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From A to B.

Is SM. the end of story?
very successfulbut still problematic↓

-T

i Higgs vacuum (H) <> Mrp Mpe
l8GeV 10-GeV 1019GeV

Vacuum stability
is too many parameters, too hierarchical:

9, 92, 0, mn Mr Me nt

Mg, Me, Vokm, Vpmis 140 103 o2 GeV
°

4 4+2

sflavor changing neutral processes?"

iii strong up problem:10) 10? V
↑

↳> axion & ALP
iv) Neutrino masses and mixing? V

VI Dark matter? -> Andreas

vis Baryon Asymmetry of Universe: lot?My

-> teptogenesis. Alp-genesis.
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Amentto 2 component A.1

-

↑ [Haberikane, 1985
chiral representation Appendix A.]

-r=(EM), om=12, 5)
<Peskin,QFTY

ju=(1, -8)

35=)i) "anticommuting"
3, 4 a-componentchiralon

Dirac 3#y
4 =(),4= i52yA Majorana 3=4

p =4T= -i2p* SFE4tgo
2 =-26200

=(5) /

I

S



h.S.
↳ A.

mass: 44 =MaR+ It
=YT(irY3+3irgy*
( =7.3 +7. I

(A)
->=3.y +y. 3

current:Poup=IM+o
=Stjng.-ytoumy
= 5F3-IEny (HW)
= - 5M5+yjuy).

Fy44=-553-y Fry
Tensor: -Itqury=yMurs-yFur's

Er =[4,5] =2:(W)
-Yzmy,N= -yours-you's

E 5 fay +5 Envy)



A3

Majorana fermion-

4=(5) =4. E4
=3
=(r)

- 4 =5= (Y)

Lmaj= [Fix4 -m44] (AW)

=23 - *(55+5.5):
Ex) tino. N=).
Ex) Etron

M=(E) 44 =e.e+ eir
neem
USIL

Youy= eque - extre
=(EY
*) Majorana mass: 4em,I
Y =ee, 4th:Exec



-M
- SUB).X SUC2),xUCY
-chival structure
- Fundamental scalar to break

Sucz),XUCI-> Uclem

wwegl)notation

8=(Y), n,d, l),e;H=()
I +oi=5 -8 -

i
==4)Q :Ts+Y.

- Link= y gittn-YgFd+yelHe,
thic.+-j- 1

git =(u,d)E(t) =FR4"-dHt
-

goH=c,1)s/Y=tUA+d
H. H = (HY4° s (* = 1H12



Y =H+ I414= (MP--...,
(11) =(o)
T3 (H) =+IH), Q(H) =0

Y(H) = -2H) - rembroken H(Dem

v==(246.22GeV

Mp =x02 = 125G0)

H =(E)
-

Un => tmp+h4+th4
um n

) Measure fifth and h-hih couplings
to confirm the ENSB in the minimal
way.



-Link= h (yuill;+y,didstytcie
th.C.

Bi-Unitary transformation (Va, Vnc), etc.
=>(-) (millillemaididetmec
th.C.

()structureis tastedat LHC

-



⒔)changingventral processes

Nit-nit;Van=UnVatis

hi- etes its
- eites its

Gauge interaction isflavor universal.

4(z+Mut/PLz- etct =1.0001
[0.0024

TR- i)/P(z-etc) =1.0020
F0.0032.

[PPG]
1) Lepton universality to be

respected byNew physics.



A3) Flavor & CPV phenomena
well described by CKM.

[PDG]



weakprecision mement
[PDG]

constant(1933. Fermitheory)
We YVe

⑧water GFfieE M

Let=-CHVe Fuult)M
15

my gas-start

=Ms GF =1.1663488(6)
*185Gev

&

=>v =246.22GeV.

arturesGestants. 035999180i
x(M) = Y12y.951(9)



#

oson masses

My =91.184) =0,0021 GeV

Mw= 80.377 +0.012 GeV

⒔)CDF:Mw= 80.433510.0094 GeV

-mixing angle
SY(l) =0.2310410.00049 (LHC)

three, input parameters, in the EN sector
.

v,y,,92s-v.e,swatmeasured
wiregt=been
181=%r =0.3580,92 =e/s =0.6485
·=(Iiz) tm=e
Mr TAG/ES

Sm ==Mc
-



[Wells, 0512342]
si prediction
-a=g =49.83 autengrestines
=0336 -0.23155

[PPG]



<4 parameter)
i

9 =- =>1.00039 10.00019Mee

SUC2) multiplets CT,Y)
Doublet (I,) CH, HY

Triplet (1,0) CEYC, I) ral

(1,1) (8+, *t,48) complex

septuplet (3,2) (57,47,34,27,+,0,7

y =
mTiCTit!)-I

2Y
c =1 (c) for complex (real)

"(,)
y=1

ii) (,)+.Cee teesa
->V 18



ii) (st, 5)+ (1,1) +(1,0)

9=
+us=

1 if -VE
+ 20

iv) (3.2)
y == 1.

·mcorrection to f

Fr a fermionic/bosonic doublet (f)
fr

Wum *
=>If =Fe F(m,, mh

[PDG]

F =mp+m-mel2cm,-me
->i SNC2) symmetric

* Control contribution from extra

Higgses or fermions.



(IbGVs*(m)<(48GU)

engingthe sin prediction?

CDF

fromtemp.



R https://people.physics.carleton.ca/~logan/talks/cust-sym-TC2019.pdf

<Custodial Symmetry>
EN gauge, symmetry SUC2)XUDY -> UcDem

↳global SUC2)

Gauge sector respects. SUC2) if21t0.
Wi, W2 Ws B

- 9-20, Sw> O

↳i d 82g2" -gi8e 2 =W3I
8182 2P
I

Mis=Ma

Higgs sector maintains an extended symmetry
S4(2), XSU12)R

I =(*). Tr(ITE)-IHR
V() = -"Tr(e) +[Tr+)]
invariant under
- PER.

⑧ I



<IS =E(9) breaks suz),xsu(2)R
->SUC2)v

SURI remains to bea symmetry.
inthe limit of 9,0,Yu=Yd.

Luck = In ,d) Hn+yacu, d) Hdth.c

- y (u,d) (2) this
y=Yuya
Thatis, mized leading to 0f =0.

*) safely go to the custodial symmetric limit
for extra Higgses or farmions.

(Gerard, Herquet
(ex) Mpt= my or MA- 0903051.7

**) SARR:remnant ofgange symmetry.

ji =(yi) IWb/w=e" he



<Rave phenomena where BSM
may hide.)

1302.0661]iamameans
Iscarie

Les immedians (ViVis)(V*dViss) fai.j)
(IS). (draS).* (dEMs)

mi
1

fai,(j) =fej,i), xi=-M
->O if su=d=xt."GIM mechanism".

du<[O[st

=>Em (VVts) ()(-0s!(65)
25

=Fe(dos)S) 1108TeVr



ii)EDM

Lap =- Idy Y.ZavAY Frr cdiE
dn -1832 ean(1.8x106ea. (PSI)

↑

&

iii)
-

mMDM

-

Lux =MyENFrMi
is =g Ens,a=E

Anothe



inet 34

.e
? (He*uti)= 153

(HW) B(n-ed) 10-48. 4.25 (MEG)



Asof Higgs boson
Quadratic divergencies in quantum

W

correction tothe Higgs mass

H-1---- 4*y))P Ifep (
=

m) (4-pm)

fats
ju = (67-38)-6x]t
· A =Mpe? Itierarchy problem"
eP-Dum
↳> fine-tuning of -1834

· 1-4πMn-? -

New physics (susy, composite Higgs) a
·No new physics I normalize away in



massis vulnerable to New Physics:
ex) Seesan [Vissani. 1994)
e

DH-z-.---H*-> Ju=mlneA

zu N Y

~Grzet
=>YGeV

1) With supersymmetry

② --------->been the
YMN S

N

Cusus D+D =The
test

-ajus
- Musy-Tel evenfor yu-1:



-

·ilityof Idigfs vacuum.

Running of the quartic coupling in
dX

Set= 24x2-1392 +992-24224X
- +t

=2

[Ellis, et.al.

0906.09547

~:
New Physics?



[Accidental symmetrics inSi.)

/Gaugesymmetry:Sucs), x SUC),XUCY
Particle content;g, ue,dil,e? N, H
Write down most general gaugeinvariant

. .renormalizable Lagrangian: Y-4*I

gHU, grd;Ye, eHN
B 5 -8 -so 000

10.0 0 0
1 1 1 -1

Anomalies
-

⑪suni-scainein
(f=6)

2
x 3x3 =3⑤

UCDL

(=1) 1 x3
=3iSB- Nosmicanomaly

BtL anomalous



&UCBtx clyx UcllY
*

yxx(x-(5x
No

- 1.5e for each
- family.

③ +(-x3+ (-x3
+(-3x2 +(+1) +

=0

· UCDpy is totalyanomaly free and
thus

can be a newagesymmetryit
B-by -5 -5 -1 +1 +1

d.of 6 +3 +342 +1
+1 =16

Fundamental
Mr Mans

rep of SOCO
"Seesaw"

me



- Lis=Yv4N+ YNSM Th.c.

-EMr= YNCS]
Bt breaking

Mzgt
·extension
Lsm.* Ye'l.Fie+Yl.H.N+h.c. LR

GLR=SUC27,XSU12RX4DBt
T3L TBR Bt

& =5x +E
felds: e=(e), e=(e*, I =(π,,H)

(5,0-1) (0,,+1) (2,5,)

ER =Ipr, e)(, tn) -> (Y).
A

efie" + WHSN.



Further introduce,

= 10, 0,0i); m=10p,m,
T =(1,0, -1) R=(1, 0, -1)
B-t =+2 Bt = - 2

=>liXilj= vir! + (rie; +eVj) 6+ei;
eplY= NiN;YR+(Nie;+eiN;)+ese?

->Mr< <0i) Sucz)-UIy-> UCDem

Mr < < [p) SUC2]pXUDBt-UCI)Y

Mw*(I), YRT



-forextra gauge bosons

e

E ***
es

us und'ba

e 55

1) Majorana nature of NE same-sign di-leptons

EtN S↳x ej -ee+4j.
↳N
-Yx



&1) Originof neutrino masses?

isweboperator of dimension 5
-In= CiH)(H)

=>dijth) with th

=xfertoa
Neutrinos are Majorana.

issweaterthe-> lit)mir(VNthet
eoH=IV, e)s() =-

"Y=O"

=UH-eft
(T=0, Suc--singlet),



<Neutrino mixing matrix Vpmis >

zementine
- 2 =Miteies + Mis VN;mass

e-He, r-> Hr

-Lees N ->LwN

SL
T

MeLec=Diag (me)
L MrLN = Ding (Mr)

NI Iue-> Wi r(e) eE LIPMNS
- Imass-Meitil-MrWiNi
LIMNs :3x3 unitary =I parameters

-sangles + 6 phases.
I

#5 phases can be removed by 5 indep.
phase rotations of UDe. (except UIII).
leaving me, myunchanged by
inverse rotations of 21, Ni.



Majorana neutrino--
work in the diagonal basis of me

-Lmars= Mx44" + *MYPVaN th.c.
x=2,M,I.

Mr: 3x3 complex symmetric
-

diagonalized by a unitary matrix Lpmis.
Wa =L: Wi LITM-L1= Diag(Mr]

-Imass-meicil -My ViVi th.c.

Lw = WiFu Haiti
2: 9 =bangles +(1 +2 +phases·& potation

Neudsino parameters &

3 masses, 3 angles, sphases

Lpmis =VamP,P= Diay.21, eif, eB;
↑
1 Dirac phased Majorana phases.



[Ave neutrinos Dirac or Majorana?)
Neutrinos appearsed as missing energy
in B-decays

&Fermi = .(Firm). (EuVel
eC+1)

re eve
I conservedi
Brad espectrum:

En-Ep=EetEr.
: No I for majorana neutrinos,
-L=2

P "have process"
s

>e
N hi :*WiI
eeie mp= Lemvi.

P sharp peak
Ean-Ezp=Eze



<'Neutrino oscillation>

In= * WeMx + Wi YouWa
Wa =Lii

Ve el

~- re Lext >X

3 i 3vw- -- wit
S-= -
Pa freepropagation. e P
production detection

Transition amplitude
-ittoltz-ti)

(Ve)An[Vult/Welt)=sVale
= (rott-Heili]

<HilHolWiS =VM = Pti
↳: Llei=VnP*PiVei=V*Vei
No Majorana phase dependence.



Aue=? 4n* Leith
-im-

Fuel= EjHut Lei LngLes e 2p

Two neutrino oscillation

= 1)(!)
the re-In transitive probability
Pre-Hue=sin20sin(t)E

-mM-m
(*) Pue=Peu (W)

Pue + Pee=1.

I· Le=since sine(1.26yWe,
e) Indep of synkm2)



is Neutrinos from the Sun.

Davis & Bachall 1966

"Solar neutrino problem"

#) Solar neutrino transition re -> Un,t
·vacuum oscillation:

E-m coer

·

iwofet:Oms-184ematter effect.

are Y=rG=Ne.



ii) Atmospheric neutrino

↓10km

Yorku
Un-> Us oscillation.

E
I

=

eieV-mitm.
104km

iii) Reator neutrinos
Nuclear fission

-

Te - Unis

E- -
↑

·srtm
I



(*) Three mentino oscillation picture
firmly established.

Atmospheric reactor solar

Neutrino mass ordering



https://doi.org/10.1038/s41598-022-09111-1Rsf: ↑

) JUNO+ NOvA+TeK
so

by 2028?



[New physics for U masses)

i seesaw: (N= RHN=HNL)
-1 -UCDL

- Is=yYTH+sMNN th.c.

INV
=>(1+2)EUriN+IMNaNpth.c

r-N mass matrix Mp=yE

j) im(-
2

Mr - Y 2M
·* S~Or--lob forMi
(A) H H

eiwt,eg fittest

S



EsforNew,Mr)

[2203.05502]

wil ...Em EN
O

pp -> 2*/N*-N.- rh, eW, rE.
on a

or pp ->E/W'g
N

02



-



ii)seesaw.
sucs-triplet boson with Y=1.

I ②=I +Y.0 =1
CNL

I
↑h..-2=ilj +T

I 1 -2 00-2 UDL
- M/R+..---

libjt= eie;+ (eiV; +Viej)t
Y=-5 +1.

+ViVjWo

MIX = H.HG+ HH*Ot
+ Ho*po*yo.

-> ris= Dij (W) =XijMs
(*) mr - x.V B(-->ee) - BC

-W
-N

e if X-10
IOR



· Collider probe of neutrino mass matrix
[EJC,Lee, Parkpp -> *Eylil.83040693↳Flt

BIO-e)- Imp

· Lepton Elavor Violation inTypeI Seesaw
LIV generic inneutrino mass models.

ex)+ex 38 B(u =e6)<4.2x10 MEG

e IsTruel 10*()
e

M->eee B (-3e)< lO SINDRUM

- IeeXuel< 2x105(



· Idiggs stability and of bound inTypeII Seesaw

- Higgs stability can be guaranteed.





Discovering a donly-charged boson

Dij
pp -z*-

-

- in
/

-



iii) Type II Seesaw:Triplet fermion 2 = (24,4:27

-2I =yl:;H+EM, [E
=+1,0,-1

I

Y==0 +5 /Franceschini,et.al.
2x2=1+

0805.1613]

*) Search for I through its gauge production
pp
->W*-> 2:I

↳h,z, in*↳ ih, v, Z,N

-



[Fine-tuning bounds)



I

-
inthe corner?
-

aMt at LHC

Gunion, Haber
ex)M:I

0207010

·Scalar potential.

+V
2

=(46GeV)
I t=B

· , (X-XS-Xs)
- x64- xySS3.

Cp--to (a) ( DecouplingmyAlignment Mr.



·Yukawa
-

-2=(yys) lies this.

(yc+y()+Yys+y) +(ytyest
If Sa =-,(

=Sp([-x=0!)..

-2 =D)meie; the
=>(It)me eventh. No FCNC

Im general,
-I=mebit+yheie; the

- 2-Mt? y=
18 (nC)

~ 0.1?

ii)M->exextetc yousome (HW)

h,H Iyeyellowtel



Similarly in the frank sector

sirquits, yaydidy,4th,

Flavor-changing four-fermia operators
[

b

jak->heidsics)sa

R

1.**- 185, s3x104

3
~

-

-



-

· FCNC can be totallyforbidden
if

couples anda teach
Yukawa

I
I

2 > to - -
2. 2 t 1- 1)

2 1. - 2. +(I)

Assign Zz: En EsI

I -

2

S

! -Mistzu
-

8=Note M sp
- (2x5+x6t+xy)(HW)



<Testing 2HDM: <p-FO?)
S

Lqur = (ssph +xH)= (mwW +mEE).

-

ATLAS-CONF-2021-053



·In the limit of me, big to,
these appears an additional UCI): #2, E

+1-1.

Calculate its anomalies under Sucic, SUCII, HCITY
for 2HDM (I, I, II, IV) a CHWS

I

SUC3) SUC2) UL1)

(I) Ezqua gd de (-2,0,- )Ng
10-1 10-1 10-1

I
e



·bletasDM candidate.

Archetype of WMP. [0612245]
I, doesnot couple to fermions
·and gets no VEV.

B =(A/r).
·zNH- hMW,E-- I "HiNN iAte

H---az,M p--
---N,Z

H-
HIf

2 InHH f Afff--- If

WIMp: <ur> - int
=>no.1 for x0.1, MarTel

viable ranges Mi 2 500GeU.
for IDM: E

inmn



-
is strongup well conserved?

Sin gauge symmetry allows (Peacei oboy268
Kim, carosi

Lo =0Gree 0807.3125]

&E.
↳quGa.
EB E.B
C- - I

p - t

T + -

I

It leads tonon-vanishing neutron EDM

S

- di0l15be.cm18beam
in (PSI)

->*1840

Another small parameterin SM. Why?

mechanismthe presence of aglobal inPQ
symmetry anomalous under SUC3)c·



·Spontaneous breaking of Upa at fa

P =(f+r) eialfa

predicts a pNGB "a"caxion).
PQ

·Since UCDpa current Ju is not conservedS S

2uJx= ERG, J-e4 Qubt.
there appear the coupling aGG:-

La =IQuG2a+I?T+(+)
· RCD condensates atloop - 100 MeV, and generates
the potential

Ya -cp(1-cos(+0)]
·

Minimizationofvocegives moreit
for fazloGeU

·Widow for the axion:

loGeU fa 10GeV
star cooling1

&
axion DM

IEa [O46,8- Ewor,N-energy loss radiating
a

-?-z - a



·Axion search via a-orb coupling
Laxo =Cass EFF.C aE.

ex) Axio conversion to photon
ADMX

DM E-E CAPP

· KSVE model: PQQEDFSE model: 2HDM II SUC3) SUC2) UL1)

(I) Ezqua -gd Ende (_, 0,Ng
10-1 10-1 10-1

&*Ne [Arfa

-- -


