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TESTS ABOUT SM

@ How many elementary particles are there?

@ What are the stable particles?

What are the most unstable particles?

What is the theory used for high energy physics?
How many fundamental interactions?

What are symmetries used to describle fundamental
interactions?
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THE STANDARD MODEL IN THREE HOURS
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Lecture 2
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THE SM GAUGE GROUP

@ Describing three fundamental interactions: electromagnetic, weak
and strong

@ Using the gauge group

SUB)c ® SU@2)L®U(l)y
—— —_— —

strong electroweak
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THE SM GAUGE GROUP

@ Describing three fundamental interactions: electromagnetic, weak
and strong

@ Using the gauge group

SUB)c ® SU@2)L®U(l)y
—— —_— —

strong electroweak

o Gauge fields of SU(3)c are gluons G 32 — 1 =8 gluons,
a=1---,8. Gluons are massless, this group is exact symmetry
group — no need for gauge symmetry breaking. Quantum
Chromodynamics (QCD)
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THE SM GAUGE GROUP

@ Describing three fundamental interactions: electromagnetic, weak
and strong

@ Using the gauge group

SUB)c ® SU@2)L®U(l)y
—— —_— —

strong electroweak

o Gauge fields of SU(3)c are gluons G 32 — 1 =8 gluons,
a=1---,8. Gluons are massless, this group is exact symmetry
group — no need for gauge symmetry breaking. Quantum
Chromodynamics (QCD)

 Gauge fields of SU(2), @ U(1)y are W), B,: 2> — 1+ 1 = 4 fields.
From W/, B,, (i =1,2,3) how can we create massive Z, W= and
one massless photon. This symmetry must be broken

SUR)L® ULy —  U(l)e
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SU(3)¢: STRONG INTERACTION

@ Quarks can participate strong interaction — quarks carry color
charge. Each type of quarks belong to the fundamental
representation of SU(3)¢

qr
qg=143ab (1)
dg
qg=u,d,c,s,b,t
@ QCD Lagrangian
=( 1 apr a
EQCD - Z Q(”Y#Du + mq)q - ZG " G;uj (2)

q=u,d,c,s,b,t
where D), = 0, — igs T°G}]
T2 are generators of the SU(3)¢: Gell-Mann matrices
G, are gluon fields
Gi, = 0,G2 —0,G2 + g f*°GLGE
@ SU(3)c invariance — three colors of a quark (red, blue, green)
must have the same mass.
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SU(2), ® U(1l)y: ELECTROWEAK INTERACTION

Group structure:
@ SU(2): 2% — 1 generators
T'=9 & (i=1,23): Pauli matrices
[T/, T = ie*T*
e’ . Levi-Civita tensor with ¢ =1
@ U(1)y: 1 generator Y = Y x 1 — commutative with all SU(2) generators

@ This symmetry must be broken down to
SUQL® Uy — U

TY = Q:aT3+bY:(a/2+bY 0 )

0 —a/2+ bY
Similar to the Gell-Mann-Nishijima formula [Nishijima '53, Gell-Mann '56]

Q=h+3(B+5)

I3: isospin of quarks and hadrons (/5 = 1/2 up quark, I3 = —1/2 down
quark)
Suggestion: Q=T+ g
S §111 VSON _



SU(2), ® U(1l)y: ELECTROWEAK INTERACTION

How to arrange fermionic fields in the representations of the gauge group?
Look back at the weak interaction

WEAK INTERACTION (3)

Not only charged current interaction

Line = %E(X)’y“(l — ys)d(x) W, (x) + z%é(xwu — 5 )(x) Woa(x)
But also neutral current interaction
Lim = 52 F(xn" (gl — 875)F(x)Zu(x)

- 2cosfyw

f: quark, charged leptons, neutrinos
g\f/,gf\ are coefficients depending on electric charge and isospin of
fermion f
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SU(2), ® U(1l)y: ELECTROWEAK INTERACTION

How to arrange fields in the representations of the gauge group?
Suggestion: Q=T+ %

@ Only left-handed fermions belong to the fundamental representations of

SU(2),
/1 _ Ve,L /2 _ Vp,L /3 _ Vr,L ~ Y —
L < e ’ L m ’ L T
1_ [u 2_[a 3 _ () 1
QL - <dL> ) QL - (SL> ) QL - (bL> Y = 3

@ No right handed fermions interacts with W boson — they must be
singlet representation of SU(2),

€R, UR, TR, ~ Y =2
4
UR, CR, tr, ~~ Y = §

dRasvaRa ~ Y:_7

@ Three gauge fields W/, go with three generators T' of SU(2)., 1 gauge
field B, goes with one generator Y of U(1)y
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SU(2), ® U(1l)y: GLASHOW-WEINBERG-SALAM
MODEL ['61, 67, "68]

How to construct Lagrangian
L=Lr+ Lc
The fermionic part of the Lagrangian:
Lr = ilyv" Dyuly + i&ry" Dy eir
+iQuA* D, Qi + iliry" Dyuig + idigy" Dyudig,
covariant derivatives:

Op — ig2T'W), — ig1 YB,, for Iy

D — Oy — ig1YBy, for i
"0, — i T'W) — igiYB,, for Qi
Ou — ig1YB,, for uir, dir.

The gauge part of the Lagrangian:

1 i mz 1 v
Lo =—3FF" = 2BuB",

i i i ijk j k
Fl, = 0,Wi — 8, Wi + g WiWY,, B, =8,B, —9,B,,
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HOw TO GENERATE MASS FOR THE SM
PARTICLES???

Mass terms: Q[u,-R, Qid,'R, l_,-l_e,-R, B“Bﬂ, Wi“WIi — violate
SU(2), ® U(1)y gauge symmetry
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SYMMETRY BREAKING MECHANISM

Gauge symmetry must be broken for at least weak interaction.

o explicit breaking: add different mass terms for different
fermions and for different gauge fields. This loose the
predictive feature of the theory.

@ spontaneous symmetry breaking?

Lagrangian is invariant under the symmetry, but the ground
state of the theory is not.
— attractive idea
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SPONTANEOUS SYMMETRY BREAKING

Spontaneous symmetry breaking in phase transition [L.D. Landau 1937]
Spontaneous symmetry breaking in field theory [Y. Nambu 1960]

Spontaneous symmetry breaking in the Standard Model [F. Englert, R.
Brout 1964, P.W. Higgs 1964]

Ferromagnettsm Symmetric phase: M=0
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taken from the Nobel lecture by Francois Englert in 2013
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SPONTANEOUS SYMMETRY BREAKING IN SM

@ Require at least one Higgs doublet: simplest case

oo () v

@ The Higgs Lagrangian:
Ly = (D) (DFD) — V(®), V()= —p2dTd + \(dTd)2

with 12 and )\ constants.
Conditions: for a non-zero expectation value ((®) # 0) to break
SU(2).xU(1)y — U(1)g
@ the potential has to be bounded from below, therefore A > 0,
o the potential has an unstable maximum at zero, hence z? > 0,

o the potential has stable minima which are degenerate.
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SPONTANEOUS SYMMETRY BREAKING

Combining all above requirements, one can show that the vev of the
Higgs doublet is

I<¢+>> ( 0 ) p?

q) = = v 5 Vv = —_—
=[] % )

The upper component carrying electric charge @ = +1 cannot have a
non-zero expectation value

i[(#°)| = v/v/2 corresponds to a
circle on a complex plane
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HIGGS AND GAUGE BOSON MASSES

o= (%) - ( S0 o va)-
¢°(x) (v+ H(x) = iG°(x)) /v2
The Higgs Lagrangian:
Ly = (D, ®)[(D'd) — V(d), V(®) = —p2dTd 4 A\(dTd)?
D, =0, —igT' W;i —ig1YB,
o G, GY are massless, H has a mass my = V22

@ Gauge boson masses

e wi+ 8 (5 ) (T W + 18 ()

=

2 ) W w2
_ W) —iw? 3 ) 82— —
- 2 (g2 = > —&2 Wﬂ + 8 B[L (_g2 W3k + g1 B*

2 2 2 3
&2V +ip— v 3 85 —8182 wer
= Wrw—+*+ — (W B
" 3 (Wi Bu) (—g1g2 gt ) ( B*

4
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HIGGS AND GAUGE BOSON MASSES

2 2 2 3
82V° - v 3 & —-g182\ (W=*
wrw—# w2 B

4 H 3 (Wi By) <_g1g2 gt > ( B“)

Wt — WEFiw?
© N

ZM = Cij’ — SwBN,

AM = Sw W/f + CwB/“

where cyy = cosOw, sw = sinOyy, Oy is called the weak mixing angle

and
82 81

W=, W=
Ve +al Ve +af

The masses of W, Z and A bosons

Mw =82 M= Mu=o0
2 2CW

The photon remains massless — U(1)q is the exact gauge symmetry.
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FERMION MASSES

Fermion masses are obtained from Yukawa interactions,

Ly = —yﬁziée{; - yg@iéd{? - y,f@"d)u’,'? + h.c,

y

where y-e-’d’" with i, j generation indices are Yukawa couplings, and

1

O = igrd*.
o0 = (3((X)) ) - ((v + H(X)G : (,-Z)o(x)) /ﬁ) |

e d u
of =iV iV YiV

mass \/5 \/§ \/i

Neutrinos are massless since they are purely left-handed in the SM

gel—_didl, — ~_glu, + hec,

DAO (PHENIKAA) SM 8TH VSON

18 /42



INTERACTIONS OF THE HIGGS BOSON

Have tree-level couplings with only massive particle:

1 H 1 H H 1 ~ s
< -
1 1 1 ~ -
1 1 1 Se L7 3iMh
1 1 " 1 ~ Vi
o—imr 1 Zi%£ 1 M2 s N
v v —3iMi .
1 1 1 v ~
J ‘ Sou
+ N ’ ~
w(z) LT~ , <
/ L ~ < ,
s H
7 W (2) e H
H

Have loop-induced couplings with photon and gluons:

W

Donot interact with massless neutrino at all loop order

Dao (PHEN SM 8TH VSON 19 /42




THE STANDARD MODEL: RECAP

Gauge group
SUB)c®SU(2)L® U(1)y
Thee gauge couplings
&s,82,81

left-handed fermions belong to doublets, right-handed fermions belong to
singlets of SU(2),

ViL u] i i :
(éi)v(di)ael?tuR:dRa I:1a273

B G*(x)
(D(X) = ((V + H(X) — IGO(X)) /\/§>

Higgs doublet

8 gluons and a photon are massless, W, Z have mass

&V 82V
= — M =
2 I V4 2CW7

Mw
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THE STANDARD MODEL: RECAP

The SM Lagrangian:

L=Lc+Lr+ Ly+ Ly + Leix + Lghost

1 v 1 i ipv 1 v
£G:_ZG;VG3M _ZFNVFH _ZB.U'VBH7

Lr = ilyy"Dyly + i&rY"Dyeir
+iQuy" D, Qi + iiry" Dyuig + idigy" D, dig,

Ly = (Du®) (DF®) = V(®), V(®) = —p20Td 4 A(dT0)?,

Ly =—yilide, — ydQ'dd) — yi Q' dul + hec.,
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THE STANDARD MODEL: BONUS

The SM Lagrangian:

L=Lc+LF+Lu+ Ly + Liix + Lghost

1 1 1 1
Lix=— = (F&)? — =—F3— =—F% — —F},F:
=g T g FA T g Me g, Fw
where
F2 = 8,6, Fa = 9,A",
F; = GMZ“ — /\/IzngO7 F‘j‘} = auW'H" + /MW§WG+,

Faddeev-Popov ghost terms ['67]

o0Fa
Eghost = 59!3 ﬁ a,BE{G,A,Z,Wi},

DAO (PHENIKAA) SM 8t VSON
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CP violation in the Standard Model

DAo (PHENI SM 8TH VSON 23 /42




C TRANSFORMATION

Charge conjugation:  particle < anti-particle

@ scalar field: ¢ £> o° = nco*
In general . = e'¢c, ¢* # ¢
If particle = anti-particle: n. =1 — even C-parity, n. = —1 — odd
C-parity,
o fermion field: ¢ S ¢ = eiéeCp* with C = —in?
Yf = eCipf = eSCPLp* = Pr(—inatp*) = Pry©
— change chirality

@ execises: prove that 1/_111/)2 g 1521/11, 1/_)17“1/)2 g *?/72’)’“7/11
- C —
L T S e T}
- C -
Y1y Py = —ay* PRy
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P TRANSFORMATION

Parity transformation: (t, X) A (t,—X)

@ scalar field: ¢(t,x) A NpP(t, —X)
In general 1, = e®¢. if 1, = 1 scalar particle has even parity,
Np = —1 scalar particle has odd parity. Otherwise its parity is not
well defined.

o fermion field: (¢, X) LA e'SPPyY(t, —X), P =~°
Pf = e Pygipi (t, —X) = Py Prap(t, —X) = Pr(e™Pyoti(t, —X)) =
Pryp”
— change chirality

@ execises: prove that 11 £ P11a,
S (R § Lo
P17 y°1hs —(—1)"h1yHaSepy,
Y1y PLapy (—1)p1y* Prija,
pw=0: (-1)»=1
p=1,23 (-1)r=-1

P
—

P
-
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CP TRANSFORMATION

o scalar field: ¢(t,%) 5 nepd*(t, —X)
particle = anti-particle
CP even: nep =1, ¢*(t, —X) = ¢(t, —X)
CP odd: ncp = —1, ¢*(t, —X) = —(t, —X)

@ fermion field: ¥(t,X) <« — €€ yomyotp* (t, —X)

PP = —ief Py (t, —X) = —ie" Py Pt (t, —X) =
PL(—ie"*Pyy*(t, —X)) = PP

— donot change chirality

Y1y Praps & (— 1) ehoy" Py

If a gauge field transform under CP as: A* <5 (—=1)"*A** then

- P - .
Y1y PioAy + hee = oy PrnAf + hec

— conserved CP

DAO (PHENIKAA) SM 8t VSON
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INTERACTIONS AND C,P SYMMETRIES

o QCD and QED are invariant under C and P transformations
separately — C,P symmetry

- 1 .0
Loco= Y, (i7"Du+ mg)q— 267Gy

g=u,d,c,s,b,t

- 1_,,
Loep = Y F(iv" Dy + me)f — 2P Fuv
f=q,l
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INTERACTIONS AND C,P SYMMETRIES

o QCD and QED are invariant under C and P transformations
separately — C,P symmetry

- 1 .0
Loco= Y, (i7"Du+ mg)q— 267Gy

g=u,d,c,s,b,t

- 1_,,
Loep = Y F(iv" Dy + me)f — 2P Fuv
f=q,l

@ Weak interaction

Lcc = £ (U’y“(l — V5)dWM+ + oy (1 — 75)eWu+ + h.c.) ,

2v/2

z _ 82 oonu _
Lic 2COS€W(U’Y (gv — gavs)u) Zy.

violate C, P separately, but conserve CP (one generation here)
SM 81H VSON 27 /42



WEAK INTERACTIONS IN THE SM AND CP
SYMMETRY

In the flavor basis, three generations mix, (i,j=1,2,3)

rf yu e/_yu yu

mass \/‘ L \/‘ \/‘ L

From flavor basis to mass basis: V unitary matrix

deJ Uj -+ h c.,

. . e
er = \/,fRéJR, e = LeJL, diag(me, my,, m;) = VeLy—\f;/(VeR)T

. . . . u
u;? = Vlj'lR':\,jR7 UIL = Vlj'lLL/}lD diag(mua me, mt) = VUL%(VUR)T

. N . N d
dip = VERdk, dj = VE'dl,  diag(mg, ms, mp) = VXL (VIR
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WEAK INTERACTIONS IN THE SM AND CP
SYMMETRY

From flavor basis

Lec = S (@ d W + 7y el W+ he).
&2 _
Lfic = cos Oyy (iv*(aLPL + arPr)u) Z,,.

to mass basis

Lee = 22 (B(vn) v d Wy + (VT VERra W + he),

‘CNC % (E'VH(QLPL(VUL)T VuL + aRPR(VuR)T VUR)ﬁ) Zﬂ.

We set (VU5)TVIE = Vg, (VUE)TVUl = (VuR)TyeR =1
Since neutrinos are massless in the SM, we can set (VL) = Ve, then
(VVL)T VeL =1
2\[ (UL VCKM')/“dL W+ + Z/L’y“eL W+ + h.c. )
&2 =
Lfic =
NC™ 2 cos Ow (u

Finally Lcc =

’}/M(BLPL + aRPR)ﬁ) Z,J.
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THE CABIBBO-KOBAYASHI-MASKAWA MATRIX (1)

Vekm = (VUB)YTvel - Unitary matrix

o 82 = o + ~ t ~ _
Lcc = 2\7 (U/_ VCKMfy“dL WM +d; VCKM’)/‘“ULWH ) ,
cP
% ~
L& = 2J(mwmymwgmuﬂw)wmmﬂ,

Weak interaction is CP invariant if Vckm is real

VCKM - VéKM
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THE CABIBBO-KOBAYASHI-MASKAWA MATRIX 1973
(2)

Vekm = (V“L)TV‘“ : N x N unitary matrix, N: number of generations
@ N x N unitary matrix is parameterized by N? independent parameter
N(N—1) N(N+1)

number of angles: ==—*,  number of phases: ==~

@ One can remove phases by redefining fields
di — e“g’cﬂ, i — eazﬁi
- 2 ei(ai’iai”)vcinM

there are 2N — 1 independent relative phases which can be used to

remove phases of the CKM matrix
@ Therefore, number of remaining phases of CKM matrix
N(N + 1) (N—=1)(N-2)

2 2

N=2 then Ncp_phases = 0 — no CP violation, (Cabibbo)
N=3 then Ncp-phases = 1 — CP violation

NCP-phases - - (2N - 1) -

— [Nobel price in 2008 for Kobayashi and Maskawa]
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THE UNITARY TRIANGLE

Wolfenstein parameterization exploiting observed hierarchy of matrix elements
2 .
Vid Vs Vb 1- AT A A>‘3(P —in)
Vekm = | Vo Vs Ve | ~ Za 12 A2 + o0\
Vie . Vs Vi A1 p—in) AN 1

Unitary:
D (Vekm)i( Vi) = dix

j

@ Rows (3) are orthogonal, as are the columns (3) — six unitary triangles

Vud Vi, +VeaVi+  ViaVip = 0
S = ~——
AN3(p+im) —AN3 AN3(1—p—i7)
Vud Vib 41+ th th - 0
Vcd Vcb Vcd V,_-b
—— ——
—(p+im) —(1—p—in)

@ Six unitary triangles have different shapes but the same area

Jiariskog = 2(area) = Im( Vg Vi, Vi Vip) ~ AX37]
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THE CKMFITTER GLOBAL FIT RESULTS '19

Observables A A

p

n

Central £10 | 0.8235%99%% | 0.2248377% 300

0.156974,9%2

0.349975,9072

JJarIskog = 306t%%771; X 10_5

15 [T T T T T T T T T T
‘excluded area has CL= 0.95 %C_ A
r 5 ]
[ Yo ]
1'°|? % Amy & Amg
- sin2f 1
05— —
r " Amy A
[ ek W ]
= 00 o ‘— o 1
[ & ]
E M‘o o |
05 — -
10 % V.
C pem nyY 4
L TSommert S {excl. al GL> 0.95) |
[P S I N B % ]
“.0 -05 0.0 0.5 1.0 15 2.0
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OTHER PARAMETERIZATION OF THE CKM MATRIX

1 0 0 C13 0 51367&; C12 si2 O
Vekm = 0 o3 s» 0 1 0 —s12 c2 O
0 —s»3 o3 —s;3e® 0 c13 0 0 1

C12€13 S12€13 sz

= —S512C23 — C12523513 ei5 C12C23 — 512523513ei6 S$23C13

S12523 — Crac3size”  —ciases — spcassize’®  cscns

Relation to the Wolfenstein parameterization

S12 = )\, S3 = A)\Z7 5136"(S = AA3(p =+ iT])

One can estimate: 612 ~ 13° | 623 ~ 2.36°, 613 ~ 0.2° and § ~ 69°
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CP VIOLATION IN THE LEPTON SECTOR

In the SM, neutrino are massless — no CP violation in the lepton sector.
BUT!!! Neutrino oscillation indicates that at least two neutrinos are massive.

wg. Amt =0003eVE,  sin?28 =08, Ey = 1GeV

e e e G @0 @:_);mm
v . qu)-:} W k{_ ﬁh 0] el @
& O  ©0pE @@ -

— Neutrinos as signature of physics beyond the SM
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CP VIOLATION IN THE LEPTON SECTOR

@ We can not set (V¥) = Veb, and (V¥h)Tvel £ 1

(] VVL = UPMNS and VeL =1

e ~1
g <
vi | = Upmns | 7
T ~3
v v
ot 02 0% are mass eigenstates, v, v*, U7 flavor eigenstates (or

interaction eigenstates)

@ The charged current for the lepton sector

Lec P Ubuns " @ W, + he),

:%(

How many independent parameters to determine the Uppyns unitary
matrix?

DAO (PHENIKAA) SM 8TH VSON
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THE PONTECORVO-MAKI-NAKAGAWA-SAKATA
MATRIX 1962

@ If neutrino has Dirac mass, right-handed neutrino v exists but it is
singlet and donot interact with other particles — donot observe

them .
_jhiv

14
"V2

The Uppns is similar to the Vg matrix. It is defined by three angles and one complex phase

Vk

@ If neutrino donot have Dirac mass, but Majorana mass
Example: d =5 Weinberg operator: cé-’:s (LT:L&Y‘) (&DTLJ-L)

v ot .
where L; :( L) andd):( ) d = iod
-jL eIL ¢O

— _
- Vi 5 Vi

— cannot rephase neutrino fields, but only 3 charged lepton fields
— number of complex phases= 6 -3 = 3.

The Uppns is defined by three angles and 3 complex phase (1 Dirac phase and two Majorana phases)
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STANDARD PARAMETERIZATION OF THE Uppmns

MATRIX

1

0 0

Upuns = |0 3 53

23 €23

€13
0

7513ei5

0 sjze
1 0
0 c13

is

c12 s12 0 elm

—si2 c2 O 0
0 0 1 0

This matrix can be determined from neutrino oscillation measurements.

Nufit 2020 results

NUFIT 5.3 (2024)

g

Normal Ordering (bost 1)

Thverted Ordering (Ax® 3

bip +io

3o ranze

bip +io 3o ranze

023/°
sin? O1a
013/°

0.30715:81%
33.667373
0.5727338%
4010
0.02203+5:00028
8.54%53]

1974}
74153

+2.51148:027

0.275 — 0.344
31.60 — 35.94
0.407

39.6 > 51.9

> 0.620

0.02029 —> 0.02391
819 > 880

108 —> 404

6.81 > 8.03

F2.428 — +2.597

030715017 0.275 — 0.344

33.67+0.7% 31.61 — 35.94

0412
39.0 — 52.1

0.578+0.010 > 0.623

495193

0.022104:5 0.02047 — 0.02396

8574011 5.23 > 8.90

28637 192 > 360

74183} 681 > 5.03

24984503 —2.581 — —2.400

K atmospheric data

Tivertod Ordoring (Ax® — 0.1)

Normal Ordering (bost ()
E

bip +io

o vange

Bfp £1o 3o ranze

sin® 012

012/

sin? 024
023/°
sin? O1a
013/°

Sor/?

03074017
33.6719 7%
045179312

4234858

0.02224° 38383

s.557g

TAIg3

2,505 5:028

0.275 — 0.344
31.61 — 35.94
0.411
30.9 = 51.1

> 0.606

0.02047 — 0.02397
8.23 > 8.91

139 — 350

6.81 — 8.03

2,426 — +2.586

03075017 0.275 — 0.344

33.67+8.78 51.61 - 35.94
056845518

489193

o412
39.0 — 51.4

> 0.611

0.0222240:05082  0.02049 — 0.02420
8.57+8:13 8.23 > 8.95
273738 195 —» 342

741493} 681 > 8.03

24874503 —2.566 — —2.407

SM

0
elm2
0
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CP VIOLATION IN THE SM: RECAP

CP is violated in the weak interaction both for the quark and lepton
sector as consequence of flavor basis £ mass basis and three generations.

@ The charged current for the quark sector

Lcc = 2\f (ULVCKM’Y'udLW+ + h. C)

Vekm (3 angles, 1 CP phase) is well determined from weak
interacion in hardon physics. 615 ~ 13, 3 ~ 2.36, 613 ~ 0.2 and
0~ 69

@ The charged current for the lepton sector

g2 ~ T TN +
Lcc=—"= (VLU re W+ h.C.) s
22 PMNS”Y m
U;MNS (3 angles, 1 or 3 complex phases) can only determined from
neutrino oscillation measurements. 615 ~ 33.44 |, 053 ~ 49.2,
013 ~ 8.15 and dcp ~ 19713]
— maximal mixing ??? many unsolved problems in the neutrino

sector
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WHY NEUTRINO MASS IS TINY

Majorana mass: d =5 Weinberg operator

d= TC R* bl
cd=" (Lchb ) (qﬂLjL)

i A If A> v, A\ can be mass of new particle outside the
SM spectrum, then the mass of the neutrinos is suppressed by a
large scale — Seesaw mechanism
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WHY NEUTRINO MASS IS TINY

Majorana mass: d =5 Weinberg operator

4 (159) (51

o A If A> v, A\ can be mass of new particle outside the
SM spectrum, then the mass of the neutrinos is suppressed by a
large scale — Seesaw mechanism

m, ~ ¥ <1leV
v =246 GeV,
A ~ 101* GeV
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THREE SEESAW MODELS
How to generate Weinberg operator from tree-level diagrams?

@ New field must be added to the SM.

4 (1) (51

@ Mass of new field must be large

@ lts couplings to the neutrino should be small

Type |
Fermion Singlet
(@) (®)
~ .
N .
N vn ”
w® b
vy, vy,

_ ,T_1 2
my =Y, /\/TRyVV

Dao (PHEN

A)

Type Il

Scalar Triplet

Type Il

(73

N
(®)

" )

N
_ 7.1 2
My =Yy mz¥zVv
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41 /42



STANDARD MODEL LECTURE 1+4+2: SUMMARY

SWART

il Discovery

HISTORY

Jhe Encl
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