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Beta decay

A(ma,mp,m¢c) = (ma+mp+me)(ma+mp —me)(ma —mp +me)(ma —mp —me)

fixed energy of daughter particles (pure SR kinematics, independent of the dynamics)
=> non-conservation of energy?

Pauli ’30: 3 neutrino, very light since end-point of spectrum is close to 2-body decay limit

v first observed in 53 by Cowan and Reines

0 N-body decays:A=>B+By+...+BNn  ER™ = mp,

2 2 2
s _ m4 +mp — (mp, + ... +mpy) 2

2m A

How are neutrinos produced?

— need 2 neutrino flavors
™ — UV (more about pion decay later later) 9! — €l V,u

, , 7 €
and flavor conservation since M ’}/

) m2 +mZ

electron energy from decay of muon at rest: m.c° ~ 511 keV < E. < 53 MeV =~ ; c
my,
Lederman, Schwartz, Steinberger '62: PV, — n,u+ but  pr, =N et

Fermi theory ’33 B B
£ — G]:(np) (Ve 6) exp: GF=1.166x10-> GeV-?
(paper rejected by Nature: declared too speculative !)
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Why Gauge Theories?

How are we sure that muon and neutron decays proceed via the same interactions!?

Tu = 10% vs. Theutron = 900s

L=GCGp Wf\ I o< GZm”®
T 5 [mass]?/2>4

[mass| ™ mass|

for the muon, the relevant mass scale is the muon mass my=105MeV: I'|, =

. G4%Am®
for the neutron, the relevant mass scale is (m,-m;)=1.29MeV: I, =0(@1) 3~
[(m~ — e 1)

ex: what about st decay T =10-8s? Why . ~ 107472

(7= = p=u,)

What about weak scattering process,e.g . €V — €l !

O X G%EQ non conservation of probability

/ / ™~ (non-unitary theory)

[mass] 2 ‘mass] ~2%? inconsistent at energy above 300GeV
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Electroweak Interactions
EZ

charged W = must couple to photon:
W
?vvv\/\, Y
W

=> non-abelian gauge symmetry [Q,T*]=T*

B2+ i)

I. No additional “force”: (Georgi, Glashow ’>72) => extra matter

SU(2)
[Ta, Tb] _ 7;eabchc
TH.T7]=Q [Q,T%

1
T = —(T' +4iT?)

V2
3
TTrirrepd ™ =0 = extra matter (

Xt
VL
€r,

=+ +T*

)

Xnr
VR
€R

|

T

SU(1,1) B,

)=

[QTi]:JriTi

non-compact

unitary rep. has dim oo

2D Euclidean group

T, T7]=0
Q,T*) =++T+
only one unitary rep.

of finite dim. = trivial rep.

2. No additional “matter” (SM: Glashow ’61, Weinberg ’67, Salam ’68): SU(2)xU(1)
=> extra force

Q = T3? Q=Y"? Q=T°+Y!

as Georgi-Glashow

Qer) = Q(vy) Gell-Mann ’56, Nishijima-Nakano ’53

= extra matter
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Electroweak Interactions

Gargamelle experiment '73 first established the S(2)xU(I) structure

idea: rely on a particle that doesn’t interact with photon and a NC process! Vu e > vye

- - - -

€ € € €

loop-suppressed contribution from WV:
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http://cerncourier.com/cws/article/cern/29168
http://cerncourier.com/cws/article/cern/29168

The SM particle content

Field Y Q=T°+Y
g5 (gluons) 0 0
(WiE, W) 1 (£1,0)
BO
7!
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Interactions Fermions-Gauge Bosons

Gauge invariance says:

L= gW/,i3 ZTst' ic*; | +g'By, Zyz i g

Going to the mass eigenstate basis:

— cWi —sB,,

with

protected by U(l)em gauge invariance

: : => No correction
not protected by gauge invariance

corrected by radiative corrections + new physics .
electric charge

/

— gg p— Sg p— Cg/
\/92 _|_g/2
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nggs Mechanism

‘--

Symmetry of the Lagrangian :
SU(Q)L X U(l)y

Higgs Doublet

B Gauge boson spectrum

B clectrically charged bosons

B clectrically neutral bosons
_ 3
Y =W, +cB

SM, ELISB, Higas

Chris fop/ﬁe Gr?/'ean

4, = CWE —sB,

Symmetry of the Vacuum

U(1)e.m.

Vacuum Expectation Value

) with v =~ 246 GeV

Weak mixing angle

¢ 9 Qiz = ;(9°+ 97

\/ 2_|_g/2
\ / 2 /12
+g Mcanz, 4a5a5z‘ 201$




Fermion Masses
SMis a chiral theory (# QED that is vector-like)

meerepr + h.c. isnotgauge invariant

The SM Lagrangian doesn’t not contain fermion mass terms
fermion masses are emergent quantities
that originate from interactions with Higgs vev

_ iU = -
Yij Jo, H IR, = < Jr. /R, y;hfLiij

V2 V2
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Fermion Masses

In SM, the Yukawa interactions are the only source of the fermion masses

3 YijU # Yij ; 7
y’ijqu;Hij — \;i qu;ij + \/%hqu;ij

2 "
mass - ~ higgs-fermion interactions
both matrices are simultaneously diagonalizable
no tree-level Flavor Changing Current induced by the Higgs

Not true anymore if the SM fermions mix with vector-like partners or for non-SM Yukawa

|H

2
[E )fL Hfgr, = \@ (1+ng;f2>fL fr;, + (1+3Cz]2f2) %} hfL.[r,

Yij (1 + Cij

Look for SM forbidden Flavor Violating decays h = yurand h 2 et

(look also at t—he ATLAS '14)

© weak indirect constrained by flavor data ((L— €7):BR<10%

o ATLAS and CMS have the sensitivity to set bounds O(1%)
o ILC/CLIC/FCC-ee can certainly do much better
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http://arxiv.org/abs/1403.6293
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Fermion Masses

In SM, the Yukawa interactions are the only source of the fermion masses

3 YijU # Yij ; 7
y’ijqu;Hij — \;i qu;ij + \/%hqu;ij

2 .
mass - ~ higgs-fermion interactions

Quark mixings

N (L0 + A (Q 0@y o + AL (@) a0 ) o +cc

me €R
EYuk quad — <éL7 L, 7_-L> my, HR
m TR
) o UR,o
(ﬂL,CM7 EL,om tLyoz) m. CR,a
my tR,oz
- _ mq dR,a
(dL,ngL,OzabL,a) V}(M me SR,«
mp bR,

cc
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Custodial Symmetry

B Rho parameter
12,2
19 Y

i(gQ + 9/2)7)2 gzﬂ_g/z

2

B Consequence of an approximate global symmetry of the Higgs sector

_|_
H = < f;bo ) Higgs doublet = 4 real scalar fields

U2

V(H) =\ (HTH -5

V(H) =23 (trd'd — V2)2

2x2 matrix explicitly invariant under SU(2); x SU(2)r
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Custodial Symmetry

unbroken symmetry in the broken phase

(Wﬁ, Wi, WEL’ ) transtorms as a triplet

Mz 0 LM 3 *Mz  —csMz W3 #
(ZW“)( 0 0 ) ( Y ) = (W, Bu) ( —csM2  s2M2 B

The SU(2)y symmetry imposes the same mass term for all W* thus ¢c*Mz = Mg,

The hypercharge gauge coupling and the Yukawa couplings break the custodial SU(2)v, which will
generate a (small) deviation to p = | at the quantum level.
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Counting the degrees of freedom

3 broken gauge directions = 3 eaten Goldstone bosons

Higgs doublet = 4 real scalar fields

— \

3 eaten One physical degree of freedom
Goldstone bosons the Higgs boson

unbroken phase broken phase

4 massless gauge bosons 8 dof 3 massive gauge bosons 9 dof

2 complex scalar doublet 4 dof | massless gauge boson 2 dof
| real scalar field | dof
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Playing with the Goldstone’s

2 .
YD oo (lor - 5r) b — e
1 (F 4 h(z)) ) o U(l) non-linearly realized
V2 0—0+af shift symmetry forbids any mass term for 0
f+h
f

¢ =

L= —c‘?hc‘?”h 2( )aeaﬂe )\(fh2+fh3+ h4>

if the U(1) symmetry is gauged
the Goldstone boson is eaten and becomes the long. pola. of the massive gauge boson

SU(N)?SU(N-1) »'-1)—-(n-1°-1)=2N-1 Goldstone bosons

(0\ [ o : ”:1 /(:) (N-1) complex 77

; ¢=exp | 7 . ) and 1 real 7T
\f) s T | (N = D \ f scalars

| | Un— Ul Un_
SUN-1) #0100t s =iy 7 (20 (BHE) (D) = (G2

linear transformation of the Goldstone under the unbroken sym.

. Y . T , +a non-linear transformation
SUNY/SUN-1) 6= i (1) et () som et (a5 oo "o oo
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Playing with the Goldstone’s

SU(Q)L X SU(Z)R
SU(2)v

>, — nggz

2

(V)
L=—TR (D, X'D'Y)
2 3

D, =0,% — ng“ Z—i—ng i B,

unitary gauge gauge- Iess limit
>, =1

1
m%VWJW_” + amQZZMZ“

non-linear sigma model with a cutoff 4mv & 3TeV
effective theory valid in the energy domain
(thanks to g=0.6)

my < E < 4dmv = 8mmwy /g
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