM T T ) DM — 5 4 ~ 102
infl \ Linfl 21" g,

For instantaneous reheating after the second inflation Try = T

Sub-thermal DM : For larger DM cross section, this component becomes dominant

o0 N ¢ 9 )4 2
)/,r _ )\ d"’ }'2 - ‘ZO‘ZJQDI\I ‘—QzRH 1 )~
DM|sub—t.hermal — “2%eq — 7 35 € ( + ""RH)

ZRH ~

A = Mp\M (0 annvre1) / Tsm/45
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