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Standard model

Standard Model of Elementary Particles

three generations of matter

interactions / force carriers
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Very successful describing low energy scale physics
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Observation requiring new physics

-

® Inflation

® Neutfrino masses

_ ® Baryon asymmetry of our universe

J

® Dark matter

® Others(muon g-27?)
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today’s talk



Inflation

Rapid expansion of the universe in the early time

® Flatness problem
® Horizon problem
® Monopole problem?

® Seeding the primordial anisotropies 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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Slow-roll inflation

Assuming a scalar field, with equation of motion
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Daniel Baumann, TASI Lectures on Inflation
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Slow-roll inflation
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Neutrino masses

Neutrino oscillation requiring massive neutrinos
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Am3, ~ 7.42 x 107° eV? |Am%3|%|Am§3|: 2.5 x 1073 eV*

At least a neutrino mass larger or similar to 0.05 eV
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Neutrino masses vs other fermion masses

A large hierarchy comparing with other fermion masses
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Origin of neutrino masses

Three types of seesaw model(tree level)
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SM + 3 singlets fermions

Tommy Ohlsson, Shun Zhou, Nature Commun. 5 (2014) 5153
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SM + 1 triplet Higgs
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SM + 3 triplet fermions

Providing a minimal framework
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Origin of neutrino masses: type I seesaw
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Origin of neutrino masses: type II seesaw

FIN—A TS = ESR P BN S

H(2,1/2), A(3,1), L(2,—-1/2)

=(8) 8-(4 2

h A —AT/V2
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£Yuk:awa — L"%'l:l/lkawa o §y@JESALJ h.c.
. y,

® Giving neutrino mass matrix with vev of Delta

® at the same time Delta get a lepton number -2
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Origin of neutrino masses: type II seesaw

H(2,1/2), A(3,1), L(2,—1/2)
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Neutrino masses connecting another important problem:

Baryon asymmetry of our universe
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Baryon asymmetry of our universe
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Baryon asymmetry of our universe

+t—>

p AVAVAVAVAVAV

0T >1GeV, np~ng~n,

n Nz B
®T <1 MeV, no baryon asymmetry n—i = n_i ~ 1077
®T < 1 MeV, baryon asymmetry =~ 10710
8

two questions: why difference? why so small?
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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 Shaposhnikoy, 1996’

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

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

28
79
sphaleron process

® Baryogenesis via leptogenesis ng = --(B— L),
Fukugita and Yanagida, 1986

Type I seesaw: SM + 3 right-handed neutrinos

® Baryogenesis from Affleck-Dine mechanism  Affleck and Dine, 1985’
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Baryogenesis via leptogenesis

Fukugita and Yanagida, 1986
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Baryogenesis via leptogenesis

® epsilon is the efficiency of right handed neutrino decay

® eta is the wash out factor: when the N leaves thermal equilibrium

® C is the conversion rate 5 = §(3_£)i

79

® N mass generally > 1078 GeV, difficult to probe
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Does type II seesaw generate baryon asymmetry-
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Electroweak baryogenesis

.......... tunnel ———l <> = 0

W, SFEER—EZ, wTEIrPEAS] 1l
TE/NT°550 GeV, 37 2|55 5w Z1 PR ]

Ruiyu Zhou, Ligong Bian, Yong Du, arXiv:2203.01561
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Baryogenesis via thermal leptogenesis

Type 1l seesaw Neutrino Masses and Leptogenesis with Heavy Higgs Triplets,
M ~ 1013 GeV E. Ma, U. Sarkar, Phys.Rev.Lett. 80 (1998) 5716-5719
ﬂ’+ e
gl++ \\\ /// <t32++
T ot
¢

5; =

Im [Mlﬁfi Zk,l ylkly;kl} M,
8m2 (M7 — M3) [ ]

At least two friplet Higgs are needed to generate the baryon asymmetry
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Baryogenesis via thermal leptogenesis

Physics Reports
Volume 466, Issues 4-5, September 2008, Pages 105-177

o,

ELSEVIER

Leptogenesis

Sacha Davidson & =, Enrico Nardi ® ¢ =, Yosef Nir 9 1 =X

To calculate er, one should use the Lagrangian terms given in eqn (2.15). While a single triplet is
enough to produce three light massive neutrinos, there is a problem in leptogenesis if indeed this is the
only source of neutrinos masses: The asymmetry is generated only at higher loops and in unacceptably
small.

It is still possible to produce the required lepton asymmetry from a single triplet scalar decays if there
are additional sources for the neutrino masses, such as type I, type III, or type II contributions from

One ftriplet Higgs can not generate leptogenesis!
but it is enough to give neutrino masses!
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Affleck-Dine mechanism

Assuming phi is a complex scalar with B/L charge and potential is “flat”

V() = 22|62 + [enm™ (6™ + hc] m£n

2 |
(B violation)

jp =1i(¢"0"p — 90" ")

e - : 1 ;
(¢ is spatially cons’ran’a ng =i(Q P — ¢op™) = ,026’ ¢ = \ﬁ/%@ ’

A motion of theta will generate baryon number
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Affleck-Dine mechanism

0.5}
| Im ¢
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Affleck-Dine mechanism

Equation of motion in an expansion of universe

b+ 3Ho A g; = ()

An approximation
PP Only from U(1) breaking term

ng +3Hng :Em (¢g—‘;>]

1

. 3
N ne, d" N ne, p™(sin ndy nE ~ NEo (@)
B0 m 2n/2m
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Affleck-Dine mechanism in SUSY

® Many scalars take B/L charge

® Flat directions(charge neutral)

Baryogenesis from Flat Directions of the Supersymmetric Standard Mode
M. Dine, L. Randall, S. Thomas, Nucl.Phys.B458:291-326,1996

1
-k (¢i) = —=
T
H,H, 0 vn
( LH, —1) i i
2 2 A n
add 1 V=mig|" + | =g ¢" + hc
QLd ~1 i _
 LLe -1,
QQud 0 m, A term from SUSY breaking
QQQL 0
QLue 0
uude 0
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Affleck-Dine mechanism for SUSY

For example,

nggbsinoz LO:¢C()804 az%
W = i(LH )? = iqﬁ‘* M ~ 10*° GeV
MY 2M

Weinberg operator in SUSY version, giving neutrino masses
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Affleck-Dine mechanism for SUSY

Including the SUSY breaking (supergravity mediation)

4 )

2A 4
V(¢) = m?|¢]° + (70" + ho)+ 710
- M J M
U(1)L breaking term
m, A are SUSY breaking parameters m, A~ ms3/2
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Affleck-Dine mechanism

Three conditions for Affleck-Dine mechanism

Type II seesaw
(gb is spatially cons’ran’a 7P

® Scalar particle with initial displaced vacuum ?

® Scalar particle taking B/L charge v

® Small B/L violation term in the potential v
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Importance of flat direction(scalars during inflation)

V(6) = 5[] + [emd”(6")" + hd] m#n

Equilibrium state of a self-interacting scalar field in the De Sitter background,
Starobinsky and Yokoyama, 94

) SH;lnf _2m?2,
m << Hin ¢ (=) = (1—6 3H? )

, 1 3. Hi,
Correlation length  Rc=_—exp <—10g2 2f>

m < 0.01H;,, s do 0, as a constant in our universe

Small m is also preferred by limit of baryonic isocurvature
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Importance of flat direction(scalars during inflation)

For a general model without supersymmetry

1

V(¢) = 5m?[8]" + No|* + [enme™(6")™ +hec] m#n

Equilibrium state of a self-interacting scalar field in the De Sitter background,
Starobinsky and Yokoyama, 94'

($p?) = 0.13A—1/2H3nf

1
H’inf

R, ~ exp (3.8)\_1/ 2)

A~0.1 6y is random distributed

Different patches of universe different baryon
number, average close O
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Combing the idea of inflation with baryogenesis

If the scalar plays the role of inflation

® Scalar particle with initial displaced vacuum v

AN

® Scalar particle taking B/L charge

® Small B/L violation term in the potential v
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Potential for SM+Type II seesaw

B ht B A"‘/ﬂ AT+
o-(1) o= (4 2

To simplify the analysis, we choose a direction

V(h,A%) = —m|h|* + mA|A°12 + A |hl* + AalA%)* + Agalh[?|A%)°
)\ /
B 2 A 0% 5 17,1252 A 0% 5 [A01212 A 0%
(uh A b h|2h2A +Mp|A 2R2A +h.c.> +o,

U(1)L breaking term

® U(1)L breaking only when both <h> <delta> non-vanishing
® High dimension operator should be considered because sub-Planck

® Quartic term dominate the potential
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Problem with inflation

Tensor-to-scalar ratio (r9.002)
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V(¢) X Cbn seems not consistent with observation

too large r due o the non-flat of the potential
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Adding non-minimal coupling

Idea of Higgs inflation Bezrukov and Shaposhnikov, Phys.Lett.B 659 (2008) 703-706

= [ atev=gs | SE (14 5 ) o= 510007 = Vo0

Weyl transformation

Juv = Q(¢)29Juu 0% =14
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Adding non-minimal coupling

dx (1+§<1+6§>¢2/M1%>”2

d¢ (1+&¢?/Mp)?
/d4513\/7 {M]%R_ %gwja,uxal/x V( )}
Vix)=V O 2 14 §¢”
0=V ) 02 =1+
P
VJ—% : ¢>>Mp/\{ V—4—2\2M§

Potential becomes flat when chi(phi) becomes large
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Adding non-minimal coupling

Plot borrowed from Bezrukov

O R
w2 A
L

N 4

Il e ()

So 2

2 %
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Mp /€& Mp Xwmap = 5.4Mp X
D

% = Slow roll inflation
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= Vi

Small A is traded for large &
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Adding non-minimal coupling

Prediction of the model

2 ; 12
N, T N2

0.96 < n, < 9.667

Y

0.0033 < r < 0.0048

Current observation

ns = 0.9649 + 0042 (68%C.L.)
ro.002 < 0.056 (95%C.L.)

sERR-TPLLARZE(SYSU)  Type Il Seesaw leptogenesis



SM+Type 11 seesaw

To be consistent with inflation, we need add non-minimal couplings

£ __1 _ MV T
Nerin 2M]%R &”(H,A)R) 9" (D, H)" (D, H)

_g,ul/ (D,U«A)T(DVA) T V(Ha A) + L:Yukawa

1 ' 1 10

e’ A= —
\/§IOH

h = =
\/§IOA€

1 1
F(H,A) = £&g|h|® + EalA) = §€H,0%{ + §fA,02A
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SM+Type 11 seesaw

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

PH _ 2A0EH — AHAEA
PA 2AgEA — AEASH

PH = QSINQ, PA = P COSQ

¢ =€y sin® a + Ea cos® o

Similar to SUSY case, but mixing with a general angle
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SM+Type 11 seesaw

Finally the model can be simplified as

C Mg € 1
i R— Z¢p’R — =g" 0,0,
v —3 2 290 29 S
1
_5902 (j()S2 O g“”@M(?@V@ T V((707 9)
_ L 5 5 A 4 S| 5\5 2
V((,O,H)—2m90 —|—490 +2g0 (M‘FMPSO cos 0

We need keep the theta term, because

ny = QLgpQH cos? o
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Lepton number generation

£ =300, \=4.5-10"°
X0 — 6.0Mp, XO — O, and (9() =0

10-7_ ;\5 = 10_0 9() = 0.1
--------------- s =107 6y = 0.01-
1079 el T e As =107 65 = 0.1 -
! N From Eq.(4.19)
10"
~ .
— 10-13 i
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L \\ —— —
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SM+Type II seesaw

Tren =~ 2.2 10 GeV

:n_B __ ,0bs ‘nLend|/]\4;93 ( Y+ )_%
R B\ 13101 112.75

As = 7-1071° for 6y = 0.1
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Wash out process

H L 7
A
S A
i < H(m) = ma ma < 10'? GeV
87TmA Mp A

A small mu ferm is preferred
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SM+Type 11 seesaw

Logyglpt/GeV]
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Phenomenology implications I: collider physics

Decay of the doubly-charged Higgs

AL E — MA++ — TN A+
100.0 -
50.0F

Cascade Decay

10.0+
50¢

AM (GeV)

1.0}
0.5+

Leptonic Decay | }
/" Gauge
/

Boson Decay
|

! . |ERAN

(L T e T e
va (GeV)

For v > 1 MeV, mainly decay gauge bosons

For v < 0.1 MeV, mainly decay leptons
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Phenomenology implications I: collider physics

Current limit from LHC Future reach

Y. Du, A. Dunbrack, M. J. Ramsey-Musolf, J. Yu, JHEPO1(2019)101

[ —————————
ATLAS, Eur. Phys. J. C 78 (2018) 199
g 1 00 . 0
X s
) 40
II — 30 — - 1 I § [1LHC Vs =13TeV exclusion region
2:/ > § B LHC Vs =8TeV exclusion region
Q 20 ) §
L 2 -2 T
] e !
o 10 ATLAS = 2 k
. - Vs=13 TeV, 36.1 fbo" - S _3 x
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5 sigma discover region @100 TeV collider

Smoking gun: observing doubly-charged Higgs from leptonic channel
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Phenomenology implications

II: flavor physics

Yyl
16G%m4A++

B(pt —eTee™)
B(ut —etee™) < 1.0 x 10712

o Wi [ 1
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Y

30727

B(u — ev)

Bl — ey) < 4.2 x 1071
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Phenomenology implications III: neutrino physics

® Neutrino must be majorana type

\@I”_ ‘9
W \ = e
Neutrinoless double beta decay WL AT /\e‘
/ \ - IU\
| > l
n.d: dip
WU, = WU,

Excluded by KamLAND-Zen,
GERDA, EXO-200, CUORE

INVERTED

ensIutuvity goal ol next generation g

NORMAL

0.001

0.00001 0.0001 0.001 0.01 0.1 1
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Phenomenology implications III: neutrino physics

® CP violation in neutrino sector

T2K, 19’
T2K Run 1-9

IIIIIlIIIIIII

—— T2K + Reactors
—— T2K Only
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68.27% CL
99.73% CL
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Nova, 21’
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0.4 =
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0-7:_ —t————f—————f—— :_:
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0.6 .

0.5 -

0.4 .
[ T2K: — <90% CL
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o3 S
0 g U 3n 2n

Ocp 2

6CP . . . .
Leptogenesis even without CP violation
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Phenomenology implications IV: cosmological signal

® Tensor to scalar ratio, within the future reach of LiteBIRD
0.0033 < r < 0.0048

® Non-Gaussian signature, model dependent

® Imprint of isocurvature signature from baryon matter

® Gravitational wave from preheating

More work need to do!
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Summary

® One simple extension of SM, three problems can be solved:
inflation, baryogenesis and neutrino masses

® Unique signatures at collider, LFV violation, neutrino
experiments and astronomy observations

® More studies in future
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Thanks
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Back up
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Slow-roll inflation

Assuming a scalar field, with equation of motion

4 )
. A\ V4
Ho - =
O+ 3Ho 9 0
H? !

=g (%q'b? ¥ v<¢>))

Slow roll condition P’ < V(p) || < |3HY|, |Vl

M3 (V. V
ev() = ( ¢) n(9) = MA=22 e, lne| < 1

2 V vV
9 1
H* =~ §V(gb) ~ const
| v, — 5 a(t) =aget  Htz60
¢ = T3

Daniel Baumann, TASI Lectures on Inflation
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Slow-roll inflation

B V()
PrEPLD)) : 56 |
e —— §
1 V 1
A2(k) = ———
247 Mpl €y N \/
dIn Ag $cMB Pend reheating "
ns—1 = dln k = 21y — bey T ae
V4
n, ~ 0.965 n=1l to be scale invariant 100 [ . o

T L AL | T
Planck TT,TE,EE+lowE-+lensing+BK15
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Unitary problem for Higgs inflation

Cut-off grows with the field background

Jordan frame Einstein frame

KOOI IO OOOCK
RS é\,@é& Eoe et et tetetetetetetede
1% Strong coupling Kz\éy QXK RKRXRKS

KK HERRRRRRIR SRR %

.......
07676767070 %
........

M I X

Mp/E

Weak coupling

Weak coupling

Mp/& Mp/NE h Mp/E Mp/VE h

Relevant scales at inflation

Relation between cut-offs in different Hubble scale H ~ /11/2%
frames: : . .
A Ae i O Energy density at inflation
Jordan — {\Einstein V1/4 N 11/4%
&

Reheating temperature Mp/& < Tieheating < Mp/VE
Problems during reheating
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SM+Type 11 seesaw

2 0
\[M lOg(H&Hw +sA(|A?2|) ) 4 _pH

1 1 k241 M —
Ekin 25(1+6€H'Z2+£A) (8NX)2+ p (€A €H)Kz (aux)(ar“ﬁ;)

M E4k% + €3
2 (Egk?+&n)®

+ o

E=€g+E&a>1
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SM+Type 11 seesaw

_ Agk® + Mak? 4+ Aa 174

v 4(Egk2 + €En)? P

. \/ 2208 — Anaéa

1) 2Agéa — A 2208 — A
(1) 2A5éA — Anala > 0, 22aég — Apaéa >0, IAEA — AnAlH

(2) 2Xgéa — Anaéa > 0, 2208y — Aaéa <0, k=0,
(3) 2Agéa — Anaélr <0, 2208y — Apaéa >0, K=o00,
(4) 225EA — Maén <0, 208 — Aaéa <0, K=0,00.

Kappa is almost fixed during inflation
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After inflation

dla®f(x)0] _ dla*ni/(QL9°)]

3
di dt =a'Ug

If Utheta red shifted faster than a3, we can ignore the last term

0 = npana g 0 ()

Xend) Qend
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After inflation

10—7 B 5\5 = 10_9 6() = 01 T
10-°

10—11 _

|nL|

10—13 B

1015,

10717,
0 50 100 150 200 250 300

After inflation, nL is just conserved with additional factor Omega
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Instanton, sphaleron process

Effective for T> 100 GeV

A T 40 sphaleron
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Instanton, sphaleron

U d
C

C

S

t

I _

t

b

>
+
d r+
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Baryon asymmetry via leptogenesis

1. the sphaleron interactions themselves:

(2(3/‘% + /JJ&) = OJ

2. a similar relation for QCD sphalerons:

> (g, — s — pa,) =0.

1

3. vanishing of the total hypercharge of the universe:

2
Z ('U’Qi o 2:“’174 +,ucL- — He; ‘|‘lJJéz-) + N“H =0

(]
4. the quark and lepton Yukawa couplings give relations:

Pg; — B¢ — Md; =0, fg; — Mo — Huy; =0, pho; — pig — pe; = 0.

8N +4
22N +13

(B— L)
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SM+Type 11 seesaw

2
~ 2 2 e ¥
G = G, 2 :1'€M2
p
by /(6822 /M2) + 2
dp Q2
L M? 1 1
\/—_—g = —7293 — 59’“’3“><5ux 5f(x)g""0,00,0 — U(x, 0)
_ p(x)? cos® a _ Vi(e(x),9)
f(X) — QQ(X) ) and U(X7 9) — Q4(X)
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SM+Type 11 seesaw

L Mo Ly o = L 009" 0,00,0 — U(x, 0)
— = 5 29 uwXO9v X 9 X)Y Y0y X
_ p(x)?cos® a _ Vi(e(x),0)
fx) = Py and U(x,0) = Q1 (y)
Motion during inflation
U BV .
{ = oS0+ 3HY + U, =0
N . 1
0 =0y + 3HO Upg=20
o) )
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SM+Type 11 seesaw

£=300,\=45-10"°, \s =107
X0 = 6.0M,, xo =0, and 0y =0

1.x1077

Numerical calculation

----------- Slow roll approximation

8.x1078|

Theta follow slow roll _ 6x10?|

>

4.x1078

2.x1078]

0 20 40 60 80 100
tHy

2 ] 2
NLend — QL Pend Hend COS

M. U
—0(M)Qrp?, PY_ cos?a

f(Xend) V 3Uvend
—OD)Qr s sinena/V3A

2

2
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