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CC weak IA vertex current has V-Astructure :  Pyrd - PyHyo¢,
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=) Only left handed chirality particles and right handed chirality anti-particles take part
in charged current IA
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CC weak IA
violates partiy
maximally!
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V-A Coupling for Leptons & Quarks
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transition only inside weak isospin doublets, with universal coupling constants 3—% = ég;lv
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CC weak interaction is the only IA in the SM, which violates quark quantum numbers.
It is the only one which allow for decay of heavy quarks!




Gargamelle: Discovery of Weak Neutral Current

Weak neutral currents observed in Gargamelle bubble chamber in 1973:
+ N — Vv, +hadrons
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No muon in the final state, thus cannot be a CC interaction!
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Neutral current IA appear with a significant rate: R = 1/3
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Vector and Axial-Vector Couplings

Vertex currents are linear combinations of vector and axial coupling. Relative contributions
need to be determined from data. They are different for different particle species.

Jne=UYH(gy +8ay) U
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Standard Model

prediction for 8y I
couplings Z:
Y 1/2 +1/2 |
|
charged lepton I -1/2+2sin%B,, -1/2
L M, >
u-type-quark +1/2-4/3sin28,, +1/2 with sin’6,, =1 - v 0.223
d-type-quark -1/2+2/3sin%6,, -1/2 (8,y: Weinberg angle)
1 1 _ 1+y° 1-y°
gL=E(gv+gA) 8R=§(8v'8A) JNC=uv“(gRT +8, > )u

In case of neutrinos: :
pure left handed neutrino current

vV — vV — V=37 vHi 11—y .. . .. .
8'=1/2 g'=0 Jy'=uy'|;—)u (this itself is partiy violation!)




Matrix Elements
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Problems with Weak Interaction

» Fermi-Theory: point-like IA e~ V,
(no g% dependence, only valid at low g? values) G,
‘ result in divergence of electron-neutrino ot H
cross-section at large /s 1
M. 2
0~ Gg2s w
» Fix: exchange of massive boson (V-A) theory: modified propagator
1
o0~ G2 My2%s /(s + M,?) q> — M,
Still remianing problem: wo_-
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divergence of W pair v

production cross-section / -
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Phenomenological approach to the Standard Model (SM):

» Prerequisites

» Weak isospin and weak hypercharge
» Couplings to gauge fields

» Feynman rules

> Generation of mass



a) Fundamental fermions:
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b) Fundamental interactions:

» Charged current interaction: transition inside LH doublets

g

» Neutral current interaction: couples to LH and RH fermions

» Electromagnetic interaction couples equally to LH and RH fermions

Left-handed
doublets

right-handed
singletts

weak IA



CC weak IA

Charge raising current (W*):
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Weak Isospin and Weak Hypercharge

Pauli-matrices
In analogy to the strong isospin one can describe the particles of 0 1
the LH doublets as T; = £ 74 states of a particle with weak isospin T =7 01= (1 0)
\Y 0, = (? Ol)
XL=< )L T=%Ty,=11/2 /1 0
e O3 = (0 —1)

As for (iso)spin one can use the raising and lowering operators defined by the Pauli
matrices to express state transitions.

=% (t'tit?) Tt =0 =Pauli-matrices

The current can be written in the compact form: J* =), y* 1 § XL e, =((1)), v, = ((1))

From the SU(2) structure of isospin formalism, one expects that in addition
to the currents J* there exists a 3" neutral current J3 of the form:
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‘ Weak isospin triplett of LH fermion currents J, =%, y* % X1
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Electro-Weak Unification

The third current J3 is NOT equal to the weak neutral current JNC:

INC contains LH and RH fermion contributions!

However there is a 2" NC containing LH and RH fermion contributions: Jem

mm) Treat both neutral currents, J™ and INS, simultaneously:

As both currents contain RH contributions it should be possible to contruct a linear
Combinations which couples only to LH fermions:

Two linear combinations of Je™ and JNC:
J;=sin2 @, Jem + JNC == Choose 8,, such that RH fermions components in J? vanish

1/2 JY = cos?,, Jem - INC

Y — .
J3+1/2)Y = Jem J, completes the weak isospin current triplett Ji

> Y =2Jem.- 2], JYis called hypercharge current, couples via
hypercharge
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J=2Jm-2P3 =2QPy*W-2T,Py*W=2(Q-T,) P y* W

Hypercharge operator: Y = 2[Q-T,]

(Gell-Mann Nishijima Formula)

Electro-weak quantum numbers

Y

Leptons T T Q Y

A 1/2 +1/2 0 -1
e, 1/2 -1/2 -1 -1
er 0 0 -1 -2

Quarks

-1/3  1/3
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Current Coupling to the Gauge Fields/Bosons

Reminder QED: Coupling to photon is described by IA with the the photon (gauge) field

e

\\4/7 ~-jeJem Ax
2,V

In electro-weak theory the coupling between boson and fermions is defined in analogy
to the coupling of the photon to the fermions currents in QED.
There are in total 4 boson fields:

Corresponding to J%, J3 there are fields

______ o L, 1 : 1 :
/\ ~-igJ WHH W _ﬁ(wl— iW,), W —E(W1+|W2), W3
g
B
—————— Y 9y M
g /\C J i I\/EJ“ B g, g’ are coupling constants
g Vi

V2 S convention




Gauge Bosons

While the charged boson fields W* correspond to the observed W bosons, the neutral
fields B and W3 only correspond to linear combinations of the observed photon and Z

boson:

A,=B, co.seW + W3 sin@,,
Z,=-B,sin B, + W3 cosB,,

B,=A, cos.eW —Z,sin B,
W3 = A, sin ©, +Z, cos 8,

<—— massless photon
<«—— massive Z boson

the mixing of the neutral fields which
is introduced here ad hoc is generated
through the Symmetry Breaking of the
Higgs-mechanism.

The weak mixing angle ©,, (Weinberg angle) is defined by the coupling

constants to A* and ZM.
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The fermion coupling to the neutral fields are given by B,=A, cos® —Z, sin B,
W3, =A, sin© +Z, cos B,

gl 2 W= T, BH =-i[gsin®,, )} +7 cosO,, )Y, JAH

+i [gcosOyJ,?- %’ sin@,, JY, ] Z¢

Fermion coupling to the photon
-ie J oM AR = -ie[) 2+ )V AR

Comparison of the coefficients give: (J¥ = 2Jem - 2),)

e =gsinB, e =g’ cosO,, # tan®,, = g/g’

Fermion coupling to the Z boson

) g’ . . g )
+i [gcos®,J,3>- 5 sinBy, ] 2+ =i p—y [cos®y? > -7 sin©,,2 )Y ] Z¢

-9 213 _ o 2 (1em _[3}] 7u
|COSeW[coseW )2 -sin®y2(Jem-J)] Z

i1

=1
:

3 -sin@,,2Jem] Z¢

JNC 16




Py %(gv — g4 Y)Y = INC
= J3-sin%2Q,, Jem
— —v° —
= T,WyH 1Tyr3 W —qsin?0,, Py* W

- g, =T;—2q5sin’6,, g, =T,

I T T

Y 1/2
charged lepton I -1/2+2sin%8,,
u-type-quark +1/2-4/3sin%8,,

d-type-quark -1/2+2/3sin%B,,

+1/2
-1/2
+1/2
-1/2
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Vertex factors Propagator
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2

g Gpe

2 =
z 9 —0 8cos’ 4, M- J2
G G
For JE = jﬁ: e

2 2 2 follows also
12 follows | C0S° 0y =—% | 4mm from Higgs
p= L 1 M; mechanism
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Massive gauge bosons?

So far: Electroweak unification

However: Z, W are assigned ad hoc, for the moment they are still mass less

Need additional trick to assign masses to all particles (quarks,
exchange bosons, ...)

mmmm)  Symmetry breaking via the Higgs-Mechanism

A scalar field with a non-vanishing vacuum expectation value v, couples to the

Boson and fermion fields and generates the marticles masses through these couplings.
(more details in future lectures)

For the boson masses one finds:  M,,=%vg My___9

M, Jargr 00 OW
M,=%v., g%+ g'? ™

g sin ©,, = g’ cos 6,

For the Higgs mass itself one finds: M, = 2v2A

Parameter A describes the potential and can as v not be predicted by theory.




Higgs coupling to fermions and fermion masses

f
h© gm, with fermion masses mf = <22
_____ — -I; M, V2
f G; is an unknown fermion dependent (Yukawa)

Coupling constant.

Standard Model Parameter

> e (agep)

> (G;andsin®,,) or (M, and M,) or ...

» 0, strong coupling constant

» 9 fermion masses (neutrinos are massless)
» 4 quark mixing parameters (CKM matrix)

> M,

18 parameters

Some people think this is
too much!!
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1934: Fermi-Theorie of point like IA

I\/lfi = GF guv [l?ylﬂ.l]] [I¥J‘YVLIJ

Later extended to describe partiy:

Mg = =g, [Py*(1 — y)WIPY'(1 — y9)¥]

Then extended to include propagator term and massive exchange boson \/
. W
=_Id£ u 5 Wy qu/mwzgw—l u — VO N

My= S By (1 - y9) WS BB S @ oy (1 —y9) W 7

w
Problem: W production cross section violates & -7

unitary (~ s) v,
W

‘ 1967: Glashow, Salem and Weinberg

Electroweak unification
22



In analogy to strong IA, introduce weak isospin

Left handed particles from isospin doublets T=2%,T; =%

v, v, v, u c t
e m T d’ s' b’
Right handed particles form isospin singletts T =0

€ Mg, Trs Ug, dg, Cg, Sk, g, by

W,, W,,W; are generators of SU(2)., Vv
o
Ladder operators W:=W, -/+ i W, W'\/

W; eigenvalue: third component of weak isospin s

Hypercharge Y = 2(Q-T,)

Electroweak theory described by SU(2).., x U,(1)

iso
4 mass less gauge fields W, W,, W, and B

Couple to left handed particles only couples to left and right handed particles



Summary: Electroweak Unification

SU..(2) xUy(1)  contains subgroup U, (1)

A is not identical to the both neutral currents B and W;

BzA and W;#A elm.|A does not couple to left handed neutrinos!

Solution: A'is linear combination of W, and B

=B, cos8,, + W3 sin@,, | «<—— massless photon

Ay
Z,=-B,sin 8, + W3, cos8,, | «<—— massive Z boson

Bu3= A, cos'eW —Z,sin B,
W=, =A, sin By, +Z, cos B,

Weinberg angle ©, defined by couplings of A and Z.

From experiment sinew2 =0.23143 £ 0.00015 cosO,, = %
VA

Problem: no mass term in Lagrangian (otherwise spoils gauge invariance, thus theory
is unphysical)

Require dedicated mechanism to create masses - HIGGS mechanism (1964)




Next event: Discovery of Neutral Currents

NC was first theoretical introduced in GSW theory in 1967 and then discovered in 1973

—

V,t+e —U,+ e

Despite this experimental , proof“ GSW model not widely accepted before
1977 t'Hooft and Veltmann demonstrated reonormalization of this theory.
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Nobel Prize for Glashow, Salem and Weinberg (1979)

Gerardus 't Hooft Martinus J.G. Veltman

The Nobel Prize in Physics 1999 was awarded jointly to Gerardus 't Hooft and
Martinus J.G. Veltman “for elucidating the quantum structure of electroweak
interactions in physics" 26



Discovery of the Higgs Boson 2012 at the LHC!

CMS Experiment at the LHC, CERN

Data recorded: 2012-May-13 20:08:14.621490 GM1 . |
Run/Event: 19410¢ | ‘ H 9 Y }’
candidate

T T T T T T T

Selected diphoton sample
. Data 2011 and 2012
Sig + Bkg inclusive fit (m = 126.5 GeV)

--------- 4th order polynomial
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All the best wishes for X-mass and the New Year!
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