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Higgs plays very important role in physics!

® To understand EWSB

® The origin of the masses for the fermions

(" )

® Physics related to cosmology

\ J
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Looking into Higgs sector more carefully

In SM, the Higgs potential is:
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Higgs potential and self coupling

To study the vacuum structure of the Higgs, RG-improved effective potential:

For h > v D. Buttazzo, et al arXiv:1307.3536
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New stable vacuum is developed at high energy scale!
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Our universe is at the edge

D. Buttazzo, et al arXiv:1307.3536

It seems we do not need worry about the

Top pole mass M, in GeV
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Inflation in the early universe

Dark Energy
Accelerated Expansion

Afterglow Light fluctuations in CMB

Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

o AR i T
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Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

« Explains the origin of the large-scale structure of the cosmos.
+ Horizon problem
» Flatness problem

+ Magnetic-monopole problem ...
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Higgs instability during inflation
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Higgs instability during inflation

» Even if H~hmax, the probability of
ending up in true vacuum is large.

J. R. Espinosa, et al arXiv:1505.04825
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Quintessence-Higgs Model

CH, Shi Pi and Misao Sasaki, arXiv:1809.05507

V(g,H) = e~ (A(JHIP = v?)" +A) (£>0)
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Consistent with the Swampland Conjecture

» What is Swampland?

Swampland

Standard Model .
\ + The set of low energy physics
I’ o \\ ° °
.' .O ‘. models which look consistent
\ o o ,'

but ultimately are not when
coupled to gravity, is called
the “swampland.” ——Vafta

. O / Landscape

~

—

G. Obied, H. Ooguri, L. Spodyneiko, C. Vafa, arXiv:1806.08362

Swampland conjecture: a quantum gravity theory should satisfy:

VV|/V > ¢, c~O(1) IV Viotalll = |3 923,11(96, Viotar) (@5, Viotan)

2]
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Can be tested in near future!

Dark energy experiment already exclude ¢ > 0.6

Y. Akrami, R. Kallosh, A. Linde, V. Vardanyan, arxiv:1808.09440
-0.75

-0.80f

—~ —-0.85f
Exclusion limit combing
SNela, CMB, BAO, H.

WDE(Z

-0.90f

~0.95
A=0\6""'\\ T Future reach: Euclid and the SKA
1-0.2 e (large-scale structure surveys)
%0 02 o4 o6 0.8 1.0 (within 10 years)
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Higgs inflation

Higgs is the only scalar field in SM Bezrukov and Shaposhnikov, Phys.Lett.B 659 (2008) 703-706
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Higgs inflation

Plot borrowed from Bezrukov
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Current status
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Concave potential is preferred by the data
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SM + a triplet Higgs

H(2,1/2), A(3,1), L(2,—-1/2)

() 5= (347 2a)

4 )
1 _

EYukawa — L:%'ll\ldkawa — §wafALJ + h.c.
- _J

Giving neutrino mass matrix
Delta get a lepton number -2
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SM + a triplet Higgs

Adding non-minimal couplings for inflation

£ __1 _ MV T
Nerin QMI%R &"(H,A)R) 9" (D, H)" (D, H)

_gul/ (D,UA)T(DVA) T V(Ha A) + [:Yuka,wa

f(H,A) = EgHVH + EAATA + ..
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SM + a triplet Higgs

During inflation(Oleg Lebedev and Hyun Min Lee, arXiv:1105.2284)

| H | \/2>\A§H — Agaéa

— = tanoa >~
Al 2AHEA — AHAEH

H=¢sina, A= d¢cosa

{H

_ SH | 17/2 f_A 2_§ 2
f(H,A) = == [H + == A = Sl

£ = & sin® a + €a cos®
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SM + a triplet Higgs

H(2,1/2), A(3,1), L(2,—1/2)

V(H,A) = —m%HH + Ay (H H)? + miTr(ATA)
+A3Tr(ATA)? + X\ (HTH)Tr(ATA)
+ Ao (Tr(ATA))2 + N\ HTAATH

( )
+ |u(H 0 ATH) + A}—‘;(HTZ'UQATH)(H‘LH)
2 U(1)L breaking term
pu /
(A%) ~ 2753"7 + ]@5 (HTic? ATH)(ATA) + h.c.] .
A P

.

Vo

A
V(9) = m?I6l* + Aigl* + (Algl*6 + 3 -16|"¢ + h.c)
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SM + a triplet Higgs

A~ 0.1, Aa ~4.5 x107°, &€y ~ éa = 300, a ~ 0.022

Avoid washing out
the lepton asymmeitry

F[D(HH —~ A)|T:mA < H|T:mA

Non-perturbative

3 4 5 6 7 8

(at least one neutrino mass 0.05 eV)
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Summary

Higgs not only plays an important role in low energy particle
physics, it can be related other important physics(cosmology)

® Inflation

® Baryogenesis

® Dark energy and the fundamental law
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Thanks!
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Baryon asymmetry of our universe
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How fo generate baryon asymmetry?

Assuming no baryon asymmetry in the beginning
(if any, diluted by inflation)

Sakharov conditions

1. B number violation
2. C and CP violation

3. Out of thermal equilibrium

SM has (1) (2) but not enough CP violation, (3) does not
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Three popular ways to generate baryon asymmetry

Rubakov and Shaposhnikov, 1996’

® Electroweak baryogenesis , ,
D. E. Morrissey and M. J. Ramsey-Musolf, 2012

First order phase transition (adding scalars) + additional £P

® Baryogenesis via thermal leptogenesis Fukugita and Yanagida, 1986’

28

= 75 (B— L)

Connection to neutrino masses ng

(0 Baryogenesis from Affleck-Dine mechanism )Afﬂeck and Dine, 1985’

A well-known mechanism for high energy physics society
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Baryogenesis from Affleck-Dine mechanism

Assuming a complex scalar ¢ taking U(1)B charge

L = ‘au¢‘2 — m2\¢|2
O — eia¢ symmetry, corresponding current

jp =(¢"0"p — 90" ")

@ is spatially constant np = Z(gb*¢ — §b¢*)

We can add a small U(1) breaking term

>
M2m—4

V =m?¢|* +E:n(¢” + cb*"ﬂ |
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Baryogenesis from Affleck-Dine mechanism

Equation of motion in an expansion of universe

. AV
Ho H —
O+ 3Ho e 0

Only from U(1) breaking term

ng +3Hng = Em <¢g—‘;>J

At t()Zl/HNl/m nB(t())N TLCn¢O
m™m

np(t) = np(to)(ao/a(t))’
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Baryogenesis from Affleck-Dine mechanism

or 7

05 0 0.5 1 1.5 2 2.5

PR

CP violation appears when (@) # 0
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Affleck-Dine mechanism for SUSY

Scalar potential in SUSY
1
V=2 IF[ 452 9.0 D"

OWrssmr
F. =

Dt =iT .

There exist particular vacuum alignment that the potential vanish(flat direction)

1 (0 1 [ ¢
a2} e-3(0) o

For example,

.
H,=¢sina L =¢cosa a=7
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Affleck-Dine mechanism for SUSY

The Flat directions can be lifted by adding high dimension operator
(as required by neutrino mass)

mixing with L and Hu are important

1 1
W =—(LH,)?” = —¢* ~ 1015
M( ) VA M ~ 10* GeV

Including the SUSY breaking (supergravity mediation)

A
V(@) = m?g +ﬁ2ﬁ¢4 - h.cﬂ+ ol

U(1)L breaking term

m, A are SUSY breaking parameters ~ m, A ~ ms3/;

Coupling with inflaton providing an initial condition
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Many problems to answer

® How to generate the “flat directions” without SUSY?
® What is the origin of the U(1l) breaking term?

® Why initial (large) value for the scalar field?
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Borrowed the idea of Higgs inflation

Higgs is the only scalar field in SM Bezrukov and Shaposhnikov, Phys.Lett.B 659 (2008) 703-706
(" )
M3 ° 1
Sy = [ dtov=gs |2 (1435 ) Ro|- 5100 = V(o)
2 Mz 2
\ J o
2
2
G = OV g5 22 =142
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Higgs inflation

Plot borrowed from Bezrukov
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SM + a triplet Higgs

Adding non-minimal couplings for inflation

£ __1 _ MV T
Nerin QMI%R &"(H,A)R) 9" (D, H)" (D, H)

_gul/ (D,UA)T(DVA) T V(Ha A) + [:Yuka,wa

f(H,A) = EgHVH + EAATA + ..
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SM + a triplet Higgs

During inflation(Oleg Lebedev and Hyun Min Lee, arXiv:1105.2284)

| H | \/2>\A§H — Agaéa

— = tanoa >~
A 2 AgéA — AuaéH

H=¢sina, A= d¢cosa

{H

_ SH 7712 f_A 2_§ 2
f(H,A) = == [H + == A = Sl

£ = & sin® a + €a cos®

Similar to SUSY case, mixing with an angle alpha
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SM + a triplet Higgs

H(2,1/2), A(3,1), L(2,—-1/2)

() 5= (347 2a)

4 )
1 _

EYukawa — L:%'ll\ldkawa — §wafALJ + h.c.
- _J

Giving neutrino mass matrix
Delta get a lepton number -2
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SM + a triplet Higgs

H(2,1/2), A(3,1), L(2,—1/2)

V(H,A) = —m%HH + Ay (H H)? + miTr(ATA)
+A3Tr(ATA)? + X\ (HTH)Tr(ATA)
+ Ao (Tr(ATA))2 + N\ HTAATH

( )
+ |u(H 0 ATH) + A}—‘;(HTZ'UQATH)(H‘LH)
2 U(1)L breaking term
pu /
(A%) ~ 2753"7 + ]@5 (HTic? ATH)(ATA) + h.c.] .
A P

.

Vo

A
V(9) = m?I6l* + Aigl* + (Algl*6 + 3 -16|"¢ + h.c)
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SM + a triplet Higgs

In practice

1

¢ = —5pexp(if)

L 1 1 1
= __M2 = 2 P 747 5
=7 2 PR — &0 R — 59" 0,00,
1
—59029“”8“9&/9 —V(p,0) ,

1 )\ )
V(p,0) = §m2902 T 1904+2so3 (u S so2> cos f
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SM + a triplet Higgs

[P e 1 .
va : for M, < : (after reheating)
3. (¥ Lo 1 .
X S P 1o o1
ﬁp ~ [ 5 £ ( MP>J 2 for : < A, K ; (reheating)
S a2 = /3 L 1 ¥ flat
| \/;lnﬂ = fln 1+ & (Mp> for e < A, (inflation)
1 1
Z/\X4 for Mip K £ (after reheating)
1 1
U(x) ~ < im%XQJ for : < ML <1  (reheating)
p
3 2
Zm%ME (1 — e_\/g(X/Mp)) for 1 < ML (inflation)
\ p
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SM + a triplet Higgs: baryon number

nr = Qrd*(x)6 cos? a

nr, =0, \s=10"10 nr =107 A5 =
10-9__ 10770} 1
10~k i 10712}
10-13- 10-14:
0 100 200 300 400 500 0 100 200 300 400 500
tHg Hy ~mg/2 tHo

Cubic term should not be too large, otherwise baryon number oscillates

A small cubic term also benefit to avoid washing out
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Model with friplet Higgs

A~ 0.1, Aa ~4.5 x107°, &€y ~ éa = 300, a ~ 0.022

Avoid washing out
the lepton asymmeitry

F[D(HH —~ A)|T:mA < H|T:mA

Non-perturbative

3 4 5 6 7 8

<AO> ~ MU%)W

5 (at least one neutrino mass 0.05 eV)
2mia
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Indication for low energy physics

T 2
B(#-i- N €+€_6+) — |(yf6)52(??izj\i)ee| B(,Ll,_*_ N 6+6_€+) < 1.0 x 10—12
F'"++

2

(y}-vyN)e
(8 K
B([L — 6}’) ~ ‘

1 8 \?2
—13
~ T68T G2 (m2+ + mi+) B(,u — e’y) < 4.2 x 10

CH, D. Huang, J. Tang, Y. Zhang, Phys. Rev. D 103, 055023 (2021)

1075} Normal Ordering - 108} Inverted Ordering

1000 104

500
m++ (G(‘"r) m++ [ch)
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Indication for low energy physics

Y. Du, A. Dunbrack, M. J. Ramsey-Musolf, J. Yu, JHEP01(2019)101

] ey
0
| g
— -1 § I LHC Vs =13TeV exclusion region
> i § B LHC Vs =8TeV exclusion region
5 S
R =
= -3 | = |
W s
=) ‘ 1 i
= \ s
-4 | |
» — — )
SN _____ |
’ H™H™=I'rrr- ]
6 LB ‘ . - ‘ - |
0 1000 2000 3000 4000

mp [GBV]

5 sigma discover region @100 TeV collider
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Summary

® We present a simple extension of SM to resolve three important
problems: inflation, baryon asymmetry and neutrino masses

® Neutrino masses are majorana-type: Ov3s

® A sizable tensor to scalar ratio: r = 0.005, which can be
reached by next generation CMB measurement

® Leaving a light triplet Higgs at low energy scale: which might
be probed by collider physics and LFV measurement
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SM + a triplet Higgs

g;u/ — ng,ul/a 0 =1 +€902/M123 y

X(¢) = 1/V/E(/1 + 66 sinh™' (/€ + 6£2¢) — /6¢ sinh ™" (1/6£2¢p/+/1 + £?)

\/% — —%R — %g“”@uxﬁux - %f (x)9""0,60,0 — U(x, )
f(x) = 02(y) U(x,0) = Q4 (x)
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Baryogenesis via thermal leptogenesis

SM + 3 right-handed neutrinos Fukugita and Yanagida, 1986’
vy Ml 2
L = LM+ NiidNy + M N1HL + 7N1 —
_ M.
+ N3 3i@ No 3 + Ao 3NosHL + 23 N22,3 + h.c.
135C(3
YAp ~ g( )e xnxC
A2 g,
L
L H L L
N N; N; N 3
Ny 3
H ™1 “h H

~
Ss
SS
~
~
N
~
~
H N

I'(N; — LH) o« |A\1 + AA{A§,3|2, ['(Ny — LH) o | A} + AMASS|?

(N, —» LH)—T(N, — LH) 1 M,

T'(N, — LH) +T(N, — LH) 41 My

€ Im);3 ,
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Thermal leptogenesis from triplet Higgs

TYPe 11 seesaw Neutrino Masses and Leptogenesis with Heavy Higgs Triplets,
E. Ma, U. Sarkar, Phys.Rev.Lett. 80 (1998) 5716-5719
M ~ 10" GeV
N
¢ ¢
_____ _l/ \l_ -
&N, L&
s e
¢

® Unfortunately, one triplet Higgs can not generate the lepton asymmetry
® Two friplet Higgs are needed to generate the baryon asymmetry

® Or one ftriplet Higgs + right-handed neutrino or ..

Pei-Hong Gu, He Zhang, Shun Zhou, PhysRevD.74.076002(2006)
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Inflation

Expansion of the universe in the early time

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc. D W’
: == T e il A il T
- fm“"’ﬁ'fé’ﬁ"amﬁﬂ??’ﬁ?ﬂ; =

' <aver
inflation, ﬁ’f %q@mmgﬁg

>y
x
¥

‘V ] w .:-, C o ._-_L'_ i”" 3
¢ = e !
; .o
al i SEL . " "
7 R % -.d
J o

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years

® Flatness problem

Q,<1

® Horizon problem

® Monopole problem?

(o
o,

300 000 years

Universe
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Inflation

Expansion of the universe in the early time

® Flatness problem
® Horizon problem
® Monopole problem?

® Seeding the primordial anisofropies in CMB
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Inflation

Generating quantum fluctuations(anisotropies

Such small fluctuations finally develops the large structure of our universe
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Inflation

Generating quantum fluctuations(anisotropies in CMB)

6T
—— ~107°
T

Such small fluctuations finally develops the large structure of our universe
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Slow roll inflation

Assume a scalar field, with equation of motion
! oV

\

b4+ 3HO+ 5 =0
1
H? =2 (56" +V(9)
Slow roll condition N 3 <2 >J
V(¢)
. . . |
0° < V() ¢l < [3HGI, [Vl %
]\42 V
o) = M (V)" (g) = M3 Lee
2 V V \/
€Ev, ‘77\,| < 1 gbCi/IB v gand reheating g
5 1
H* =~ §V(gb) ~ const
Vi —_—  aft) ~ e'lt
Y

Daniel Baumann, TASI Lectures on Inflation
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Slow roll inflation

k3 ‘

Power spectrum  A2(k) = S (5o(k)do(K)) o 0w

27T2 Planck TT,TE,EE+IlowE+lensing+BK15
e B il A (k) = 3= P(k) - I
1 V 1
A2 (k
(k) ~ 2472 M 1 ey 2
K kzaH)
2V 1
A2 (k
(k) ~ 372 M
k=aH
k [Mpc™]
. dIn A2 ) ] A2 .
Ne — = = — D€ r = — 10¢
S dln k T]V VvV Ag VvV
ns ~ 0.965 r < 0.056
n=1 to be scale invariant tensor-scalar ratio
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Current status

()
A
g | | v W TT,TE,EE+lowE-+lensing
7 \ :
Ve, . ] I'Ig,ll'lEéEE+lowE+lensmg
G \ TT,TE,EE+lowE-+lensing
o | ' B BK15+BAO
Q = \ || M® Natural inflation
E \ W Hilltop quartic model
o \\ « attractors
*;’E, \ — - Power-law inflation
s =L \ Jl == R? inflation
@ < \
8 —
é \\ —
o \
=3t R | —
< / \ = | ow scale SB SUSY
\ e N.=50
\\ @ N.=60
\
8 L Vai—— 2\
< 0.94 0.96 0.98 1.00

Primordial tilt (ns)

Concave potential is preferred by the data
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Higgs inflation

Higgs is the only scalar field in SM Bezrukov and Shaposhnikov, Phys.Lett.B 659 (2008) 703-706
(" )
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One word after inflation

When phi becomes small
1
V(g) = 5mie? o

4 oV A \

¢+ 3Ho 9 =0 \//
o 1 (14
H :—(§¢ +V(¢)) -

- 3 Y, $cMB Pend reheating

A
| t

¢(t) ~ D(t) cos(mt) O(t) = —

2
H(t)=~~ 2 similar to matter dominate universe  a(t) = t*/3

Q| &

Reheating at 1 1 Mp
3 T, H T2 Ton ~ v/ MpTy

More complicated case: parametric resonance or tachyonic reheating
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Unitary problem for Higgs inflation

Cut-off grows with the field background

Jordan frame Emstem frame

MP/\'E Agauge = MP/\Jlg

Mp/E Weak coupling Mp/Z, Weak coupling

Mp/g Mp/E h plE Mp/E L

Relevant scales at inflation

Relation between cut-offs in different Hubble scale H ~ /11/2%
frames: : : :
_ o Energy density at inflation
AJordan - AEinstein V1/4 N /11/4@
V&

Reheating temperature Mp/é < Treheating < Mp/VE
Problems during reheating
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SM + a triplet Higgs

In practice

1

¢ = —5pexp(if)

L 1 1 1
= __M2 = 2 P 747 5
=7 2 PR — &0 R — 59" 0,00,
1
—59029“”8“9&/9 —V(p,0) ,
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V(p,0) = §m2902 T 1904+2so3 (u S so2> cos f
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SM + a triplet Higgs

[P e 1 .
va : for M, < : (after reheating)
3. (¥ Lo 1 .
X S P 1o o1
ﬁp ~ [ 5 £ ( MP>J 2 for : < A, K ; (reheating)
S a2 = /3 L 1 ¥ flat
| \/;lnﬂ = fln 1+ & (Mp> for e < A, (inflation)
1 1
Z/\X4 for Mip K £ (after reheating)
1 1
U(x) ~ < im%XQJ for : < ML <1  (reheating)
p
3 2
Zm%ME (1 — e_\/g(X/Mp)) for 1 < ML (inflation)
\ p
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