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OSAKA

The second biggest urban
area in Japan.

Osaka-Kyoto-Kobe-Nara

N

From ancient era until 19th
century, this area was the

center of Japan.
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We now have many tourists
from China, Korea, US, EU, ...
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Osaka University

Founded in 1724 (Kaitokudo) Re-established on May 1, 1931 as
in 1838 (Tekijuku) Osaka Imperial University
Chartered on November 22, 1919 as After WWII, it became Osaka University

Osaka Prefectural Medical Univ.

New Campus (Toyonaka City)
School of Science
Osaka University

School of Science
Osaka Imperial University
before WW II


https://en.wikipedia.org/wiki/Kaitokudo

Physicists in Osaka Univ

Hideki Yukawa

Meson Theory 3

Later
professor
in Kyoto U.

Schoichi Sakata
Rutherford Sakata Model &=

Prof. H. Nagaoka :
MNS matrix

15t President of

Osaka Imperial University 4 Later

(present Osaka Univ.) (X professor

in Nagoya U. |
Model of Atom %J“ @au“



Theorists in Osaka

Prof. H. Yukawa (Kyoto) Prof. R. Utiyama (Osaka) Prof. Y. Nambu (Chicago)

Ph. D in Univ. of Tokyo

Ph. D in Osaka Univ. Ph. D in Osaka Univ. Professor in U. of Chicago
Theory of Meson

1935 General gauge theories 1954  Honorary Prof. in Osaka Univ.

Gauge Principle for Gravity  ¢qp 1960, Nambu-Goto String

Nobel Prize in Physics

1949 Nobel Prize in Physics

2008



We will have a Higgs workshop “HPNP2019” in Feb 2019 in OSAKA

The 4t International Workshop on
“Higgs as a Probe of New Physics”

18.-22. February 2019, Osaka University, Japan
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Plan of the Lectures

1 EW Symmetry Breaking in the Standard Model (SM)
2 Physics of non-Minimal Higgs sectors

3 Higgs as a Probe of New Physics



Plan of the Lectures

1 EW Symmetry Breaking in the Standard Model (SM)
1-1: Introduction
1-2: Basics of Spontaneous Symmetry Breaking
1-3: EW force and SM

Higgs sector

Properties of the Higgs boson

1-
1-
1-6: Current situation
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2 Physics of non-Minimal Higgs sectors

3 Higgs as a Probe of New Physics



Plan of the Lectures

1 EW Symmetry Breaking in the Standard Model (SM)

2 Physics of non-Minimal Higgs sectors
2-1: Motivation
2-2: Two Higgs doublet models
2-3: Other Models
2-4: Fingerprinting Higgs models
2-5: Decoupling/Non-decoupling
2-6: Radiative Corrections to Higgs couplings

3 Higgs as a Probe of New Physics



Plan of the Lectures

1 EW Symmetry Breaking in the Standard Model (SM)

2 Physics of non-Minimal Higgs sectors

3 Higgs as a Probe of New Physics

3-1:
3-2:
3-3:
3-4:
3-5:

3-6:

Higgs problem and new paradigms

BSM Phenomena and Higgs

Neutrino Mass models and Higgs

EW Baryogenesis and Higgs self-coupling
Gravitational Waves as a probe of

1st Order Phase Transition

Towards 2030s: Golden Age



1-1 Introduction



Standard Model

Gauge principle: Interaction

SU(B)C X SU(Z)] X U(l)y

Color Isospin Hypercharge
« a
g,u Gluon WN B'““

Spontaneous Symmetry Breaking: Mass

SU(Q)] X U(l)y — U(l)em

Quarks and leptons

3-generations Massive
SUR2)L |U(1)y
qL = ( Zi ) 2 1/3
UR 1 4/3
dr 1 —2/3
. Ver, ) B
i ()] 2 |
€R 1 —2
Massless Massive
+ 0
A, Wz
Photon

Weak bosons



Quarks and leptons
Standard MOdEI 3-generations Massive
SUR2)L [ U(1)y
Gauge principle: Interaction qL = ( Zi ) 2 1/3
SUB)c x SU(2)r x U(1)y A I s
Color lsospin Hypercharge = ( Vel ) 5 4
Q Wwa B e " 1 —2
g,u Gluon H H =
Massless Massive
Spontaneous Symmetry Breaking: Mass AM Wﬂi 70
!
SU(Q)I X U(l)y — U(l)em Photon Weak bosons
Y Tentatively introducing a scalar doublet (Higgs field)
E=~i. -3 +
¢ = ( q;o ) | JVEV 246GeV
o =—(v+h —|— i2)
o V@) =telef e et 2
uz <0 Higgs boson




LHC experiment

Discovery of a scalar particle
Mass 125 GeV, ...
Spin, Pality 0*

Coupling with many particles
hyy, hgg, hZzZ, hWW, htrt, htt, hbb, ...
Identified as a Higgs boson

Measured couplings turned out to be
consistent with the SM Higgs

“Tentative” SM Higgs sector works well!

No BSM particle has been found

Standard Model is enough?

Events / GeV

Data - Bkg

July 2012
2400 — 3
2200— Selected diphoton sample —
2000:_ Data 2011 and 2012 o

- ———— Sig + Bkg inclusive fit (m_ =126.5GeV) 2
18005% , 4th order polynomial —
1600 + v =

- \s:7TeV.det=4.be - |
1400: =
1200~ |s=8TeV.del=5.9fb" 3
1000~ —;‘

800 —
600 —
400— —
200E- ATLAS Preliminary =
E \ 3
= A B =
100[=— + =
0 I -
-100:_+ + 1 1 | i:
100 110 120 130 140 150 160
m,, [GeV]
CMS Preliminary ys=7TeV,L<51fb" \s=8TeV,L< 196"
T T 1T TrTT { Ll T T LI ll]" ¥ "”]'"‘"':
L |==68% CL
1k |—95% cL o

- Z . 3

i W 1*/
107F K E

b . \
T e’
102k f SM prediction _

Ll 1 1 TR EN I N FESTT
10 20 100 200

mass (GeV)



Beyond the Standard Model

Many reasons to consider New Physics beyond SM

Unification of Law

— Paradigm of Grand Unification

— Yukawa structure (flavor physics)
Problem in the SM Higgs

— Hierarchy Problem, Shape of Higgs sector, Nature, ...
BSM Phenomena

— Dark Matter

— Neutrino mass and mixing

— Baryon Asymmetry of Universe

— Inflation, Dark Energy, Gravity,...

New Physics is necessary At which scale?

If TeV scale, they should have connection with Higgs physics 7



Higgs problems

Higgs boson was found, but Higgs sector is unknown

* Nature of Higgs boson Hierarchy Problem \
o N New paradigm of New Physics
Ol gy = S
167~
= Structure Multiplet structure, Symmetry, ...

Relation to new paradigms

Only one Higgs?
and BSM phenomena

" Higgs Potential EW Symmetry Breaking
Dynamics of EWSB
\ XLZ u <0 EW Phase Transition /

By the discovery of h(125), these problems became frontier




Higgs is a key to new physics

* Itis the weakest part in the SM
* |ts structure remains unknown
* It relates to the physics beyond the SM

* It can be tested by current and future
experiments

We can access to the new physics
via the Higgs physics!



Nature of Higgs

Higgs Nature < BSM Paradigm

— Elementary Scalar SUSY
— Composite of fermions Dynamical Symmetry Breaking
— A vector field in 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)



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



Future experiments

2026

2017

( :
ILC250, T | ca e
HL-LHC CEPC, ... | ewpr via Gw
2034 : 1 Higgs Hore
Direct/indir srecision EDM
\2030 ect /

searches

olden Age 2030s LFV

SuperKEB

LHC

Run i, I

22



1-2 Basics of Higgs
physics



Symmetry and Vacuum

If a physics system (action) is invariant .
under a global transformation G, S = / (14;1;5(@: 00)
there is the conserved current JMA :
for each generator T4 of G. WA

g oty =0

Charge Q” is a generator of the .
symmetry for the field ¢ QA = / dngfzo

[’iEAQA, Oz] — GAdAgbi_ (A=1,2,--,dimG)

Under G, there are two phases for vacuum

(1) Wigner Phase QA‘O> — 0

(2) Nambu-Goldstone
QA | O> # O Zero mass particle appears

phase
(Broken Phase) = Nambu-Goldstone Theorem




Global U(1) Scalar Theory

Complex field D1 + 109

U (1) global transformation

o) — (:)/(.J.) _ 0

Lagrangian is invariant under the U(1)

L= (0,0) (") — ¢ —

For u2< 0, vacuum is on the circle

2
42 4 42 - —H 2
+ QO5 = =
@1 2 \
Using U(1) we can set the vacuum at
o1 =v g2 =10
L=

v+ n(x) +i&(x)

75

O =

()

AoTo)?

Vid)

[.t] _ll'l 0

Only up to dim-4
by renormalizability

[b] 0

No & term
- £ is massless (Nambu-Goldstone boson)

5 (0un)* + 5(0u8)" + (’M' )i’

I\.J|P—‘~
[\.Jli—“
[\Jll'—‘

Mass term of n



Gauge Symmetry

Gauge Principle: Theory is invariant under the local gauge symmetry

System of Free Dirac Fermion £ S _( 0/1 . 77?) U
— /,U
Impose invariance under » , a(z) )
a local U(1) gauge transformation () = v(x) =e ()
Impossible as it is @iﬁ/ﬂ OM1) — L —za /M d;z( et )
= PH()‘ — Yy, 0" a(x)

Introduce the gauge field and covariant derivative

D, =0, —1eA, suhthat D, — (m(’l)(DM )

Define the transformation of the gauge field 4# — 4# + l()#(1

1 A, cannot have the mass

i L / S LV
£QED p— L‘([A’;#'Dl_ - ’)I)I" — EFI-LVFl term

E pv — é);lA_lll - (.')I/A;L



Higgs Mechanism

Case of Gauged U(1) Scalar Theory
o(x) = ¢/ (x) = @ () D,u = J, — :ht

1
. o |
L = (D# (I))T (D# (:)) _ /IZC)T b — /\(‘C)T(Z))Z EFNU FHv 4# — -1# —+ ()#(1

v+ n(x) 4+ i&(x)

Assuming p%< 0, expand the field around the vacuum ¢ = NG
1 1., 1 1, j

L = (C)ﬂg) + S(C)l-l']})z -+ 5(2/\1' )I]H + —)( l' ‘1 -1# — €V ‘1”() Q — IF#I/F V
NG boson scalar mass geuge mass Mixing

Originally §+n+A X2 = 4 degree of freedom (dof)
But it looks like §+n+ A, X3 =5 - excess can be eliminated by the gauge transformation

1 00N Jo : :
Gauge transform O — ( + h(a ))et?@)/v | After SSB, € is unphysical,
and its original d.o.f. becomes

o . 1
& = 9/‘ A, — A+ —0,0 that of longitudinal component of A,
ev
1 1 p t) 6) 1 2 t) 1
L: — 5((.)/_[])) 5(2)\('—,)]2—' + 5(" l‘~4_11_14_1l1 - 1 '[_LI/F/-“/ ‘l_




1-3 EW force and the
Standard Model



Nuclear Decay

Beta decays etc
n—-p+e —+1,
T —e +V
B —e + Vet vy,

Strange particle AS # 0
>t s n4 gt

Decay with gamma emission

™ = 7y

> — Ay

Other decays of Hadrons

ATt wp+ 7t
p—> T

Lifetime t
A
Weak Force
1010
Electromagtic
10_17 S Force
1073 s Strong Force
Nuclear

Force
Typical Life Time for each Force



Beta decays

Beta decay of neutrons

n—pt+e +71, T =y,

U —e +vet+vy,

New force where kind of particles changes —+ —
(Not QED) A— p o+
Pauli: Predicton for Neutrinos (1931)
. . . ' Data Case of
Neutrlng was introduced to explain 5 T Continuum b, 2 body
the continuous spectrum of E | ' decay
the electron energy distribution g ; !
g L ot t
. : : i t
Fermi: 4-body interaction (1934) I I R |
0.0 0.2 0.4 0.6 0.8 1.0

Kinetic energy [MeV]

Distribution of E of the electron



Fermi Theory (1934)

Beta decay of neutrion I‘z — ] Y5 Yu YuY5 Opv
n—-p+e +70, s PV A T

Neutrion annihilated, and proton, electron anti-neutrino generated

Shape of Interaction (]_)FZTI,) (éfz ye) Fermi assumed the type V

Multiplication of bi-linear forms

[Data: Helicity of anti-neutrino +1] Only left-handed
Helicity of electron -1 _
(ve)Ll e L

H ~ 2 [p(L = s ey (0L = 25 v

Weak interaction takes the type V-A
The deviation in hadron current come from the strong interaction A~ 1.25



Scale of weak force

1 ¢ G NG/ Ny
9.2 QAT2 ¢ » w
.-2 l S ;\ _[ W \/j ,f — }\ —
W Ve

/Q,‘)
Gp=1.166 x 107° GeV~? = v=246GeV
Vector field W which mediate the weak force has mass of O(100) GeV

If the weak force is a gauge force under a gauge symmetry,
the gauge boson must be massless

Consider
a theory with =) Spontaneous symmetry breaking
a broken symmtry



Weak Force mixes with EM

Force

Discovery of Strangeness (Nakano, Nishijima, Gell-Mann: 1953)

Quark Model (u, d, s)

Y
Q=13+ 5
Y=B-+S

Isospin SU(2), and Hypercharge U(1), are
fundamental, and EM symmetry U(1);,,
remains after Spontaneous Symmetry Breaking

Q: Electric Charge

E

Y:

B
S

: Isospin
Hypercharge

: Baryon Number

: Strangeness

SU(2), X U(1)y = U(1)gy,

Flavor SU(3)
Octet (B=1)




Standard Model
(Weinberg-Salam)

Electromagnetic Force

Weak Force
P, C Violation
Flavor is changed by the process
FCNC suppression
CP violation (three generation)
Origin of mass _

— Explained at the
same time




Particles

Y
Quarks and Leptons Q) = I3 + 5
_ SU@2) | UQ)y ///’;LL
qL = ( di ) 2 1/3 dL
UR 1 4/3
dr 1 —2/3 ’U/R
IL — ( I/eL ) 2 _1 dR
€L
€R 1 —2
Gauge fields  su(2) Wﬁ(a = 1,2, 3) er
u(1) B, ep
Higgs scalar field ot \

(1=1/2, Y=1)

3 generations




Standard Model
{: ‘iGwG‘“’ AW, W — 2B, B \ =

4 4
_ _ Uniquely
—|—QLi’y“DMQL -+ LLi’y“DMLL . Determined
By Gauge
+ﬂRi7“DuUR 4+ dRi/yluD,udR + ERi”VMD/L@R Principle
— {YuQL(i)UR + YdQL(I)dR + YeQL(I)eR + (h-C-)} Undetermined
) Yukawa coupling — Frc.)m.the
\ —l—‘DM(I)‘ — V((I)) Higgs sector / Principle

Y
Dy, =0y —iglT" W — ig/EBH

Higgs potential (not tested yet) V(®) = —p?|®|* + A|®|*
t

Only the parameter of dim1



1-4 Higgs sector



Spontaneous Symmetry

Breaking
Higgs Potential ¢+
21512 4 ¢ =
V(®) = +u7| @[ + A|@| ( ¢’ )
Put pn2< 0 = Symmetry is broken iR
oy Y vy _ T

<¢ > T \/5 # O 0@ § =0

SU(2)| X U(l)y 9 U(l)EM (?Q—X;Y — 772%
Vacuum expectation value 09 |,

L) 8= (wthtio)
y = ~ 246GeV = —(v 12
(ﬁGF> V2 4

Higgs boson

Mass of 2 9\ 9 light h & small A (Weak)
iggs bosonh 1TV} = U heavyh < largeA (Strong)



Higgs mechanism

Kinetic term

—

2 T 2 1
’Dﬂq)‘ = '(—ZQE . WN — §g/BN) o

L oW+ g'B,
8

B 9202

-8

U?

8

(W2 + (W5 +

9<W;} o ZW;?)
g(W, +iW3) —gW?+4 B,

2

2

)(?)

2 2

/Gauge field Mass eigenstate
1
V2
B QWS — 9'B,

_gW. +gB,

+ 1 . 2
W boson We = (W, F W)

Z boson Ly

0

hoton

A,

Mass obtained \

gu
2

‘\[ U A /g2 + (j/2
My — -
)

My, =

A[A — 0

J

!
g
— = tan fw

9

€=y sin ﬁw = g/ COS HW

(9'B.— gW;)(g'B" — gW™")
2
2 , 2 12
@ e (S

SU(2), X U(1)y = U(1)gy,



Charged/Neutral Current

Ling = —=
t 2\/—

(W JE+WETET) + eA, T

COS (9

——7,,J

Charged
current

¢ (L = s ut By (1 — %)Vi}

Neutral
current

\_

= j(S),u — Sin2 ewjgm

J

T =43

VoL T3 i - )
D QZLWQQL T LZL%—L

2_
3

2

Mt — —d v“dz — eyte

3

~

/

Weak eigenstate basis (Not mass eigenbasis)



EW o parameter

Cherged Current MCC _ £JCCJCCMT
v2 ! e 5
g
9 cC 1 9 ,cCut — =
v = (755°) () (57 7
va )\ ) \v2 vz 8Miy
Neutral Current ./\/lNC _ ﬁQPJNCJNCM o(vyN — v, X) 0.31
ﬂ H o(vyN — p=X) '
NC g NC L g NCu neutrino scattering
M= (COS@WJM ) (M%> (COSHWJ )
i m2
EW p parameter: the ratio of CC and NC p= W
m?, cos? Oy
Experimentally p is very close to unity In the SM, p = 1 is predicted

+ 0.0003

Pexp = 1.0004 _; 5504



Mass of quarks and leptons

SMis a chiral theory (Left and Right have different charges)
Fermions are massless under chiral symmetry

Dirac masses are generated via Yukawa couplings and SSB

-

@Y'u&)uﬁ’. — (ﬂbaL)Yu (

QLY ®dp — (ur,dr)Y, <

\L_LYK(I)QR — (vL:€L>Y[5 (

v

V2
()

0

0

(%

-

)’UR =

b =170

If flavor (genmeration) is taken into accout, Yukawa coupling is a

matrix, and mass matrices for quarks and leptons are generated.



Higgs is Origin of Mass

Yukawa
Coupling

Gauge
Interaction

H H
Self-interaction X
H

H




Higgs is Origin of Mass

Masses of all particles come from vacuum!

f
Yukawa |
Coupling
f

H

= N
Gauge
Interaction
H /
H H H H H
Self-interaction X X X
H H H H

3-point coupling WERS




Mass-Coupling Universality

In the SM, we have the relation

Qmw_ﬁmb_\/imc_\/?mf_m]{_v 61? Lt
g m w y 2V o imi=g;v ¥
8| Wz
SM can be tested by using this = -~
Mass-Coupling Universality n§D |
c
In other Higgs models (e.g. 2HDM), 3
. . . . r T .~
this relation is violated at tree level | -
and radiative corrections
Tl T
Need to measure both masses and Mass (GeV)
m

couplings as precisely as possible i

45



Rich decay modes for 125 GeV

Higgs is origin of mass

M. Spira Fortsch. Phys. 46 (1998)

It Couples to all F b N T e
particles [ BRED
[hyy, hgg via |00p] 0" ‘_—_u_——_hm
Decay to various <IN
pa rticles ) o -' .
10 r
In particular, we are _ | ,;
very lucky because I s
m,=125 GeV is ideal oL A
to test many decays 50 100 L

M, [GeV]



Higgs production and decay in SM

gluon fusion

“C000OCOC0

)

107"

102

vector boson fusion (VBF)

H q

q

»

>

_
(%]
W Z l""‘
[P
9 i

W.' Z N

N

.

g
™~
)

- q

H

»

=
pa—

l

IIIIIIIIIJIIIIIIIIIIII]I]IIIIIIIIIIIIIIIIIIIII
. H

M(H)= 125 GeV =
;49pb

w
{ (o]
©
oy
Lol

L L Ll

LHC HIGGS XS WG 2016

:E_IlllllllllillllllllI[llIllIlIIIIllIiIIIIIIIIII_;:
6 7 8 9 10 11 12 13 14 15

Vs [TeV]

associated prod. with W/Z

q

."<

Branching Ratio

10

10

10

10

2

-3

4

associaled prod. with it

W,.Z  oos000000_
wz o g \ -
A //
Q\—A—, raYaYaYaTa'ay // t
H "000000000%—_,
:_ll LI ] L I LI I LI Ilsh!o/lol Ll ] LU I LI I L ] L I T ll_:
- bb .
- 21%
Fw ]
__ 99 —
‘
F 6.2% .
:‘:——/—-——‘—:
| ¢cC -
7 2.6% B
- 0.23% .

n
)
11 lllllll

LLUL

lllllllllllllllllllllllllllllllllllllllllllllll[l

120 121 122 123 124 125 126 127 128 129 130

M, [GeV]

LHC HIGGS XS WG 2016



_IIIII T T IIIIIII T T TTTTTT T T IIIIIII T |
- ATLAS Preliminary .
- : Z #
- V(s=13TeV,36.1-79.8fb" ot
[ m,=125.09GeV, ly, | <25 AN i
L eeueeenee SM Higgs boson g -
3 4t D E
q
o * 80fb ' HObbD#E -
o RIEA-TULVEL
EIllll | 1 lllllll 1 | IIIIlI| 1 1 IlIIIII | E
107" 1 10 10°

Particle mass [GeV]

Ratio to SM

CMS Preliminary 35.9 fb™ (13 TeV)
_"I ' AL | ! LA | ! A | t'
3 WZ

T

------- SM Higgs boson
— [M, g] fit
ERS

[ ]+2c

rl ! [ | |

1 0 1.02
Particle mass [GeV]

107" 1

48



Flavor Mixing (skip)

i i I+ + Reaction with AS =1
Ratio of leptonic decays [I'(K+ — pu uﬂ.) L 005 s suppressed as compared
of m (ud) and K (us) I'(rt — ptuy,) to that with AS = 0

4 . N
Explained using d _ CO.S 0. sinf. d
mixing between d and s S —sinf. cosé, s’

Weak

. Mass
\_ eigenstates Cabbibo angle eigenstates /
B U (KT — pruy) 9 o
QL_ < Cl/COSQC—|—S/SiH06 > F(ﬂ"*' —>,U-+I/u) = tan (90 HC ~J 13

Small deviation in the coupling of beta decays Data
Can also be explained G, ~ 1.166 x 107 3GeV 2
~ —8 —2
- Ratio = 0.974



Flavor Changing Neutrial
Current

When only u, d, s were known as quarks

Cabbibo explained charged current processes by flavor mixing

0. ~ 13°

At the same time, flavor changing neutral current was predicted

s = @L WMQL ~ - —sinf.cos.(d ;y*s'; + (h.c))

Flavor Changing Neutral Current (FCNC)

But the data shows that FCNC is very suppressed  §

U-
K0 >«A/v\<
B(KY — ptp) ~107° “d/ oz
u
B(KY — 7t um) ~ 10710 K s %a
7 14




GIM Mechanism

Introduction of the second generation isospin doublet (charm quark: c)

2 (¢ c
L\ s ) \ —sinf.d + cos@.s

) T _
3 = QL —3 “QL ~ -« +sinf.cosO.(d ;y*s' ; + (h.c))

Canceled with the FCNC from
the 1st generation

By introduction of charm quark, neutral currents are flavor diagonal
Because of the unitarity U, T U, =l, and no FCNC appear.

Glashow-llliopoulos-Miani (GIM) mechanism (1970)



FCNC is induced via loop

Small FCNC appears by the quantum effect

in®
of charged current interaction : - M
W
0
) Ky u
2 2\ .
M ~ M—év(mc —m;,)sin 6. cos 6 g o m

It reproduces the correct order of the data o0

B(KY = ptp™) ~ 1078 A :
Data KL

d -sinB W |J-

Charm was discovered after 4years from GIM mechanism (1974)



FCNC and new physics

The fact of the FCNC suppression generally gives
a strong constraint on new physics beyond the
SM.

Extended Higgs sectors
Supersymmetric models

Technicolor

We see later for the case of
Extended Higgs sectors



1-5 Properties of the
Higgs boson



Higgs mass

Before discovery, Higgs mass was the
last free parameter of the SM

There are theoretical bounds on the
mass
— Unitarity 2 2
_ Triviality mp = 2AV
— Vacuum Stability

These ideas are still
useful to constrain
parameters in various
new physics models




Unitarity in W, W, — W,*W,-
elastic scatterings

s+ Im(a%)

S-Matrix is unitary |§|2=1 S;=1;+iT;

Tyi(s.0) = 167 ) (2J + D)aj(s)Ps(cos )

J
For 2->2 elastic scatterings,

S-wave amplitudes satisfy / !
1a°(s)F = Im [aO(s)] | Re(@)

Argand diagram

It is on the circle for unitarity
Perturbative Unitarity

If perturbation calculation is correct,

. 0
the tree-level result should be near the circle. |a | < 1




Perturbative Unitarity

Lee, Quigg, Thacker (1977)

W, *W,~ Elastic Scattering ¢, = (p,0,0,E)
AW/ W >W*W, )= AE**BE?+C (E->oo)
Unitarity Violationif A, B0 W 1 o W
A=0 by the gauge symmetry ”.-d“ﬁ"ﬁ', .

To make B =0, diagrams mediated
by a scalar field must be added

W W

A Higgs field h is required 1=
to save unitarity w0 Ay

> >
<

InthesM |C|<1 = m,<1.2TeV



Result without Higgs mediation

2 [16c3 4 2 W W
2 (16¢2, [ E E\
d[Z] = -2 W —3(—| L+ o). 2y
32 3 \my mw
5 W, w,

2 1652 ( E \*
0 8 1% ?

-~ + 9 L L
=353 (mw) 0@ " W
o > (16 E\* E\

I = —2— - a4l =) Vv o), 2
2r | 3 \my My » »

W' Wl

: Grs 2
S-wave amplitude ao(s) = — +0(g),
167 V2 . w

a’l <1 wmp E<25TeV

Unitarity is broken at high energies  °8




Addition of the Higgs mediation

W'L
SM SM '
Iww 2 KGpww > < o
| W,

G 2 Z 2
a’[h] = (-1 + &) Grs ] {2 + m, _ D ln(l + —)} + O(g )

16\/_7r 8\/_7r s—m; S m;
Cancellation occurs for only if Kk =1. (Namely the SM case)
Grm’

S-wave amplitude CIO(S) ~

f — 00
47r\/§, (Vs )

a’l <1 wmp m,<12TeV

Unitarity is stabilized, and the upper bound on the mass is obtained .



Perturbative Unitarity ><

Multi-Channel Unitarity W/ W, ,Z;Z;,hh,Zh m2=2 A V2
0(4) (p: (Wll W2/ Z, h)

(1 4L L )
5 | ‘f \{g Lee, Quigg, Thacker (1977)
Fo-Z W T @d=18986
472 N 0
L0 0 0 1 ) (1) +2ww + zz + hh
2 (9)33 + (9)44 -2ww + zz + hh
Eigenvalues 3111 (9)33 — (9)as 2z - hh
(59 7990 5) (9)34 zh

d’l <1 = m,<1TeV




Triviality and
Vacuum stability



Landau Pole

The @* theory is asymptotic non-free

RGE Equation

- K] 2 ([/\ .) ‘)
16— = +3A° A()

dyt

A0
A(p) = b
1 — > : )\0 In £
1672 O Ho
A
Coupling blow up and divergent at the Landau pole
1672 Calculation
A p— ,u),oe 3A0 using perturbation

for simplicity



Triviality/Vacuum Stability

A
Require that the SM holds J

up to a scale A\
— No Landau Pole \

N
— Stable Vacuum (A>0) W A
m,2=2 A v?
800 77 [T T[T T[T ] |:
RGE of A coupling y.=0(1)  s00 o - 175 v
d E a,(My) = 0.118 ]
1672 0u—\ = 24X% — 6y + ... E
d,u C ]
200_— —
If initial value of A is If the 2nd term is > oo |E
large, B-function is stronger, B-function %3 106 109 102 1015 1018

positive (blow up) Is negative (fall down) A [GeV]



The Cut-off of the SM A

arXiv:1205.6497, Degrassi et al

With the discovered 125 GeV Higgs '\
boson, A becomes negative below 008 | 30 bands in ]
- M; =173.1 £ 0.6 GeV (gray)
Planck Scale (at central value of m,) | as(My) = 01184 + 00007(red)
:0 Vo M;, =125.7 £ 0.3 GeV (blue) ]
Cut off A = 107 — 101° GeV % ool Y 5
large uncertainty comes s N ]
S 002} N !
from large Am, A \ ]
2 0.00:
At ILC, Am,= 30 MeV is expected i
. -0.02 + '
Cutoff A can be determined i ¥, = 1749 Ge
_0’047 | 1 l | 1 | L 1 | 1 l | | 1 | 1 |

10> 10* 10° 10% 10'° 10'* 10" 10'® 10'8 10%°
RGE scale u in GeV

At Planck Scale, A(M,,) < 0, but the theory satisfies the condition
of the meta-stable vacuum



Tunneling into the other vacuum

Decay Rate of EW vacuum Ah) 4

(Tunneling effect) Vih) ~ =
4 —S
I'~ e 74
EW vacuum™ ~ -
Decay Probability tunneling

—8m?2 2600
P ~ iRl ~ 500 wjoor  Aal) ~ 0

140 4
T~ (u )
Destiny of the Universe is determined by the balance W planck
of the age of the Universe (t,) and the life time (t;,) of the EW vacuum

If A(h,) =-0.01, T, <<Tgy - Meta-stable but not dangerous

If A(h,) <-0.05, T, >> Ty Instability and dangerous



Top pole mass M, in GeV

180

178

176 E
17457
172

Eood oo ose”
170 .- . fod- "~
| L

Are we on the edge?

—

Stability -

PSSR (N TR SN TN MY SN TN SO [N SN TN N (NN TN SN TR NN SR S 1
122 124 126 128 130 132

Higgs pole mass M), in GeV

Condition of meta-stability
is satisfied. Tpyy =~ Ty

200 |

Top mass M, in GeV

150
100

50 |

50 100 150 200
Higgs mass M;, in GeV

arXiv:1205.6497, Degrassi et al



Partl Summary

Higgs field is origin of mass

Higgs is a probe of new physics

SM Higgs sector

Some properties (Unitarity, Vacuum stability,

..)

If SM is correct up to very high energies, the
vacuum of our universe would be meta-stable.
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Nambu-Goldstone Theorem

1. Lorentz and translation invariance é)“j“} = ()
2. Conserved current exists !
3. Symmetry is spontaneously broken G, = (0|Tor(x1) - 0p(1,)]0)
Q10 # 0 — §°G,, #0 0" G(1, -+, vn) = (OT(Q", 0a(w1) - -~ On () }[0)
Matri | t l ~ z VA NA (e Y P
MOt 01, n) = [ 2 TN 01) )
lllgoq"]\[“(q Xy, = un /die”’" 10 ){OT(T (2) 01 (1) - On(2))[0)
q

= (0[T([Q", @1(11)]@2(@ < O (20))[0) H(0[T(O1 (1) [iQ, dala)] - - On())]0)
T ‘|'<O‘T(¢1(5131>¢2<372> t [iQa: @571‘(:1771)])@ — 5(1‘0*71‘(1131: Tty xn)

From explicit Lorentz invariance

Massless particle appears and

i -q
]\[a (¢, 1, - @p) ~ —gOaGn(JTl; LX) couples to the current
q Nambu-Goldstone’s Theorem




SM couplings

1.0

g
o

S
~

02

08l

103 101 102 10™ 10! 10'® 10%
RGE scale g in GeV
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What a coincidence!

CMS Preliminary {s=7TeV,L<511b"' {s=8TeV, L'\196fb

Q 1 ] 1 LI 1 ] I LI lll LLLL L ”_
m.% S qf|—9s%0L o
DR S | W%1 f
UEDRE < | AT
107 E
b |
F T Prediction in the SM
10° - f with one Higgs doublet
| 1 [ T 1 [ | lnl‘. PRTRTEY [RTTTTIN
1 2 345 10 20 100 200

mass (GeV)

ZXEEBROZRDOEFEY: RT—ILHAEZEHAFIELE (v=246 GeV)
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Production of the SM Higgs @LHC

Gluon Fusion
TOOO00) H->yy (110-140GeV)

Production cross section
H—>7Z->Illl (140-1000GeV)

tb Y LR PELEL B R R R UL B UL AL LU L EUR LR LA FLELS FLEL LR
" H->WW (130-170) o(pp—> H4X)
Q0000 s=14TeV
. . Vector Boson Fusion (VBF) ol 3 1= 175 GeV
H->tt (110-140GeV) e CTEQM
W7 2----- H H>WW (130-200GeV) gy [
H-> vy  (110-140GeV) 2 OSSR
> > HSbb  (110-140GeV) Y, b.qf il e
10 qq—=> HW
W association na .
H>WW (140-170GeV) g, S i
103E M Spractal 00.0i— be
NLO QCD = Sk
e QgL
Top association [ I T AT T T O PTR NS
| iy H->bb (110-130GeV) VYt 0 00 400 600 800 1000
H->tt (110-130GeV) VYt My, (GeV)

000000 )—>—tb  H->WW  (130-180GeV) Yt

events for 10° pb-1



