Higgs potential,
future colliders and
future GW interferometers

Shinya Kanemura
Univ. of TOYAMA

M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007
K. Hashino, M. Kakizaki, SK, T. Matsui, Phys. Rev. D94 (2016) no.1, 015005

K. Hashino, M. Kakizaki, SK, P. Ko, T. Matsui, arXiv: 1609.00297

Multi-Higgs Workshop 2016, 6-9 September 2016, Lisbon



The 3" Toyama Workshop
“Higgs as a Probe of New Physics (HPNP2017)” 1.-4. March 2017

HPNPZO 17 The 3" Toyama International Workshop on
“Higgs as a Probe of New Physics 2017”

1.-4. March 2017, University of Toyama, Japan

S

I ————— — — — —— —— — s (.
 saRRRRRRD w AR EEEEED

Zuiryuji Temple, Toyama Pref. (National Treasure)

Local Organizing Committee

Mayumi Aoki (Kanazawa U.) Mitsuru Kakizaki (U. of Toyama)
Shinya Kanemura (U. of Toyama), Tetsuo Shindou (Kogakuin U.)
Hiroaki Sugiyama (U. of Toyama) Koji Tsumura (Kyoto U.)

You are cordially invited !!



This talk

We know that the Higgs potential is important
to understand the nature of EWSB

It can be tested by measuring the hhh coupling

We here discuss how the future precision

measurement of Gravitational Waves is useful
to explore the Higgs potential



Future Colliders
V.S.
Future GW interferometers



Higgs Sector

Mass Generation mechanisms

Higgs Mechanism Yukawa Interaction Dim 6 Operators
hww htt, hbb hgg
hZZ htt, ... Hyy, hZy

Ls=|D,®@|*>-yLOR -1/V? |D[|?GG

Flavor Structure New particle effect

-V, (D)

EW Symmetry Breaking
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Multiplet structure
Physics behind EWSB
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Higgs discovery in 2012
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What a coincidence!
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Higgs Sector

Mass Generation mechanisms

Higgs Mechanism Yukawa Interaction Dim 6 Operators
hww htt, hbb hgg
hZZ htt, ... Hyy, hZy
Ly=ID,®|?-yLOR -1/V? |D[*GG
Flavor Structure New particle effect
in the loop

=V AD) 2 )
LHC Run |, Il results,

EW Symmetry Breaking consistent with SM

, hhh, hhhh But with more precision,
Multiplet structure .
Physics behind EWSB They may differ from SM

Nature of Higgs boson
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Future precision measurements
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The precision must be improved in future at HL-LHC and LC




Higgs Sector

Mass Generation mechanisms

Higgs Mechanism Yukawa Interaction Dim 6 Operators
hww htt, hbb hgg
hZZ htt, ... Hyy, hZy

Ls=|D,®@[?-yLOR -1/v? |®|?GG

Flavor Structure New particle effect

- Veﬁ( D)

EW Symmetry Breaking ‘ Little is known about
hhh, hhhh the Higgs potential

Multiplet structure
Physics behind EWSB
Nature of Higgs boson



Higgs Self—Coupllng

Slide by Keisuke Fuijii

hhh coupling = ; ‘e +&—ZHH - R
consequence of vacuum condensation 2 05F &l a3 WHH (Combined) .
P X, E 0.4 _ M(H) = 125 GeV  P(ee") = (-0.8,+o.3..);:;,;'_;;.b_-§
e , h v , h O " ' .
h s ,3 _ \:.:)t é 0.3 E_ _E
SN SN R S E
P . P 8 oif —
Challenging measurement because of: - 4'(')6" 600 ..... 8(')0 1l0106 : 1'2'0(') X 4106-
* Small cross section (Zhh 0.2 fb at 500 GeV) Center of Mass Energy / GeV
* Many jets in the final state
* Presence of irreducible BG diagrams
arXiv:1310.0763 ILC500 ILC500-up ILC1000 ILC1000-up
Vs (GeV) 500 500 500/1000 500,/1000
[ cat (fb~") 500 1600 50041000 1600+2500*
P(e ,e") | (-0.8,0.3) (-0.8,0.3) (—0.8,0.3/0.2) (—0.8,0.3/0.2) | — -7 p
o(ZHH) 42.7% 42.7% 23.7% W
o (voHH) . . 26.3% 16.7% S AN
A 83% 46% 21% 13% T T

Ongoing analysis improvements towards O(10)% measurement

See J.Tian’s Poster
30



Higgs potential

To understand the essence of EWSB, we must know the
self-coupling in addition to the mass independently
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Higgs potential in multi-Higgs models

Deviation from the SM value due to new effect

Some examples
* 2HDM (mixing/quantum corrections)

 Models based on the CW mechanism
(Classically scale invariant models)

e 15t Order Phase Transition (EW Baryogenesis)
(2HDM, singlet models, ...)



Case of Non-SUSY 2HDM

Case where the lightest h is SM-like

[sin(B~a)=1] (I) - A

At tree, the hhh coupling takes the 1~ ©o0
same form as in the SM O =H, A H*

At 1-loop, non-decoupling effect m,* _

(fM<v) 5K Kiyoure, Okeda, Sencha, 2003
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Classically Scale Invariant models

. L Coleman, Weinberg '73
EWSB can occur in CSI models (m=0 at tree) Gildener, Weinberg '76

1 M M M3
2 A= {m(w‘ ‘) r(.w;ln(,—é)—n(w )]

1 \ / I
b o 3T (M) ~ 4T () + T (048
D= ' / J \

. 21/
To satisfy m,=125 GeV, B must 9 _ 0 Vest _ 3B 2 (1‘),,(‘ V)2
contain additional scalar/vector field '''h = 0,02 =0bv" = (120GeV)
: -
T [+ y 2.2 2 ‘ :
TrMg = 87%v*mi — 3m%y — 6miy, + 12m
| 31/ o 2
l"( 'Cl — % ‘(-lf — Iy, AAhhh 2 Endo Sumino, 2015
hhh — o> D ™ | Fuyuto Senaha, 2015
r =0 )\hhh 3 Hashino, SK, Orikasa, 2015

In CSI models, AA,,, is universally predicted to
be about 67% larger than SM.



Strongly 1t OPT (EW Baryogenesis)

Sakharov conditions:

M~ e Poon/T (T < T)
M~ k(ayT)* (T < T)

B Violation —> Sphaleron transition at high T
C and CP Violation — CP Phases in extended scalar sector
Departure from Equilibrium [— 15t Order EW Phase Transition
Expanding
Vett(p, T) Bubble Wall * QF{
of EW Phase

: “

Quick sphaleron decoupling is required
to retain sufficient baryon number in
Broken Phase

vy

[rBsph << H(T) Tcg] / [ s, >>H(T) Tcg]

Decouple
= nB frozen EQU|||bur|um
Broken Phase Symmetric Phase
d=v, d=0

(Sphaleron Rate) < (Expansion Rate)

»

o /T.>1




The SM cannot satisfy the condition

High Temperature Expansion (just for sketch)

A
Vet (9, T) ~ D(T2 — T()Q)gz)Q — ETgpg + %904 L.

Condition of Yo  2E
Strongly 1 OPT | T A,

C

> 1

However, the SM cannot realize the strongly 15t OPT
2
3 3 m

B~
12703

Yo 6myy, + 3m3, + - - -
Tc 3moms

<1 For m, = 125 GeV

We need a mechanism to enlarge ¢ /T, to realize strongly 15t OPT



15t OPT in extended Higgs sectors

High Temperature Expansion (just for sketch)

A
Vet (9, T) ~ D(T2 — TOQ)g02 — ET@B + IT¢4 L.

Condition of 2F

Strongly 15t OPT Te )‘Tc

The condition can be satisfied by thermal loop effects of
additional scalar bosons ® (® = H, A, H*,...) m& ~ M? + \;v°

Yo 1 3 3 3 M 2 3M
~ 6miy + 3mY + Y 1—— ) (1+ 1
9 { m m 7 — 771(1) ( Tn% 27n(21) >

Te  3mom;




15t OPT in extended Higgs sectors

High Temperature Expansion (just for sketch)

A
Vet (9, T) ~ D(T2 — TOQ)g02 — ET@B + IT¢4 L.

Condition of oo  2F ]
Strongly 1 OPT | T, = X, ~

The condition can be satisfied by thermal loop effects of
additional scalar bosons ® (® = H, A, H*,...) m& ~ M? + \;v°

P 1 3 3 3 M? 3M
~ omy, + 3m7, + mz | 1 — —5 1+
Te ~ 3moms { W Z Z(I): ¢ ( ma 2m32 >1

In this case, large quantum effects also appear in the hhh coupling

o 3
3m?2 ma ma M?
\ ~ h 't _+_ <I) ‘ SM
hhh V2 { T202m?2 2 Z 127202 m?2 . 'mé) > Ahhh




Strong 15t OPT and the hhh coupling

SK, Y Okada, E Senaha (2005)
450 1 1 1 T T T T

Strongly 1t OPT
< Non-decoupling effect
< large deviation in hhh
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50 F 2HDM my, = 125 GeV |
(o) Mg = My = My = My
ILC (1TeV) can measure Ay, by10% | , "™ "™
K.Fujii et al., arXiv:1506.05992 [hep-ex] 0 20 40 60 80 100 120 140
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EW Baryogenesis can be tested at ILC! 20



Gravitational Waves

another probe of 15 OPT?



GW :another probe of 15t OPT?

Gravitational Waves (GWs)
— Propagating ripples in space-time curvature
— Produced by non-uniform motion of massive objects

Sources
Astronomical Origin Binary Stars (Black Holes, Neutron Stars, etc)
Supernova explosions, ...
Targeted by ongoing ground-based experiments (aLIGO, aVirgo,
KAGRA) aLlGO found it in 2015

Cosmological Origin First order phase transition (EW, GUT, ...)
Cosmic inflation, ...
Future space-based experiments (eLISA, DECIGO, BBO)




Previous studies
of relic abundance of GWs from 15t OPT

1. Model Independent Analyses [1]
2.. Higher Oder Operators [2]
3. Non-decoupling effects of sparticles ...

Stop search results tell that strong 1%t OPT cannot be realized in MSSM [3]
4. Non-thermal effect at the tree level (NMSSM [3], real singlet model [4])

[1] C. Grojean and G. Servant, PRD75, 043507 (2007);
K. Kohri et al., arXiv:1405.4166.
[2] C. Delaunay et al., JHEP0804, 029 (2008).
[3] R. Apreda et al., NPB631, 342 (2002).
[4] A. Ashoorioon and T. Konstandin, JCAP0809, 022 (2008).

Espinosa, et al (2010), No (2011), ....



Origin of GWs from 15t OPT

Bubble nucleation
in the universe o

ro: size of critical bubble

Broken Symmetric
Phase Phase
Expanding Bubble is spherical

babbles of the broken phase - No GW occurs 2



GWs from 15t OPT

Bubble Collisions N\

“Sound waves”

“Turbulences inthe plasma’ // O hlasma)

“Wall Collisions”

AEnvelope approximation)

Spherical symmetry is violated hw/ — //U'T,ul/
by bubble collisions & GW occurs Souces of GW

23



Spectra of GWs from Bubble collision

Complicated numerical simulations are necessary

Approximate fitting formulae given by C.Caprini et al., arXiv:1512.06239

1. Sound waves (Compressional waves of thermal plasma)

9 1/3 '
N 100 1.( T
Oowh? =~ 2.65 x 10 50,3 (1+a) <g£> fow 2 1.9 X107 Hz; *3(100(:@\

2. Collision of the bubbles (envelop approximation)

5 12 o ((Oly )y [ e ’ (100)"” 1,65 x 10~ Ha x ( o >J(L)
Qepyh”™ >~ 1.67 X 1077 x (0.42-}-1’3 p +a 7 1_8—0,11,'5-{-1,'5 100 GeV

3. Magnetohydrodynamic (MHD) plasma turbulence in the bubbles

~ =~ [ ek 100 .
Qturth ~ 3.35 x 10 4vb,8 1 (1 ) ( ) fturb ~27x 107 HYij( I '>

+ « gt v, \ 100 GeV
Uy, - wall velocity R¢ Ry :efficiency factors € = 0.05

The spectrum are evaluated by inputting the lattent heat a, variation
of the bubble nuclearation rate 3 and transition temperature T,



GW spectrum is derived from the effective
potential at finite temperatures V (¢, T)

Bubble nucleation rate per unit volume per unit time:
['(t) = To(t) exp|—SE(t)] Se(T)=S(T)/T Ss= /d"”r B(ﬁ%)u‘éa(%f)

53

Transition temperature: 7} W

= 4In(T}/H,) ~ 140

Parameter ¢ Released false vacuum energy (Latent heat)
_ (1Y) 3 | Wer(pp(T),T)
=) e(T) = —Vea(e(T), T)+ T 5T
Parameter (3 Inverse of the duration of phase transition

8
H,

dSg
=

AN o e—

~ B =
Cdt|,, |

t=t;



ILC v.s. LISA/DECIGO?

Question:

Can future GW observation be used

to probe or distinguish models of particle
physics like collider experiments?

How precisely?

28



Higgs model with N singlet fields

M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007
Imposed O(N) for simplicity ST =(5,,---,Sn)

I A As c
Vo = —1°|®)° + > 1S|* + 5@\4 T Z’5|4 T 5\@\2\5\2

. C
Mass of scalar fields: mZ = us + §v2

@ /T, > 1is satisfied by the nondecoupling effect of the singlet
fields (compatible with m,=125GeV)

1 2 \ 3,2
LACIPN Q{Gm%[/—I—SmBZwLNm%(lM—g) (14——'&‘3)} >1

T 3mom; myg

o Bmi [ mp o om0 Y
hhh = 2 7'('2’02777% 127T2f02mj}2Z m% > AhhhSM




Predictions on the hhh coupling

600
500 -
= 400+
S
= 300"
S
200 -
Excluded by § 100"
7 vacuum stability bound § ]
0 50 100 150 200 250 30 1 4 12 24 60
s* [GeV] N

0(10)% deviations in hhh coupling
M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007



GW spectrum from 1t OPT

—SW
e o o env
— — turb

Sensitivities
eLISA
arXiv:1512.06239

DECIGO,
Class. Quant. Grav.
28, 094011 (2011)

1073 1073 107! 10!
Frequency [Hz]
M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007



Properties of the representative eLISA configurations
C.Caprini et al., arXiv:1512.06239

Name C1 C2 C3 C4
Full name N2A5M5L6 | N2AIMS5L6 | N2A2M514 | N1A1IM2L4
# links 6 6 4 4
Arm length [km] 5M 1M 2M 1M
Duration [years] 5 5 5 2
Noise level N2 N2 N2 N1

FP (Fabry-Perot)-DECIGO
1 cluster (arm length 1000km)
Correlation between 2 cluster
S. Kawamura et al, Class. Quant. Grav. 28, 094011 (2011)

Important background
Extragalactic WD binaries (isotropic)

Oh?=1011-101 f . =2x102 Hz
Schneider et al., 2005

32



Dependences on (N, m )

For smaller my
@/T>1
cannot be satisfied

For larger my
[/H*= 1 cannot be realized

106

Vst =0

DECIGO

1()5 135 ms[GeV] =98 Correlation |
172

1 cluster ]
230180 ]
40190 :

250\ 198
bt 401 302 252 E

C3 C4

[|sW (T; = 50 GeV)

101 = . |
10 10 10 0

a
M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007

ISensitivities
leLISA
1arXiv:1512.06239

1



Dependences on (N, m )

106~ — — —;
For smaller m, ps* =0 DECIGO S vt
¢/T>1 10° Correlation__e st
cannot be satisfied LISA

1 cluster

grXiv:1512.06239

10* :
1Q
; If aand B are
10 { determined
] with this kind of
102 | resolution,
‘ , ~ we may be able
For larger m, ] RCT { to fingerprint
I/H*=1 cannot be realized 10! W (I; =50 I(}eV) . | the model
1072 1071 10° 10 (N, m,)

a
M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007



Synergy ?

A simple example of the complementarity of
— measuring the hhh coupling at ILC
— measuring the GW spectrum at LISA/DECIGO.

K. Hashino, M. Kakizaki, SK, T. Matsui, Phys. Rev. D94 (2016)

We discuss discrimination between models
with N singlets with/without classically scale
invariance



Complementarity

If the deviation in hhh is found to be about 60-70% at the ILC,
we can distinguish scale invariant models from usual models by the
precision measurement of GWs at future GW interferometers

ﬂ/lasswe) O(N) singlet model\
m

ANy Nmyg i
~ 1 - —
M i 127%v2m? m%
=10-150 %
Scale Invariant O(N) singlet model
A, ~ L2 67 %
3

Qi% /

K. Hashino, M. Kakizaki, SK, T. Matsui, Phys. Rev. D94 (2016)

Masswe model W|th Mhhh//\hhhs"" 67%
10* ‘

103,

'QQ . .
Scale invariant model

102,

101-
1072

10°! 109 10!



Complementarity

If the deviation in hhh is found to be about 60-70% at the ILC,
we can distinguish scale invariant models from usual models by the
precision measurement of GWs at future GW interferometers

ﬂ/lasswe) O(N) singlet model\
m

A/\hhh Nmyg ( H )
~ 1+ ] — —
)\2}'\{'}1 127T2v2m% m%
=10-150%

Scale Invariant O(N) singlet model

=67 %

2
3

A)‘hhh
Qi% /

K. Hashino, M. Kakizaki, SK, T. Matsui, Phys. Rev. D94 (2016)

Massive model with AA,.,../A...5M = 67%
10* —re . —

103_

sw (T, = 50 GeV)
\ AN
10!

101 ' '
1072 10° 101



Summary

Higgs potential is the last unknown part in SM

Its property is tested by measuring the hhh coupling at
colliders

Extended Higgs models of 15t OPT predict large deviations
in the hhh coupling and also produce Gravitational Waves

Future precision measurements of GWs may be able to
fingerprint models of 15t OPT

There can be a synergy in model identification between
precision measurements of the hhh coupling at LCs and
the spectrum of GWs at LISA/DECIGO/BBO
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Snowmass White Paper (Aug. 2013)

Facility LHC HL-LHC ILC500  ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)
V5 (GeV) 14,000 14,000  250/500  250/500  250/500/1000  250/500/1000  350/1400/3000 240/350
f[,dt (fb_l) 300/expt  3000/expt 250+500 115041600 250+500+1000 1150+4160042500 5004150042000  10,0004-2600
Ky 5—7T% 2 - 5% 8.3% 4.4% 3.8% 2.3% —/5.5/<5.5% 1.45%
Kg 6 — 8% 3—-5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%
Kw 4 —-6% 2 —-5% 0.39% 0.21% 0.21% 0.13% 1.5/0.15/0.11% 0.10%
Kz 4 —6% 2 —4% 0.49% 0.24% 0.44% 0.22% 0.49/0.33/0.24% 0.05%
e 6—8% 2-5%  19% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%
Kd 10 — 13% 4—T% 0.93% 0.51% 0.51% 0.31% 1.7/0.32/0.19% 0.39%
K 14-15% 7-10%  2.5% 1.3% 1.3% 0.76% 3.1/1.0/0.7% 0.69%
g( hXX)=KX g( hXX)SM ILC(250)  ILC(500) ILC(1000) ILC(LumUp)
/5 (GeV) 250 2504500 250150011000  250+500+1000
L (fo—1) 250 2504500 250450041000 1150+1600+2500
Y 17 % 83 % 38% 23 %
g9 6.1 % 2.0 % 1.1% 0.7 %
: : WW 4.7 % 0.4 % 0.3 % 0.2 %
ILC Higgs White Paper 07%  05% 0.5 % 0.3 %
Asner, Barklow, Fujii, % 6.4 % 25 % 1.3 % 0.9 %
bb 47 % 1.0 % 0.6 % 0.4 %
Haber, Kanemura, rtr— 5.2 % 1.0 % 13 % 0.7 %
Miyamoto, Weiglein, Cp(h) 9.0 % 1.7 % 1.1 % 0.8 %
et al. pwtp— 91 % 91 % 16 % 10 %
([ hhh = 83 % 21 % 13% |
BR(invis.) <07% <07% <07 % <03%

cc 6.8 % 29 % 20 % 1.1 %
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Case of scale invariant models

1073,

1076

107°

10_21 "' ‘-. ‘

1073

—SW
o o o env
— — turd

1073 10-1 10!

Frequency [Hz]

m.. 7 2 2 p / . / . )
TrMg = 8z m3 — 3my — 6miyy + 12m;

104 T ‘ T T T T
DECIGO
Correlation | clu I
(Ns e
10°F A
(601 19 i
Scale invariant O(N) model
10% ]
sw (7} = 50 GeV)
10} =y 0 .}
10~ 10~ 10 10
0%

N =1,4,12, 60
There is (N, m;) dependence!



