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Standard Model (SM). Outline of Part 1

@ Introduction
— Particles of the Standard Model (SM)

— Quarks and color; mesons, baryons

@ Gauge invariance

— Basic input from Quantum Field Theory

— Quantum electrodynamics (QED)

— Brief introduction to quantum chromodynamics (QCD)
@ Unification of weak and electromagnetic interactions

— Experimental facts

- 5U(2)L ® U(1)y theory

— Charged currents

— Neutral currents
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Particles of the Standard Model

Leptons
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Three fermion families (or generations)

matter constituents

FERMIONS spin = 172, 3/2, 5/2, ...
Leptons spin =1/2

; Approx. .
Hever ELectnc EIor Mass ELectrlc
charge Gev/c2 | charge
WU i« (0-0.13)x10-9 0 W w 0.002 213
€ electron 0.000511 — ) dom 0005  -13
W et o+ (0.009-0.13)x10-%| 0 © chem 1.3 213
w muon 0.106 -1 @ strange 01 —1/3
Yl heciiox | (0.04-0.14)x109| 0 &) o 173 2/3
L‘ZJ tau 1.777 = &) votom 4.2 —1/3J
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Left-handed doublets and right-handed singlets
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Fermionic matter of the SM

The SM is a gauge theory, based on the symmetry group SU(3)c ® SU(2). ® U(1)y,
which describes strong, weak and electromagnetic interactions.

The fermionic matter (spin ) is organized in a three-fold family structure:

Ve u vy C Vr t

e” d ’ u- s ’ T~ b

141 > < qu > 15

— ) s 'R qu , 4
< ! L &L L : "

plus the corresponding antiparticles. Here any lepton is denoted by / = (e™, u=, 77),
neutrino — vy = (Ve, Vu, V), upper quarks — q, = (u, ¢, t), and lower quarks —
qa = (d, s, b).

In addition, L stands for “left-handed”’, R — for “right-handed” (to be defined later).

Each family : [ IV_’ Z” ]
d

The three fermionic families appear to have identical properties, i.e. gauge
interactions; they differ only by their mass and their flavor quantum
number.
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Bosons - interaction carriers

Unified Electroweak spin =

Name

X

photon

VERS
GeV/c?

0

force carriers

BOSONS spin=o0,1, 2, ...

Electric
charge

wWr
w#

W bosons

0
e

80.39

80.39

91.188
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Quark model — “Periodic Table" of composite particles

G =1
aeou™Y —
'QUARKS’
3

Mesons (spin = 0,1,2,3,...):

7r+=uc7_, Kt =us, K°=ds, ﬂoz(uﬁ—dJ)/ﬁ
D* =cd, D° = ci, Df=c5 B
Bt =ub, B°=db, BY=sh, BrY=cbh...

Baryons (spin = 1/2,3/2,5/2,...):

p = uud, n = udd, Yt =uus, ¥°=uds, ...
Yt =ude, It =uwuec, =f=usc, Z=2=dsc ...
=t =dcc, Zit =uwece, Q. =scc
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Quarks and color

Violation of the Pauli principle for the A** baryon (with J© = %Jr):

AT =yttt
with three quark spins aligned in the same direction (s3 = %) relative angular momenta
are equal to zero, and Q@ = 3 x (+§) = 42.

New quantum number - color - has been introduced [Greenberg, Han, Nambu, and
Bogolyubov, Struminskiy, Tavkhelidze].

The quark may have N¢ = 3 different colors: g%, o« =1,2,3, or « = red, blue, green
(sometimes red, , violet are used):

q= q |, for each flavor q=wu,d, c, s, t, b
q

Then AT is the antisymmetric state as required by statistics
1
NG

At least 3 colors are needed for making an antisymmetric state of 3 quarks.

ATT = ea67|ug T T)

UBU’Y
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Mesons and baryons

Mesons are colorless (color—singlets)

1

1
M) = —=6°?19ads) = —= (93 + 94 + 3
M) = 5% 19a85) = —= (93 + 93+ q9)

Total wave function in the quark constituent model is
V= wco/or X Ql)ﬂavor X wspin—spacs
For example, for the m-meson with S = L = J = 0 and isospin | = 1:

|7*) Ldb — ulhdl) x o(F — 7) 7 meson

1
= —(u
V6
Baryons are also colorless (color-singlets)

1 1
B) = — ¢*"|qa - —qqq+ ...
|B) 7 |90959~) \/é(qqq qqq )

For the proton with spin “up™
1 1

5 Jz = += = — =

lp ) 373

5 P (2ul) ugdiﬁ + 2U2déU,TY + 2diug u,t
T
— uldgu# — uidgufy — dluéuz — dlugufy) X O(F — b, i3 — E(rl + 7))
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Quantum Field Theory (QFT): basic input

In quantum mechanics, energy and momentum of a particle correspond to operators
acting on the particle wave function.

The substitutions H = ik % and p= —ihV lead then to the Schrddinger equation
for a nonrelativistic free particle:

) R
_ 72 ; 2 - _ 2 2
H=p%/(2m) = ik atw(x, t) —2mV P (X, t) .
In a relativistic covariant way we define
v aop_ - O "
pt=id" =i — X :(t;Xy,V:Z)v p=0,1,2,3

)
Oxu

(with the natural units convention i = ¢ = 1).
For a relativistic free particle, the relation E? = 52 + m? determines the Klein—Gordon

equation:
? -
(D+m2)¢)(x):07 where Dza“auzﬁ_vz'
The Klein—Gordon equation is quadratic on the time derivative because relativity puts

the space and time coordinates on an equal footing.
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Wave equations

Does an equation linear in derivatives exist?

Relativistic covariance (and dimensional analysis) restricts its possible form to the Dirac
equation:

(i7"0u — m)3(x) =0.
The solutions should also satisfy the Klein—-Gordon relation. Applying an appropriate
differential operator, one obtains quadratic equation:

— (i7" 0 + m) (i9"0, = m)y(x) =0 = (O + m*) ()

Terms linear in derivatives cancel identically, while the term with two derivatives
reproduces the operator O = 9%9,, provided the coefficients v* satisfy the algebraic
relation

(VA =AM Y =28,
with metric tensor g"” = diag(1,—1,—1,—-1) .

Obviously the components of the four-vector 4* cannot simply be numbers - they should
be matrices.
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Dirac algebra of ~-matrices

The lowest-dimensional solution to the Dirac algebra is obtained with matrices of

dimension D = 4:
o_ (I O P 0 o
’Y - 0 —I I ’Y - _Ul 0 ’

. (10 (01 2 (0 —i
with the usual 2 x 2 matrices: I_<O 1>,a—<1 0>,0’—<i 0 ),

od = ( (1) _01 ) and 7°4#~° = 4#T . The three 2 x 2 Pauli matrices satisfy

{o',0/} =267 and [0/, 0/] = 2™ o*
The wave function (x) is a column vector with 4 components. It contains two

components of spin 1.

The Dirac equation describes simultaneously fermion of spin % and its antiparticle.

It turns useful to define the following combination of gamma matrices:

0.1.2.3 _ i v o 0o |/
¥ =1 =iy = = gy ewvper Yy :(, 0)
with the properties

Py’ ==l =—3, {17} =0, ()=

A. Korchin (NSC KIPT) The Standard Model. Part 1 TES HEP2023 13 / 47



Chirality, left- and right-handed fermions

“Left” and “right” chirality projectors P, and Pg:
1 1 - 1 YA
PL=§(1—"}/5)—§(_I / >, PR=§(1+’YS)—§(I I)’

Pa=Pg, Pi=P,, PPr=PrPL=0, P +Pr=1
We can always decompose the Dirac spinor for any fermion (lepton or quark):

| () = (Pt Pr) $(x) = vu(x) + ¥r(x) |

with
V=P, Yr=Prv¢, Y, =¢Pr, Yr=vP, where ¥ =1"°

In the massless limit the fermion chirality R or L, is equivalent to the fermion helicity

P

A=2"P

==1
TPl
o O
—_y o
right-handed lefi-handed
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Lagrangian formalism in particle physics

The dynamics of any physical system is encoded in the action
5 = [ d*x £[6:0. 0,6,

Apparently L[...], d*x and S are Lorentz invariants. The integral over the four
space-time coordinates preserves relativistic invariance. The Lagrangian density L is a
Lorentz-invariant functional of the fields ¢;(x) and their derivatives. The space integral

L= / dx L [61(x), i ()]

would correspond to the usual non-relativistic Lagrangian.

The principle of stationary action requires the variation §S of the action to be zero
under small fluctuations d¢; of the fields. The condition S = 0 determines

The Euler-Lagrange equations of motion:
oL oL
— -0 ———) =0.
O¢i (3(3“¢i)>
Knowing the Klein—Gordon and Dirac equations, one can find appropriate Lagrangians.

They should be quadratic on the fields and Lorentz invariant.
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Particles with spin 0 and 1/2

The free spinless particle and its antiparticle (e.g., 77, 77):
L=0"¢"0u0—m*¢"¢

describes a complex scalar field without interactions.
For spinless particles which are their own antiparticles (no internal charges, like 7°) are
described through a real scalar field

_lp, _122
L= 20000 5m ¢

For spin-1/2 particle and its antiparticle (e.g., e™, e*, g, §):

L= @(”Y”au*m)d}y

P(x) = 9T (x)7° is called adjoint spinor. Matrix 4° is included to guarantee the proper
behaviour under Lorentz transformations: 1) is a Lorentz scalar, and y*1) transforms
as a four-vector. Therefore, £ is a Lorentz scalar as it should.

An important observation: one can rewrite Lagrangian in terms of chiral components

L= E/_ iv" O + ER"'YH(?M#R - m (Elﬂ/’R +ER¢L)

Left-handed and right-handed states decouple if the mass of fermion is.zero.
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Classical electrodynamics

Let us recall how we describe the photon. The well-known Maxwell equations read

- o - - 9B
VB—O, VXE-FE—O,
. - - 9E -
-E = B——=1J.
v 0, V X 9t J

provide a unified description of the electric and magnetic forces. The first two equations
are solved writing the EM fields in terms of potentials:

E-_vv_ 94 B-VxA.
ot

It is very useful to rewrite these equations in a Lorentz covariant notation. The charge
density p and the EM current J transform as a 4-vector

M= (p, I) . also A= (v, A‘)

<t
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Classical electrodynamics

Define the field strength tensor

0 - -E -E
E1 0 —B3 BZ
BV — gAY _ Y AR
FF" =0"A”" —0"A E B 0 B ,
Es —-B B 0

and FM = Z P F

€ 0o -

N =

Then the covariant form of the Maxwell equations is transparent and simple:
o F" =0, O F" = J”

The electromagnetic dynamics is relativistic phenomenon but Lorentz invariance was not
explicit in the original formulation.

Conservation of the electromagnetic current and electric charge follows immediately

OJ” = 0,0,F" =0, and therefore % =0
Further 0,,F*” = J* becomes:

OA" — 8" (9,A%) = J¥ .
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Gauge transformation

Gauge symmetry means that the same dynamics can be described by different
4-potentials, which give the same tensor F*”. Therefore the Maxwell equations are
invariant under gauge transformations:

A AT = AP 0P A(X), F'vv = frv
Taking, e.g. 9,A" =0 (called the Lorentz gauge), one has the equation
OA” = JY.
If J# =0, i.e. there is no external current, we get
OA”=0 = Klein — Gordon equation with m =0

i.e the four components of A* satisfy a Klein—Gordon equation with m = 0.
The photon is therefore a massless particle.

It is also possible to impose a 2nd constraint on A* (without changing F*¥). Since there
are 4 components of A" and 2 arbitrary constraints, the photon has only 4 —2 =2
independent physical degrees of freedom, which are its polarizations.
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Gauge principle and electromagnetic interaction

Gauge symmetry allows for introduction of the electromagnetic interaction.
Let us consider the Dirac fermion field without interaction

Lo =9 (iV"Ou—m)¢
Global U(1) transformations are
V(x) = W'(x) = exp{iQO} W(x)
where Q0 is an arbitrary real constant. Then Lo is clearly invariant under global U(1).
Let us generalize this to the “local” phase 6(x), i.e.
V(x) = V'(x) = exp {iQ(x)} V(x)

Gauge principle means: U(1) phase invariance should hold locally, i.e. with different
phases in different space-time points.
This is possible only if we include electromagnetic (EM) field A, (x), transforming as

Au(x) = AL(x) = Au(x) + é 9,6(x)
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Quantum electrodynamics (QED)

Let us introduce the so-called covariant derivative:
DV(x) = [0 — ieQA,(x)] W(x)
Then one can write the QED Lagrangian
£ = iW)DW(x) — mB)W(x) = Lo + eQA(x) T(x)7"V(x)
which is invariant under local U(1). We also have to add invariant term for the EM field

1 v
[rkin = _ZFLWF”

and
Lqep = Lo + Liin + €QAL(x) W(x)y"W(x)

Here eQ is the charge of the fermion.

This QED Lagrangian gives rise to the Maxwell equations with the fermion current
JH = eQV(x)y*W(x).

Why do not we include a mass term for electromagnetic field ~ %mi ArA, 7
Such term would violate gauge invariance under A, (x) — Au(x) + 2 9,6(x), and
therefore
gauge invariance predicts that the photon is a massless particle.
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Quantum electrodynamics (QED)

CHARGED LEPTONS: (but not NEUTRINOS)

e’ o e U o Wt o T
\s’/ E/ Ts/

ALL QUARKS:

@ @ Q!

\(%)Za{d @ s \(é)za{b
;

Figure: Electromagnetic interaction of leptons and quarks. In each vertex we

introduce factor e@, where Q = —1 for leptons, Q@ = +2/3 for upper quarks,

Q = —1/3 for lower quarks (here a = e?/(4r) is fine-structure constant).
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Gauge color symmetry SU(3)¢

Let us see how the gauge principle can be applied to quantum chromodynamics (QCD).
One begins with the sum of free Lagrangians of quarks with various flavors f and colors

Q
Lo= > > @ (in0u—ms)af

f=u,d,s,c,b,t a=1,2,3

It is invariant under global SU(3)¢ transformations in color space,
qf — (¢7) = U q7, vt =uvtu=1, detU=1
due to the unitarity of the 3 x 3 matrix U.

Following the idea in QED, assume that local symmetry is also satisfied, where SU(3)c
matrices are now space-time dependent

U(x) = exp (—igs%aea(x)) ;

with arbitrary parameters 6,(x), and 3 x 3 matrices \* (a=1,2,...,8) — matrices of
Gell-Mann (generators of fundamental representation of SU(3)c¢ algebra).
Here g is the strong coupling constant.
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Lagrangian of Quantum chromodynamics (QCD)

Since there are 8 parameters, one needs 8 different gauge bosons G/'(x) — gluons, and
covariant derivative (similarly to QED)

D"qr = <6“ — igs%Gf(x)> qr

To build a gauge-invariant kinetic term for the gluon fields, we introduce the
corresponding field strengths

Gl (x) = O*GY — 9" G — gs f**° G} G

3¢ are called structure constants of SU(3). Finally we arrive at Lagrangian of quarks

and gluons (including gluon kinetic term)
_ . 1 .
Lqcp = 2 Gr (i7" Dy — my) qr — 1 G}V Gy

All interactions between quarks and gluons follow from this Lagrangian.
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Interactions in QCD

Explicitly, the Lagrangian with qgG, GGG and GGGG interactions has the form

1 v v —o (- a
Laop = —7(0"G/ —0"G!)(9,6] —0,G]) + > (i7" 0. — my) qf
f
+8 Gl qu’m (*) a/
ap
_ & fabc a,u.Gu _ auGu Gch gs fabCf GuGquGe
2 ( a a ) " ade U Uc Uy, Gy
E m{ﬁ . M v
¢ GS Gy
%b g§2 fz:b«: fal:le

Figure: Interaction vertices in QCD
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Interactions in QCD

Gluons keep quarks together !

QUARKS CARRY A
foLor

ANTI-QUARKS CARRY AN
ANTI-COLOR

ﬁﬁmm " N

COLOR AND AN
ANTI-COLOR

More about QCD in next lectures ...
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Electroweak unification. Charg

Low-energy experiments have provided a large amount of information about the
dynamics underlying flavor-changing processes.

— U e Uevy

— n—pe Ve

— T —> e Ve OF T — U Uy

— neutrino scattering data: Tep —e'n, ven— e p, Dup—ptn or vun—pup
— absence of processes like vep /4 e"n, Den/ e p, Dup/Aetn or vyntep.

Observations:

only the left-handed fermion and right-handed antifermion chiralities participate,
strength of the interaction appears to be universal,
neutrinos are left-handed () while anti-neutrinos are right-handed (7r),

existence of different neutrino types (ve # v, # v7),

e 6 6 6 o

there are separately conserved lepton quantum numbers (L., L., L.) which
distinguish neutrinos from antineutrinos, leptons from antileptons.
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Charged currents: W= bosons

The low-energy information, and the absence of flavor-changing neutral-current (FCNC)
transitions like 4~ 4 e~ e~ e™, was sufficient to determine the structure of the
Electroweak (EW) theory.

The intermediate vector bosons W¥ and Z were theoretically introduced and their
masses correctly estimated, before their experimental discovery.

Nowadays, the huge numbers of W™ and Z decay events is accumulated, which bring
much direct experimental evidence of their properties.

v -

T e
- VH >\ =
_ =
M i W
_ e
W /-/
B A
‘\ >y -
= Ve e T Ve

Figure: Examples of processes via W-boson exchange: “tree-level” diagrams for
p-o = e Dev, and v,eT = U ve.
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W= boson interactions

& Only left-handed fermions and right-handed antifermions couple to the W*. This
means a 100% breaking of parity P: left <> right and charge conjugation C:
particle <> antiparticle.

However, the combined transformation CP still seems to be a good symmetry
(its violation will be considered later).

& The W* bosons couple to the fermionic doublets, where the electric charges of
the two fermion partners differ in one unit, for example e~ and ve..

The decay channels of the W™ are:

— p—— —_— - —_ - s ’
W™ — e De, b Uy,7 Ur,d ii,s C.

The “on-mass-shell” production of t quark is kinematically forbidden, since
my = 173 GeV > My = 80.4 GeV.

O All fermion doublets couple to W* bosons with the same universal strength.
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Charged currents: weak and mass eigenstates

{ The doublet partners of the up, charm and top quarks appear to be mixtures of
the three quarks with charge —1:

d’ d
s" | =v | s |, vvi = viv =1.
b’ b

Thus, the so-called the weak eigenstates d’, s’, b’ are different from the mass
eigenstates d, s, b.

They are related through the 3 x 3 unitary matrix V, which characterizes
flavor-mixing phenomena. It is called Cabibbo-Kobayashi-Maskawa (CKM) matrix.

{ The experimental evidence of neutrino oscillations shows that the weak eigenstates
Ve, v, and v, are also mixtures of the mass neutrino eigenstates v, 12 and vs.
There is corresponding mixing matrix of Pontecorvo—Maki—Nakagawa—Sakata
(PMNS). However, the neutrino masses are tiny |m12,3 — m12,2| ~25.1073eV2?,
m,%z — mﬁl ~8-107%6V2,

More about neutrino properties you will learn in other lectures at this School.
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Neutral currents: properties

e’>fV\i\Z/\Jv< i e7>/\nlzvvv<: V
e+ u* e* v

Figure: Tree-level Feynman diagrams for ete™ — utu~ and ete™ — v .

All interacting vertices are flavor conserving.
~ and Z couple to a fermion and its own antifermion, i.e., yff and ZfFf.

Transitions of the type © — ey or Z — eXuT are not observed (no FCNC).

S OO O

Interactions depend on the fermion electric charge Qf, and fermions with the same
Qr have exactly the same universal couplings.

<

Neutrinos do not interact with ~, but they have a non-zero coupling to Z.

<

~ has the same interaction for both chiralities f; and fg, but Z couplings are
different for f, and f&.

¢ Only left-handed neutrino v, couples to the Z.

{ There are three different light neutrino species.
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The SU(2), ® U(1)y theory

How to accommodate all these properties of the charged and neutral weak
interactions? One needs a more elaborated structure than that in QED and QCD:

— with several fermionic flavors and different properties of left and right fermions,
— with the left-handed fermions appearing in doublets, e.g. €,, vey, etc.
— with massive gauge bosons W™ and Z in addition to massless photon.

The simplest group with doublet representations is SU(2). We want to include also the
photon; thus we need an additional U(1) group like in QED we had U(1)em.
The symmetry group combining SU(2) and U(1) is the product

G = 5U(2)L® U(].)y.

Let us consider a single family of quarks, and introduce the notation

wed = (§) 0 w0 = ) = e

In the lepton sector we choose a single family of leptons and identify

e

mm=(%)ﬂ 5a() = ve () = e
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The SU(2), ® U(1)y theory

As in the cases of QED and QCD, let us begin with the free Dirac Lagrangian of quarks
u and d (masses are not included)

Lo = i(x)7" Duu(x) + 130)7" 0ud(x) = 3 1,()7" Duvi(x).

Lo is invariant under global transformations G in flavor space:

¥1(x) N P1(x) = exp (iv1B) U ¥1(x) doublets,
Ya(x) -5 Ph(x) = exp (iy2) v2(x) singlets,
¥3(x) N P3(x) = exp (iysf) ¥s(x) singlets,

where the SU(2), transformation (non-Abelian as in QCD)

U = exp (i % ai> (i=1,2,3)

only acts on the doublet field ;. '
Further, y; are called hypercharges, and we have in total 4 parameters: 8 and «'.

We have not added a mass term like —m, du = —m, (G ur + Gruy) because it mixes
the left- and right-handed fields and spoils the symmetry.
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Local gauge invariance in SU(2), ® U(1)y theory

As in QED and QCD, let us require the Lagrangian to be invariant under local
SU(2). ® U(1)y gauge transformations, i.e., with parameters a'(x) and 5(x).

We have to replace the fermion derivatives by covariant derivatives, and since there are
4 gauge parameters o'(x) and B(x), the four different gauge bosons are needed:

Dubr(x) = [0u+ig Walx) +ig’ya Bu(x)] (),
Dutpa(x) = [0u+ig" y2 Bu(x)] ¥2(x),
Dups(x) = [0u+ 18" y3 Bu(x)] ¢3(x),
where g and g’ are the coupling constants, and
WH;"iW,QZ:L( W’? W’}_iwi) (i=1,2,3)
2 2\ wWr+iw? -w?

denotes a 2 x 2 matrix field.

In principle, the 4 gauge fields W', W?, W?* and B should be related to the 4 gauge
bosons: W*, Z and ~. But this relation is not straightforward.
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The SU(2), ® U(1l)y theory

We want D,,1;(x) to transform in exactly the same way as the ¥;(x) fields; this fixes the
transformation properties of the gauge fields:

Bu(x) -5 BL(x) = Bu(x)— gwx),

— c — e i
We 5 Wl = U0 Wa U] + 20,0, () U ()

where o
UL(x) = exp (i 5’ a'(x))

The transformation of B, is identical to the one for the photon in QED, however B,, is
not a photon field.

The W, fields transform in a way similar to the gluon fields of QCD.
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Lagrangian in SU(2), ® U(1)y theory

When we include covariant derivatives in the free Lagrangian and obtain
3 J—
Lo = £ =) id;(x)7" Duthj(x) = Lo + Lint
j=1

which is invariant under the local G transformations.
To build the gauge-invariant kinetic term for the gauge fields, we introduce the field
strengths:
B, = 0.B, —0.B,,
Wy = 0, W, — 0, W, + ig [WM,WV] ,
v T\ i i i ik \ /i
War = 5 Wiy, W, = 0.W, —a,W,, — g ™ W) W
where i,j, k =1,2 3.

B, is invariant under G transformations (like for the photon F,.), while W,
transforms “covariantly™

G a7 G 7 1
B,, — B, W — U Wy, U] .
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The SU(2), ® U(1)y theory

The properly normalized kinetic Lagrangian of the gauge fields is

1 1 1

v 1 A/ \Apv v i v
Lkin:_ZBuuBu _E’I‘I'(W;_Luwu):_zBuyBu _ZWHVVVI'H .

@ Lagrangian Lyin gives rise to cubic and quartic self-interactions among the gauge
fields with the strength given by the same coupling g.

@ Gauge symmetry forbids mass terms for the gauge bosons.

@ Fermionic masses are also not possible, because left- and right-handed fields have
different transformation properties, and therefore would produce an explicit
breaking of the gauge symmetry.

In conclusion: SU(2); ® U(1)y Lagrangian £ + Ly, describes only the massless
fermions and bosons.

This is bad news of course, but the problem can be solved (in the next lectures).
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Charged-current interaction with W=*

Interactions of the fermions of single family with the gauge bosons are given by
— — 3 —
Line = —g 017" Wby — &' Bu Y yi oy 4.
j=1
The term containing the SU(2), matrix
g 1( w3 ﬂwj)
=
2 2\ vew, -w?
gives rise to charged-current interactions with the boson fields

W, = (W; +i Wi)/\/é and its complex — conjugate WJ = (W: —i Wj)/\/i
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Charged-current (CC) interaction

For a single family of quarks and leptons,

Loc = 2{ {WT [G7(1 = 45)d + Dey" (1 — 75)e€]

W [dy" (1= s)u + & (1 —s)ve] }-

The universality of the quark and lepton interactions is now a direct consequence of the
gauge symmetry.

However, it cannot describe the observed phenomena, because the gauge bosons are still
massless and, in particular, give rise to long-range forces. The interaction radius

Ry ~1/My,

and for My, = 0 we have R,, — 0o, contrary to observations that R,, ~ 10728 m.
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Charged-current (CC) interaction

w<

W T’L"Ir W

W<
,,,,{

ﬂM\

W

=1 =

Figure: Weak charged-current interactions
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Neutral-current (NC) interaction

The remaining part of the interaction of fermions with W2 and B,, fields is
Acint, neutral = —& Wj 1#17“71/11 - g/ Bu Z )’j%’)’“i/’j .
j=1
Can the field B, be the photon? And W} be Z boson?

No, they cannot. Since the photon has the same interaction with both fermion
chiralities, that would require

Yi=Ya=y3s=y and g'y=eQu=eQq
which cannot be true as Q, = +2/3 and Q4 = —1/3. Similarly for Z.

Since both fields are neutral, we can try with a combination of the fields:
w; _ cosOw  sinfw Z,
B, - —sinfyw cosfy A ’
where Oy is called the weak mixing angle, or Weinberg's angle.
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Neutral-current interaction

In terms of the fields Z and ~, the neutral-current Lagrangian is rewritten as

3
Lne = —Z Ej'y”{Au [g% sinfw + g’ y; cos@w]
j=1
+2Z, [g% cosOw — g'y; sim‘)w]}zpj.

To obtain QED from the A, piece, one needs to impose two conditions:
gsinfy = g’ cosOy = e and Y=Q-T,,

where T, = 03/2 is z projection of weak isospin and Q — the EM charge operator for
quarks

Q. = ( %’ C(?)d ) , Q = Qu, Q= Qq for quarks

Q= < Qol’e Cge > , Q= Q. QR = Q. for leptons

Clearly, the weak isospin for the right fields (singlets) is zero, while for the left-handed
fields (doublets) it is 2 with z projections +1/2. Of course, Q,, = 0.
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Neutral-current (NC) interaction

The 2nd identity fixes the fermion hypercharges in terms of their electric charge and
weak isospin:

W=

Quarks : yleu—%:Qd-i-%:%, y2:Qu:%7 y3 = Qo = —
Leptons: y1 = Q —%=Q.+3%=-1, y2 = Q, =0, 3 =Qe= -1

A hypothetical right-handed neutrino veg has y» = Q, = 0, i.e both electric charge and
weak hypercharge equal to zero. Since it does not couple either to the W bosons,
such a particle would not have any interaction and is called sterile neutrino.

Now the neutral-current Lagrangian can be written as

Lnc = Laep + LR,

3
_ 2 1- i
Lopp = —eAu > " Qi = —eAu Sl = —eA, (gu'y”u— s d—ay e)

Jj=1

is the interaction Lagrangian of QED.
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Neutral-current (NC) interaction

The 2nd term R
z - & @ gm 7
£xe 2sin Oy cos Oy Iz 20

contains interaction of the Z boson with the neutral fermionic current

3
8= g (03— 2sin? 0w Q) oy = S — 2sin® 0w S,
=1

In terms of the more usual fermion fields, [,ﬁc has the form

e -
e = et conty 2 2 T =2,
f

where ar = T3f and vf = T3f —2Qfsin® Oy
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Neutral-current interaction

e
254C¢ (3 afYS)

u,c, t d,s, b Ve, Uy, Vr e, [, T
2vr 1-8sin6w  —1+ %sin®fw 1 —1+4sin® Oy
2ar 1 -1 1 -1

Of course, all weak currents of quarks are color singlets, i.e.

g (v —arms)a = D Gar" (v —ars) da

a=1,2,3
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The end of Part 1

Thank you for attention!
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