Fall 2020

Elementary Particles I

2 — Electroweak Interaction

Universal Current-Current Interaction,
Intermediate Vector Bosons, Gauge Symmetry,
Spontaneous Symmetry Breaking, Electroweak
Unification, Neutral Currents, Discovery of W & Z,
Precision Measurements, Higgs
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Helicity/Chirality - |
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With reference to Dirac equation:

o (1 0 0 o . (0 1 D; ati
= Y = Y = irac representation
T lo -1 e o) Tl oo P
c 0
S = E,Z = =~"yy’ =07’ Spin operator
2 0 o) —

o o
A= =P Helicity operator =
P -
A = ) o «
Helicity eigenstates 17
Ay = 0 o
1+ A 5
P =—— Projection operators onto helicity eigenstates 2
2 iz
Q
C
=
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Helicity/Chirality - I

Fall 2020

Projectors, indeed:

P+P+:[1+A][1+A]=1(1+A+A+A2)
2 L 2 ) 4
2
A2=<E'€) :1_>P+P+:1(1+2A+1):[ﬂ]=a, PP =P
|p| 4 2
1+A)(1-A) 1
P+P:[ > ][ 5 ]:Z(1+A—A—A2):O:PP+
1:1_2A—|—1—;A:P_+P+—>1u:(P+—|—P_)u:u++u_
A S
A:ﬂ:ﬁvsgzﬁwsﬁpizliap’y
pl = o[ |pl 2
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Helicity/Chirality - Il
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% Chirality operator
11— 14++° : e
P = — P, = Projectors onto chirality eigenstates
Pu=u
‘ L—>lu:(PL—|—PR)u:uL—i—uR
Frut = u,

A very important limit:

o-p=FE—[(Om
A:El—Mﬁ75_>75
p E>m
1+A  1£%°
Pi_ 2 E;m 2 _PR’L

For high energy, or massless, particles:
Helicity projectors — Chirality projectors
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Helicity/Chirality - IV
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Eu= (a-p —I—Bm)u

U= ¢ , ®,X 2 components spinors
c O 0 1 : . :

a= 0 _6], 15, —[ ] Dirac matrices in chiral representation
_){E¢=(G-p)¢+mx )
Ex=—(o-p)x+m¢ :
G- X
(op) ,_
{E¢:<G.p>¢ 0| E=P N :
— ,m=0— — ¢, x Helicity eigenstates =
Ex=—(o-p)x (6-p) 5
X X S
E=lp £




Helicity/Chirality - V

Fall 2020

States with definite value of chirality, massive or massless particles

Particle Antiparticle
uL=%(l—v5)u UL=%(1+75>U
uR—%(l—l—’y5>u vR—%(l—fyS)v
g Zﬁé(lﬂs) v, =6%(1—75)
ST S
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Helicity/Chirality - VI
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Reminder: Solutions of Dirac equation L
1 0 . p.—ip,
0 1 E—m E—m
u,u, +veenergy P. p,—ip, | | Px +ip, —p. Silbr—1)
uy,u, — V€ energy E4+m | E+m NV E-m || E-m
P, tip, p. 1 0
E+m E+m 0 1
Change to all 4+ ve energy solutions by introducing antiparticle spinors v,,v,:
! 0 p.—ip, | _e: £
0 1 E+m || E+m |9
u,u, tveenergyl p p.—ip, Ser=E).| P p.tip, ) :g
v,v, +veenergy| E+m || E+m | E+m || E4+m ®
: o)
px +lpy pz O 1 E
E+m E+m 1 0 :.)
— Antiparticle spinors have reversed momentum 5
=
' 1—7y s
v, =Pv= 2R S
N R L 2 g
1 L
v, =Fyv= 4_275




Helicity/Chirality - VI

Fall 2020

Helicity of chiral states:

u, <H>:—1
Up <H>:+1

— Helicity defined = Full longitudinal polarization

Massless particle: 1

u, <H>:—B
Up <H>:—|—B

— Helicity undefined, superposition of +1 eigenstates

Massive particle: 1

Massless particles: Helicity is Lorentz invariant

Massive particles: Helicity is frame dependent
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Electroweak Interaction

Fall 2020

Standard Model:
Electromagnetic and Weak Interaction unified into Electroweak

Energy scale where unification is evident:
E~M,, M,~100 GeV
At lower energies:

Can still find tiny traces of the unification (Electroweak interference, Parity
violation in atomic processes,...)

Electroweak interaction split into two, almost not interfering, effective interactions:

!

Electromagnetic
Non fundamental, useful low energy approximations

Weak
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Weak Interaction: V—-A - |

Fall 2020

After a long history of beta decay experiments: Current-Current (Fermi) Interaction
including Vector & Axial Vector terms in order to account for P & C violation

w =5 GBI,

V,4

b,

oA
14+ =
P, Cv

Neutrino helicity = — [ yields lepton current = V' — A4

C'=-C _>[1+CC_I;75 Y, :<1_75)¢u

—GT (¢ Y, P )(¢ gl (1—75)¢V)—|—CA (@p%%wﬂ)@@y“ys <1_75>¢”)}
% (B8 (@ (1=7°)8,) = Cu (8,705, ) (B (1=7°), )
G_;[ (@) = Ca@ymmsts ) (2 (1-77) )
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Weak Interaction: V- A - ||
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[c
L

Therefore:

G — C —
Hu =—=Cr (B, 1= G4 | (07" (1= 7))
14

Current-Current interaction:
Lepton current: V' — A4

Nucleon current: V' —aA (Strong interaction corrections)
Many violations in weak processes :

Space Parity(large)

Charge Parity (large)

CP (very small)

T(very small)

Flavor conservation(Isospin, S,C, B, T)(larger 4+ smaller)

Lepton numbers (Neutrino oscillations)
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Weak Interaction: V — A - lI
Observe: U_CE
26, (5 [,_C. - 1=7)
Hy, = 2 ¥Y,7, 1—C—V% Y, || 5 ¥,

2
_ 1—~° — A~
=7 Projection operator — ( ! ) :1 7
2 2 2
2G C (1—9)[
— H — L 1——A b~
nt \/5 wpfyu CV ,}/5 wn ¢57 2 wy
— C — (14| .|1=
_>Hint:\/§GF wp’}/u === 5]¢n][¢e[ fy ] :“[ 7 ]wu
C, 2 2

Lepton current written as pure vector between chiral parts of v,e states

— The weak charged current is just the same as the e.m. current, except it operates
between chiral projections with different charge AQ = +1
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Weak Interaction: Universality - |

Fall 2020

Extend V-4 to muon weak interactions:
pt—e +v, +v,, p —e +v,+v, p decay

f +p—n+v, [ capture, involves nucleon current

u decay purely leptonic:

Guess: Current-Current, V-A for both electron and muon charged currents

Lagrangian density:

L, = —%[Uﬂ% (1—75)u][57“ (l—vs)u]—l—H.C.

Compute:

u Lifetime
Electron energy spectrum
Electron longitudinal polarization
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Weak Interaction: Universality - Il

Fall 2020

Relativistic Golden Rule for 3-body 1 decay:

1 d'p, dp,  dp 4
dl =|M[’ Z 2 e (2069 (p —p —p —
| | 2m, (27T)3 2EV,L (27r)3 2E; (27T)3 2F, ( W) (p“ Py, — Py, p@)

|M |2 squared matrix element
1

Zm#

d3p”u d3pl7e d3pe
(2n) 2E, (2m) 2E, (27) 2E,

'flux' factor

phase space factor

5% ( Py—DP,, — Py~ pe) 4-momentum conservation

And:
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Weak Interaction: Universality - Il
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Feynman diagram (tree level):

p(4)
U

Amplitude %
S
=i|u g B = ) 18w 5\ (o S
M =i fa(v,) e (1= ule) S 7o) . (1297)(E)
Char gd urrent WI;I;a_gJato Charged current g
(27?)46()(19#—]9 —q)(2w 46<4>(q—p —p_) E
= e
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Weak Interaction: Universality - IV
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Group constants together

Integrate over internal /' momentum, ¢

(< get rid of 2 4-functions)

— Amplitude:
2
M =2 ai(v, )y (1= Ju(u)i (e)y” (1=7°)v(7.)
My,

— Squared amplitude:
2

g

et =[] o, o 1 ) )

[ﬁ(eM <1—75)V(17€)H1/_l(€>’7 (1—75)\)(5 )} g
Identity: %
[ﬁ(a)Fl(1—75)u(b)Hﬁ<a)F2(1—75>u(b)]*:TF[FI(/IJ+mb)}Tr[F2(/a+ma)} é
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Weak Interaction: Universality - V

Obtain:
4
(M) =222 (b2, ) P, .)
w

Muon rest frame:
Py :(mu’0>
_>pupl?e :muEl?e
pM:pVﬂ +p17€+pe

i £
~(p,—p,) =(p,, +p.) =
—>mi—2muE,?e :m62+2p1,“pe §
| >

—p, D= 5<mi —mez)—muE,?e g
4 %

—><‘M‘2>%2 Ew miEﬁ [lmM—Eg] -

m, % | 2 e

—
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Weak Interaction: Universality - VI
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2m, (2n) 2E, (27) 2E, (27 2E,

|21 d’p, d’p,  dp,

dl' =|M (27r)4 5% ( pP,— P, — D5, —pe)

Choose 1 rest frame as reference

Split 4-dim 6 into Energy*Momentum

6 (p,—p,, =Py, —p.)=08(m, —E, —E, —E,)6"(p, +p, +p,]

d’p, d’p, d’p,
E, E E,

—dl = () |

16(2%)5 m,
Integrate over p, ,p; . E; L E, :

§(m,—E, —E, —E,)8” (p, +p; +p.)

4
(@]
—dr=| B 4[m#2Ee]d3pe
my ) 16(27) | 2 3 -
4 i
m m 2
d’p. =Ip.| dlp |dQ), ~ E2dE,dQ), — dT = Ew p | 25, E’dE g
e e e e e e e mW (47‘(‘)3 2 3 e e S
4 5 %
—>szdf= Ew ! T=— %:3
my ) 12(8x) T, -
L
(g | 1 32w, 8m  Gim
- oA 3 YF 3 5

Gr




Weak Interaction: Universality - VI
N
o EléctfonISplectlrurTn o ._.=“_’

B fa) . :

g __'“'03 f——5.62 KGnussr—H;'

i ;

1

POSITRON MOMENTUM Mevisc

3
Measure p lifetime, get Fermi constant: Gfp” ) = /19272 =1.1638 10 GeV*
Tty
After radiative corrections: Gf,” ) =1.16637 10° GelV'~
Measure 7 lifetime and BR to electron, get Fermi constant:
]_'\ =5 3
g = [Hr= v )19 _ Qe 10 Gen
Pl‘ot TTmT
Compare to Fermi constant from 3 decay: G,(f ) =4.1361107° GeV
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Weak Interaction: Universality - VIl

Fall 2020

1 Decay : C& P Violations

Polarized 11~ decay: p rest frame

:l: —
2y x*(3—2x)|l £ cosb 23
dxd cos 9 3—2x
X= p_ 9<I(s P, )
cos 0 cos 0
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Weak Interaction: Universality - IX

Fall 2020

Charged current:

v,t+e —u +v,, inverse u decay

"'V'I_L j-l:

<

(=X Ve

;MﬁM; _ Z% i (3)7" (1= )Ju (V][ (3), (1= )u (1)] -

[@(4), (1= )u(@)][7(4)7" (1= )u(2)]

S (a) T (b)) (a) Lo (b)] =Tr [T, (g, +m, )T, (1, +m, )]

spin
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SIM,[ =64G2 (p p.)(ps- p2)
spin

i
2F

2

S|, =256G2E*
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Weak Interaction: Universality - X
do'_G;E*zll m, 212
aQ n° 2F
—>a:4i§ E?|1— 2’72‘*]2 2, E" CM energy of e, v
E ~.2mE,
:8G§mu

HO’

E o E, athigh energy
s

o badly divergent
— Unphysical
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Weak Interaction: Universality - XI

Fall 2020

Charged current v, /v, — e scattering:

v,+te —e +vU,

U te —U e

NB Actually incomplete:

Missing neutral current amplitude leading to the same final states
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Weak Interaction: Universality - XI|

Fall 2020
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Weak Interaction: Universality -XII|
do., <‘Mﬁ2> G;2mE, (l—cosﬁ*)2
a0 64rls 1677

Total cross section:

G22mE
0, =20 1057410 ' E, (GeV') cm’
37

2

ve — ve @
S

do, <‘M i >  G22mE, 5

dY 641s 47 E=
S
)

Total cross section: E

- 2mE
o, =2y 172104 E, (GeV) cm?

ve

s

N
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Weak Interaction: Universality - XIV

Fall 2020

Total cross sections:

2
o, =2 0574 10 E, (GeV) cm?
3m
2
o, = Gr2mb, 172 107" E, (GeV') cm’
T

as divergent at high energy as the inverse muon decay

NB Cross sections only crude approximations:

Neutral current contribute not included

Interesting factor x 3 between ve and ve
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Weak Interaction: Universality - XV

Fall 2020

Origin of factor x3:

%k
z=¢cos0

Why 3 difference?

f
incoming l J 0 outgoing, 3 1 ' o o 0
rl.

',

INCOTng l & oo 1 outgoing, 3 +1 t J l

I/ I’

forbidden (angular momentum) at +1
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Weak Interaction: Universality - XV/|

Fall 2020

Semileptonic and non leptonic processes understood in terms of quarks

Coupling basically similar to leptonic charged currents:

Obzerve: q.q' different quarks
Charged curren t

Picture is slightly more complicated, however
Fundamental question:
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Weak Interaction: Universality-XVI|

Consider charged current of leptons:
Very natural to group charged and neutral leptons into doublets, or families

Fall 2020

Within each doublet, charged current transitions can be thought as due to emission/
absorption of //* bosons , similar to (neutral) e.m. current transitions

W__>Tyel_>W+
W «— e «—W"

Similar for 2nd, 3rd family
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Weak Interaction: Universality-XVII|

Fall 2020

Natural to extend this scheme to quarks
u C 4
d S b

W_>Tul—>W+
W «— d «—W"

Similar for 2nd, 3rd family

Almost correct, but incomplete:
Does not account for strangeness (more generally, — flavour) violating processes

Cabibbo’s very ingenious idea:

Quark flavor eigenstates (i.e., quark model eigenstates) are not to be identified
with quark weak currents —-Weak currents are mixtures of different flavors
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Weak Interaction: Universality-XIX

Fall 2020

In terms of mixed “d-like” quarks, with just 2 families:

o

This explain many things....

cosf. sind, ] [a’

. ] 6. Cabibbo's angle
—sinf,. cosO,

S

How to extract 6.7

Just one example: Get the angle from £ decay

GY) = 0.975G\") (Remember that 2% difference ?)
— GV = cosh,.GY

— 0. ~13°
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Weak Interaction: Universality-XX

Fall 2020

Extend the idea to 3 families:
From Cabibbo’s angle to Cabibbo-Kobayashi-Maskawa matrix

Mui LJ;!.S E}h | d} | df}
s Mg W |lskbe= ||t
J;;i! .I;,H J;.J'i' |h} |b!}

From unitarity:
3 mixing angles
1 complex phase  This can account for CP violation

Experimental values:

0.9753 0.221 0.003
0.221 09747 0.040
0.009 0.039 0.9991
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Heavy quarks even more diagonal
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Weak Interaction: Universality-XXI

Fall 2020

Extend V-A to neutrino-nucleon scattering
V,tN-ou +X

— +

V,tN-o>u +X

Somewhat similar to e-N, 1N deep inelastic scattering
Modeling similar to DIS: Parton elastic scattering

Deep ineastic neutrino scattering reveals the same structure as charged lepton DIS

More information: Charged current sensitive to parton charge sign

— Can separate quark/antiquark contribution

And: Yes, by looking at (anti)neutrino-nucleon DIS structure functions (probing the parton

structure by charged — and neutral — weak currents) one concludes that quarks couple to weak
currents exactly as leptons
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Weak Interaction: Universality-XXI|
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oE };:] m CCFE (%) [(] O BEBCWBS [11] w C&RS |I 8
0.2 ] X CCFR(M) [ © GeMPsv  [17] ¢ axt |3 902 ®
C B3] CCFRR [5] A GGM-PSv [13] x BNL-72|3 o
iy [4] = CDESW [ v EEP-ITEP [14 CEHARM|F 'c
= 7] @ GOM-EPE [10] A SEAT . -
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Troubles: Unitarity - |

Fall 2020

Divergence at high energy : Unitarity bound violated around E, ~ 300 GeV

0<4—7T: T

— k2 E*2

Unitarity bound for S-Wave scattering

Reminder: (Simpler) Spinless potential scattering

Expand incident (plane) wave into angular momentum eigenstates
L 5 204+1)|[(=1)'e ™ —e™ | P(cosO

, Zkr;( )|(=1D) | B(cos )
Outgoing spherical wave phase shifted by potential:

\Ijtotal — \Ijscattered + \:[ji — i z (2l + 1) [(_ l)l e—ikr — 771621'61 eikr ] })l (COS 9)
/=0

lkr ) 216, ikr

P Z(zz+1)"’ — P(cosf) =< —£(6)

scattered
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Troubles: Unitarity - Il
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Outgoing elementary flux:

d¢ - VOMZWSCLUWSC[” ZdQ - Vout F1(0)|2 dQ
Incident flux:
@ — \Ijlnqjmvm - v
o do =2 |F@) 4
(Din
o= [|F©O) a2
J1F@) :
o2 _ 2i5,, 1" =
:_Z(ZZ—H) e 1(2m—|—1) 1} e
! °
]
.‘5‘)
X f P(cosO)P, (cosd)dS) o
2161 1 2 4 :C)
Z(zz : ] - I;Z(Zl—l—l)sinz 5 =
21 ] 5
G
— 0,y = 4—72Tsin2 0, < ar = A Unitarity bound for S-Wave scattering E

k2 E*Z

w
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Troubles: Renormalization - |

Fall 2020

Suppose Fermi’s theory can be saved by radiative corrections:
Assume divergent cross-section as due to our limited, tree-level approximation
Maybe higher orders could fix it

Take QED as an example

&EWQW}W

These diagrams (and higher orders) divergent:
However, nice fix available by renormalization procedure

Very successful program, leading to extraordinary accuracy & agreement
between theory and experiment
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Troubles: Renormalization - I

Fall 2020

Higher order diagrams in Fermi’s theory:

Cannot be fixed by renormalization:
Fermi’s theory non-renormalizable

Indeed: Each vertex ~ G
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Troubles: Renormalization - |l

Fall 2020

Lagrangian density (u decay etc)

G, _ ., _
LFermi:_T; ,uj/ (l—j/s)ﬂej/a(l—ys)l/e
Action dimension:

S = jLFermid4x —[S]=[E][T]=|E] [E*] =0 Action dimensionless
— [LFermi] = |:E4:|

[LFermi ] = [GF ] [W4:|

Field dimension: [(//] = [E Y 2}

— [LFermi] = [GF]I:E6:| = |:E4:|

— (G| = [E‘2]

Amplitude dimensionless: [4]=0

— Bach G,. in the amplitude to be dimensionally compensated by some k° factor

— Loop diagrams of higher orders must include integrals of higher powers of &
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Intermediate Vector Boson - |

Fall 2020

As anticipated:
Forced to go beyond Fermi’s theory
Current-Current must be a low energy effective theory:
Low energy approximation of a more general theory
Replace contact interaction (current-current) by boson exchange:
Modeled after the electromagnetic interaction
Exchanged particle must be
Charged (Charged current +)

Chiral  (Only coupled to left chiral parts: Parity violation)
Heavy (Fermi’s point-like interaction OK at low energy)
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Intermediate Vector Boson - I

Some key points

A) (Quarks and) Leptons (both) interact through the exchange of vector particles

AQ==1 AQ=0

“erice in corrente carica Yertice in corrente neutra Vertice elettromagnetico

Fall 2020
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Intermediate Vector Boson - |l

Fall 2020

B) Exchanged vector bosons are (very) massive
Range of weak interaction quite small:
Compare f-decay of nuclei, R<R,, ;...

Cannot tell how large is boson mass, just raw estimate M > 1 GeV
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Intermediate Vector Boson - IV

Fall 2020

g.—4.4,/M,

Gauge dependent
qz — M;, ( g P )

W propagator: —i

&0 =94,/ My _ 8

2 .
i~ -independent
7 — M mz TP

g <M} — —i

2
1 _qn 1 g (o1
T, ~=|—=| g&|a =4+ (1—4° ugl)]i 2 [u(z)_ 1—~)ul?

—T, = i%4x/§GF jH )

I

g5, =, Charged current coupling constant

J2

g

2

Ew

M

Fermi constant

w
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Intermediate Vector Boson - V

Fall 2020

Showing how Standard Model diagrams collapse into current-current at low energy:

_ M?
q2 <<M§/_>_lg,u1/ 2q,uqyé w %lgug
q —M, M,

Y
y -
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Intermediate Vector Boson - VI

Fall 2020

Good fix for some problems:
Cross sections of several neutrino reactions

Inverse Muon Decay:

(G2k? y 4Gk
do _G;M;V[ 4k j2_> do |2 <M, o T
dQ,.,, l6x’k*\ 4k*-M; dQ., G:M, ., ) G.:M,,
———,4k" > M, =

L 1677k 4rk

No divergence!
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Intermediate Vector Boson - VI

Charged current (only), tree level elastic (anti) electronic neutrino-electron cross sections:

W

=

dfdey = <q2 —M;,)
g’ ~—2k*(1—cosf), s=4k’

2 2 2 2
M )
%02& 4];](2 — GF UL , ho dlvergence!
kK>ME
s 1+ 4 > s
M,

_GM,, 4k> _GM,, 1
3 22 3p 2 )2
16k4[1 M@] 4k2[1—2/2§]
23 14
—0 — Gr MW, no divergence!
i 37rs
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Intermediate Vector Boson - VI

Fall 2020

Another dark side of naive [IVB model:
Take hypothetical reaction

V“+EM—>W+—|—W_

No question, not easy to realize in the lab...
Nevertheless, it should be possible to compute the cross section

Anyway, similar issues for the (realistic) reaction

et +e =W 4+W"
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Intermediate Vector Boson - IX

Fall 2020

Central 1ssue:

Massive W= bosons in the final state

— 3 polarization states for a massive vector particle

Rest frame:
e, =(0,1,0,0) .

e, Transverse polarizatiom
e, =(0,0,1,0)

E, :<0,0,0,1) e, Longitudinal polarization

After a z-boost, carrying the W to 4-momentum k" =<k°,0, O,k)
er (k)= ¢, (0)

€ (k):[M—,O,O,MO
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Intermediate Vector Boson - X

Matrix element (1 =v, W, 2=, W ;p=v,k=W):

/1—/(14—111#) v

PR (1=7s)u(p)

Fall 2020

Tf?lAz = gz“’:j (kza)‘z)‘g:* (kl,)\l)V(pz)v“ (1_'75>(

By:

Neglecting ;4 mass,

Restricting to longitudinally polarized W's (A = 0),

Taking the high energy(C> M, ) limit for the polarization 4 — vectors,

commuting -, :

00

1o =& Tk (1) (4, KK S K (B - KK )

! _M;/ (p1_k1)4

By averaging/summing over initial/final spin projections:

— p-k)(p .k): E*(1—cos 0)— — = E~sin” 6
- 1 M )\FPa iy M ( ) dQ

M : 87>
w
— Still divergent at high energy

00
Tﬁ

W ™
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No simple solution for this problem :

Massive vector particles cannot make it without 3 polarization states
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Intermediate Vector Boson - XI

Fall 2020

Compare to well known QED process

No contribution from longitudinal photons:
Real photons always transverse, as a consequence of gauge invariance of QED

(Compare to classical radiation field: E, B purely transverse)
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Hope the gauge invariance benefits can be extended to weak interactions..
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Intermediate Vector Boson - Xl

Fall 2020

Is that a single trouble, unrelated to the full IVB scheme?
Have a look at diagrams including virtual W:
Discover that a new divergence hits hard our naive IVB model..

Looking at virtual W propagator:

—g +kk /M
Ew " ”2/ v — const
k= —M,, k=00

— Will make diagrams with virtual Ws divergent at high energy

Serious illness of IVB model, particularly relevant for neutral current processes
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Intermediate Vector Boson - Xll|

Fall 2020

Neutral current reactions like:
1% p +e — v p +e

_ - 5 _
VM—|—€ VM—|—6

Not allowed at tree level by our IVB model, only by loop diagrams:

H o
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But we can’t compute loop diagrams including virtual W:
Divergent, IVB theory not renormalizable
Basic requirement: Theory must be renormalizable
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Intermediate Vector Boson - XIV

Fall 2020

Aside: Expect strong suppression
Surprisingly, after first observations: NC Cross sections = Allowed processes

v,t+te —e +v,

v,te —u +v,

Suggestion:
Maybe neutral currents do exist at tree level, e.g.

Y
'
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[Indeed, neutral currents are required in standard electroweak theory]
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Gauge Symmetry - |

Fall 2020

What makes QED so successful?

Renormalization program allows for computing observables with high accuracy,
comparable to experimental resolution

QED is a renormalizable field theory
Fermi’s theory is a non-renormalizable theory
And:

Naive IVB theory of weak interactions is a non-renormalizable theory

Try to discover what makes the difference
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Gauge Symmetry -

Fall 2020

Back to QED for a while: Reconsider global and local gauge invariance

Free Dirac Lagrangian:
L, = @(x)(i’y’“‘(‘?# — m)¢(x)
Invariant upon global gauge transformation:

P(x)— P'(x)=e""P(x)

o , v constant
P (x)— ¥'(x) =" (x)
Noether's theorem — Conserved current:

0,s" (x)=0, 5" (x)=q¥(x)7"¢ (%)

— Conserved charge:

0= f d3r—const
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Gauge Symmetry - Il
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Non invariant under local gauge transformation:

¥(x) = 9'(x) ="y ()
()= P'(x)=e""p(x)
L,—L'=1L, +q@(x)7“¢(x)8uf(x>
Define then a covariant derivative as:
D, () =0, +igd, (x)} i (x)
where, upon the previous local gauge transformation:
4,(0) = 4,(x)= 4, (x)+ 9,/ ()
Then the Lagrangian:
L= (x)(7"D, ~m)(x) = L, 4B (x)"¥(x)4, (+
1s invariant

L contains an interaction term (<— j“AM>
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Gauge Symmetry - |V
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Consider a single family of massless leptons:
Ly =i (x)7"0 4 (x)+ i, (x)7"0,4, (x)
Chiral spinors:

v (5) = B (x) =5 (1= (¥

W (x) = P ()= 5 (142 )0 ()
= Ly = (x) 70,0 ()40, ()70, (x)
+4 " (0)7°0,16  (5) 443, “ (+)7"0,18," (+

Charged current: Connecting two leptons with AQ = +1
To encode this into a symmetry scheme, define the doublet:

=) )

— Ly =i0 " ()"0, 0 * (x)+i) " (x)7"0,9 " (x)+i%, " (x)7"0,4, * ()

o (x) =

W,
P
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Gauge Symmetry - V

Fall 2020

Suppose the L-doublet realizes the fundamental representation
of a SU(2) (gauge) symmetry of the weak interaction ,
exactly as U(1) 1s the (gauge) symmetry of QED

Then L-spinors will transform

U (x) = 0" (x)=U () T (x) = exp[ia .T./Z]\I!L (x)

U (x) = U (x) =" (x)UT (o) = TF (x exp[—loijj/Z]

a,,Q,,0, 3 continuous, real parameters

T,,T,,T;  Paull matrices

[Remmder [7‘ T, ]—215yk ]

Also take R-spinors as SU(2) singlets:
0 (1) 0 (x) =" (3), 0 () = 01 ()= ! (4
P (%)= 9 (x) = 9" (x),8 (x) = & (x) = 4" ()
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Gauge Symmetry - VI

Fall 2020

According to Noether’s theorem :
Expect conserved current after L invariance

under infinitesimal SU (2) transformations :

& (x) — Ut '(x) = (H—ioz.T./Z)\IJL (x)

T () — T (x) = T (x)(1iar, /2

— Identify 3 weak isospin, conserved currents / charges:

J(x)= %\Tf (x) 77,0 ()

= [ @ (x f W (x) 7,0 (x)
Make 2 non — Hermitian, linear combinations :
J# (%) = 2] (x) =2 (x)] = [T ()77, 0" (x)— FB* () 7, 0" ()
T (x) =2[ " (x)+ it (x)] = T" (x) "7, O (x) +iT" (x) 7,0 (x))
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Gauge Symmetry - VII

o= ()9 =) )
Then:
=T et )=c ) ) o)

=4, (¥)7y" " (x)+9 " (x)7"9," (x)

iJ, (x) =iT" (x)y"r, 0" (x) =i(4," (x) &"(x))y" [(l) :)i][%L (x)]
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Therefore:
T (x)= 29" (x)7"4," ()
I () = 28, (¥) 7" ()

nichetti -

E.Me

: Just our weak charged currents
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Gauge Symmetry - VIII

Fall 2020

Ji = %@ (x) 7, T ()

U (x)y" 0" (x) = (8, (x) " (x))" [(1) - l] [Zi ((;))]

= T ()70 ()= (8, () 9" ()"

g = T ()T (e (3]

Neutral (as opposed to charged) current

Observe:
2nd term is actually part of the electromagnetic current, up to a constant factor

o =—e (x)7"(x) =—e|9" (x)y"¥" (x) + 9" (x) 14" (x)
Might be possible to unify EM and weak interactions. But:
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Count 3 weak isospin 4+ 1 electromagnetic currents = 2 charged + 2 neutral
— Unified symmetry group must be larger that SU(2), which has only 3 parameters
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Gauge Symmetry - IX

Fall 2020

Early models ( between ’50s and ’60s...):
Neutral current = 3rd weak 1sospin current

Symmetry group is SU(2), xU(1),

SU(2); (Non Abelian) symmetry group of weak interactions of L-fermions
U(1), (Abelian) symmetry group of QED

Then:

Neutral current has same V-A structure of charged current
(Wrong: When finally observed, neutral current was found # V-A)

Weak and Electromagnetic interactions stay independent
(Wrong: At high energy, proofs of unification easily found)
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Gauge Symmetry - X

Fall 2020

Rather assume the symmetry group of (unified) Electroweak interaction is
SU(2) xU(1)y

where Y 1s a new observable called weak hypercharge

T ==y = I == (x) 7 (x) =B (<) (x) =B ()" ()
s g =2 B (D)7 ()= B (3) 7 (6) =B (x) 7" ()

— Conserved charge:

Y= [Pun(x)=2 -1

e

Fermion EW quantum numbers: Defined by 1,75, Y

Different for different chiralities!
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Gauge Symmetry - Xl

Fall 2020

Find the EW quantum numbers of (chiral) leptons :

I",L) Y|, Ly=(-1)|I",L)
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Gauge Symmetry - XI|

Fall 2020

Extend to /ocal gauge transformations

First SU (2) gauge transformations: Similar to QCD
L —doublet

I (x) — Ut '(x)
T (x) = 0 (x)
R —singlet

P* (x) = 9" (x)
" (x) = 9" (x)

U (o) 0" (x) =exp|i gw, (x)7, /2] 0" (x)
B (1)U () = T (x)exp|-i g, (1)1, /2

P () (%) =
P ()8 (%) = o (x) =4, (x)

W, (x) : 3 real parameters, functions of (r,t)

As for QCD: L, not invariant

L,—1L,'= L, +6L, =1, _% g T (x)7,7,0"w, (x) U* (x)
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Gauge Symmetry - XI||
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— Define a covariant derivative for the doublet:

oMt (x) — D"t (x) — I (x)

0" +i§TJWJM (x)

W . triplet of (charged, massless) ,gluon —like vector fields

Requiring suitable transformation rules:

[Repeated indexes summed, w, infinitesimal]

Wi (x) = W} (x) =W} (x) = 0"w, (x) - ge yu, (x) W' (x)

— L 1nvariant
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Gauge Symmetry - XIV

Fall 2020

Now weak hypercharge U (1) gauge transformations: Similar to QED
¥(x) = 9'(x) = (x)
() = §'(x) = P(x)e)

— Define a covariant derivative:
8“¢(x) — D“¢<x> = [8” +ig'B" (x)]tp(x)
B" : Neutral, massless photon — like vector field

g': New coupling constant
B"(x)— B"'(x)=B"(x)=0"f (x)

— L invariant
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Gauge Symmetry - XV
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Collecting all pieces together:
L=i| 0" (x)y, D" (x)+ 9" (x)7,D"Y" (x)+ 9" (x) D" (x))

DA () =0 +i L7t ()~ i%'m ()| 2" ()

'

DA (x) = |0 —i8 B (1) (x)

D"y (x) = Q"X (x)

Write it as:
L=L,+1L,
L, :_g‘]lu (x>VV1/z_gJéL <x>VV2/~L_gJ3M <x>VV3u_g'JI/; (x>Bu (x>
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Gauge Symmetry - XVI

To understand the meaning of the interaction terms :

Fall 2020

Re — write the interaction part

Define

7, (x) === [, ()=, (+)

I

And get for the first 2 terms:

=SS W )+ (0, (3]

Charged current interaction of L — fermions
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Gauge Symmetry - XVII
Define: )
Wy, (x)=cos0,Z, (x)+sinf, 4, (x)

B, (x)=—sin6,Z, (x)+cosf, 4, (x)

7

Reminder:

T3 (x) =28 (x) =2 ()

~ Tt (%)= 2 ()

g—gJ3“ (X)W, =—gJ¥ (x) [cos 0,2, (x)+sin6, A4, (x)]

r—g'J{; (x)BM (x)=-—g' [—siné’WZM (x)—l—cosQWAu (x)]

— Remaining terms:

—J! (x)g: [— sin6),Z, (x) +cos 0,4, (x)] T
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—J (x){g [cos 02, (x)+sinb, 4, (X)] +g '[— sin6,, Z, (x)+cos 6, 4, (x)}}
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Gauge Symmetry - XVII|
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Most simple way of unifying the EM and weak interaction :

Require this condition on g’,6, constants

gsinf, =g'cosf, =e

and contemplate the miracle:

L =—Jf, (x)4,-==| J ()W, +J*(x)W,} |- B (x)}Zy(x)

2\/_

J,U
cosé’ { ( )
Electromagnetic interaction

Charged current weak interaction

Neutral current weak interaction
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Gauge Symmetry - XIX

As for QED:
Additional terms required in order to account for:

Fall 2020

Energy, Momentum, Angular Momentum

carried over by the fields

Weak Hypercharge field:
1 v
18,18 (x
B* (x) =0"B* (x) —0"B" (x)
Similar to QED: Abelian symmetry U(1)

Weak Isospin fields:
1 & i i)uv
_Z;G()w(x)(;()u (x)

3
G (x) =W (x)-o W (x)+g 3¢,

ik
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WO (x) W (x)

~ i.j=1
FO (x)

Similar to QCD: Non-Abelian symmetry SU(2),
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Gauge Symmetry - XX
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Gauge Boson Lagrangian:

14

3
vy gﬁkW(m(X)W<k>V(x)aﬂW(k>v(x)_% S 6,6, WO ()R () (x)w)

L, = Free term

L;, = Self-Interaction term
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Gauge Symmetry - XXI

Free term: Rewrite using A*,W* W™ Z*:

L == B ()™ (x) =5 " (0) P ()= 2, (x) 2 ()

Field tensors:

F, (x)= 0,4, (x) -0,4, (x) Coupled to EM current
F” () =0, (x) =00, (x)
F7 (x)= orw (x) — o'W (x)
Z" (x)=0"Z" (x)—-3"Z" (x) Coupled to Neutral current

} Coupled to Charged current

Self-Interaction term: Similar to 3- and 4-gluons terms of QCD

yor Z°
- | LN

‘{utzo

wT \‘\ w+
yor Z° \ // x\\){
FANTA
w ~ .

Fall 2020
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Gauge Symmetry - XXI|
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Massless leptons & gauge bosons not physical: Mass must be there
But: Putting 'by hand' a mass term in L would spoil gauge invariance

Gauge bosons:

1
my, W W +Em§ZﬂZ”

Take I as an example:

Wt W —0"w,(x)—ge, o, (x)W infinitesimal parameters

Then:

my, W W* — my, (Wi”‘ -0"w,(x)—ge 0, (x)W* )(Wl” -0"w,(x)-g&, 0, (x) Wk”)

= m, W W*"
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Gauge Symmetry - XXI|I
Leptons: "'=“'s
—my (x)y (x)

Write in terms of chiral parts :

—mw(x)w(x)—mm[ij(x)

l+y -y
p=—2%s p=—13
) )

_)_mlp(x)(uzys N 1—2y5 jw(X) _ —mt//(X)((szs )Z +(1—275 ﬂ‘”(x)

s () 2 T ()=, (3w ()= (3, (3

2 2
Not invariant under SU (2):

L, R chiral parts live in different SU (2)representations
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— Different gauge transformations

— Mass term not gauge invariant
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Gauge Symmetry - XXIV
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Bottom line: Any mass term not invariant

Glashow model (1961): Put mass by hand
— Gauge invariance lost, back to naive IVB

Finally, discover a subtle mechanism to give mass to physical states,
without spoiling gauge invariance:

Spontaneous Symmetry Breaking

Broad phenomenology, also remotely rooted in classical physics
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SSB - |
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Symmetries: Frequently approximate — Broken

Breaking modes:

(a) Explicit breaking (b) Spontaneous breaking

H=H,+H, H symmetric, ground state non symmetric
H, 1invariant

H, non-invariant

Ex: Hydrogen atom in a magnetic field B Ex: Ferromagnetism
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p Ze T >T.:M=0— Dipoles randomly oriented
H, = o rotationally invariant > Rotational symmetry
H, =—p-B invariant wrt rotations around B
—> H, degeneracies removed by H, T <T.:M # 0 — Dipoles pick some direction

— H degeneracies not removed

Ground state degenerate

~
oo




SSB - |

(@)
AN
o
AN

@©
L

High Temperature Low Temperature

N I N S A A A A A

w % - o A A B A A

b N -y FAAKAAS

b h - YA A A AN 5

e e LA SV A 5

Fooow b oA KA A A A S
é

~
(o)




SSB -

Fall 2020

Take a first year classical mechanics exercise:
Bead sliding frictionless along a spinning hoop
Find equilibrium angle

Q
/ N = mw’R
, N, = Ncosf = mw’Rcosf = mg
\

(

g
W'R

— cosf, =

Funny observation:

Critical frequency: cos@, =1=
@, R
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For w<w, : Different solution
6, =0
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SSB - IV

T = lmv2 = lm(thé’2 + w?R?sin? 9)
2 2
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V=mgy= ng(l—cosH)
L=T-V = %mRzé’2 —|—%msz2 sin® @ — mgR (1—cos0)

1 :
L= EmRzﬁz —V,,

Define effective potential, including centrifugal term :

1 . *Rsin’ 0
Vy = ——mw’R’? sm29+ng(1—c089):ng (l—cosﬁ)—w > 2
7 2g S
=
Define reduced effective potential, 3 parameter : ;
v 1 w'R . E
U=-—% :<1—cos6’)——w sin” =
mgR 2 g =
) =
w R 2
B= 5
g =
LLl

—>U:(1—(:039)—%ﬁsin29:2sin2§—§(1—cos2 0>:2sin2§[1—ﬁcos2 g]
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Find equilibrium angles, identify stable and unstable :
oU

= sinf (1— B cosf) =0
cosf, = L
—> - 0 ! peo
2 ¥91 =0 Ule) goi J
a(j:cosﬁ—ﬁcosw 2 o
el G
b —
f S
g lzj =1—03 stable for 5<1 aed T
90 6=6, W3 3 5 B H 5
2 & 9 =
2 5
4 lzj = 1 stable for G > 1 82 =
09 0=0, b -2 4 %
=
L
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Fall 2020

Showing how shape of potential curve, equilibrium angle change with S

| \\ \Q, . |
I Qsmbl-
O [re—
5 6
-§ 1

a) f<I — I eq. angle
>1 — 2 eq. angles: Cannot tell which one will be found
Reflection symmetry of V" lost («— spontaneously broken) in the solution
of eq. of motion
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b) Small oscillations around equilibrium angle:
p<I — OK Symmetrical wrt origin
[>1 — KO Non symmetrical wrt origin
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SSB - VI

Quantum Mechanics: Simple system with 1 degree of freedom:

Fall 2020

L, : V
LZEmXZ—E)\2<x2_772) \ /

1 2 \
V(x)zz)\2<x2—772) \ /
Potential: Parity symmetric \ / \/

V <x> _ V (_x> -n n q

Expand around + 7 to quadratic terms only: Harmonic oscillator
|+> solution, centered on +n

|—> solution centered on —7
Naively:

Expect two degenerate ground states, both with undefined parity
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SSB - VI

Fall 2020

But:

H not diagonal in this basis
(HIH|+) = (—|H|=) = a(+[H| ) = (-|H|+) =1

Physical reason : Tunneling through central barrier

— Diagonalize, find:

Eigenstates Energies
[S)=I+H)+-)  a+b
[4)=[+)-|=) a=b

|5),

— Degeneracy removed: Just 1 ground state

A> : Parity eigenstates
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SSB - IX

Fall 2020

Field theory: Real scalar field W>01>0 W<0,A>0

L =%(a#¢)2 —V (o)

Vig)
Vio)

1 1
V((D) =5ﬂ2¢2 +Zﬂz¢4,l >0

Reflection symmetric: V (@) =V (—¢) ¢ e
0
V' Minima:
w>0:4=0
/uz

‘<0:9g=v=1+,|-"—
H ¢ a

¥ Minima: Defining vacuum state (<« Cannot have less energy)

1° >0:Vacuum (non degenerate) = Zero field
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1° <0:Vacuum (degenerate!) = v # Zero field !!
v = Vacuum Expectation Value (VEV) of ¢
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SSB - X

Choose vacuum state:

<¢ (x)>0 =v  Spontaneous Symmetry Breakdown
Define: ¢(x)=v+n(x)

4 2

1 2 1 1 2 1
— L =5(8#77) —/1(1/2772 —vn’ ——774j = {—(@77) —/11/2772}—/11/773 ——An*

L= %(8ﬂ77)2 —Av’n® +hi of n

— Free Klein-Gordon equation — Scalar quantum field

m’ =24v >m=+-2u" >0

[Observe: 1 < 0 — Imaginary mass in original L!} P;

KO: L(n)# L(-n) ’

Reflection symmetry spontaneously broken

4

“ln, mﬂmllml I lnmﬂ

Field

Fall 2020
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SSB - XI|

Fall 2020

What makes the difference between a single degree of freedom system and a field?

1 degree of freedom: Vacuum not degenerate

< Tunneling

oo degrees of freedom: Vacuum degenerate

«— Tunneling not effective

Indeed, 1t can be shown that:

aV

A4, e, V system volume

— A ~ () for a (inﬁnite) field

tunnel
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SSB - Xl

Fall 2020

Field theory: Complex scalar field
1 : | :
¢ :$(¢1 +l¢2),¢ :$(¢1 _l¢2)

L=(0,9)(0"8) ¥ (9)

V(¢)= ,U2¢*¢+/1(¢*¢)2 A>0,1° <0
U(l) symmetric: ¢ — ¢'= e

Observe: U (1) continuous symmetry

V- Minima:
2

(<04 4] ==E

— Vacuum infinitely degenerate

Choose vacuum = (v,0)
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—>U (1) symmetry spontaneously broken

oo
©




SSB - Xl

Define:

Fall 2020

()= 5[ (x) in()]

L :%[(Gﬂ )2 +(8ﬂ77)2}+,u2772 +hi of n

Free Klein-Gordon equations for ( , 77)
But: "Kinetic energy" terms for both £,77; Mass term only for 7
n field excitations: massive scalar particles

field excitations: massless scalar particles, aka Goldstone Bosons
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SSB - XIV

Fall 2020

Summary:
SSB of a continuous, global symmetry — oo degenerate vacuum states
Symmetry generators transform any vacuum state into another one

— Do not annihilate the vacuum state
[Indeed, for a non-degenerate vacuum: <gb> , Invariant under G

— (@), = (1+iaG)(¢), =(¢), = G{¢), =0

— G does annihilate a non-degenerate Vacuum]

For degenerate vacua: Goldstone Theorem
n generators not annihilating the vacuum — Appearance of » massless scalars

Also called Goldstone bosons
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This is actually very bad news for our primordial SM...

(@)
—_




SSB - XV

Example from condensed matter physics: Ferromagnet

Fall 2020

Interaction rotationally invariant

But, below Curie temperature

— Spontaneous magnetization in a random orientation
— Rotational symmetry lost

— Degenerate vacuum

— Goldstones Non-relativistic version of massless

Spin waves = Zero energy-gap quasi - particles (1.e. lattice excitation)

el TTTITITIM

e TTPTITEEY
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High energy
(o4 Excited S i e Y A A o1 - e
Side | | | | | | | |
state view \| | f | I |
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SSB - XV

Would seem to definitely destroy our hint of a Standard Model:

Fall 2020

3 41 massless gauge bosons, only one observed

4 massless scalar bosons, none observed

But: Goldstone Theorem can be evaded

Local gauge invariance + SSB: Higgs mechanism

Simple, yet subtle way of giving mass to gauge bosons

without spoiling gauge invariance (and renormalizability)
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SSB - XVII

Example by Higgs :

Fall 2020

U (1) gauge group, require local symmetry:
Gauge vector boson 4, to be introduced, coupling to some current as usual
Now: Add "sombrero" potential for a complex, scalar field ¢ = ¢, + i,
. * . 1 v * * 2
IL— [(% —ied, )¢ ] (0" +zeA“)¢}—ZFWF“ — W 6—N'0) +

v z Current-field
EM interaction of (charged) ¢ interaction etc

As found before:Degenerate vacuum state — SSB picks as vacuum state (v, O)

— ¢=Vv+n +in,
L written 1n terms of 7,7, :

Upon quantization, 2 scalar particles — m, =~/2\v*,m, =0
Plugging ¢ =v+n, +in, mto L:

1 = 175 1

L:—(Z? )(8” )——'27\? 2—|—l<(‘9 )(8“ )—I——(ev)zA“A ——F F" +evA"0 n, +
5 il Ui 5 i 5 ) m, 5 g (Tt

—Y 7
Massive vector!
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SSB - XVIII

Attempting to understand L:

Fall 2020

Massive vector field 4"+ Massive scalar field 7,+ Massless scalar field 7,
Troubling term coupling 4" and 7,
Use gauge invariance:
b—¢'=e" Mg
4" — A" =A4"+0,0
Choose 6 to make ¢ real: Thenn, =0 (H Unitary gauge)

My
1 1

1 1 2 v
—>L:5<8Mnl)(8“nl)—52)\v2nf +§(ev) AMA”,_ZFWFM +...

Y
Massive vector!

Massive vector field 4"+ Massive scalar field 7,

Counting degrees of freedom: 2 +1+1=3 + 1 OK
& —— ¥ "

4, ¢ 4, Th
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Standard picture:

By effect of a smart gauge transformation, the massless vector field 4,

©
O

has eaten the Goldstone boson 77, to become massive




SSB - XIX

Trying to dissipate some misunderstandings likely to sneak in:

Fall 2020

Mostly related to our naive perception of what is really a 'particle’

1) Where 1s the mass?
To 1dentify mass terms in L: Not necessarily a trivial task
Key point: Particle content only meaningful in perturbative expansion
. 2 * )2 2
Example: L=(0,0)(0"¢) —(—1’¢'¢)—A(¢'¢) ,A> 0,17 >0
— > — Imaginary mass — Nonsense — 777
But: To use this form of L to extract Feynman rules, should expand around ‘(b‘ =0
Unstable extremum — Can't make it

: : 1
Rewrite by expanding around 7 =0: L = 5(8#7)2 S Y

Stable extremum — OK
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— Particle content should be identified in this form
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SSB - XX

2)What's so special in unitary gauge?

Fall 2020

Nothing: L invariant under local gauge transformations,
including the one to unitary gauge:
— L describe the same physics before and after the gauge transofrmation

But: Particle content much easier to extract in the unitary gauge

3) Disappearing Goldstones !?
Indeed: And re-appearing as extra degrees of freedom for massive gauge bosons

See comment above on the tricky business of defining what is a particle...

4)What decides which vacuum is selected among the many?

Not really relevant: Any choice yields identical results

5) Could we make it with the SM without SSB and all that complicated

swapping of degrees of freedom?
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Actually no: SSB i1s an intrinsic feature of certain quantum systems
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More on Higgs field and particle later (last part of the lectures)




Standard Model - |

Higgs mechanism fixes troublesome, massless gauge bosons

Fall 2020

in the unified EW interaction

Boson counting:

Local gauge symmetry SU(2), @ U (1), — 4 vector bosons
Will need 3 symmetries spontaneously broken to give mass to 3 weak bosons

Photon is massless

Extend Abelian Higgs model to non-Abelian gauge symmetry:

Introduce a doublet of complex, scalar fields:
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¢<x>_[¢0<x>
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SU(2), ®U (1) Gauge transformation of doublet:

o
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d—¢'= exp«[—i %a(x)-‘r —I—‘%y@(x)]
SU(2), ®U(1) Covariant derivative:

D' =9" +i %r-wf‘ —|—g7yB“

— Additional term to EW lagrangian:

Ly = D¢ D" =i'¢'0=A(4'9)
Take ;1 <0, A>0: g
P Ly N T g
e 22 2 Y £
Pick ground state (= vacuum) as %
0
<¢>0 =| vy |— SSB of Electroweak gauge symmetry %
V2

©
©




Standard Model - Il

Goldstone boson: Associated with each generator not annihilating the vacuum
Take generators of SU(2), @U (1), :

0= ol =
=on=le o)l

ol a4
Y(¢), =+1(¢), =0

But: 0(0), = (¥ +7:)(6), =0

_, <¢>0 - U (1)Q Invariant — U (1) , Symmetry unbroken

Fall 2020

— Photon stays massless
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Standard Model - IV

Fall 2020

As before for the Higgs model, rewrite:
1| o+io,
V2 v+, +in,
4
A 2
—V = —Z—)\—F)\vznlz + v, (af +o05+n/ -|—7722)+Z<012 +0;+n! -|—7722)
3 massless scalars: o, ,0,,n, < The Goldstones

1 massive scalar: 7, Jm o =my = V2M? « The Higgs

Gauge transformation suitable to get rid of 3 Goldstones:

oo o |10
; ; \/5 v+n +in, _\/5 V1)

SU(2), rotation of doublet to make it 'down' .
<<— Unitary gauge)

- U (I)Y re-phasing of doublet to make it real
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Standard Model - V

Fall 2020

Re-write gauge terms of L in the unitary gauge, in terms of the physical fields:

LB + LH
1

— _ZFW (x)F" (x) Photon

1 1
_EFWMV (x)F" ™ (x)+ EmeWJW“ W* boson

1 1
_ZZ’” (x)Z" (x)+5m§ZMZ” Z° boson

( I 1 2 2 .
+ 8#")(8 0) —EmHJ H Higgs boson
+ L+ L, + Ly, Gauge-Higgs, Higgs self-, Gauge self-interactions
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Standard Model - VI
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Lepton masses: Different mechanism required

— Yukawa (scalar) coupling

Describing interaction between Dirac and scalar fields:
V ~ gU¢¥ , Static limit:

—pur

8¢
AT r
Ly, =—g [\TJIL@%R +1ZZRCI)T\PIL}_ gy, [\ijélﬁj +IZ£§)T\IJIL]9 ¢ = jb;*]
=0 for ma;gs neutrino a
In the unitary gauge:

| 1 -
LHL — _;mlwl wl O-_;mulwl/lwulo-

Lepton masses in terms of model parameters:
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Standard Model - VIl
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Model parameters v, A and 0,, :

2

e

A
A=77?
gsinf, =g'cosl, =e
Finding the acquired mass of gauge bosons in terms of couplings
and VEV of the Higgs field:

2N X 2 g"” -
= m o, =m ., |14+== =

5 2 VA w g2 =

(g + g )v 2

m, = 5 >
m, =0 S
m, =—2p° =7 5




Standard Model - VIII <
X
Relating model parameters to measured constants e, G.,sin 6, &
e . e
s sinf,, & cost,,
V2( e | 86, (&) My |V2
= — —
8 (M, 2 (M, g 8G,
2 2 ‘
ity = e -
d F SOy STy - 0, measurement required
M, = M, | 37.3 GeV
cos@, sin6, cosl,
V= My _ 2 f 2 —_1 . 246 GeV VEV of the Higgs field
g 8Gp \/\/EGF

0 0
~174 GeV —(¢) =| v %[ ]

1% 1 1 1
—_ — —
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No clues on A — No (direct ) prediction of M, = v2v*A




Standard Model - IX

Quite remarkably, get m,, ,m, by measured constants:

Fall 2020

o= 1
137.04
1G, =1.166 10°GeV'?

sin® 6, = 0.23122

—my, =771.5 GeV,m, =884 GelV

Experimental values:
m,, = 80.40 GeV ,m, =90.19 GeV

Difference originating from radiative corrections

Higgs:
m,, =—2p% =\2M\7 — 29?
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Standard Model - X

Lepton-Gauge Boson vertexes:
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A EM T T .
—]Qee/ e"_lu
L (o8
—i—S gy*|2sin* @, (1+7.
E ' 4cos@, [ w(1+75)
A A +(2sin’ 6, ~1)(1-75) |eZ,,

Neutral Current - NC

(@)

=

. O

A g 4cos b, l%
R

e i (1=y. )eW? 5
W, 22 e £
Charged Current - CC 0

==2r" (1-7;) :

—i—S ey (1-y, )W, 5

v 2\2 g c
=

Ll




Standard Model - X

Gauge bosons self-interaction vertexes:
igsin6,, Lg“ﬁ (k,-k.) +g™(p-k, )’
+gm%k;—}n“]n;n;;g.

ig cos 6, Lg“ﬁ (k, -k ) +g*(p-k, )

+gf(k —p )"‘}n;ngzﬂ.

W, W, W Wi —ig’sin® @, [ gg® —ghg® — g g""]

x WW;A,A4,,

uv _apf — ol v

—ig~ sin6;, cosb, [2 g

up _av |-+
A, A, A z —g" g™ \W, W, 4,Z,.
. uv _af  _pa VB
W Wi W Wi ]0’ cos” 9 [ g g g g
g “‘]rr*rr‘z Z,
_I-gl |:2g,1wga,6 _guagvﬁ

g™ o™ ]H'*rr N

Fall 2020
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Standard Model - XI|

Higgs vertexes:
v 4
h
W+u W'ﬁ Zu Zﬁ
f
—mUJVEGRﬁf s P
"h \‘ h 'lh \‘ h

2iM2\2G, g% hh W Wyt 2iM2N2G, g hhZ}Z}

~3im; \/EGthhh

Fall 2020
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Standard Model - Xl

Extension to 2nd, 3rd lepton family: Straightforward

Fall 2020

Will need 2+2 = 4 new parameters (Yukawa couplings)

'Minimal' Standard Model:

Massless neutrinos — gl(,i) =0

'Non Minimal' Standard Model:

Neutrino mixing (% Require massive neutrinos, mixing matrix) :
Account for observed neutrino oscillations

May indicate physics beyond Standard Model

- Flavor physics
Extension to 3 quark families: Similar to leptons
Will need 6 more parameters

Will require CKM 'flavor rotation' (see later)
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Strong interaction effects




Standard Model - XIV

Fermion electroweak quantum numbers:

(zenerations

Quantum Numbers

helicity 1. 2 3, () T Vi
v, IQ.\ V; () 1/2 1
f L e I T I 1 1_’ 1
L
o’ s' b 1/3 /2 1/3
L ‘ Il L ¢
CR /’Il L —] [] ——)
I y7 CRr tr 2/3 () 1/3
dp SR by 1’) () 2/3

Fall 2020

o
£
o
|_
o
©
=
[7p]
| .
)
=
[
o
1
=
)
c
.Q
C
)
=
L




Standard Model - XV

S
X
g
Internal consistency of SM: A v
Reconsidering hypothetical, troublesome reaction k ’
ey =r-I|
v — W, W, re
at very high energy o ;
Polarization 4-vectors of longitudinally polarized Ws:
1 1
t(p)=2-+o[ |~ £
mW p mW
Divergent term of matrix element: .
2 v =
g _ 1 r p 5
M, ~—=>-v([)(1 1 k)— =
o~ =L )12 = u(k) g
gz B gz B /I/ 4+ §
My~ =25 (1) (1= s )u (k) = = mv (1) (175) 5 (1= Ju (k) 5
w w =
2 2
a g — 9
M5~ = () A (=7 Jul)
(N1




Standard Model - XV

Fall 2020

k 5 k o

z
eV

q

! i |

IR TAVA VA VA VAN
v W~ v W
(o) (£)

Standard Model: Neutral Current — Two diagrams instead of one
M, : Z° matrix element:

vvZ ,WWZ vertexes, Z propagator

After quite intense calculations....
2

Mm-S (1) (1= Ju ()

2
4my,

—M;+M;=0
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Divergence fixed in a gauge theory!




Standard Model - XVII

Fall 2020

(a) (b) (c)
Another, similar reaction
e'es =W, W,

Quite realistic!
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Standard Model - XVIII

Fall 2020

Reason of extra divergence: R chiral parts of massive fermions

Higgs diagram:

1 _
Mfl—il ~ _ﬁgeeHgWWHV (l>u<k>

w
— Correct compensation with gauge theory & SSB

Strong support for the Standard Model:
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Higgs must be there

(or something really new must happen at ~ 1 TeV to save unitarity)




Standard Model - XIX

Right neutrinos: Don't know about them
[Observe: These are R — Chirality v's

Fall 2020

Massive v, of course feature some R — Helicity|

Not part of Standard Model:

Do not couple to v (uncharged)

Do not couple to W (SU(2), singlets, like e, )

Do not couple to Z (0 electric charge and 0 weak hypercharge)

— Also known as sterile neutrinos

Maybe relevant for some extension of Standard Model
Dark matter?

Dark energy?
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As a result of the weak-electromagnetic unification, neutral currents are different from charged

_j&w o (1 _ 75) Charged

J2 2

(¢] —Ciy')

Lorentz structure not V' — 4

—ig,v" 5 Neutral
Fermion C, C,
VUV, +1/2 +1/2
it e,u, 7 —1/2+2sin6), —1/2
oupling .
u,c,t  +1/2—4/3sin’6, +1/2
d,s,b —1/24+2/3sin*6,  —1/2

6 new fundamental constant

What about interaction strength?
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Tight relationship between weak and electromagnetic interactions
Coupling constants:

e

8y = Charged currents

sin 0,

e
= Neutral currents

sin 0, cos 0,

z

Charged, neutral and electromagnetic couplings fixed by 2 universal constants:

e : Elementary charge

0,,: Weinberg angle, new fundamental constant
sin’g,, = 0.2312240.00015
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Expect to observe typical neutrino processes like:
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(v,.7,)+e— (v,,7,)+e Contributing to elastic scattering
(Vu,fu)—|—€—> (VM,DH)—i—e
(v,,7,)+ N —(v,,U,)+ hadron shower ; New

I/ﬂ,ﬁﬂ) + N — (I/M,EM> + hadron ShOW@I"
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Predicted by Glashow-Salam-Weinberg model ('60s)
Not really accepted for a long time:

Mostly because of strong suppression of strangeness changing decays like:
K-> u'y~ BR <107

not accounted for. Compare:

K" —>u'v, BR 63.4 %

Also because it was not clearly demonstrated that GSW was renormalizable

Two breakthroughs:
GIM prediction of charm to solve the K° — u* 1~ puzzle ('70)
GSW model shown to be renormalizable by 't Hooft ('71)

— Sudden wave of interest in gauge theories
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Main interest = Prediction of new phenomena
Most shocking prediction of GSW: neutral currents, never seen before

— Try to find neutral currents to validate GSW

Best opportunity :
neutrino interactions
No EM background

Drawback:

Neutrino experiments difficult
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Neutrino beams

Take 2 body decays of 7, K obtained from a high energy proton machine

Kinematics:

(=)
7 KF > ut+v

By, M |p| K,z LAB
(@)
p*aEﬂ*:gﬂ* s CM é
PuE,.0, u LAB g
0. MZo—m o (30 2
p,|=E =—1—Ft= MeV g
2M 236 =
CM : Isotropic decay E_a
S
dP_ 1 _dp__ dp_ d(cost) 2
Ll

d(cosé’*) 2 ~ dE d(cosﬁ*) dE
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Lorentz transform to LAB:
k= V(E* +pp COSQ*) — dE = yﬂp*d(cosﬁ*) > d(cosﬁ*) = —dE*
yBp
dP 1
—>—= _
dE  2yBp
% M2 = m2
y(14B) E'=y (1+p)—= —*  max
Flat distribution over wide interval: < 7K
% ]\42 K mfl
1-B)E =y(1- - min
\7( B)E=y(1-5) T

Fall 2020
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— Broad LAB v, energy distribution

Energy spectrum

»E,/
0.43 095 S
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a) Narrow Band Beam: v energy known, low intensity
Magnetic selection of a narrow 77K momentum window

Magnetic Analysis & Selection: Absorber
Dipoles, Quads, Momentum Slits Muon Monitor
Protons ﬂ H H
o O —l o . B/ — —
| T ¢
External Target
Decay Tunnel v Target
Hadron Monitor &

Detector
/K momentum well defined

Beam/Detector geometry: r<<L
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Measure v energy by direction:

Exploit hadron beam ~ monocromaticity

Zona decadimento
dizeK Rivelatore

2 2

p.=p,+p,—p,=r.—p,—(p.) =(p.— 1)
mi :mj—Zpﬁ-pV —>m72r—mi :2(EWEV—p7T-pV)

2

E = miK _ mi = m72r _ mi g
2(E7T,K — Pk cos@y) 218, (1—600501/) %

T 2

ing s S1n — 1 1 :C)

tanf = i - —tanf = = — =T« -
fy(cos@ +ﬂ) 7[C0S7T+ﬂ] by v ‘P 2

|5

mi,K o mi mi,K T mz E

AR T 6) " 2
A
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1% v
2 2 2 2 ”’21_" r——  Err———
E . mﬂ’K —mu . mﬂ’ _mu < 1 40 - d ‘]
v 7 - P 2 100 . 7 100 S g . "
2F 1—5+69 g |28 +69 i T R L o
K X Ll 2 %
s 2 m 1"‘5 2 204 il 20 L
200F T T T ROO =
mfr = —m2 1504 1 190f e e
E ~ - . ,6 ~1 100k 4 100 WITERNEY 140 Gev
v 1 52 92 -
- [ S0 a5 ".
2E7r,K T —l' ? 3 o g R
} 200 -
) mz g 150 168 Gev -
100 c
2 2 mx|1— 2 L« & aoi S
EV = | ES " d o
b 280 o
2 2 2 () -
EWK 724‘9 ] E’/T,K[ 2‘|'(9 ] - | 200 Gev [
,Y 150 g
m> m> P =
2 i - enf -
m, . 1— > EW,K 1— 5 350 =
E — m. _E m; g ai QR 9 250 GeV 5
v —Tr Ky 2.2\ 150 'c
vim’ i+92 (1+7292> o i =
LS 72 O 0 20 30 40 %0 LLi

RADIUS [inches)
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b) Wide Band Beam: v energy unknown, high intensity

Replace magnetic selection by a special focussing device, suitable to make a low divergence
hadron beam out of an uncollimated, divergent source: Van der Meer Horn

— 0.5
=

@ 0.4l ) 6.5m

A

0.3

O B (magnatic volume)
02—

|

|

l
o
(@)

0.1

Collect a wide momentum window, focus into a narrow, intense beam
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2 conical (high) current sheets:
Equivalent to many trapezoidal current loops symmetrically placed around the axis
— Circular magnetic field (red circumference)

--"'-)—.-. IP.'T\I \ Ill

i 7 ;“," ","n

- Il i
( -
T ———— ] /||
1\ |

-n--_'"'--_‘__‘ & II&/ /"..“ll.
."“'--,__I'}\ /..

Trajectory in the B field: ~ Circular arc Deflection should compensate < PT>

2
£
p GeV of hadrons coming out of the target: 5
p|=03BR {B T (pr)~ pAO ~0.2 GeV at PS energies %
()
Rm —0.2 GeV ~|p|A6=03BAI £
Deflection after a path length / in the field : Simple guess: -
Al Al 2
A)="—=03B— Pol ol =)
R ) B:z—;r—m.z GeV~|p|A0~O.32—7°WAl 5
L

— ] ~ M ~10° 4!

0.3p,Al
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Narrow/Wideband beam spectra
SPS beam

The Gargamelle horn

i T T T T T

vivl spectra
wBB for COHS detector
P, = b0 Gev/c il

P = 200 GeV/c

v

L

-

v [v)/GeV /10" incident protons

3

10% L i
o 50 wo 150 200 250 300

E, [GeV
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Length: 4.8 m
Diameter: 2m
Liquid Freon: 12 m’
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V-€ ProcCessces = _
VN\/‘Z; VMﬂ

A Pure NC A
e/'\e: e/-\ef
N Gl 1, L, ). 1., Gos|1( 1 .,V ..,
0" (E)y=—"L—||-=+sin*f, | +=sin*6, o (E)=—L=|=|—=+sin’0, | +sin*,
i s 2 3 Ve T |3 2
0.16x10#! E(GeV) cm? 0.13x104! E(GeV) cm?

VV e l/e\/ve Vv, e Vvve

R 20 Interference  u.no.nnn.. + 70
i  CCHNC W

2
Gy's l[l—ksin2 0,
3(2

CC+NC
Uye; (E)= —:r

2
G.s

™

O_CC+NC (E) —

v.e
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I e
[5+sin2 QW] +§sin4 0,

0.96x104! E(GeV) 0.40x10*! E(GeV) cm?
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Effective couplings for several reactions

Electroweak theory

V=A theory

Reaction £ o g 2y A

"I-’“—I—E_ — Vy+e —1 —_1||"'—J'I7_ —_-I| 0 ()

Vute — Vu+e —1 —5 )2t o 0 0
. ]

Vet+E — Ve te —1 +5 +25° -4 I !

Vet = Vot e L2i +1 4+ 257 L | I

Vu+e — U™+ V. +1 I | I I

Fall 2020
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Differential cross sections:

E '

Bjorken y

(g +g.) +(gr—g.) (1-¥) +%(gi -3, )y

(gV — 84 )2

1

dy = —
ydy ==

(gV +gA)2 +

(gV — 84 )2

=]-—Xr =_¢
y EV 1%
do 2
Vye G € EV
dy 27
do- 2
Vye G € EV
dy 27
1 5 1 1
‘([(1 o y) dy - 5 ) 1[
Total cross sections:
G2
—>0,, Drlhe ——F,
& 27
G2
— 0 Zrle E,
K 27

+(gV+gA)2(1_y) +

1

_(gV — 84 )2 +

3
|

"'E(gr/ + 8, )2 +

2

m, 1
E 2
m 1

e

E, 2

14

(ei-g7)

(g5-27)

Fall 2020
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First Gargamelle leptonic neutral current event

Fall 2020
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(=)
V—(q,q processes
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1 4 ., 1
gVZE_ESIH QW gAZE u,C,t

1 4 . |
g'V——E—I—EstHW g'AZE d,s.b
gL:l_gsiHZ(gW gR:—§Sin29W u,c,t

g' = _%+%sin2 0, g, :%sin 0, d,s,b

do do:ﬂ_ G.m

do- do, - Gém
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doy doy doy

Viu Vuq — Vouq
s =2.4(x) s +2.4(x) %

q q

d : - .
- d:a:;N = GSZN <E,| (¢ +2,")(a+7(1-»)")+( +&:")(@+a(1-7)")

o,y G - .
- d;;;v = G;ZN <E, | (g1 + &) a+a(1-») )+ (2. + . )(@+a(1-7)")

RVN _9nc (V) RY — O ne (‘7) e Occ (‘7)
Occ (V) Occ (‘7) Occ (V)
N __2pN RY —RY
_)ng"'ng_R I’ZR— gR2+gR2_r( - > )
-7 -7
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Gargamelle Gargamelle
charged current hadronic neutral current event
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L

10pF
@ NC Events
#
s}
ﬂ (a)
e I 1
1‘6 -200 ﬁﬁcm

@ CC Events

Background ' T

0.3k ' F)m:fcc
0.21:_----__-_---___--J—--_----_-
04

{ ) (c)
stk NC Events
® l—\—l UL | (d)

L L A e

10F @ CC Events 8
» S
Result o C
L A 1 ‘e) .-5

oef o =
NC/CC ..g
O.QF-"'-'* ------ * ----------------- w
(f) =
¢ | 0.2 1 1 4 1 g
sm“ &, =03 =04 - £
g MEASURED NEUTRON STARS :I)
'E‘ 100 < E < 500 MeV =
g @ Q
ol= )
L c
» (0]
- MONTE CARLO CALCULATION FOR s
PE INDUCED BACKGROUND LIJ'

3 th)
V] - -
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"di Torino

ita

CHARM 11

E.Menichetti - Univers
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| Experimental setup (CHARM II, 1987-1991) I

electronic tracking detector

CATHODE PICK-UP STRIPS  crieyiLL f TORS INCLINED

g STREAMER TUBES
STREAMER TUBES \ ;l_ /JL !

v \ AT\ M

GROUND & SUPPORTY \ an’ \

SHEET  \ ] 2950 i

o
ST e LAST S MODULES OF ONE RACK
CALORMETER MDOULES

~ 700t calorimeter, digital readout of energy and direction of produced particles
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a}
- = : ; : i 2 . .:. -.:t: o 1 . h
SN H L -TE ER TR Electromagnetic shower
NP 1 F lgl@! é{g!a . =0y :
: (@)
L
O
|_
) b) =
. - = :(E
25z & I = - 2
. ey i f.5 eZeRe Y 2 Hadronic shower 3
T -:o =ra = = i * >
s EED ' = 5
g iR : o
= £ 2% 4% PR : =
¢ - 2 © S
.o ' :
+ =
L
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| CHARM II data I

Problem: discrimination of the NC events (~ 2500 for v,e~ and iv,e” each) from
the dominant background (CC scattering, inelastic scattering)

Solution: in processes of interest v,e — vue and e — pue the value E.02 is
Kinematically restricted to small values

; —— do'dy[a.u.] A dovdyla.u.]
3000 :
wE 1.5 1.5 *
> > | | [ ] ’
5m§ 1 + 4' ‘ W5 l+
g 1500 2 . e
060 f‘*.. 0.5 vue 0.5 vp e +
500
0 - 0 —t
: - 0 0.5 y 1 (4] 05 y 1
ERY (GeV)
Phys.Lett. B335, 246 (1994) Phys.Lett. B302, 351 (1993)

sin? @,, = 0.2324 + 0.0083

Fall 2020
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Some reminescences about photons...

Free photons (j* =0):  [* 4" — 9" (3VAV) =Jj"

Fall 2020

Lorentz condition

9, 4" =0 4" =0

— A" =¢"(gq)e "™ — ¢° =0 massless quanta
4 components € ??

a) 9,4" =0—¢"(¢q)q,=0— 3 components

b) Gauge freedom:

A" — A"+ 0"A, (PA=0

A =ige™™ <<— [PA=¢’A=0 OK)
— "N =iad"e ™

A" — A" + O A =" (q)e_iqx +ial"e " =

" (q)+ia<—iqu> e = [s“ (c])—kaqu]e"'q"

— EM field unchanged by " (¢) — " (¢) + aq"
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Choose a to make € =0

— e (q)qﬂ =0 —¢&-q =0— 2 components
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2 components — 2 independent "

Take photon momentum along z

el =(0 1 0 0) x-linear polarization

ey =(0 0 1 0) y-linear polarization

or
el = %(O 1 —i 0) Leftcircular polarization: S, = —1
Ep = %(O I +i O) Right circular polarization: S, = +1
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Original wave equation:
4" —0" (0,4 )= j"

Fall 2020

For a massive vector boson:

(CF-+m?)B* — 0" (0,B") = "

Free particle:

(O*+m*)B" —0"(0,B")=0

But:

0,(3+m*)B" —0,0"(0,B")=0— (2’ +m*)0,B" —1*(0,B")=0
—> mzﬁuB“ =0—0,B"=0

Bottom line: Not an extra condition...

— (Dz—l—mz)B“ =0

o
£
o
|_
S
©
=
[7)]
S
)
=
C
>}
]
=
1)
e
i)
[
()
=
L

B"=¢"(p)e™ —¢&"p, = 0— 3 independent components

No gauge freedom...
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3 independent components — 3 independent &

Fall 2020

Take photon momentum along z

et = L(O 1 —i 0) Left circular polarization: S, = —1

J2

el = —L(O 1 +i 0) Right circular polarization: S, = +1

J2

To find 3rd polarization 4-vector:

1
gy = S— (a 0 0 ﬁ), —
o’ =8 o’ =5
—a=p,B=E—¢l= l( p. 0 0 E) Longitudinal polarization: S, =0
m
Observe: Longitudinal/Transverse boson — Transverse/Longitudinal spin...

normalization:e"p =0— aE—(Gp. =0

As for photons: Attribute refers to oscillating 'electric/magnetic field', rather than spin
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I I ; |
et = —=(0,1,-i,0); = & = —(p;,0,0,E) el = ——=(0,1,,0)
m f
¥ ” W Momentum
————e————> 2 o » Z 3> 1 )
=1

transverse longitudinal transverse
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Decay: W~ —e +v,

Matrix element:

_ g _ 1 _ 8 :
N AL M =-eu ()i (p )y S (1= )v(p) = e, (m) )"
Wy 1 u(p,): outgoing fermion, v(p,): outgoing antifermion
_ 1 _ 1 1
P Ne~ )y S(l=s)vip) =7 (py) 27" (1=7s) 57" (L=75)v(ps)
_ 1 1 _
:u(p3)5(1+75>7u5(1—75)v(p4):eLfyuvR

J

€ EVL VR
W~ /ﬁ/“, (P3) LR current :
— 970 __,: Build from rotated L, R spinors

o I
v, Am ) J'=u, (,4793)53/“\1T (p4):2E(O,—cos0,—i,sin9)
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o
W polarization states in the rest system: &
1
ef=—=(0 1 — 0
L \/5 ( )
1
eh=——7=(0 1 +i 0
R \/E( )
1
£ :—(0 0 0 m):(O 0 0 1)
m
Matrix elements for different W polarization states in the rest system:

——(O 1 —i O)2%(O,—cos9,—i,sin0):—gM

N

(14 cos®)

gl : i—L(O 1 +i 0) %(O,—cos@,—i,sin@):—ggW(1—0050)

— M| = (1—cosb)

o
£
o
|_
o
©
=
[7)]
S
)
=
C
>}
]
=
1)
e
i)
[
()
=
L

sin @

£y éi(o 0 0 m)zﬂ(o —cosf.—i Sin9)_gMW

2 " 2 9 9 ) - \/E
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2 2

)
2 2

AJRF'_‘g Q?W'Uf—cosﬁ)z
2 2

Moz— s jsz sin”

2-body differential decay rate:

2
dPL,o,R _ ]29 : ‘M‘Z _ 1 ‘M‘z M,
Q@ 32w M, 641°M,

Total rates:

47

f%(licos@)za’cosea’gpzf%sin2 (9a’c059a’gp=T

2
HPL:FR:FO:%

{—sin’ 60

—(1—cos )

—(1+cos 0)2

2
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AN
o
N
c
s . _ L
¢ M € M B
»  g'M; - ( =Wy {/, -l w2
ML‘ — (1 _|_ COS 9) > —_— 0 — I ———:ﬁ/,’_‘.e —_—
4 . / : /
2342 Ve v,
2 M 2 ; : :
MR‘ _ g W<1_cos«9) J‘[ \I
4 T~ |
202 L N, N
MO 2 _ g M W S in2 9 1 | ol ’L.l' 1 colse_‘ '.; 1 o };
2 1(1+cos@)? 5sin” @ 1(1—cos8)?

Averaging over the initial spin states: %
|_

1 1 1 1 . 5

<‘M‘ > g’M; (1+cos€)2+—(1—cos€)2+—sm29 ©
3 4 4 2 [

1

—~(Ml) =35 -
Isotropic: OK for an unpolarized mother particle %
g M =

(N1

—>F(W — e —H/)

487
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Considering all the others decay modes: Large W mass — All fermions ~ massless
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Do not count Top: Too heavy, decay energetically forbidden
Color factor =3
Similar to e"e= — ¢q : Take quarks as free, on shell particles

Taking into account CKM mixing:
2

W-—ew, W —di x3V,] W —de x3|,
Wo—puw, Wo—su <3y W —se x3p[
wo—r 1w W —ba x3,[ w —be x3,[ o
CKM Unitarity: g
eg. |Vl +Vul +Vuf =1 etc -
(O]
2M =
1, =or,  =32Mv 507 Ger 5
Experiment : S
=
LLl

2.14£0.04 GeV

QCD corrections..
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Z couplings:
¢, =1,—Qsin’ 0,
c, =—0sin’ 0,

.]5 :gzﬁfyu u

1 1
CL§(1_75)+CR 5(1"'_%)

c 2
c, =c, +cp,=1,—-20sm" G,
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Therefore:

o
-

Fermion | Q@ I}, €L = CR = Cy

iy ~023] | VeVwVe |0 43 43 0 43
—027 023 —0.04
+1 035 —0.15 +0.19
-1 —042 008 —035

S LS

p—
§ |

e_?‘u’_fr_ o
u.c,t

d,s,b |-

:+“?'

Pl D=

4
Wl | WIN
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Z couplings: Both to L and R fermions

Nevertheless:
Only 2 vertexes, remaining 2 = 0

:Z«wv< Z'\rvm< Z«/v\m< ’Z«fvvx<
To show that RR vertex is 0 (LL similar):
5

1 1—+
— Fy0 =gt T o _1="

Up =UpY = Y, Vi

v
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Decay: Z° > e' +e
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m

Z—ete )=Br(Z—-u u")=Br(Z—-1t"1t7)|~3.5%

r(

Br(Z — w\V1) = Br(Z — vaV2) = Br(Z — v3V3) I~ 6.9%
Br(Z — dd) = Br(Z — s5) = Br(Z — bb)|~ 15%

Br(Z — uu) = Br(Z — ¢¢)|~ 12%

Br(Z — hadrons) ~ 69%

—>T,=)T,=25 GeV

Experiment: I', = 2.4952 +( GeV
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Ultimate systematics....

—__ — — gy — ——-

Moon: + As the moon orbits the Earth it distorts the rock in the Geneva
area very slightly !
+ The nominal radius of the accelerator of 4.3 km varies by #0.15 mm
+ Changes beam energy by ~10 MeV : need to correct for tidal effects !
Trains: + Leakage currents from the TGV LEP - \i*ﬂ-h i

railway line return to Earth following
the path of least resistance.

* Travelling via the Versoix river and
using the LEP ring as a conductor.

+ Each time a TGV train passed by, a small
current circulated LEP slightly changing
the magnetic field in the accelerator

* LEP beam energy changes by ~10 MeV
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(@)
AN
o
AN

@©
L

pp—->W —>(v,+ X pp —>Z—>ff+X
o
10nb $ % (2) =
- = O
Similar to Drell-Yan: (photon instead of W) -
©
nb + A L I
= { \ A :
S=X.Xzs it (Xg)~0.12 g
0.1nb+ a_/ A" o q A - S
: S=(Xg) S ~0.014s = (65 GeV) =
: . aom — Cross section is small | £
1 10 100 Ve 5
=
L
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SPS

P26 -—270 Gevic

W
% p 26— 270 Gev/c
)) \

PS 26 GeV/c PROTON SYNCHROTRON
ISR INTERSECTING STORAGE RINGS
PSB PS BCOSTER

SPS 450 CeV/c PROTON SYNCHROTRON
AA ANTIPROTON ACCUMULATOR

as TRANSFER TUNNELS

\

L~
\, P 0 — 26GeV/c
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ICE
100 metres ,,/ ‘
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SppS Collider main parameters

Vs = 540 GeV

3 bunches protons, 3 bunches antiprotons,

10! particles per bunch
e Luminosity =5 x 10?7 cm~sec!

e First collisions in December 1981
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Basic principle e 107 antiprotons with
4 p = 3.5 GeV/c gets in
outer part of toroidale
o a
g vacuum chamber

@ Inductor measures
discrepancy of particles

< . mean position
in phase space

e Correction signal is send
to opposite side

e Magnet deflects particles

e After 2sec aperture is
opened
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UAl Detector

Central Tracker

Fall 2020

EM calorimeter

Hadron Calorimeter

Muon System

® 4
(.)‘ S ™ L ey
e T ~ - - r - PoE
. — ~ | - ’ s = 1L
= — o p— - -
( ﬂ_\-\| j| AT !
| »— - - O | N I AR = B
| - o N 1 ~J 4 : | - |
Sl — =~
— — A — < LTI~
[751 IIEE TTIT]
A \ o o ¢ o ¢ 0
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W & Z Discovery - VI

Several conditions to select events

More than 10000 events/s, most of them selected by a trigger

Trace in central detector must point into center of
electromagnetic shower

Transversal momentum in central detector > 7 GeV

Trace must be isolated (only other traces with transversal
momentum <2.5 GeV allowed)

Missing energy >15 GeV, has to point contrary to trace of
electron

Fall 2020
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UA1 W—ev candidate event

Fall 2020

" Wi

- &
A T —
~ l*z:&"\’:f |
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r p & e

Hadrons ple) = 4

Electron > b

/ / SR ' 1

Pi(v) = —PL(H) — pu(é). STV R _

o : a7 1
Neutrino (invisible) S 1) A

\_ Y, I‘J’l (v)/ e 0 20 40 60

® Calculate sum of all hadron momenta in the transverse plane (to avoid
leaks along the beam lines)

®  pr(v) not exactly antiparallel to pr(e)
¢ W boson not always produced at rest, finite detector resolution
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W & Z Discovery - X 3
L%
do —= const Just an approximation
d cosf

do  do dcost
dp, dcos® dp,

k . sk M . %
py, = p sinf :TWsm@

. 2
— sinf = Pr
2 2 (@)
—cosf =+1—sin’0 = [1— ZPr §
z
4pT '%
dcos& “é
-
2 (2 -
21— pT pT g
S
dcos@ M %CJ
—>—: (cos9 ~ Jacobian peak at —= i
de de 2p 2 2
M, 1—|=—+
w
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- —— T T — T
20(\ TWO ELECTROMAGNETIC CLUSTERS
52 Events .
~ B} (a) 1
~
=
S QC0 Background shape
-
150 | 10 b e
- - o 2 - *
} | : ee
@ - :
o :
- : |
®»
2 100 ][] 3 J
i S5 Sl 1
-f-r---:I 20 L0 60 B0 100 120
- nass |GeV/ed)
Qo
-~
50 |- — —
r 20 L \ b] UAZ: Final selections 1

153 events

I 30 events o

20 40 60

10 { | '_FL r (13 events nattgromf.'l
5 | b .J"I '
PT (GeV) = 1 I ;Pﬂl'ﬂn

b 0 k[ 0 50 &0 10
Mee G2V

o
2
- -
Events per 2 GeV
&
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—
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number of events

DO Z — ete™

300

o
n
o

200 |
150 |

100 |

70

80

20

CDF W — uv
>
8 1500 cpFRUNII
s | PRELIMINARY
i T *
¢ 1000 i
[ f
500/
L ylidof =64 /58
100 110 120 e :
m(ee) (GeV) o0 %0 M, () (GeV)

Mo =821 % 1.7GeV

m;, 03.0+ 1.7 GeV

Current values (Particle Data Group 2006):
My- = 80.403 = 0.029 GeV
myo = 91.1876 = 0.0021 GeV

Fall 2020

o
£
o
|_
o
©
=
[7)]
S
)
=
C
>}
]
=
1)
e
O
[
()
=
L
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o x B [nb]

10

IIIIllil | llllll!l |

IHIIIl

CMS, 2.9 pb’
CDF Runll
DO Run |
UA2

UA1

4 0O MW O

~3 nb

0.65 nb

PP

illlll 1

Tevatron

Theory: NNLO, FEWZ and MSTW08 PDFs

Ll I I 1 1 LI I W I |
10 nb wt

// W

// z

PP _

LHC =

@ -

| [lIII|

1 lllllll |

05 1 2

5 7 10 20
Collider Energy [TeV]

o x B [nb]

20
ATLAS CMS
034pb’ 29pb"’
1O ———
7[ :
= E - 4 W+
5t 1o
4 [Pp——
3 B
2 » - o
Ié (b)
= 11%
1 5 - =4  Z
[ 4 '
05
7 TeV

Source: arXiv:1012.2466

B Z0 cross section ~10 times smaller than W* boson production

®  W* cross section ~43% larger than W- at LHC (pp collider!)

Fall 2020
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Precision Tests - |

LEP — Precision tests of SM 1989-2000

1989 —-1995

Js =91.2 GeV
17 10° Z° detected

1996 -2000

Js =161-208 GeV
30 10° WW detected

26 km circumference
4 large experiments: ALEPH, DELPHI, L3, OPAL

Fall 2020
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ALEPH COPAL

DELPHI

L
e

Al

o
£
o
|_
S
©
=
[7)]
S
o
=
C
>}
]
=
()
e
O
[
)
=
L

electrons L
— POSILTONS ot - -
— PrOLONS ; L
antiprotons
Pb ions Senih Arse

P Pl ions
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Custer Detector

Small Angle Tile Calorimeter
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LI B I LI I | I LI B I LI B I LI I LI B I LI I LI B | I L B | I LI I | I LI

Z

+ -
e ¢ —hadrons

Cross-section (pb)

T T lllllll
1 L lIIlIII

%

-l -
(—}
[

1 T Illllll

7~

F

102:_ i =
:M::I\B TRISTA.\'LE_EI :
SLACB ! q

o F e LEP II 3
Feaalagalaasliagleusdssalasalianlssalisiliyid
0 20 40 60 80 100 120 140 160 180 200 220
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e'e” — 'y atthe Z peak

Only consider (dominant) Z diagram

Electron vertex:

W e () B

Z propagator :
v

2 2
q —my,

Muon vertex:

L_‘(p3)(_ig27/v)%(clf —CA;/S)v(p4) Muon ¢, ¢,

—i Approximate, see later
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Ultrarelativistic limit — Chirality = Helicity
— Use helicity eigenstates for electron, muon vertexes
c, =c,+c,,cp=c,—cC,

1 1
—>c, ZE(CL +c;).c, =5(CL —cz)

1 1

E(CV_CAyS)QECL(l_yS)%CR (1+7°)

— Matrix element:

(0 5 (17 () e () 14 Ju(p)|

8
X_zzzgﬂVJ

x Cﬂ(ps)ﬂ%(1—75)V(p4)+%17(p3)7v%(1+75)V(p4)}
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Introduce chirality = helicity projectors:

%(1—7/5)1,1 =u¢,%(1+7/5)” :1,1T,%(1—7/5)vz\/T,%(H}/S)v:vi
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— Matrix element:

[, (p,)7"u, (p,)+ v (1)) 7" uT(pl)][ ngm g, J[ w(ps) 7" v (ps)+ it (p3) 7"V, () ]

2
V4
V() =V (p:) 47 ()1 () =t (ps) +, ()
Surviving terms in both e, ¢ currents: LR, RL only

Fall 2020

gz

Z

: "

b d
-

‘Sf,
Mgr = ——=2—cgcpguv[V) (P2) ¥ ur (p1)][@: (p3) 7 v  (ps)] © /
g* —mj u

) / "
‘.q?-
MR;_:—,—/,(R(IQW[ (p2) P ur(p))[a (pa)yY vi(ps)] €

g —n; u / ol
g _ .. e Y

Mir = ==~ cicrguv[Vi (p2) ¥ u (p1)][Eg (p3) Y vi(ps)]  © y 4 .
q* —m’ i

— [CLVT (p2) 7 u, (p)+cev, (o) 7 us (py )]( 7 —m gyv][cﬁ_% (2s) 7" v (o) + ety (23) 7" v, (P4 )}
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Almost ‘Cut & Paste’ from QED case:

(ck)*(ck)*(14+cosB)?

“

87 .
Mp|* = 5* | —25| (ck)

2

(¢} )*(1 —cos8)*

-
-

§ - !Hz
5 2
2 _ 2| 87 N2y M2 e o\2
M| 57| - 5 (cz.)°(cg) (I —cos0)
5 - IHZ
5 2
2 " ‘q- " » ] “»
Mig|* = s*[—2=| (c§)*(ch)*(1 +cosB)?
5 - le
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Precision Tests- IX 2
N
: T
Now take correct Z propagator: Z unstable L
_j 2g,uv - — gﬂvz N zgyv.
q —m, s—m; s—m, +im,I,
. 1 1
— | 2 - - 2
s—my +im,I’, (S —m;) + m;l_é
2
do _ ‘Mﬁ
dQ  64r’s
— Differential cross-section for the 4 combinations:
o
) S
dGRR I g-}/ﬁ' . H a, > ':
= S - = ~—(cR ) (cp) (1 +cosB)” °
dQ2 647< (s —m3)* tr-zﬁl";:(LR) (k)" ) 2
dGLL ] g‘;s 2127 HA?2 2 3
- . iid s—(c7 )7 (c; ) (1 +cos@)” e
dQ 647 (s —m35)* +msI5 (cL){er)"(1+cos6) =
doig | g5s b fin0; 5 £
= ) q 3 =1 7)(cR)” l_ : 6 - g
dQ 64712 (s mz)* anl‘z(%) (cg)"(1 ~cos6) =
do l o N . | =
= &z° (c'L)Z(c%)z(l —(:059_)2 Wi

o 2 I\" 22
dQ  647° (s —m3z)* +m;I5
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Most interesting difference wrt QED case:

‘MLL‘Z +‘MRR‘2 i‘MLR‘Z +‘MRL‘2

Unpolarized cross section: Average & Sum over spins

4
52— %(S _mg)+ - (e +et) (c+ed) (1+cos™0)+2(ce,) (e, ) coso

Sizeable forward-backward asymmetry!

*
-
-
-
L
-
-
-
-

|JMRR|: +_‘-MLL|2
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Integrate over solid angle, get total cross section:

o ] g‘;s
be——=Z—ut =
€ il 1927 (s —m2)2 +m2%

==
—

b

et

[(e$)* + (c8)?)[(ey)* + (<)

Recall partial Z widths:

Zm & . . Lzm- A )
N(Z—e*e7) = E ) + ()] NZ—ut ) = S22 () + ()]

12 : .
oy TH ’ N(Z—e e )(Z—=uTu")

O G-mrms
127(BR) 377(3.5107)
my,  (912)

(hc)’ ~20.389GeV *mb
~ 55107 GeV "20.389GeV *mb ~ 2.1410 °mb = 2.14nb

peak —

~55107"GeV

Y
— Upeak —

_>O’
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Z peak: Essentially 4 types of events
e'e” —e'e T, 7 17,99 (— hadrons)

Different topologies in the detectors:

ate~ —7 —ete- ete"—=Z—putu ¢ e~ — Z — hadrons

/f:::\:g TR

"'! _,-'f \'n
g ) )
\\ X\\ / , /f}
\\“»\\._///’
r——

Measuring cross sections:
Count events (')

Subtract background

Correct for inefficiency
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Get integrated luminosity (Most of the time from independent counting of Bhabha events)
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Among other results at the peak: Z° lineshape

Meaning in practice:

m, Z mass

I, Z total width

L, Z partial width to fermion type
N, Number of (SM) neutrino species

Obtained by 'scanning' the Z° peak:

Move E, = gin steps through the peak

beam

Measure relevant o at each step
Fit profile:

127 SFeeFﬁ,
2

2
m 02 2172
z (S mz) +m,I,

J(e+e_—>Z—>fj7):
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Lineshape quite distorted by several effects
Main effect: Initial State Radiation (/SR)

nol ey N i
Result:
Collision CM energy = 2E,

............................................................................................

eam

&
=

W
=

............................................................................................

EECE ; E, |

|mz=9].]875ﬂ:0.002lGeV| M
©

'z =2.4952 +0.0023GeV

¢

_+...

b

x
¢

8 s
|

o

tr

Z. — hadrons) /nb
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o
S
(Q\
g
Finding the number of Standard Model neutrinos
(Meaning: With standard coupling to Z) B ete” — Z — hadrons ]
Total width: , A A
r-r,+r +r_+rI,,+T,, +T, +I, +? 3| ALEPH [A\
ee —|— L + TT —|— had + 2 —|— Vsyly + V3V3 + L _ DELPHI I/ -
r=3r,+r,,+nN5_1, [ L3 /7
Measure partial widths from peak cross sections: o] OFAL \
L+ average measurements, |/
o =127 Fe{ﬁ D te ™ [
m, I 10 | / * |
Ny = 2.9840 + 0.0082 I
=3 38 90 92 %
Erm [GeV]
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o
AN
o
AN

@©
LL

Write differential cross section( e.g fore'e — ,u*,u_) as

Z—g:k[A(l—i—coszﬁ)—i—BCOSQ}
A= (ci)z—l—(c;)Z (cf)z-l—(cfé)z , B= (CZ)z_(Clee)z (cf)2—<c,‘,f)2

Forward/Backward cross sections:

—f do d cos 0, O'B—f—dCOS¢9

d cos 0 d cosf
FB Asymmetry: 2
4 —9r "9 g
FB_UF+UB I
&
:k[iA+lB —k[“A_lB]
3772 37 2 5
3B 3_(CL>2_("§)2 () ~(et)| :
_)AFB:§Z:Z' \2 o \2 2 2 :ZAeAu &
() e ||t + (et
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=12
=
el Ay, (peak) ~ 0 for leptons (sin’6,, ~ 0.25)
Z 08|
S | cy/c
3 o AFB(peakiZGeV)¢0:=2l+(v‘ A )
[ Cy/Cx )~
T 04 : Interference with QED b
0.2
YT s 0 05
LOSGu-
0,
App=0.0145£0.0025 4, =0.1514+0.0019

Apl =0.0169+0.0013 Ay =0.1456+0.0091
Agp =0.0188+0.0017 A = 0.1449 £ 0.0040
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sin? By = 0.23154 +0.00016
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LEP2: Study of WW production

€ wt e Wt ¢ —e—nAnn W
.4 o V¥ Vv,

e W e LA e YA YA YA LA
Br(W~ — hadrons) ~ 0.67 Br(W~ — e Ve) = 0.11
Br(W~ — u~vy)~0.11 Br(W~= — 1t7V;)~0.11

WTW— - {Tvly WTW~ — gglv WTW~ — ggqq

Fall 2020
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—~ 30 l : l Iwumm»
) LEP |
Rl PRELIMINARY
3 s
3 A
20+ !
. i t g s
10 4 -
YFSWW/RacoonWWw
o ZWW vertex (Gentle)
AJ __only v_ exchange (Gentle)
01— , , :
160 180 200
vs (GeV)

Maybe one of the best results of the whole LEP saga

Fall 2020
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Measurement of m,, : Kinematical fit

> U L
Example: S 500 [ () 901V EW £
~ ]
47 /e Pty = C ]
W'W  —qqgevVv g 400 3
_ v 1
Get v 4-momentum from: 00 E- E
pq+pq+pe-+l?v=(\/§90) 200 | -
Make W bosons masses : 100 s
2 L ]

_ 0 : ‘ el
MW+—(pq+pq) 60 80 100

) mg. (GeV)
MW— = (pe— +pv)
my = 80.376 £0.033 GeV
'y =2.196 £0.083 GeV
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Loopology - |
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Standard Model :
M, =M,cos@,
M, =91.1875£0.0021 GeV
Measure: | .7,
sin” g, =0.23154+0.00016

— Predict M, =79.946+£0.008 GeV

Measure
M, =80.376+0.033 GelV o
Discrepancy: Virtual loops (including Higgs..) E
HY S
I P N -g
II \ @
AMNAN ) VNN + + AN S
1% ¢ W 5
Predict: — m.°%® = 1734 11GeV =
0 2 My : m 2
my = my, +am; + bln p— - 5
i Observe: my"*" =174.24+3.3GeV g
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Loopology -
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Applied loopology:
Hﬂ

4 R 0 > my

AN + AAAANA, w =My +amp +bin | —
w / W my

t
! ! ! ' |
—LEP1 and SLD
80.5 - LEP2 and Tevatron (prel.)

68% CL

— o
> £
& (@)
O 80.4- -
f my < 200GeV ©
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The Happy End

All 1s well that ends well:

And finally...

Ewents / 2 GiaVy

Ewvents - Filted bkg

a0 = = Dala

CMS preliminary
—rT -

pE= Tl SR
= m,, = 125 GeV va= BTeV L= 104"
= 2y, 2z

B rx

| Segnale di Higgs a 6. 7-:5

Seled dipnokn samils
Qatn 2
S BI.;FI n 1268 GaV)
seo g (kth .ll\:'Pﬂl rcrTial)
ATLAS Prelminary

""wg_h i

C ota=rmevfla=damn’ “‘M““'ﬂ-‘“‘_

L o1==8 Ie‘vJ.Ln = 271"

- Begnale-diHiggs-a 7.d4c

Evont=S GaV

hted Ev

200

g

100

SHS+B) Wei

35

WF B Syt L
f

D000 |

ﬂD!-— o Daia 2411+ 3012

I 5 g Bl
M, =124.3 Ga (1)

-B.,ﬂg i Fepitn 1T

Segnale di Higgs|a

ATLAS
H-Z2"—dl

V=7 TeV |Ldi=46&7
fa=8Tav [Ldi=207 "

F CMS Fralminary
[ im=7Tod L= 854 f' (MWA) L
gy e B P Corpan

Ha

| te=8TaV L=10.6 0"

D I

U'l—

140 150

m. (GeV)

Mr. Higgs
and Mr. Englert
went to Stockholm

Fall 2020
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