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3 Higgs as a Probe of new
physics



3-1 Higgs Problem and
new paradigms



Nature of Higgs

Higgs Nature < BSM Paradigm

— Elementary Scalar SUSY
— Composite of fermions Dynamical Symmetry Breaking
— A vector fieldin extra D  Gauge Higgs Unification

— Pseudo NG Boson Minimal Composite Models

Each new paradigm predicts a specific Higgs sector
(eg. MSSM: two Higgs doublets,
Gauge-Higgs Uni.: Higgs couplings are weaker)



Introduction

Higgs sector remains unknown
— Minimal/Non-minimal Higgs sector?

— Higgs Search is the most important issue to lo
complete the SM particle contents. )

 We already know BSM phenomena:

— Neutrino oscillation
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To understand these phenomena, we need to go beyond-SM



Neutrino mass and Higgs

Neutrino Oscillation = Tiny mass ( < eV)
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Physics of specific extended Higgs sectors



Baryogenesis and Higgs

Baryon Number N, = s ™ (=(5-7)x107")

of the Universe n, n,

Baryogenesis | What is the mechanism to generate the baryon
asymmetric Universe from the symmetric one?

— 1. ABz0 Sphaleron process
Sa kha rOV’S . . Chiral gauge theory
Condition — 2- Cand CP violation KM phase
Sakharov 1967 3. Departure from thermal Strongly first order
— oge . phase transition
equilibrium

SM could satisfy these conditions but excluded by the data

Scenario of Baryogenesis
1. Electroweak Baryogenesis  Physics of (extended) Higgs sector

2. Leptogenesis New physics at very high scales .



Higgs is a window to new physics

SUSY
Dynamical symmetry breaking
Higgs as a pNGB

Higgs portal new physics | Gauge Higgs Unification

. CW mechanism
scenarios Higgs portal dark matter

Inert scalar models
Radiative neutrino mass models
Electroweak baryogenesis

It is important to experimentally determine
the Higgs sector to explore new physics beyond SM



3-2 BSM Phenomena
and Higgs



Two-flavor oscillation
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Neutrinos have masses

CD\\ //(I)

This is a clear signature of BSM



Neutrino mass and Higgs

Neutrino Oscillation = Tiny mass ( < eV)

Majorana [ — %(qﬁv_z) (vr,0)

mass

Seesaw Mechanism
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Physics of specific extended Higgs sectors
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Scenario of radiative vvo(¢ generation

<¢O> Zee
w;x"ﬁ"“\‘ff
* Tiny v-Masses come from loop effects R
RSP ECAE
- Zee (1980, 1985) L <¢0>E v
— Zee, Babu (1988) -4 Babu
s+l,' E ‘\\S+
— Krauss-Nasri-Trodden (2002) N L T
— Ma (2006), ..... hilk I b
Do do
. s\ Nt
* Merit s/ st
, VL ——L ——— L
— Super heavy particles are not necessary lLilr Nr IR 1L
Size of tiny m,, can naturally be deduced 0 0
Krauss et al

from TeV scale by higher order perturbation
— Physics at TeV: Testable at collider experiments



Radiative seesaw with Z,

* 1-loop (Ma)
— Simplest model or 0 D
— SM + NR + Inert doublet (H’) :)\/\
— DM candidate [ H’ or NR ] H'// \\H
* H case +_)H+
* NR (LFV and MN not compatible) V| N v
* 3-loop (Aoki-Kanemura-Seto)
o' o

— Neutrino mass from O(1)
coupling.

— Electroweak Baryogenesis
— 2HDM + n% + S*+ NR
— DM candidate [ n° (or NR) ]




Higher Order Effect

 Majorana mass of LH
neutrinos may be
generated from dim>5
operators

* For dim-(5+n) operators,
additional suppression

LLpp/A X (pp/N%)"

* Discrete symmetries forbid
lower order operators
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3-3 EW Phase Transition
and Higgs self-coupling



Higgs potential

Most important part for the EW symmetry breaking
(Yet to be tested by experiment) 2119 .
V(®) = +u°|®|" + A| D]

* Physics behind EWSB iR
— Where come from p2< 0 e
— What is the origin of A

— Dynamics

* Electroweak Phase Transition
— Aspect of Transition, 1%t order or not?
— Relation to EW baryogenesis
— Mechanism of Phase Transition




Electroweak Baryogenesis

Expanding Bubble

Thermal non-
equiliburium

around the wal
ﬁ Shpaleron k

. 7
Transition
decouples / Sphaleron
ng is frozen transition
Broken Phase AB # 0
Symmetric
Sakharov 3" condition Q Phase
Departure from Thermal equilibrium
o Pe .
Sphaleron Decoupling o— Z 1 P'?VS'CS of th? |
(Strong 1t OPT) TC Higgs potentia




15t Order Ph

Effective potential at one-loop

ase Transition

Veir(o, T)
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Z i Mile) 3 v
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Strongly 1st OPT

Potential at finite T \
Veff(SO,T> =~ D(T2 — T02>g02 — ET(p?’ — —Tgp4 4 ...

(high temp. approx.) A
oo 2F E: Thermal Loop Effects

~ > 1 N

Tc  Ag, A, : Self couplings ~ m,

SM  nostrong 1tOPT ¥cC 6y +3m + - - <1
Tc 37rvm%




Strongly 1st OPT

Potential at finite T

A
(high temp. approx.) Veff(QO, T) — D(T - TO )(p — ET(p + = + -

4

Yo  2E E: Thermal Loop Effects

Tce  Ag, > 1 A, : Self couplings ~ m,?

SM no strong 1t OPT ¥C - 6miy + 3my + - <1
Tc 37rvm%

Extended Higgs (2HDM): 1%t OPT possible Quantum non-decoupling effect
of ®(=H, A H,..)

! M2\ [ 3M?
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3 m 2myg

Te  3mvmy 5




Strongly 1st OPT

Potential at finite T

A
E: Thermal Loop Effects

A, : Self couplings ~ m,?

Yo 2F

C

> 1

SM no strong 1t OPT ¥C - 6miy + 3my + - <1
Tc 37wm%

Extended Higgs (2HDM): 15t OPT possible Quantum non-decoupling effect
of ® (=H, A, H, ...)
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Prediction! Large deviation in the hhh couping as well
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1st OPT and the hhh coupling

S.K., Y. Okada, E. Senaha (2005)

Strong 15t OPT

< Deviation in the hhh coupling

EW Baryogenesis can be tested
by detecting a large deviation
in the hhh coupling

----
----

-
------

Which collider? AN A = 10%
. 150 -
LHC cannot do it
100 sin(f —a) =tan(§ = 7]
Only ILC (1 TeV) 2HDM m(ﬁ_ 125)(}(:; B=1
. - h — -
can measure it by 0(10) % o0 Mg = My = My = My
. 0 1 1 1 1 1 I 1
K.Fujii et al., arXiv:1506.05992 [hep-ex] 0 920 40 60 80 100 120 140
M [GeV]

Connection between Cosmological problem and Collider



Higgs Self—Coupllng

Slide by Keisuke Fujii

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



3-4 Gravitational Waves:
New tool to access
Higgs potential



Higgs potential via GWs

In 2016, aLIGO reported the first direct observation of GWs from

merge of a BH Binary (~100 Hz) - Era of GW astronomy started
Ground based experimetns

aLIGO, KAGRA, aVirgo...



Higgs potential via GWs

In 2016, aLIGO reported the first direct observation of GWs from

merge of a BH Binary (~100 Hz) - Era of GW astronomy started
Ground based experimetns

. aLIGO, KAGRA, aVirgo...
GW Physics?
GW from 1t OPT: homogeneous, isotropic, stationary, unpolarized
Relic GWs are characterized only by frequency

Transition temperature gives typical frequencies

T=100GeV > f=10"1-103Hz  Outof sensitivity
at LIGO/KAGRA (10-10%Hz)



a,: scale factor

a
t
fO — _ft f;: frequency
Qg at the transition

Red-shifted frequency

Conservation of the entropy per comoving volume

27.(.2 1/3
sa° = EQST%Z)’ = const & _ (g_sto> E
aO gs Tt
Radiation dominant Universe
H — 4_7T391/2T_2
45 7 My,
We obtain

t \ 1/6
— g* Tzvf ft
~ 1.7x107 H
Jo s <1oo> <1oo GeV> H

f;/H, must be > 1, typically 10 (10%-10%)

1/f, Wavelength of GWs at the PT fO =1 0‘3-1 0‘1 Hz
1/H, Size of the universe (horizon) at the PT




Higgs potential via GWs

In 2016, aLIGO reported the first direct observation of GWs from

merge of a BH Binary (~100 Hz) = Era of GW astronomy started
Ground based experimetns

. aLIGO, KAGRA, aVirgo...
GW Physics?
GW from 1t OPT: homogeneous, isotropic, stationary, unpolarized
Relic GWs are characterized only by frequency

Transition temperature gives typical frequencies

T=100GeV > f=10"1-103Hz  Outof sensitivity
at LIGO/KAGRA (10-10%Hz)

Future space based GW experiments
LISA (USA/Europe) Sensitivity around miliHz  (2034-)

DECIGO (Japan) Sensitivity around deci Hz
We can explore GWs from the early Universe!



Laser Interferometer Space Antenna (LISA)

LISA project

NFFFREDASAF



C.Caprini et al., arXiv:1512.06239

Laser interferometer space anttena

Properties of the representative LISA configurations

Name C1 C2 C3 C4
Full name N2A5M5L6 | N2AIMSL6 | N2A2Mb5L4 | 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
(arm length 1000km)
Correlation between 2 cluster

1 cluster

S. Kawamura et al, Class. Quant. Grav. 28, 094011 (2011)

LISA has been approved in 2016
It will start from 2034

34



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



GWs from 15t OPT

Bubble Collisions
“Sound waves”
(Compressional plasma)

“Turbulences in the plasma’ —_

“Wall Collisions”
Envelope approximation)

Spherical symmetry is violated h,l“/ — Iﬁ)Tw/
by bubble collisions = GW occurs Source of GW



From bubble dynamics to GW spectrum

Bubble nucleation rate per unit volume and time _
Veglo, T)
(1) =Foexpl-5/T) = [, mey ; veﬂm,,n]

falseJ\
T, Transition temperature

y

pu—

@
I ~ ] 53(Tt) . tunne?ng\A\/
Tt o — » T = 4In(T}/H;) ~ 140 true
a Latent heat (released energy of false vacuum) pepth of the potential
7 €(Tz) WVoa(op(T
o = _ / eff YQB( )*T)
Praa(T) e(T) = —Ver(pn(T) T) +T 57
B Inverse of duration of phase transition Speed of transition
d = B
dt |,_,  Tdt|_, t

"GW spectrum is given as a function of T, o, B(andv,) v, wall velocity
Ex) Strength and peak frequency of GW (Fitting function)

~

2 ~
Qowh? ~ 2.65 x 10762 (*‘(”b’o‘)o‘) w ~ 1.9 x 10-5H, 2
B 1+« Uy
C.Caprini et al., arXiv:1512.06239
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Characteristic GW Abundance from

the strong EW 15t OPT
Normalized energy density
Pocw = L<hwhw>
O (f) = 1 dpaw 327G (00 0 o)
pc dln f 2 T 0h, h, O
Pc = 27[;[5 o = 0 hy, —h, 0O
\0 0 0 0)

Red shifted abundance
Transverse-Traceless

4 2 gauge
. A HQ
Scaling  paw = <a_0> PEW Pec = <_H> PZ
t




Characteristic GW Abundance from

the strong EW 15 OPT
At the phase transition, we have hfj O
lOGW ~ 5 IOC ~N —
G
Einstein Equation hz’j N GTij
20~ QT
Typical duration of the phase transition: 1/[3 b7 hi; t
hz’j ~ 5}%‘3' ~ GTij
Eenergy density at PT 3

g Pew  HE T, HY g
W B2 ()2 B (Puac t Phaa)?

O H1;2 1202

a = Prac/Prad

R = pkin/pvac




Characteristic GW Abundance from
the strong EW 15t OPT

Abundance of GWs
H2 ,{2 QQ
Qawh’® >~ 1.7 x 107 — 2
5?2 (1+ «)
t

X = pVaC/prad R = pkin/pvac

Energy density of false vacuum Efficiency of kinetic energy of walls

released by PT in the release energy.

The spectrum is determined by
a (latent heat), B (duration of PT), k (Efficiency)
They can be basically calculated if a model is given.

This rough estimation is applicable to GWs from the wall collision.
However, Qh? is enhanced by B/H, for GWs from the motion
of thermal plasma fluid (sound waves and turbulence).



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)

o\ 2 1/3 ) T
pad 2 o —6, ' 3—1 Ry 100 o~ -5 H. i f !
Qo b2 = 2.65 x 10 50,3 (1 - a) ( gi ) fow 219510 Ho ( oo

2. Collision of the bubbles (envelop approximation)

~ (000 s, [ mea ) (100\ . 062\ T
y - 2 . Y R — env 2 1.65 ].O ’ HYJ v . v

3. Magnethydrodynamic (MHD) plasma turbulence in the bubbles

. - [ erpa \ V2 100\ . 1-( T

Ouuroh? = 3.35 x 107 0,571 b 27 % 107 Hz—f [ ——
turb * 20t <1+a' gt frurb 2 2.7 10 Hl'vb'j 100 GeV
Uy, : wall velocity K¢ Ky :efficiency factors € = 0.05

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



Higgs model with N singlet fields

M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007
Imposed O(N) for simplicity 57 = (5;,---,Sn)

A c
Vo= —210? + 257 52 1 2t + 25 s 4 Cjaf?s P

. C
Mass of scalar fields: m? = us + 2712

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

1 2\’ 312
;—C: 2{6m%[/+3m3Z+Nm%(lu—g> (1+L‘g)} >1
C

37rvmh mg

oy L Bmy Joo o omi o om0 ’ .
hhh 4,2 QUQm% 12772)777,,2Z m% > Ahhh




Predictions on the hhh coupling

Excluded by
vacuum stability bound }

0 50 100 150 200 250 30

us” [GeV]

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



GW spectrum from 1t OPT

N scalar
model
o3
B~y
=
Mass m_ is

chosen such that
the peak strength
is maximal

1073

1076

10—18

10—21
1

Bound from
T T T " _— Non-observation of energy
1 density of extra radiation
&8 ——sw
Q&r,' < €NV
S — —turb
< Sensitivities
5/
T eLISA
& arXiv:1512.06239
S
N N DECIGO
N Class. Quant. Grav.
N = AN 28, 094011 (2011)
1 1 1 6 1
0> 1073 107! 10!
Frequency [Hz]

M. Kakizaki, S.K., T. Matsui, Phys. Rev. D92 (2015) no.11,115007



(N, m ) may be determined from GWs

O(N) singlet model with the mass mg

For smaller m,

®,/T>1
cannot be satisfied

For larger m,
[/H*= 1 cannot
be satisfied

106

Vst =0

5[ 135 mgs[GeV] =98

DECIGO

Correlation _

1 cluster

@ .
104 S X
*
N
I ! 30N 18C

Q. -
103 :?i y 190 E
P\
\ 00 250\ 198
21 m 40( ]
10 — 3 401302 22
edS ¥ (2 C3
/1 sw (T; = 50 GeV)
10 | L\ 1 ]
1072 1071 10° 10!
10

Sensitivities

eLISA
arXiv:1512.06239

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

M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007 45



(N, m ) may be determined from GWs

O(N) singlet model with the mass mg

106

If o and B are
determined with a
resolution,

We may be able to
fingerprint the s

model with (N, my) \]i

\_f TR
o

DECIGO _
Correlation |

1 cluster

2 ]
10 | g7h 401302 527 |
eLISACT((*2 C3 C4
sw (T; =50 GeV)
101 | 2 1 1 1 O 1 1
10~ 10~ 10 10
a

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

Sensitivities
eLISA
arXiv:1512.06239

DECIGO,
Class. Quant. Grav.
28, 094011 (2011)
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Final Example: Strongly 15t OPT by
non-thermal mixing effect

Thermal loop effect {, )\(T)

Ver = D(T° = Tp)p" = (ET — )" + — ="
Non-thermal effect 1

Higgs singlet model «. Fuyuto and E. senaha, 2014

A : s, A
Vo= —u|®f + Nl ®I* + pas| B[S + ZEB2S” + ugS + 725% + £25° 4 T2 5

@(1 ¢ ) S=vs+d, (P1,02)> (h, H)with §

75 (Ve + ¢y + iG?)
Multi-field analysis of EWPT is necessary S T >11-12

(U@,US) "

1K

Public tool “CosmoTransition” (Python code)
is used.




K.Hashino, M.Kakizaki, S.K., T.Matsui, P.Ko, arXiv1608.00297

10°, . .
(mu[GeV], -B[degrees]) =
clﬁo {0
pE cofrem .
10| (220,27 i LISA (C1-C4):
200, 24 @:/T:=1.0 5 :
( \); L 1 cluste’ ] [Caprini et al. (2015)]
' (240, 28) :
@ 10° (180 ;1'9)
(180, 23) \ -~ | DECIGO |
(200, 30)-—" (216-;8) 1 (Pre, 1 cluster, Correlation)
10° (220, 35) =S\_ | [Kawamura et al. (2011)]

vg =90 GeV, ;';s-ocr'v. Hos =-80GeV, pg'=-30GeV |

1 02 sw (Tt =50GeV, vp = 0.95) , e
102 107" 10° 10’
Benchmark point a
vy [GeV]|vg [GeV]|my, [GeV]|pgs [GeV]|ps [GeV]|ps [GeV]||my [GeV]|0 [degrees]
246.2 90 125.5 —80 —30 0 [160, 240] | [—45, 0]

LISA and DECIGO are capable of detecting GWs
from 15t OPT in the HSM. 21



K =K V=K f 1.00 [ vs=90GeV, uT=0GeV, pgs=180GeV, ps'=-30GeV ' ' |

- - A/\hthAhhh =10%
=cos6 i 20%{ Self-coupling hhh }
TN TN s e s e nnnanion ey | Measurement at ILC
Precision 0.95 [RRREEL CETED N 3 0/”
measurement [
atILC/LHC | e e N N _
L 0.90 TN e -

Region of
Strong 1t OPT

T

0.85

0.80F " e 100 % ;

160 180 200 220 240
( Direct searches of
mH[GeV] N the second Higgs

at LHC

K. Hashino, M. Kakizaki, S.K., T. Matsui, P. Ko, Phys. Lett. B 766, 49 (2017)



K _KV_Kf 1.00F vs=90ceV, pi=0GeV, yos =-80 A&;ev', ps'=-30GeV -
=cos@ RN R e | self-coupling hbh
0950 N Ny measurement at ILC
Precision il bl b T UL L L e R R T T PP RS A)‘hhh - 10%
measurement I ]
at ILC 090 e e e e )
T~ YV 1| Measurement of
i 1| Gravitational Waves
HL-LHC - at LISA/DECIGO
o - 2% 085
" ® DECIGO (correlation)
ILC :_Q.LISA (C1)
Ky 0.37% 0.80F e 100% g
kyy : 0.51%

240
( Direct searches of
the second Higgs

at LHC

160 180 200 220
my[GeV] <

K. Hashino, M. Kakizaki, S.K., T. Matsui, P. Ko, Phys. Lett. B 766, 49 (2017)



Future experiments

2026

2017

searches

LHC

Run i, I

/2040 \
é'-ECPZCSO' LISA —_—
SN HL-LHC | = | ewervia s R
Direct/indir : re::gisgis;)n EDM
\2030 ect

SuperKEB

olden Age 2030s

o’

51



FCC?
HE-LHC
100TeV?

In 2030-40s, we obtain hints of the
new physics scales, and we can

2017

HL-LHC

Direct/indir
ect
searches

LHC

Run i, I

ILC500? determine the target for the next
1TeV? generation experiments
CLIC?
DECIGO? )
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Part lll Summary

* Higgs is a probe of new physics beyond SM
— Neutrino Mass
— Dark Matter
— Baryogenesis

* Higgs potential can be probed at future
colliders and GW interferometers

* Synergy among LHC, LC and LISA/Decigo is
important to probe new physics scenarios



