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® Introduction

Spontaneous symmetry breaking * 57 % % iEH : \_'_. 1;7% ﬂﬁ U :

Fermion Boson The Standard Model in Particle Physics

Standard Matter Higgs Force _______________________________________________________________________________________________________________________________________
spin  1/2 0 1

masses
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Higgs Mechanism
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10" seconds
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Neutrino Oscillation
2015 Nobel: Kajita & McDonald

the SM cannot provides neutrino masses

Leptons =
0| New Physics beyond the SM




The Standard Model in Particle Physics

SU(3) x SUQ2); x U(1)
/

Strong Interaction Electroweak Interaction  syandard Model of Elementary Particles

three generations of matter
(fermions)
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The Standard Model is a good theory. Experiments
have verified its predictions to incredible precisions.
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SU (3\)(" X S U(2> I, X U(il‘)Y <) Standard groups
7 N,

Strong Interaction Electroweak Interaction
Q = Ta + %
SUB)e x SUQR)Lx Uy —22 o SU@)e x U(1)par
Higgs
Q . Mechanism ( 3 % )
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19 states per family

Questions: 1. Why are there 15 states of quarks and leptons?

3. Are these quantum numbers unique?| |

2. Why are the electric charges of particles quantized?

4. Why are there three fermion generations?

0O 0O
5. How to generate the fermion masses? 0 ° °




® Chiral symmetry

Massless Dirac fermion field P exhibits chiral symmetry

. . 5
Dirac Equation: (iyHOu-m) y=0 m—0 | iy, y=0 Y > iyrOu(ySy) =0
both y and y5y are solutions of Dirac equation. il
Two linear combinations: yr= 1/2(1-y%) v and wyr= 1/2(1+y5) y <« VY = YLTYR
: : . _ 1 _
In QED with one Dirac field: L = i) — T F"F,,, — mi (1)

F#V — a/,&-":ll/ — 5):/—'4/1 ; DH» — C)p — ‘2'-6'_4”,
(1) — U(l)vector ’ ?4{-" — ewz,/;

m — 0 = U(1)axal vector : ¥ —> P59/

| =t

Using ¢, = (1 — v5)¢), ¥R = 3(1 4 75)¢ notations: - Chiral Fermions

bo

(1) = L = W +ivpPr — m(Urbp + Ypiby) — %F ol 3

b‘l,c'i’ R 2D  Chiral symmetries

B ——

m—0 UL : dr— ey Ul)g : Yp — €

U(l)v = lf(l)L+R, U(l)A = U(I)L_R Chiral symmetry

I ——



® Anomalies in four-dimension

The triangular anomaly

In QED with one Dirac field:
L= Py~ "y —miv (1
FW — A, — 0,A, D,=a,—icA,
(1) = U(Dvector : % —> €1

m—0 = U(l)axial vector - Y —> eiﬂ’st)

According to Noether’s Theorem, gauge invariants imply the existence

of conserved currents: J, = "Z’YM[’ ’ Jen— ngmfmb

m — 0
where J; = 12)y50) O Jt =0, OpJE = 2mJs

\



The anomaly phenomenon is that S.Adler,PR177,2426(1969);
J.S.Bell,R.Jackiw,Nuovo Cimen A60,47 (1969)

Ot = Ou(nusy) ™
Y ~
= 2mJs + 2—72F“VF#,,
- T v — Cuvw Faﬁ:'
m — 0 N &0 FH F,uv (Fy €pvnd |
2T

t Level |
Quantum Leve — Adler-Bell-Jackiw (ABJ) or axial Anomaly

A (YY)

—— Triangle Anomaly

V (ve) V (vy) | | |
n an understanding of m — 2y

This anomalous result —= ,
(J(1) problem i QCI)

No pI‘Oblem 1n QED the axial-vector current. doesn’t couple to the photon ('*,)

[f we introduce a gauge boson which couples to the axial-vector current,
such a theory will not be renormalizable since the gauge invariance
— a necessary requirement for renormalizability — is lost due to 9,J¢ # 0.




Electroweak theory: V' — A gauge coupling

One must consider a fermion triangle with a V' — A current at each vertex.
V-A

/\ This diagram 1s again anomalous.
B

V -A V-A
Unless it cancels when summing over the fermion species running around

the loop, the anomaly spoils conservation of the V' — A current.

e Any gauge theory with non-vectorlike gauge coupling 1s imconsistent

unless the anomalies Cancel

A
s Q Q Q

Two useful theorems:

A V A A

e Once the AV'V triangle anomaly is cancelled, then so are all the others.
e Radiative corrections do not renormalize the anomaly.

—> Only AV'V triangle graph is needed to consider.




For example: any gauge theory

T —

J(f e 'QZ’}’uta@b |
1 . —
_ 51)0’7”155(1 — ¥5)Y + §¢7” ta (14 75)Y

where t, (a = 1,2,---, N) are the generators of the gauge group.

Anomaly — free <= A = Tr [{tg’, tf},tﬂ —1Ir [{tf,t{;{},tf‘
= 0

/A Real representations are safe.

A SU@2), SO@k+1) (k >2), SO(4) (k> 2),
Sp(2k), Ga, Fy, E7, Eg have only real reps. — safe.

A SO(4k +2) (k > 2), Eg have complex reps. — safe.

A SU(N) (N> 2) are not safe.

ISUNN)® : AO)=1, AD)=-1
[SUN)U1)y : ADO)=Y, AG)=Y
U(y]® : A=Y3

For (O, Y) under SUN)xU(1)y:
or (O,Y)



Particles ~ SU(3)e x SU(2). x U(ly

t=1,2,
(i=1,2,3)
uw\’ 1
3 2 —
(5), ;
) _ 4
ci 3 1 —_
u$ 3
dc' 3 1 g
i
(") 1 2 ~1
€/L
e 1 1 2

Triangle anomalies in the standard model:




58 HEH
Particles ~ SU(3)c x SU@2), x U1y >xUlp UL = UQpa x Uy

(i=1,2,3)
(“) 3 2 1 1/3 0 1/3 1/3
d), 3
c1i § 1 4 GlObal
us - —3 -173 0 -1/3 e Symmetries
. _ 2
d§’ 3 1 3 -1/3 0 -1/3 -1/3 .
v :
< ) 1 2 —1 -1
el 0 1 |
es’ 1 1 2 0 -1 -1 1
Global Symmetries
) w1 = B
U(I)B . 9i — exp [gaB] qi Tp = 52‘1*'7 gi Lov " Lo ESHTR
U()L: ¢; — exp(iar)’; Ji, = Z Lyt Lov 2 Loy $3HFR
At the quantum level, however, neither U(1)L or U(1)s are good symmetries, because of the chiral nature SU(2)L.
SU(2) P U(1)g — 3 % % +1x0-1 [SU(Z)L]2 Ulr=3x011x1=1
vrrian 12 157 . 1 2 1
[SU@) ) U(W)pgrn=3x 5 1 1x1=2 SU2)L]"U(1)p- =3 X 3 Ix1=0
U(1)g_
Lsy —  Lsy (€5—43) 7%

D ———



e The mixed gauge-gravitational anomaly

o © The triangle with one axial-current
Aw/v and two energy-momentum tensors
N @ 1s anomalous
———————
1 ~
v UVOT R.Delbourgo,A.Salam,PLB40,381(72);
D #J5 - 384772 (TTQ) RWUT R T.Eguchi,P.Freund,PRL37,1251(76)

——

R,,67 is the Riemann curvature tensor and RHVOT — %gﬁ“’aﬁ R7%.

In four dimensions, the standard SU(2);, x U(1)y theory cannot be coupled to
gravity unless the sum of hypercharges (Y') of the Weyl fermions vanishes:

| ~ L.Alvarez-Gaume, E.Witten,
IrY =0 NPB234 (1983) 269

e —

In the SM: TrY =3-2-(3)+3-1-(=3)+3-1-(3)+1-2-(=1)+1-1-2=0.

e

Remarks:

e U(1) — unsafe, unless TrQ = 0.

oG —safe. G—U(l)xg, TrQ=0



Example: SU(3)exSU(2)xU(1)y

g % —11//?’, Yie1 ?J;3 =0
3 1 2/3

: . o Yic%i #0
1 1 i i=1,---,n

Y
Q=T3L+2 —rT’I‘Q#O

Existing massless electrically charged fermions: L.Alvarez-Gaume, E.Witten,
NPB234 (1983) 269

D —

MW< —=  m2 ~ aG}A(Tr Q)?

GGy — Newton’s constant

A — an ultraviolet cut off

m, < (10° km)™' ~ 107 GeV = A < 10° GeV



e The global Witten SU(2) anomaly E.Witten,PLB117(1982)324
I — T —

Any SU(2) gauge theory with an odd number of left-handed fermion
doublets 1s mathematically inconsistent.

The fermion integration for N massless Weyl fermion doublets, ):
/ (D?’b’l)?’z) Weyl ewti — detN/?iD (A) a topologically nontrivial
N (_ 1 ) N det N/ 2?: D ( AU ) gauge transformation U

where AY = UTAU U0,
The number of the doublets, /N, has to be even,
otherwise the theory is ill-defined.

In the SM, for each family, N = 3 (quark) + 1 (lepton) =4 — even.

—

Remarks:
¢ [I,(G) = Zy, G = Sp(2N),SU(2) = Sp(2) — unsafe. I14(G) is the 4th homotopy group
¢ [I,(G) =0, G: all the simple compact Lie groups except Sp(2N) — safe.

Question: For G — SU(2) x g, is Witten SU(2) anomaly free?

. . CQQG, Zhao,Marshak,OKubo
Triangle Anomaly-free of G — Witten SU(2) Anomaly-free PRD(RC)36(1987)1953

D ———

(a) SO(IO) — SU(4)e x SU(2), x SU(2)g (b) SU(3) — SU(2) xU(1)
16 4 2 1 3 2 1
4 1 2 1 -2

N= even N=odd



e Uniqueness of fermion representations and charges in the SM
SUB3) x SU©2) x U(1)

Qia Z:]'a)]
=1,k

Qi: z'=1,--°,m

qi , ’I:=].,"',TL
qz‘a Z:]-vap

— o] O Lo W
—_ DN DD = = DD

The triangular anomaly-free conditions:

SUG)P - éuéQ—il—iz:o, (1)
SUBPUN) - 230+ Y@+ X @425 T =0, @)
SU@RUQ) - 3éQi+3§@§+§nlqi=o, (3)

U : 6508 +35 084350 465 0% +2% 3+ %3 =0 (4
U@ - ZJIQ,-+ Zlei+ lei+ ZlQi+ Zlqz-+_zlq,-— . (4)

The global Witten SU(2) anomaly-free condition: 35 4+3m +n=0 mod2 (5)

The mixed anomaly-free condition:

J k [ m __, n p
[U(l)]:6§Qi+3§Q§+3§Qi+6§Qi+2§qi+§@-=0. (6)



The minimal solusions are: <g»  Minimality Condition with Chiral Fermions!

o j=k=l=m=n=p= NO fermions COG&R.Marshak,
| PRD39(1989)693
o 1=1,k=0,1=2 m=0,n=1, p=1 —
(a) Q1=0, Q1=—-Q2, g1 =q =0 No electroweak forces! P.Ramond et al.,
-, . , PRD41(1990)715
(b)Q =%, Q= Q= -2, g = -2
CQG&R.Marshak,
PRD91(1990)717

B ———

3 2 Q1
3 1 Q
3 1 (_22
1 2 q1




The mimimal solusions are: <»  Minimality Condition with Chiral Fermions!

o j=k=l=m=n=p=0 NO fermions

|
-
o~
|

k 2, m=0,n=1, p=1
=0. Qi =—-0Q, g1 =G =0 No electroweak forces!

9 QQ — _ggla q1 = _QQI

. . The standard model
g1 = —1 in unit of e —] = with one family

G

S o
|

|
Ojtf‘

O

|
=3

Table 1. The quantum numbers of quark and lepton representations under

SU(3)e x SU(2) x U(1)y and SU(3)e x U(1)em

Particles SUB)e x SU2), x Uy — SU3)e x Ul)pm

(i=1,2,3)
w\’ 1 3 2/3
3 2 -
(d)L 3 (3 —1 /3)
ue 3 1 2 3 _2/3
3
s’ 3 1 g 3 1/3

N
n
N——
rq o~
[
)
I
—_
N
e
I

- O
SN

M
~
Py
[a—
[o—
(S
[w—
[a—

CQG&R.Marshak,
PRD39(1989)693

P.Ramond et al.,
PRD41(1990)715

CQG&R.Marshak,
PRD91(1990)717

T




Why the three anomaly cancellations, .
especially the global Witten SU(2) and =~ New Physics!

mixed gauge-gravitational ones,
should be satisfied?

Unified Theory: G —— Triangle Anomaly free

\ 4

No global Witten SU(2) and
mixed gauge-gravitational anomalies

when G breaks down SU(3)s x SU(2), x U(1)y

[t is very natural to think that the standard model comes from

some form of New Physics unless the Anomaly Cancellations
are ACCIDENTS.



® Family problem

m—

R —

SUB) x SU©2) x U1

1. Family Symmetry (gauged)?

Why are there three fermion generations’

x SU(2)

U Anomaly free + minimality

SU(3)e x SU@2)L x SU2)r x

3 2 1
Left-right symmetric model 3 1 9
1 2 1
1 1 2
SU@B3) x SU(2) x U(l) x SU(3)
U Anomaly free + minimality
SUBB), x SUB)r x SUQ) x U(Q1)
3 1 2 -
Chiral-color model 1 3 1 _%
1 3 1 %
P.Frampton,S.Glashow, 1 1 9 1
PRL58(1987)2168 -
R —— 1 1 1 2
3 1 1 q
1 3 1 —q
3 1 1 —q—%
1 3 1 q+3

1 family:
L quarks &
leptons

1 ——

CQG,PRD39(1989)2402

R ——

—

one family of
quarks and leptons

exotic fermions




2. Preon models SU (N)MC x SU(N +4)p X U(I)F CQG&R.Marshak,
Fie - - (N+2) PRD(RC)35(1987)2278
Sij [==] 1 —(N+4) J— —
In the Higgs phase: the most attractive channel (MAC) —
Fiagij-(D;D,(1V+2)) X( CID;‘,—(N+4))_’(6;D,—2)
SUWNIMcXSUWN+4) e xU(1)p — STJ(N),XSUM)FX(J([ ) F > complementarity
(H,1,2(v+4)), (0,0,N+4)
In the confining phase: the t’Hooft anomaly-free conditions .
Preons SU(NIMc % SUN)p x SUM@)r x  UQg
Fia_, P 0 (] 1 2(N+4)
- pi o 1 0 N+4
SU—’ P2 [==] 1 1 —2(N+4)
Composites Indices
Pipip2 1 o = N+4 N, — ll=1
pipip 1 ==}s 1 2(N+4) 12,13 = =0, ,’=1
Pl"Pl"Pz 1 | CD,B 0 13,15 e — l3=lz’=0
For N=15, | (H,1,38) and (0,0,19)under SU(15)xSU(4)gxU(1)f.
Gauging the subgroup SU(5) of SU1S)r: | “ 5+10, = N0 O C e ARG

H—5+10+45+45 5+10

—



3. High-dimensional spacetime

In an extra dimensional theory, there are many types of chiral anomalies

For D spacetime dimensions:

HD(G)=Zn

»

M.Bershadsky, C.Vafa
hep-th/9703167

Co|N(pLo)-N(pro) = 0 mod n

—

where IIp(G) is the D-th homotopy group, similar to the Witten SU(2) global anomaly in D=4:

For D=6:| |Global gauge anomalies

I6(SU(3))=Zs
I6(SU(2))=2Z12

—_—

M«(SUR))=Z2; NQ2L)-NQ2r)=0mod 2 (cs=1)

N(Q31Ls)-N(3rs) = 0 mod 6 (c~=1)
N(2L6)-N(2R6) =0 mod 6 (C6=2)

In the SM: N(31s)=N(3rs); N(2Ls)=4, N(2rs)=0 B

= |[Ng;=0 mod 3

= |Ng =3 (minimal value)




4. Toy models A-free + Minimality: SU(N) x SU(2) x U(1)

N =2  SU(N)xSU(2)xU(1) N=2k+1 SUN)xSU(2)xU(1)
N 2 0 N 2 1N
N 1 -1 N 1 —1/N-1
N 1 1 N 1 —1/N+1
1 0 1
/ 1 1 2
SU(N)e x SU(2)L x SU2)r =125 5U/(12)0 x SU2)1 x SU(2)x —
N 2 1 12 2 1 R
N 1 2 P 1 2
\J
SU(12)¢ x SU(2)1, x SU(2)x
)

SU(8)¢ x SU(4)¢1 x SU(2)L x SU(2)p x U(1)

\

SU(4)¢s x SU(4)ca x SU(4)c1 x SU(2)L x SU(2)g x U(1) x U(1)

—

SU(4)¢ x SU

—~~

2)L X SU(?)R

—

SU3)e x SU(2)L, x U(1)y

three quark and lepton families

with right-handed
neutrinos




A note on the color number: N¢

Particles SU(N)e x SU(2), xU(1)y

(i=1,2,3)
(u) N 2 E ( 5| Q= e(N+1/(2N)
dj, N N 55 ) €= Qu=-e(N-1)/(2N)
_ N +1 _ r
ug,’ N 1 —— N — %“,{}—1
i = .'\;— ]. =7 N —
ds, N 1 — N —
" 0
(), + - ()
e/, 1 —1
eC 1 1 9 1 C.Chow,TM.Yan,PRD53,5105(1996);
L R.Shrock,PRD53,6465(1996)
V.A.Kovalchuk, JETP Lett. 48 (1988) 11
For 0 - YYs the decay width: R.Marshak,”*Conceptual foundations of modern
particle physics,” Singapore, WS (1993)
Q- Qi=e/N |
I'm > yy € N(Qu2-Qd?) » ¢2 <50 independent on the color number N!

The result is true for any anomalous process.

BUT: R=c(e*e-—hadron)/c(ete—=pu u)=N 2Qu>«* N <50  dependent on the color number N!




i, CQ Geng and H. Okada, " 'Neutrino masses, da tt d los
n with U(1)s.L gauge symmetry," Phys. Dark Univ. 20, 13 (2018).

U C L 1

d/, s/, b/,
Ugp UR CR LR 3 1 % 1/3
Drg dr SR bR 3 1 —2 1/3
L v, ) ( v, ) ( v, ) : : . r

e J, no) T ),
Ep: €R ILR TR 1 1 -2 -1
N1 1 1 0 4
Np2 1 1 0 -4

Ng3 1 1 0 5

Gauge U(1)p.,
Symmetry

B ——



5. A geometrical origin

One starts with a theory in d > 4 dimensions but then assumes that the
extra dimensions somehow compactify, leaving a 4-dimensional theory.

The d = 10 heterotic superstring ﬁilgaﬁ?l:si;g's l;ozﬂgvétlzégé)shomingen and E. Witten,

This string theory has an associated Es*Es gauge symmetry and is supersymmetric.

The chiral fermions in the d = 10 theory are gauginos of one of the Es groups (the other  |D- Gross, J. Harvey, E. Martinec, and R. Rohm,
Es acts as a hidden sector), sitting in the 248 dimensional adjoint representation. Nucl. Phys. B255, 257 (1985); B267, 75 (1986).

The 10-dimensional space of the theory compactifies down to
d = 4 Minkowski space times a 6-dimensional Calabi-Yau space.

Es > EexSU(3)
248 = (78,1) & (27,3) & (27,3) + (1,8)

Atter Calabi-Yau compactification, the 4-dimensional chiral matter Eg;

@ The 27-dimensional representation of E when decomposed in terms of its SO(10) subgroup contains the
16-dimensional representation, appropriate for a family of quarks and leptons, plus a 10 and a singlet.



6. LEP experiments|  ALEPH, DELPHI, L3, and OPAL

The mvisible width Ly is assumed to be due to Ny light neutrino species each
contributing the neutrino partial width 'y as given by the Standard Model.

N, — Liny <&> Other experiments
Iy \1v/gu supporting 3 families

IS N, =3.00 +£0.08 Ll{il{iggsmass

— Planck: Active neutrino number

e

7 CP violation in the SM M. Kobayahsi and K. Maskawa,

“CP Violation in the Renormalizable Theory of Weak
Interactions”, Progr. Theor. Phys. 49 (1973) 652.

n(n-+1) (n—1)(n —2)
3! B )

p— p—

2) =p>> no phase + 1 angle
For three generations (n = 3) === one phase + 3 angles

== O bservable or physical phases

(2n —1) =

For two generations (n

i —REWZAFAE
CP38J i P e

B ——
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. Nobel Physics Prize 2008 ~

S — E—
. NN St % -~ S .
. broken dymmetry § &
g ~ . . A ﬁ
| B %) ¥ A8
‘

B BUEAR AR R A EE YR - THIH B R FAFE =T 5 |

“for the discovery of "for the discovery of the origin of the
the mechanism of  broken symmetry which predicts the
spontaneous existence of at least three families of
broken symmetry in quarks in nature”

subatomic physics”

4 \'\ &‘Q‘i -
Photo: Kyoto University

Photo: SCANPIX Photo: Kyodo/Reuters

Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa




® (Broken symmetry and mass generation

S ABRR B A

ARRFE —

1. LR VB R - B R

SU(3)exSU(2)LxU

N
AR AR

(Dy

The Higgs Particle

—_—]——

ILF 9 E R E 2 SR

AT T IR Y B YRR, 2

1. Baryon
2. C and CP\violation

3. A departure from thermal equilibrium

Higgs Mechanism

TSUB)xU(Dem

LHC 58 1 ¥

T

g "

,_/

T

TR R CKMZCPREIHIE el
R TSR LR SR

a

N

5y LSRR i H | ‘ R

mber violation
1967: Sakharov (the Nobel Peace Prize 1975)




SRR 2 Tl ik Nambu was the first to introduce spontaneous symmetry violation

into elementary particle physics.

The action [or a meson field ¢ mteracting with a Dirac fermmon [ield 4 1s
™

S[(D, W = / d’x [Emcson(o ) + EDirac‘( W) + C\'ukm-.'a ( @, I,")]

1 | B ~
f— /dq.r [5()‘1(:)()}1() o "((:)) + I*"(ié’ o ’n') ¥= gI«,(DIr"]

For a (renormalizable) self-interacting field: V((p) — “2 q)z + }'.. q)4

Lagrangian exhibits spontaneous symmetry breaking (SSB) when u2<0

the Mexican hat potential Minimum V(®)
@ = 0. O = \/T)( i / \
L5 o gl : ®=0 bO=Po=(-u2/2\)1/2
symmetric broken symmetry
no broken symmetry SSB

V(o) = —10|0|? :
( ) i I | T O‘ Symmetric but high E Broken symmetry but low E /

In the Standard Model, @y is responsible for the fermion masses: @11

-

Q=0 — @ is known as the Higgs field.



The Nobel Prize in Physics

N EEGR G (GG VP
= 7% I FHEm | (F R il ) - =

=

i JR R B R (TR R B T -

nFor the theoretical discovery of a mechanism that contributes to our
understanding of the origin of mass of subatomic particles, and which recently
was confirmed through the discovery of the predicted fundamental particle,

kby the ATLAS and CMS\experimets at CE's Large Hadron Collider" J




¢ The standard modecel: sv3). < sU2), = U1y =
uic't
o e [t - {w v, v as _bl
)i ) , [y, ' o e’ Z
: a) s b ¢ E Y
\ /L \ ;L \ /1 \ /L A A \ /oL = W
EJTR g Cr Ly e ur §
| . Yol Vil Vi
Dp © dg SR hp lig €R iR TR eptc
lliggs : 1Y Gouge Bosons : W, 2.~ g

Yukawa interactions:  Lyykawa = —15(1, d)LiPur; — Fi(;’ (@,d)Li®dr; + h.c. .

1 (v u | B

(Ut M-AUpt = M
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B What about neutrinos?

B Do neutrinos get their masses like charged fermions?
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Why does the Standard Model require MASSLESS neutrinos?

e All neutrinos left-handed = massless

* If they have mass, can’t go at speed of light.
right-handed

A massive particle

adl

e Now neutrino right-handed??

= contradiction = can’t have a mass

Strictly Massless
left-handed

neutrinos




Origin of the neutrino masses: Dirac or Majorana?

( VT\
v
i or | !
V| V&
\ V1) A
Paul Dirac (1902-1984) Ettore Majorana (1906-777)
Dirac neutrino mass (1928): Majorana neutrino mass (1937):
Lp=—-—-mpvUrvgr+ h.c. Ly = —myurtr +he ¥ > B
©the lepton number L is conserved * the lepton number L is violated
Cx Introduce vr = FORBIDDEN IN THE SM.
(not in the SM) (vp1s an SU(2) doublet).

it New Physics beyond the SM




Origin of the neutrino masses: Dirac or Majorana?

Disappeared in 1938

/ VT \ 2 ANY during a boat trip from
v v % Palermo to Naples
V| or ( ! ) S without his body found
V| Vt
\ V1) ,
Paul Dirac (1902-1984) Ettore Majorana (1906-777)

There are several categories of scientists in the world; those of second or third

Dirac neutrino r rank do thelr best but never get very far Then there is the first rank, those who
make i S. But then there

Lp=-mpvr arethegeniuses, like Galilei and Newton finese.

— (Enrico Fermi about Majorana, Rome 1938)
©the lepton number LIsTconservea™ " *TNe Tepton NUMDEr LTS VIoTareg

== Introduce vr FORBIDDEN IN THE SM.
(not in the SM) (vp1s an SU(2) doublet).

it New Physics beyond the SM



https://en.wikipedia.org/wiki/Galileo_Galilei
https://en.wikipedia.org/wiki/Isaac_Newton
https://en.wikipedia.org/wiki/Enrico_Fermi
https://en.wikipedia.org/wiki/Galileo_Galilei
https://en.wikipedia.org/wiki/Isaac_Newton
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Naturally Small Dirac Neutrino Masses in Superstring Theories

G. C Branco and C. Q. Geng

Physics Department, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 2406 |
(Received 8 December 1986)

We show that a Z;@ Z 1 symmetry leads to the radiative generation of naturally small Dirac neutrino
masses in a class of superstring theories. This model realizes in a simple and consistent way a recent
suggestion by Masiero, Nanopoulos, and Sanda.

PACS numbers: 14.60.Gh, 12.10.Gq
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Generating Majorana Neutrino Masses with Loops
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Dirac neutrino masses
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We show that a Z;® Z3 symmetry leads to the radiative generation of naturally small Dirac neutrino
masses in a class of superstring theories. This model realizes in a simple and consistent way a recent
suggestion by Masiero, Nanopoulos, and Sanda.

PACS numbers: 14.60.Gh, 12.10.Gq
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E. Witten—Opening Talk at Neutrino 00 [hep-ph/0006332]
For neutrino masses, the considerations have al-
ways been qualitative, and, despite some interest-
ing attempts, there has never been a convincing
quantitative model of the neutrino masses.




E. Witten—Opening Talk at Neutrino 00 [hep-ph/ 0006332]

For neutrino masses, the considerations have al-
ways been qualltatlve, and, despite some interest-
ing attempts, there has never been a convincing
quantitative model of the neutrino masses.

What was said in 2000 by Witten is also true TODAY (2017)
v 2] 2000 F + 18 F158]5 X(2018F ) Hvit :
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Neutrino Masses? < » Matter-antimatter asymmetry A =
p— E - RYIE A ﬁ Bt :
f
Dark Matter ,
Family problem 24 Y ase el
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Dark Energy
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- Why are there three types of quarks and leptons?

* Is there some pattern to their masses?

* Are there more types of particles andforces to be
discovered at yet higher energy accelerators?

» Are the quarks and leptons really fundamental,
or do they, too, have substructure?

* How to include the gravitational interactions in the SM?

* How to understand dark matter and (dark energy in the universe?




® Future Perspectives
Modern Particle Physics: 7 Periods

1. <1945 -- Pre-Modern Particle Physics Period

2. Startup Period (1945 -- 1960) - Early contributions to the
basic concepts of modern particle physics.

3. Heroic Period (1960 -- 1975): Formulation of the standard
model of strong and electroweak interactions.

4. Period of Consolidation and Speculation (1975 -- 1990):

Precision tests of the standard model and theories beyond
the standard model.

5. “Frustration” and “Waiting” Period (1990 -- 2005)
— ———————_____

, , Cosmic microwave fluctuations (2006 Nobel Prize)
6. Preparation Period (2005--2020) Dark energy (2011 Nobel Prize

Neutrino oscillations (2015 No}oel Prize)

% i& 5 A

3 Dark Clouds = 5 B £

7. Super-Herioic Period (2020--2035)

2 W o LHC: ... + something unexpected?
E&iﬁw GW: LISA 2030 —
100 TeV Collider 2030 | Ureat Collder
_— .

How many Nobel Prizes in Particle Physics &
Cosmology for the Super-Heroic Period (#z %5 A) 2



® Future Perspectives

Nobe
20xx:

2013:

2008:
2004:
1999:
1995:
1993:
1990:
1988:
1980:
1979:
1978:
1976:
1969:

Heroic Period %1& 5% A (1960 -- 1975):

| Prizes in Particle Physics & Cosmology: [work done]
” } more?
Englert, Higgs — Higgs particle [1964]

Nambu,Kobayashi,Maskawa—broken symmetry [1961,1973]
Gross, Politzer, Wilczek—asymptotic freedom [1973]

t Hooft, Veltman—electroweak force [1972]
Perl,Reines—tau lepton [1975], electron neutrino [1953]
Hulse.Taylor — pulsar (indirect detection of GW [1974]
Friedman, Kendall, Taylor—quark model [1972]
Lederman,Schwartz,Steinberger -muon neutrino [1962]
Cronin, Fitch—symmetry breaking (CP violation) [1964]
Glashow, Salam, Weinberg—electroweak theory [1961,67]
Penzias, Wilson — cosmic microwave background radiation [1969]
Richter, Ting—charm quark (J/Psi) [1974]
Gell-Mann—classification of elementary particles [1964]

7. Super-Herioic Period (2020--2035)

How many Nobel Prizes in Particle Physics &

2 W e LHC: ... + something unexpected?
ﬁiﬂﬁﬂﬁ GW: LISA 2030 —
100 TeV Collider 2030 | Ureat Collider
_— .

13

Cosmology for the Super-Heroic Period (#z %5 A) 2



http://nobelprize.org/nobel_prizes/physics/laureates/2004/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/2004/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1999/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1990/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1990/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1980/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1979/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1979/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1969/index.html
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